
Carbon exchange in Western Siberian watershed mires 
and implication for the greenhouse effect



Nederlandse Geografische Studies / Netherlands Geographical Studies

Redactie / Editorial Board
Drs. J.G. Borchert (Editor in Chief )
Prof. Dr. J.M.M. van Amersfoort
Dr. H.J.A. Berendsen
Dr. P.C.J. Druijven
Prof. Dr. A.O. Kouwenhoven
Prof. Dr. H. Scholten

Plaatselijke Redacteuren / Local Editors
Drs. R. van Melik, 
Faculteit Geowetenschappen Universiteit Utrecht
Dr. D.H. Drenth,
Faculteit der Managementwetenschappen Radboud Universiteit Nijmegen
Dr. P.C.J. Druijven,
Faculteit der Ruimtelijke Wetenschappen Rijksuniversiteit Groningen
Drs. F.J.P.M. Kwaad,
Fysich-Geografisch en Bodemkundig Laboratorium Universiteit van Amsterdam
Dr. L. van der Laan,
Economisch-Geografisch Instituut Erasmus Universiteit Rotterdam
Dr. J.A. van der Schee,
Centrum voor Educatieve Geografie Vrije Universiteit Amsterdam
Dr. F. Thissen,
Afdeling Geografie, Planologie en Internationale Ontwikkelingsstudies Universiteit van 
Amsterdam

Redactie-Adviseurs / Editorial Advisory Board
Prof. Dr. G.J. Ashworth, Prof. Dr. P.G.E.F. Augustinus, Prof. Dr. G.J. Borger, 
Prof. Dr. K. Bouwer, Prof. Dr. J. Buursink, Dr. J. Floor, Prof. Dr. G.A. Hoekveld, 
Dr. A.C. Imeson, Prof. Dr. J.M.G. Kleinpenning, Dr. W.J. Meester, 
Prof. Dr. F.J. Ormeling, Prof. Dr. H.F.L. Ottens, Dr. J. Sevink, Dr. W.F. Sleegers, 
T.Z. Smit, Drs. P.J.M. van Steen, Dr. J.J. Sterkenburg, Drs. H.A.W. van Vianen, 
Prof. Dr. J. van Weesep

ISSN 0169-4839



Carbon exchange in Western Siberian 
watershed mires and implication 
for the greenhouse effect

A spatial temporal modeling approach

Wiebe Borren

Utrecht 2007

Koninklijk Nederlands Aardrijkskundig Genootschap
Faculteit Geowetenschappen Universiteit Utrecht

Netherlands Geographical Studies 355



This publication is identical to a dissertation submitted for the title of Doctor at Utrecht 
University, the Netherlands. The public defence of this thesis took place on January 19, 2007.

Promoters:
Prof. dr. P.A. Burrough Utrecht University, University of Oxford, UK
Prof. dr. W. Bleuten Utrecht University, The Netherlands

Examination committee:
Prof. dr. R.K. Wieder Villanova University, USA
Prof. dr. H. Vasander University of Helsinki, Finland
Prof. dr. H. Hooghiemstra University of Amsterdam, The Netherlands
Prof. ir. N.D. van Egmond Utrecht University, The Netherlands
Prof. dr. M.F.P. Bierkens Utrecht University, The Netherlands

This thesis was financially supported by the Netherlands Organisation for Scientific Research, 
Earth and Life Sciences (NWO-ALW)

ISBN 978-90-6809-396-4

Graphic design: GeoMedia (Faculty of Geosciences, Utrecht University)

Cover illustration: Wiebe Borren

Copyright © Wiebe Borren, c/o Faculty of Geosciences, Utrecht University, 2007

Niets uit deze uitgave mag worden vermenigvuldigd en/of openbaar gemaakt door middel 
van druk, fotokopie of op welke andere wijze dan ook zonder voorafgaande schriftelijke 
toestemming van de uitgevers.

All rights reserved. No part of this publication may be reproduced in any form, by print or photo 
print, microfilm or any other means, without written permission by the publishers.

Printed in the Netherlands by Labor Grafimedia b.v. – Utrecht



�

Contents

Figures		 8
Tables	 	 10
Word	of	Thanks	 11

1	 Introduction	 15
1.1 Peatlands: terrestrial carbon sink or source? 15
1.2 Western Siberian mires 16
1.3 Mire carbon cycle 19
1.4 Mire development 20
1.5 Conceptual peat bog models 21
1.6 Numerical models 23
1.7 Objectives, questions and general approach 23
1.8 Outline of this thesis 24
1.9 Peatland definitions and terminology 25
1.9.1 Mire terminology in this thesis 26
1.10 Acknowledgements 27
1.11 References 27

2	 Holocene	peat	and	carbon	accumulation	rates	in	the	southern	taiga	of	 31	
Western	Siberia

2.1 Abstract 31
2.2 Introduction 31
2.3 Site description 32
2.4 Methodology 33
2.5 Results 35
2.6 Discussion 40
2.7 Acknowledgement 43
2.8 References 43

3	 Simulating	Holocene	carbon	accumulation	in	a	Western	Siberian	watershed	 45	
mire	using	a	3-D	dynamic	modeling	approach

3.1 Abstract 45
3.2 Introduction 45
3.3 Study area 48
3.4 Methods 49
3.4.1 Model design 49
3.4.2 Groundwater modeling 50
3.4.3 Digital elevation models (DEM) 51



6

3.4.4 Field measurements 53
3.4.5 Precipitation and evapotranspiration 53
3.4.6 Hydraulic properties 54
3.4.7 Peat growth and carbon accumulation 54
3.4.8 Mire types classified from satellite image 55
3.4.9 Calibration and sensitivity analysis 55
3.5 Results 56
3.6 Discussion 60
3.7 Conclusion 63
3.8 Acknowledgements 63
3.9 References 64

4	 Simulating	the	effect	of	drainage	on	the	carbon	exchange	in	a	Western	Siberian	 67	
	watershed	mire	using	a	3-D	dynamic	modeling	approach

4.1 Abstract 67
4.2 Introduction 67
4.3 Study area 69
4.4 Methodology 70
4.4.1 General approach 70
4.4.2 Groundwater modeling 71
4.4.3 Mire type distribution 72
4.4.4 Hydraulic properties 72
4.4.5 Drains 73
4.4.6 Digital elevation models (DEM) 74
4.4.7 Catchment area and boundary conditions 74
4.4.8 Precipitation and evapotranspiration 76
4.4.9 Drainage discharge 77
4.4.10 Carbon exchange 77
4.4.11 Calibration and sensitivity analysis 78
4.5 Results 78
4.6 Discussion 82
4.7 Conclusion 84
4.8 Acknowledgements 84
4.9 References 84

5	 Greenhouse	impact	of	Western	Siberian	mires	under	21st	century	warming		 87	
and	drainage

5.1 Abstract 87
5.2 Introduction 87
5.3 Study area 89
5.4 Methods 90
5.4.1 Concept 90
5.4.2 Case 1: northward shift of bioclimatic zones under 21st century warming 93
5.4.3 Case 2: Bakchar bog 94
5.5 Results 95



7

5.5.1 Case 1: northward shift of bioclimatic zones under 21st century warming 95
5.5.2 Case 2: Bakchar bog 95
5.6 Discussion 98
5.7 Acknowledgements 100
5.8 References 101

6	 Discussion	and	conclusions	 103
6.1 Development of a watershed mire 103
6.2 The limits to mire growth 104
6.3 Mire type distribution and comparison to core data 106
6.4 Carbon exchange 107
6.5 Greenhouse impact 110
6.6 Conclusions 112
6.7 Recommendations for further research 113
6.8 References 114

Appendix	1	–	Analytical	formulation	of	the	greenhouse	contribution	 115
Summary	 119
Samenvatting	 121
Curriculum	Vitae	 125



8

Figures

1.1 Western Siberia. 17
1.2 Bioclimatic zones and permafrost extent in Western Siberia. 18
1.3 Schematic representation of the mire carbon cycle. 19
2.1 Location of the key areas. 33
2.2 Plant remains, age, carbon content and organic matter content of sites V21 and 

Zh0.
38

2.3 Holocene peat accumulation rate at sites V21 and Zh0. 39
2.4 Holocene carbon accumulation rate at sites V21 and Zh0. 39
2.5 Measured and modeled age-depth profile (fit in Clymo-model) of sites V21 and 

Zh0.
40

3.1 Study region and site. 48
3.2 General structure of the model. 50
3.3 Elevation cross sections of the peat surface and mineral soil and variogram model 

of the elevation pattern.
52

3.4 DEM of mineral soil and present peat surface. 52
3.5 Paleo-precipitation record used in the model. 53
3.6 Distribution of mire types at various time periods during the Holocene and 

classified Landsat 7 ETM+ image.
58

3.7 Modeled mire types along cross section 1. 58
3.8 Peat thickness along cross section 1. 59
3.9 Modeled basal peat age, long-term peat growth rate and LORCA. 59
4.1 Study region and site. 69
4.2 Mire type distribution and location of the drains in the selected catchment. 70
4.3 Model design. 71
4.4 Precipitation and reference evapotranspiration used in the model. 76
4.5 Modeled and measured drain discharge at the weir points. 79
4.6 Average carbon accumulation rate and peat growth rate for the drainage scenario 

and the no-drainage scenario.
79

4.7 Average carbon fluxes over time for the drainage scenario and the no-drainage 
scenario.

81

4.8 Instantaneous radiative forcing due to the CO2 and CH4 fluxes in the drainage and 
no-drainage scenarios for the whole mire.

83

5.1 Study region and site. 89
5.2 Peatland carbon cycle with carbon pools and carbon fluxes. 90
5.3 Mean annual temperature vs. latitude of weather stations in Western Siberia. 94
5.4 Radiative forcing and greenhouse contribution of all Western Siberian mires for 

the ‘no change’, ‘wet’, ‘dry’ and ‘half zone’ scenarios.
96



9

5.5 Radiative forcing and greenhouse contribution of the Bakchar bog over the 
Holocene and for the ‘no drainage’ and ‘drainage’ scenarios.

97

5.6 Radiative forcing and greenhouse contribution per mole CH4 after instantaneous 
change of fCH4 and fCO2.

99

6.1 State of the Bakchar bog at the limit of mire growth, under unchanged climatic 
conditions, under wetter conditions and under dryer conditions.

104

6.2 Comparison between the mire types in the analyzed cores and the model 
prediction of a single model run.

108

6.3 Basal peat age, long-term peat growth rate, LORCA and mire type distribution 
from a Monte Carlo simulation with 100 runs.

108

6.4 Comparison between the mire types in the analyzed cores and the model 
prediction of a Monte Carlo simulation with 100 runs.

109

6.5 Radiative forcing and greenhouse contribution of all Western Siberian mires for 
the ‘no change’, ‘wet’, ‘dry’ and ‘half zone’ scenarios of Chapter 5.

111



10

Tables

1.1 Peatland terminology. 26
2.1 Carbon content of various peat types. 35
2.2 Radiocarbon dates and calibrated ages of peat samples from the studied sites. 36
2.3 Basal peat ages and average accumulation rates of the studied sites. 37
2.4 Parameters of the linear fit and fits in the Clymo-model of sites V21 and Zh0. 37
3.1 Radiocarbon dates and calibrated ages of basal peat samples. 56
3.2 Dry organic matter density and carbon content of the various mire types. 57
3.3 Estimated evapotranspiration fraction and hydraulic conductivities of  57 

the various mire and soil types.
3.4 Carbon accumulation rate of various model scenarios. 59
3.5 Sensitivity analysis results of model parameters. 60
4.1 Hydraulic properties, organic matter density and carbon content of the various  73 

mire and soil types.
4.2 Average carbon fluxes in the drainage and no-drainage scenarios for the whole  80 

mire catchment, the undrained part and the drained part.
4.3 Sensitivity analysis results of model parameters. 81
5.1 Area and accumulated carbon of the bioclimatic zones in Western Siberia. 92
5.2 Fractions and atmospheric lifetimes of the CO2 pools. 92
5.3 Measured CH4 and CO2 fluxes and future scenarios. 95
6.1 Comparison between the present-day state of the Bakchar bog and the limit under  105 

different climatic scenarios.



11

Word of Thanks

Working on a Ph.D. thesis is a solitary job. This is true if one sees the lonely Ph.D. student 
struggling with the stubborn reality that doesn’t want to fit itself into the theory. Or if one sees 
him struggling with the writing, knowing that he and only he will be judged on the final result. 
But it is definitely not true if one sees the Ph.D. student working in the field where the man 
watching over the campfire rushes forward to assist in pulling out the peat corer. And it is not 
true if one sees the Ph.D. student admitting that the comments he just got returned from some 
criticisers not just mean a lot of extra work but rather an improvement of the study results. Let 
me bow in honour to those who contributed to this thesis.

My first words of thanks are for my promoters Peter Burrough and Wladimir Bleuten. Peter, 
from the start, when we were writing the funding proposal for the research, you showed your 
interest and enthusiasm for the topic of mires in Western Siberia. Not only the spatial modeling 
part of the work had your particular attention, but also the meaning of these mires for the global 
change issue. Especially your positive comments on the introductory and concluding parts of my 
thesis, in the last stage of the writing, were stimulating for me. It is a great honour to be one of 
your Ph.D. students.

Wladimir, our cooperation started when I dropped in on you on one fine day to ask for 
opportunities to become a Ph.D. student. Peat research was completely new to me, let alone 
peat research in Siberia. But somehow you convinced me to do some work on a proposal and 
several months later the positive outcome of that forced me to quit my job at a private company 
and return to university. In the next years I experienced our cooperation as highly valuable and 
useful, from time to time almost as an alliance because we were the only peat bodies (‘veenlijken’ 
in Dutch) in the department, to quote a curious colleague. You introduced me in a network of 
Russian peat researchers and even joined field campaigns. And you gave me the opportunity 
to visit other Siberian places and to be involved in the CASUS project. Thank you for your 
inspiration and for your confidence in the successful outcome!

A Russian network of scientists means a group of people who know each other, who help each 
other and... who drink vodka together. Without the help of such a network it is impossible to set 
up and enjoy fieldwork in Siberia. And when the joint efforts of the Russian friends ultimately 
culminate in an overwhelming experience of being in one of the largest nature complexes in 
the world, one can only conclude that this group of people is the best thing that can happen to 
you. The most important Russian colleague was Lena Lapshina, scientifically and with respect 
to organisational help. Lena, thank you for welcoming me in Siberia, guiding me on my first 
steps (and all others, I believe) in the swamps of Vasyugan and sharing your knowledge of mire 
ecosystems. However, what I have never understood is why mosquitoes and midges avoid you 
and I have never learnt to ‘run’ through the wet mire like you do. As for your hospitality to let 



12

me stay at your place on visits to Tomsk, I should also address my thanks to your son Dima. 
Спасибо!

Other useful help and friendship came from Anna Peregon and Alexei Komarov, who eagerly 
joined fieldworks. I will always remember the efforts Anna and I made to get peat samples from 
a very remote place: heavy rain, hail and thunderstorm (lightning hitting the mire all around us) 
disturbed our compass and not before we had walked for hours in the wrong direction we found 
back the track to the base camp. One core location in one day! To Alexei I owe my gratitude for 
the organisation of a winter expedition, in which we managed to visit remote places by snow 
scooter. On this field expedition we worked together with Markku Mäkilä and Timo Suomi, 
Finnish researchers who brought along their ground-penetrating radar. Together we had a good 
time collecting data and I hope that by now all devices and samples have come back to Finland. 
Markku was also the host when I visited the Geological Survey of Finland.

Numerous fieldworkers should be acknowledged for their contribution to my research. For 
example, during the winter expedition into the Great Vasyugan Peat Bog Complex a real crew of 
forestry people joined us and took care of the transport by ‘tanketka’, the cooking and warming 
in the field cabin and the sawing out of frozen peat. Similar services were offered on other field 
campaigns. And there was scientific cooperation with several people: Emilian Muldiyarov who 
did the macrofossil analysis in his lab in Tomsk, Andrei Velichko from Moscow who opened the 
door to the radiocarbon lab there, Wulf, Hans and Franziska from Greifswald who participated 
in peat coring, the 3 M’s (Maarten, Max and Martin from Utrecht) with whom I flew over the 
mires by helicopter, Nina Petrovna, Olga Pisarenko and Andrei Korolyuk from Novosibirsk, 
Nina Pologova from Tomsk and the CASUS team members from all over Western Siberia.

Special thanks for field cooperation to Falco, Simone, Simon and Christian. As students of our 
department they did research in my study area on mire hydrology and paleo-ecology. A part of 
their data has been used in this thesis. In these thanks, Wim Hoek should be included for his 
enthusiastic super vision of the paleo-ecology students.

‘Secondary conditions of employment’ are without doubt crucial for the work of a Ph.D. student. 
Of these conditions the roommates are most crucial. When I started I shared a room with 
Daniël Mourad and Sander Borghuis, who together kept me up to date on world politics and 
other funny stuff. Later, I moved to the room of Rutger Dankers, older and wiser than me and 
a good ‘role model’ of a solid researcher. Here I have spent most of the years. Rutger, thanks for 
the good time and pleasant atmosphere! In the last year I shared a room with Reinder Brolsma. 
When I was orphaned after Rutger left the department, Reinder put half of his room to my 
disposal. I enjoyed the time there very much!

It would be taking things to far to mention all other colleagues personally, but I enjoyed the time 
in the department very much, for which you all were responsible. For the people of the technical 
lab I will make an exception, because they assisted in the preparation of the fieldworks. Thanks 
to: Hassan, Theo, Chris, Bas, Marcel, Henk and Jaap.



13

When I am writing this, two persons will still go into action. In case I will loose control during 
the defence of this thesis, two ‘paranimfs’, Stefan Jansen and Hanna Borren, will come to my 
rescue. How they will perform is yet unknown, but I have full confidence in their capacities in 
this.

That brings me to the gratitude I owe to my dear family, Jan, Regien, Marieke, Hanna, Jeroen 
and Mathijs. Your interest in what I was doing was of great importance and you (secretly) served 
as a public for which I had to filter out the understandable essence of my work. Here I want to 
include my in-laws, Jan, Margje, Uulkje and Jasper.

During all stages of the research and in all moments of hope and despair, I could count on the 
support of Frederiek. Sparring partner and most important criticiser. It felt like a stable base 
on which the building of my research could be founded. Your visit to Tomsk and the study area 
was very valuable and our collective memory of this time has added an extra dimension. Even in 
times of concerns about more important things, you paid attention to mires and carbon.

Wiebe
January 2007



14



1�

1 Introduction

1.1 Peatlands: terrestrial carbon sink or source?

Peatlands are the most widespread of all wetland types in the world, representing �0 to 70% of 
all global wetlands. As the peatlands formed during the Holocene they sequestered substantial 
quantities of atmospheric carbon dioxide, thus forming a sustainable sink of carbon for 
thousands of years (e.g., Gorham, 1991). However, a major debate is going on about the question 
whether peatlands are a carbon sink or source at present (Belyea and Clymo, 2001). Sequestration 
of carbon by plant growth and peat formation may be outbalanced or even exceeded by the 
carbon loss due to peat decomposition. In human-exploited and drained peatlands the carbon 
accumulation may indeed be negative, but for the large areas of pristine peatlands the answer is 
not obvious and probably different from site to site. The long-term rate of carbon accumulation 
may be confused by short-term variability due to variations in climate (e.g., Ovenden, 1990; 
Silvola et al., 1996; Moore et al., 1998; Alm et al., 1999; Belyea and Malmer, 2004), but this 
variability may nevertheless result in steady rates of carbon accumulation over long time (Belyea 
and Clymo, 2001).

The carbon sink-source question could be further specified to the question if the carbon exchange 
between peatlands and the atmosphere could lead to a reduced greenhouse effect or not. It is 
important to notice that two different greenhouse gases are involved: carbon dioxide (CO2) and 
methane (CH4), after water vapor the two most important greenhouse gases. Normally, CO2 is 
sequestered by the peatland (sink), whereas CH4 is emitted from the peatland to the atmosphere 
(source). As will be explained in Section 1.3 CO2 can also be emitted instead of sequestered. 
In general the sink flux and the source flux contain different gases. Because CH4 is a stronger 
greenhouse gas than CO2, but has a much lower lifetime in the atmosphere, the ratio between 
the two gases is crucial in understanding the influence on the greenhouse effect (IPCC, 2001; 
Whiting and Chanton, 2001; Shine et al., 200�; Frolking et al., 2006).

Feedback mechanisms in the response of terrestrial ecosystems to climate change could be of 
great importance for the prediction of future climate change. Roughly one quarter of the CO2 
that is emitted by fossil-fuel combustion is absorbed by terrestrial ecosystems (Schimel et al., 
2001). Woodward et al. (1998) modeled that the absorption of CO2 by vegetation will increase 
as atmospheric CO2 concentrations rise. This feedback mechanism will reduce 21st century 
warming with 0.7 °C on a total expected warming of 3.9 °C. Cox et al. (2000) found that under 
enhanced atmospheric CO2 concentrations terrestrial ecosystems will serve as a CO2 sink up to 
20�0, after which a switch to a source of CO2 will take place, enhancing the greenhouse effect. 
The temperature rise over the 21st century will then be �.� °C. Their explanation was that the 
effect of enhanced photosynthesis under CO2 fertilization will eventually saturate, whereas the 
increase in soil respiration will continue. Peatlands, however, were not explicitly accounted for in 
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their vegetation model. Especially soil respiration processes could be different between peatlands 
and other terrestrial ecosystems, because of the anaerobic conditions of the soil carbon pool in 
peatlands and the associated CH4 emission.

Because of the large global area of peatlands, the answers to the above questions could have far-
reaching consequences for the way we look at the greenhouse effect and the possible strategies 
for greenhouse gas reduction. Till now, peatlands have been the changeling in the broad climate 
change discourse. In the Kyoto protocol forest ecosystems have been put forward as natural 
terrestrial carbon sinks (e.g., Dumanski, 2004). However, peatlands potentially form a much 
larger and more sustainable carbon sink on the long term. Although the initial carbon uptake by 
new forests may be larger, the net accumulation will decrease to zero within 1 or 2 centuries. In 
contrast, peatlands formed a net sink of carbon over thousands of years during the Holocene and 
probably will do so in future. On the other hand, degradation of peatlands could cause a high 
carbon release to the atmosphere, which is even more reason to pay attention to peatlands.

1.2 Western Siberian mires

Estimates of the peatlands’ global cover range from 3.2 to 4.0 x 106 km2 (Immirzi et al., 1992; 
Gorham, 1991; Lappalainen, 1996), being about 3% of the earth’s land surface. The majority of 
these peatlands are situated on the Eurasian and North-American continents, particularly in the 
former Soviet Union and Canada. The flat relief and impermeable mineral subsoil promoted peat 
formation in these regions. The total amount of carbon stored in peatlands was estimated at 4.19 
to 4.�� x 1017 g (Apps et al., 1993; Gorham, 1991). This amount is in the order of magnitude of 
the amount of carbon in the atmosphere, being about 7.2 x 1017 g (Falkowski et al., 2000), and 
exceeds the forest carbon pool, which was estimated at 2.90 to 3.8� x 1017 g (Apps et al., 1993; 
Goodale et al., 2002).

A large part of the earth’s peatlands is situated in the Western Siberian lowlands, between the 
Ural Mountains and the river Yenisey (Figure 1.1). Estimates of the peatland cover in this part of 
the world range from 0.6 to 1.0 x 106 km2 (Sheng et al., 2004; Yefremov and Yefremova, 2001), 
which is 1� to 30 % of the global peatland area. Yefremov and Yefremova (2001) included thin 
peat layers in their estimates, whereas in the inventory data used by Sheng et al. (2004) these thin 
peat layers were not accounted for. Thus, the broad range in area estimates could be explained by 
different definitions of a peatland. Nevertheless, from both figures it emerged that the peatland 
area in Western Siberia is significant. The carbon stock associated with these peatlands is about 
�.1 to 7.0 x 1016 g (Yefremov and Yefremova, 2001; Smith et al., 2004). Because most of the 
peatlands in Western Siberia are in pristine, undisturbed state the term ‘mires’ is preferred to the 
term ‘peatlands’ (see also Section 1.8) and will be used in the remainder of this thesis.

Based on climatic conditions and botanical characteristics Western Siberia could be divided 
in 9 bioclimatic zones as shown in Figure 1.2A (Il’ina et al., 198�). The modern mean annual 
temperature almost linearly decreases from 2 °C in the south to -8 °C in the north. Continuous 
permafrost occurs in the northern and southern tundra zone (Figure 1.2B, based on Brown et al., 
1998). In the forest tundra zone and a part of the northern taiga zone discontinuous permafrost 
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is present. Most of the mires are situated in the subtaiga to forest tundra zones (Bleuten and 
Lapshina, 2001; Sheng et al., 2004).

From the synthesis of a large set of radiocarbon data, Krementski et al. (2003) and Smith et al. 
(2004) concluded that mire development in Western Siberia started at the end of the last glacial 
maximum, about 11,000 yr B.P. This corresponds with the warming at the end of the Pleistocene. 
Between 11,000 and 9,000 yr B.P. a rapid increase in mire area occurred, after which the increase 
slowed down. Two main hypotheses about the start of mire formation were put forward by 
Kremenetski (2003). The first one stated that during the last glaciation North-western Siberia 
was covered by an ice sheet, preventing rivers to discharge to the north and resulting in a huge 
lake south of the ice. After the ice melted discharge to the north was re-established and the lake 
was drained. Mires could develop on top of the former lake deposits at places where the water 
table was just above the surface. The second hypothesis stated that a contiguous ice sheet did not 
exist during the last glaciation and that river discharge to the north was not blocked. Cold and 
dry conditions and the occurrence of permafrost over a large area prevented the formation of 
mires until climatic conditions had become suitable (warmer and wetter) for peat growth at the 
end of the Pleistocene.

Despite the large area of mires in Western Siberia, data about long-term and present carbon 
accumulation rates are scarce in western scientific literature. Average long-term rates for various 
mire types were summarized by Botch et al. (1998). These rates were based on average peat depth, 

Figure 1.1 Western Siberia; A – location in the world; B – major cities and rivers in Western 
Siberia.
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Figure 1.2 Bioclimatic zones (A) and permafrost extent (B) in Western Siberia; bioclimatic zones 
according to Il’ina et al. (198�); permafrost extent according to Brown et al. (1998).
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average age and total area and varied from 12.0 to 79.8 g C m-2 yr-1. More site-specific data were 
presented by Turunen et al. (2001). They found long-term carbon accumulation rates of 12.1 to 
23.7 g C m-2 yr-1 for 11 sites in the middle taiga zone. Published present-day carbon accumulate 
rates for all mires in the former Soviet Union vary between 2.0 and 10.0 x 1013 g C yr-1 (Kobak et 
al., 1998; Kolchugina and Vinson, 1998).

1.3 Mire carbon cycle

A special feature of peatlands is the presence of two contrasting layers: the ‘acrotelm’ and the 
‘catotelm’. These terms were first introduced by Ingram (1978) to distinguish the permanently 
or periodically aerobic upper layer from the permanently anaerobic lower layer. The oxygen-
rich conditions in the acrotelm cause rapid decay of plant material, whereas the oxygen-poor 
conditions in the catotelm cause slow decay and conservation. The boundary between the 
acrotelm and catotelm is not always obvious, but is approximately the lowest point to which the 
water table drops during an annual cycle (Ivanov, 1981). The interaction between acrotelm and 
catotelm in terms of litter formation and transfer of material from acrotelm to the catotelm is 
crucial in the peat accumulation process (Clymo, 1984). The small amount of plant litter which is 
left after aerobic decay in the acrotelm is stored under anaerobic conditions in the catotelm.

Under natural conditions mires sequester carbon, due to the uptake of atmospheric carbon 
dioxide (CO2) by plant growth in the acrotelm and the subsequent conservation – under 
water-saturated conditions – of a part of the plant litter as peat in the catotelm. At the same 
time carbon is released from the catotelm as methane gas (CH4), resulting from anaerobic 
decomposition of peat (e.g., Bubier and Moore, 1994; Moore et al., 1998). Besides, if the peat is 
aerated for some reason, e.g., because drainage activities cause a drop in the water table, carbon 
can be released as CO2 due to aerobic decay. A net flux of CO2 to the atmosphere may then 
occur (e.g., Waddington et al., 2001). Thus, in highly simplified form the carbon cycle of a mire 

Figure 1.3 Schematic representation of the mire carbon cycle.
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consists of two fluxes (CO2 uptake/emission and CH4 emission) and 2 stocks (carbon in peat and 
in the atmosphere).

If we are interested in the influence of the mire on the atmosphere, especially in terms of 
greenhouse gases, the mire carbon cycle should at least be modified and extended in two ways: 
(1) the atmospheric stock should be separated into a CO2 stock and a CH4 stock because of the 
different behavior of these two greenhouse gases, and (2) the atmospheric decay of the two gases 
should be accounted for. These modifications are shown in Figure 1.3. In this figure the direction 
of the flux arrows gives the positive flux to the atmosphere, which means that CO2 uptake (flux 
to the peat) should be interpreted as a negative flux. A carbon exchange stock was added to close 
the carbon balance.

It should be noted that the mire carbon cycle in Figure 1.3 is simplified to atmospheric exchange 
of carbon. Other pathways of carbon exchange are neglected. The most important of these 
pathways is the release of dissolved organic carbon (DOC) (e.g., Moore et al., 1998; Worrall 
et al., 2002). From the analysis of stream water leaving mires it is clear that DOC can be a 
significant contribution to the loss of carbon from a mire.

1.4 Mire development

Mire vegetation development, peat accumulation and decay are the result of the complex 
interaction between several factors. The basis for mire formation is that production of organic 
matter must exceed decay. This is enabled by water logging for at least a part of the year, causing 
conservation of organic matter. Such conditions occur if the climate is wet enough – i.e., 
precipitation exceeds evapotranspiration -, the underlying soil is impermeable enough to prevent 
rapid infiltration and the local topography restricts runoff. Furthermore, the temperatures and 
growing season length must be such that plant growth is possible. The mineral subsoil, together 
with water flow patterns, determines the nutrient status.

Two main pathways of peat initiation are recognized: terrestrialization and paludification 
(Charman, 2001). Terrestrialization is the process by which a shallow water body is infilled with 
organic material until the upper layer periodically becomes unsaturated and mire vegetation can 
develop. Paludification is the process by which a mire vegetation is formed directly over a mineral 
soil, so without an aquatic phase. In reality both processes may occur within the same ecosystem.

In the first stage of mire formation, external (allogenic) factors as climate and subsoil dominate 
the peat growth process through direct influence on hydrology and nutrient availability. As 
the peat layer thickens the mire will increasingly control its own hydrology. The hydraulic 
conductivity of the catotelm is usually much lower than that of the acrotelm. Therefore, water 
is mainly transported laterally to the margins of the mire (Rycroft et al., 197�; Ivanov, 1981; 
Ingram, 1982), although vertical water flow may occur (Reeve et al., 2000). Eventually the mire 
becomes more and more independent of water flow from the mineral subsoil. This could lead 
to the transition from a eutrophic vegetation to a oligotrophic vegetation, as precipitation will 
eventually be the sole nutrient source to the root zone of the mire plants. At the margins of 
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the mire water tables are usually raised as a result of outflow from the mire. This promotes peat 
formation on the surrounding mineral soil, leading to lateral expansion of the mire. Anderson et 
al. (2003) argued that lateral expansion might be controlled by this process rather than by climate 
effects. Thus, internal (autogenic) factors will gain importance during the mire development both 
with respect to mire growth and expansion and with respect to vegetation development.

Thus, the main factors determining the presence and productivity of relevant mire vegetation 
types, in absence of human disturbance, could be summarized as:
•	 Climate: precipitation, temperature, growing season length and radiation
•	 Hydrology: moisture conditions, soil and groundwater level
•	 Geohydrochemistry: availability of nutrients

1.5 Conceptual peat bog models

A frequently used conceptual model of peat bog growth is the model of Clymo (1978, 1984, 
1998). In essence this model describes the balance between production and decay in both 
acrotelm and catotelm. Peat decay is described as first-order rate kinetics, which means that the 
rate of decay is proportional to the peat mass by a decay constant. As a consequence the rate of 
decay is increasing over time as the peat mass is increasing by peat accumulation. The net peat 
accumulation rate could then be described as:

 (1.1)

t time, T
m peat mass, M
p production rate, MT-1

α decay constant, T-1

Assuming a constant production rate the basic equation of the Clymo model becomes:

 (1.2)

In the case of the catotelm, the production rate is the transfer rate of litter from acrotelm 
to catotelm. From Equations 1 and 2 it emerges that if α is constant over time, the net peat 
accumulation rate will decrease over time and that the peat mass will eventually be limited 
to p/α. Assuming that the loss of peat mass is accompanied by the subsidence of the peat 
surface, the peat depth will also meet a certain limit. Thus, the Clymo model implies that peat 
accumulation in the catotelm is controlled by litter production and decay, which will eventually 
be equal.

Based on a hydrological approach Ingram (1982) proposed a model in which the height of a peat 
body is controlled by the water table. From a combination of the Darcy equation, describing 
groundwater flow, with net recharge he derived a relation for the size and shape of a peat dome:

mp
dt

dm = mp
dt

dm =

( )te
p

tm = 1)( ( )te
p

tm = 1)(
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 (1.3)

U net recharge rate, LT-1

K hydraulic conductivity of the peat, LT-1

x distance to the center of the peat dome, L
hx hydraulic head at distance x, L
L lateral extent of the peat dome, L

It is assumed in this model that the hydraulic conductivity is spatially invariable and that the 
underlying mineral soil is flat and impermeable. The latter means that water exchange between 
peat and mineral soil could be neglected. It should be mentioned that the model describes the 
shape of a peat dome in an equilibrium stage, but not the peat accumulation process itself leading 
to this equilibrium.

The maximum height of the peat dome, which is equal to the hydraulic head at the center (h0), 
could be derived from Equation 1.3 and equals:

 (1.4)

Because the net recharge is the result of precipitation, evapotranspiration and runoff, the 
influence of climate is explicitly taken into account. For example, a dryer climate with less 
precipitation results in a flatter peat dome.

The two main approaches mentioned above have each their assumptions and limitations. In the 
1-D model of Clymo (1984) no lateral processes are taken into account. Besides, the assumption 
of constant production rate and decay neglects the influences of climate, plant functioning and 
water dynamics on these two parameters. The 2-D model of Ingram (1982) on the other hand 
does not take dynamics of litter production and decay processes into account.

Almquist-Jacobson and Foster (199�) combined the two models into one integrated 2-D model 
for a concentric bog.:

 (1.�)

R radius of the concentric bog at maximum height, L
pz production rate in length units, LT-1

The model suggests that in absence of topographic barriers the lateral expansion of the bog is 
controlled by vertical growth, which in turn is limited by production and decay. On the other 
hand, if lateral expansion is stopped by a topographic barrier, the vertical growth will be limited 
by the radius of the peat bog, taken into account that the net recharge (U) could change due 
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to changes in runoff at the topographic barrier. Like the model of Ingram (1982) this model 
describes an equilibrium state, rather than a growth process, albeit that this equilibrium state 
changes over time.

1.6 Numerical models

The complex interaction between climate, hydrology, nutrient supply and vegetation development, 
hampers the quantification of peat and carbon accumulation for whole mires. As topographic 
conditions and peat properties – such as hydraulic conductivity, bulk density and carbon content 
– vary spatially and over time, the combined result of peat forming processes cannot be assessed 
analytically (Yu et al., 2001). Without the use of a numerical approach a reliable prediction of 
past, present and future accumulation rates cannot be made. Because peat growth and decay act 
in 3 spatial dimensions and the time dimension, a 3-D dynamic distributed modeling approach 
could solve this problem.

Korhola et al. (1996) used a 3-D distributed approach to reconstruct carbon accumulation in a 
raised bog. In their model lateral expansion was controlled by the slope of the mineral subsoil. 
The relation between slope and expansion rate was empirically established from a set of dated 
peat samples. Vertical growth was incorporated by using the model of Clymo (1984). The 
production rates and decay constants for this part of model were optimized against measured 
peat volumes and age-depth profiles. Because of the topography-driven approach, the use of 
many radiocarbon dates and the empirical relation between slope and expansion, the model 
seems not to be generally applicable.

Yu et al. (2001) reviewed several other simulation models, which describe peat and/or carbon 
accumulation limited to 1 or 2 spatial dimensions. Further, they described a general scheme for 
an ideal simulation model in 3-D, which accounts for peat initiation, vertical growth and lateral 
expansion. Their proposed model should make explicitly use of a hydrological routine in order 
to simulate water table depths. These water table depths determine successively the initiation 
of fens, lateral expansion of fens and the transition to bogs. However, at present such a 3-D 
dynamic model is not yet available.

1.7 Objectives, questions and general approach

Estimation of the Holocene and future carbon balance of whole Western Siberian mires is 
hampered by the lack of spatially resolved simulation models. Mire vegetation development, peat 
accumulation and decay are the result of the complex interaction between climate, hydrology and 
geohydrochemistry. The combined effect of all these factors on organic carbon accumulation in 
both time and space has not yet been achieved in peat bog modeling.

The main objective of this thesis was to assess the carbon exchange fluxes between mires and the 
atmosphere, in response to changes in climatic conditions and drainage activities, using a 3-D 
dynamic approach. This broad objective was narrowed down to four sub-objectives:
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•	 To analyse Holocene variations in the long-term rates of carbon accumulation (LORCA) of 
various mire types in Western Siberia;

•	 To develop a physically based 3-D dynamic modeling scheme, enabling the estimation of 
the spatial temporal variation of Holocene and future peat and carbon accumulation rates, 
including peat initiation, vertical growth and lateral mire expansion;

•	 To study the distributed effect of mire drainage on peat accumulation and carbon exchange;
•	 To assess the impact of the mires on the greenhouse effect by the exchange of greenhouse 

gases with the atmosphere.

The scientific questions which ensued from the objectives and have been addressed in this thesis 
were:
•	 What are the differences in peat and carbon accumulation rates between various mire types 

and what are the causes of these differences?
•	 How does a watershed mire develop over time in terms of lateral expansion?
•	 What is the spatial and temporal variation of peat and carbon accumulation over a whole 

mire landscape?
•	 Can the mire type distribution within a mire ecosystem be explained by water flux 

differences?
•	 What is the effect of mire drainage on the carbon exchange?
•	 How far does the influence of mire drainage stretch out over undrained parts of a mire?
•	 How do the carbon exchange fluxes alter the atmospheric stocks of carbon dioxide and 

methane and what is the influence on the atmospheric radiative forcing and greenhouse 
effect?

•	 What is the effect of 21st century warming on the greenhouse gas exchange of mires?

A major hypothesis in this thesis was that peat and carbon accumulation in a mire can only be 
fully understood if the whole mire landscape is considered. As hydrology is a key process in mire 
development, the relative position in the mire catchment should be considered. Both vertical 
peat growth and lateral expansion are strongly limited by water availability. The effect of forcing 
factors on growth and expansion, like climate or drainage, may differ from place to place, for 
example depending on water flow and nutrient supply from upstream areas or the local relief 
in the mineral subsoil and peat surface. Thus, if we want to understand the variation in peat and 
carbon accumulation we should take the spatial context into account.

The objectives were geographically limited to the southern taiga zone of Western Siberian. 
Although the general approaches and modeling schemes may be valid for other watershed mires, 
the presented measurements, modeling results as well as the identified mire processes apply for 
the study areas, which were all situated in the southern taiga zone of Western Siberian.

1.8 Outline of this thesis

The mentioned sub-objectives will each be elaborated in the next chapters. Chapter 2 describes 
the long-term peat and carbon accumulation rates in several mire types in Western Siberia. The 
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differences between mire types, as a result of vegetation differences, is shown and illustrated by 
the detailed analysis of two cores.

In Chapter 3 the development of a 3-D dynamic simulation model is described. This model 
used a groundwater module to calculate water table depth and water flux conditions. Peat 
initiation and lateral expansion occurred as the water table was above the mineral soil surface. 
Vertical peat growth was limited by the water table and maximum production rate. The transition 
from one mire type to another was based on water flux conditions. The model was forced with 
a paleoprecipitation record as climatic input. The model was calibrated to field data from the 
watershed mire ‘Bakchar bog’.

The influence of drainage on carbon exchange is investigated in Chapter 4. Due to human-
induced drainage a part of the Bakchar bog has undergone aerobic decay. The resulting carbon 
dioxide emission was calculated with a 3-D dynamic model. Furthermore, the spatial extent of 
the influence on the undrained mire was estimated.

The impact of the Western Siberian mires on the greenhouse effect was calculated on the 
base of a new approach, which is explained in Chapter �. In this approach the time-integrated 
change in radiative forcing of the atmospheric stocks of carbon dioxide and methane were 
calculated, in response to the carbon exchange fluxes. This approach was illustrated with two case 
studies: 1) the shift of bioclimatic zones in Western Siberia under 21st century warming and 2) 
the modeled carbon exchange fluxes in the Bakchar bog.

In Chapter 6 the main outcomes of this thesis are described and discussed.

1.9 Peatland definitions and terminology

Wetlands which are covered by a certain minimum thickness of peat are commonly called 
‘peatlands’. This general term covers a wide range of ‘organic wetlands’ spread over the world. The 
minimum peat thickness to distinguish peatlands from ‘mineral wetlands’ is arbitrary, but often 
taken at 30-�0 cm (Charman, 2002).

The term ‘peat’ is used for autochthonous organic sediment, accumulated as a result of 
incomplete decay of plant material under waterlogged conditions (Ingram, 1981). It is formed on 
top of mineral strata by the conservation of a part of each year’s vegetation under the water table. 
Anoxic conditions below the water table prevent the plant material from rapid decay. According 
to Clymo (1984) peat is distinguished from mineral sediment by the presence of more than 
6�% organic matter on a dry weight basis. In natural state it contains 88-97% water by volume, 
2-10% dry matter and 1-7% gas (Ivanov, 1981). The high water content of peat means that the 
accumulation of peat on the land involves the accumulation of significant volumes of water at 
the same time.

In English literature there is a wide variety of terms used for peatlands. Table 1.1 (based on 
Charman, 2002; Heathwaite and Göttlich, 1993) gives the most common terms. In Europe and 
Russia the term ‘mire’ is often used to separate actively peat-accumulating ecosystems from other 
peatlands. In North-America the term ‘peatland’ is preferred and usually used in its broadest 
sense. Regionally, other terms are in use.
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The main subdivision into ‘bogs’ and ‘fens’ is based on nutrient conditions: nutrient-poor in bogs 
and nutrient-rich in fens. The difference in nutrient conditions is the result of different sources 
of water of the peatlands. Bogs are fed by rainwater or snow only. Because nutrient availability 
in precipitation is low, oligotrophic conditions prevail in bogs. Referring to the origin of the 
water the trophic conditions are also called ‘ombrotrophic’. A second result of the sole input 
of precipitation is that bogs are acid. Fens, on the other hand, are not solely influenced by 
rainwater, but also by groundwater from the mineral subsoil and/or surface water from streams 
and rivers. This water is more alkaline and could contain more nutrients, leading to mesotrophic 
or eutrophic conditions, although nutrient-poor fens could also occur. With respect to the water 
source the trophic conditions are called ‘minerotrophic’.

1.9.1 Mire terminology in this thesis
In this thesis the term ‘mire’ was used for all undisturbed peatlands, regardless of nutrient 
conditions or water sources. In other words, all peatlands without direct human influence were 
called mires, whether natural drainage or drying out occurred or not. The term ‘drained peatland’ 
was used if the peatland was subject to human-induced drainage. Furthermore, the minimum 
peat thickness of 30-�0 cm for ecosystems to be called peatlands was not used too strictly: thin 
peat layers at the margins were interpreted as part of the peatlands.

Most mires in the study areas in Western Siberian are so-called ‘watershed mires’. They are 
situated on the watershed areas between rivers and streams and occupy the highest places in the 
landscape. Near the bordering watercourse watershed mires are often called ‘valleyside mires’, 
but in this thesis the term watershed mire is used for the whole mire system.

The mires were further subdivided into ‘mire types’, which were clearly visible in the field by 
differences in vegetation structure and plant composition. These differences are most likely the 
result of differences in trophic conditions and caused in turn differences in organic matter and 
carbon content of the peat material and hydraulic properties. A mosaic of various mire types 
within one contiguous mire frequently occurs and is sometimes called ‘bog complex’ in this 
thesis.

Table 1.1 Peatland terminology (based on Charman, 2001; Heathwaite and Göttlich, 1993). 
Regionally other terms are in use.

Term Meaning

Peatland Ecosystem with a peat cover of at least 30 cm
Mire All ecosystems described as swamp, bog, fen, moor or peatland; often used as synonym for 

peatland, but also to distinguish actively accumulating peatlands from other peatlands
Bog A mire which is solely influenced by rainwater and/or snow
Raised bog Convex bog which is raised above the surroundings; limited in extent
Blanket bog Extensive bog on undulating terrain
Fen A mire which is influenced by water from outside its own limits
Marsh Usually referring to a fen with herbaceous vegetation and often with a mineral substrate
Swamp Usually referring to a fen and often implying a forest cover
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The various mire types mentioned in this thesis are:
•	 Bogs, including ‘ryam’ and ‘ridge-hollow complex’. Ryam is the Russian term for a raised bog 

dominated by Sphagnum fuscum and dwarf pines. The ridge-hollow complexes are patterned 
mires consisting of raised ridges and low hollows. The nutrient conditions are ombrotrophic.

•	 Through-flow fens, which occur at places where water concentrates and is transported from 
the mire center to the margins. The nutrient conditions are enriched compared to the bogs, 
because of the high water flux. However, because water originates from precipitation only, 
the nutrient conditions are not minerotrophic. Therefore, the conditions are sometimes 
referred to as ‘transitional’.

•	 Fens, including river valley fens, forested fens and brown moss fens. Nutrient conditions are 
minerotrophic.
The plant composition of the various types is further described in Chapter 3.
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2 Holocene peat and carbon accumulation 
rates in the southern taiga of Western 
Siberia

   Published as: Borren, W., W. Bleuten, and E. D. Lapshina (2004), Holocene peat and 
carbon accumulation rates in the southern taiga of Western Siberia. Quaternary Research 
61, pp. 42-�1.

2.1 Abstract

Although recent studies have recognized peatlands as a sink for atmospheric CO2, little is known 
about the role of Siberian peatlands in the global carbon cycle. We have estimated the Holocene 
peat and carbon accumulation rate in the peatlands of the South Taiga and Subtaiga Zones of 
Western Siberia. We explain the accumulation rates by calculating the average peat accumulation 
rate and the long-term apparent rate of carbon accumulation (LORCA) and by using the model 
of Clymo (1984). At three key areas in the Southern Taiga and Subtaiga Zones we studied eight 
sites, at which the dry bulk density, ash content and carbon content were measured every 10 cm. 
Age was established by radiocarbon dating.

The average peat accumulation rate at the eight sites varied from 0.3� ± 0.03 to 1.13 ± 0.02 
mm yr-1 and the LORCA values of bogs and fens varied from 19.0 ± 1.1 to 69.0 ± 4.4 g C m-2 yr-1. 
The accumulation rates had different trends especially during early Holocene time, caused by 
variations in vegetation succession resulting in differences in peat and carbon accumulation rates. 
The indirect effects of climate change through local hydrology appeared to be more important 
than direct influences of changes in precipitation and temperature. River valley fens were more 
drained during wetter periods as a result of deeper river incision, while bogs became wetter. From 
our dry bulk density results and our age-depth profiles we conclude that compaction is negligible 
and decay was not a relevant factor for undrained peatlands.

These results contribute to our understanding of the influence of peatlands on the global 
carbon cycle and their potential impact on global change.

2.2 Introduction

Recent studies of the world’s global carbon cycle and global climatic change have recognized 
the importance of mires (undrained peatlands) as a sink of atmospheric CO2 (e.g., Vitt et al., 
2000; Wieder, 2001; Tolonen and Turunen, 1996). In contrast to other terrestrial ecosystems, 
for example forests, mires are able to store carbon for many thousands of years. Besides, at 
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present the carbon stock in peatlands is higher than in forests. Apps et al. (1993) and Gorham 
(1991) indicated that Boreal and Subarctic peatlands accumulated 4.19 to 4.�� x 1017 g carbon. In 
comparison, Boreal forests including dead wood and soil organic matter contain 2.90 to 3.8� x 1017 
g carbon (Apps et al., 1993; Goodale et al., 2002) and the amount of carbon in the atmosphere is 
approximately 7.20 x 1017 g (Falkowski et al., 2000).

Today most peatlands are situated in the Subarctic and Boreal zones of the North American and 
Eurasian continents (Immirzi et al., 1992; Lappalainen, 1996). A large area of these peatlands 
appears to be situated in the Western Siberian lowlands of Russia. Although many researchers 
have studied Holocene development of peatlands in North America and Europe, only a few 
have reported data from the Russian peatlands in western scientific literature. Kremenetski 
et al. (2003) provided an overview of existing data for the Western Siberian peatlands. They 
roughly estimated that �.4 x 1016 g carbon is stored in these peatlands. Botch et al. (199�) gave 
an estimate of the carbon sequestration rate in European Russia, Western and Middle Siberia 
of 4.6 x 1013 g C yr-1. For raised string-hollow bogs they found an accumulation rate of 2.1� x 1013 
g C yr-1, whereas Turunen et al. (2001) found about half of this value. Differences between these 
two studies can be explained by different peatland types, such as fens and forested bogs, or if the 
studied locations are not representative of Western Siberia. There is also uncertainty about the 
present rate of carbon accumulation in Western Siberia, for which values are found ranging from 
2.0 to 10.0 x 1013 g C yr-1 (Kobak et al., 1998; Kolchugina and Vinson, 1998).

In order to get a complete picture of the global carbon cycle, it is necessary to take the Western 
Siberian carbon-accumulating ecosystems into account. Questions still to be solved are: at what 
rate have Western Siberian peatlands been growing and how much carbon is stored in these 
peatlands? Our aim was to calculate the Holocene peat and carbon accumulation rate in southern 
taiga peatlands of Western Siberia and to explain the variation in these rate. We achieved this by 
calculating the long-term apparent rate of carbon accumulation (LORCA) of various peatland 
types and by using the model of Clymo (1984). Variations in accumulation rate were studied by 
calculating the accumulation rates for some periods of the Holocene.

2.3 Site description

For this study a total of eight sites in three key areas were selected in Western Siberia, a region 
bordered by the Ural Mountains in the west, the Yenisey River in the east, the Kara Sea in the 
north and the Altai Mountains and Kazakh Hills in the south (Figure 2.1). The key areas are 
located in two bio-climatic zones (Katz, 1971; Romanova, 1976; Il’ina et al., 198�) and the eight 
drilling sites within these key areas represent different peatland types.

The key area “86-Kvartal” (�6°20’N, 84°3�’E) at the watershed between the rivers Ob and Tomb, 
is located within the birch-aspen forest zone or Subtaiga Zone. At this location three different 
peatland sites were selected: a river valley fen covered by a sedge-brown moss vegetation, a 
forested fen and a “ryam” on a raised bog. The Russian term “ryam” refers to the relatively 
dry parts of an ombrotrophic bog where the vegetation consists of pines, dwarf shrubs and 
Sphagnum-species.
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In the neighborhood of the village of “Plotnikovo” we studied a transect at the bog complex 
between the small rivers Bakchar and Iksa (�6°�1’N, 82°�0’E). The transect connects two ryam 
sites and crosses a sedge-Sphagnum through-flow fen. The area belongs to the Southern Taiga 
Subzone.

The key area “Vasyugan” is located in the central part of the largest undivided, undrained peat 
bog in the world (“Great Vasyugan Bog Complex”) covering an area of more than 6 x 104 km2 
situated on the watershed between the rivers Ob and Irtish. The vegetation of the studied site 
belongs to the Southern Taiga Subzone (�6°�0’N, 78°2�’E). The selected peatland is of the “ryam” 
type.

The actual climate at the kea areas is strictly continental, with a mean annual temperature around 
0 °C (Bleuten and Lapshina, 2001). Average monthly temperature varies from -20 °C in January 
to +19 °C in July. More than 2/3 of the total annual precipitation of �00 mm comes as summer 
rain. Average winter snow depth is 0.2� to 0.4� m.

2.4 Methodology

The average rate of peat and carbon accumulation of a peat layer can be calculated by dividing 
the amount of accumulated peat and carbon by the corresponding time interval. This assumes 
that a peat layer remains intact once it is formed and that the accumulation rate is equal to 
the production rate. For the total peat layer, this gives the long-term apparent rate of carbon 
accumulation (LORCA). It is called an apparent rate because it is calculated from the thickness 
of the peat deposits, while neglecting peat decomposition. Therefore this method underestimates 
the calculated production rates when there is any peat decay. The model of peat accumulation 
proposed by Clymo (1984) takes both production and decay into account. The main assumptions 
of this model are:
•	 production and decay differ between the acrotelm and catotelm layers – i.e., aerobic and 

anaerobic conditions;

Figure 2.1 Location of the key areas. K = 86-Kvartal, P = Plotnikovo, V = Vasyugan.
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•	 the amount of decay is proportional to the amount of accumulated peat mass;
•	 production and decay are constant over time;
•	 compaction is negligible.

In our study we used the peat accumulation equation for the catotelm, which is the anaerobic 
zone beneath the lowest water table:

 (2.1)

x total accumulated dry matter (or carbon) per unit area, M
t time since growth started, T
p rate of addition of dry matter (or carbon) per unit area, i.e. production rate, MT-1

α decay constant, T-1

Solved for x as a function of t this becomes:

 (2.2)

Equation 2.2 allows the computation of an age-mass profile, which can be converted to an age-
depth profile if the dry bulk density (ρ) is known. In the case that ρ is constant the depth is 
calculated by x/ρ.

In order to calculate the LORCA and Holocene variations in peat and carbon accumulation as 
well as to fit the Clymo-model we:
•	 collected continuous peat samples over the whole peat depth;
•	 measured the dry bulk density and the organic matter content of all samples;
•	 determined the peat type of all samples;
•	 analysed the carbon content of various peat types;
•	 determined the carbon content of all samples by using the carbon content of the peat types;
•	 dated peat samples at various depths.

At every site we drilled with a Russian peat sampler. The Russian peat sampler collects a peat 
core of 0.04 m diameter and 0.� m length. From the 0.� m cores we collected samples of known 
volume every 10 cm over the whole peat depth. By drying at 10�°C and incinerating at ��0°C we 
measured the dry bulk density, ash content and organic matter content of the samples. In order 
to determine the peat type of the samples, we analyzed the macrofossil plant remains.

We analyzed the carbon contents of 49 peat samples from various sites and depths representing 
the most common peat types of Western Siberia. The applied method uses a surplus of K2Cr2O7 
in H2SO4 to oxidize organic matter. The excess of K2Cr2O7, which is related to the amount of 
organic matter, is measured by titration. With these carbon contents of different peat types we 
determined the carbon content and amount of accumulated carbon of all peat samples.

xp
dt

dx = xp
dt

dx =

( )te
p

x = 1( )te
p

x = 1
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The age of the peat layers was estimated by radiocarbon dating of 10 cm bulk samples in the 
Institute of Geography of the Russian Academy of Science (IGRAS) in Moscow. We converted 
the radiocarbon dates (14C yr B.P.) to calibrated ages (cal yr B.P.) with the program OxCal 3.� 
(Bronk Ramsey, 199�) using the INTCAL98 calibration curve.

We calculated the average Holocene peat accumulation rate at the sites by dividing the peat 
thickness by the basal age. Analogously, we calculated LORCA by dividing the total amount of 
accumulated carbon per unit area by the basal age.

From the eight sites we chose the groundwaterfed minerotrophic river valley fen Zh0 (68-
Kvartal key area) and the ombrotrophic ryam V21 (Vasyugan key area) to study Holocene 
variations in the accumulation rates, for which radiocarbon samples at several depths were taken. 
Accumulation rates were calculated for the peat layers between the radiocarbon dated core 
sections. The role of decay is evaluated by fitting the data of these two sites in the model of 
Clymo (1984). The mean dry bulk densities for the cores, needed in the Clymo-model to convert 
accumulated dry matter to depth, were obtained by averaging the dry bulk densities of the 
separate samples. We used the least-squares method for the fits. After fitting we converted the 
obtained production rates (p in Equation 2.2) to carbon production rates using the appropriate 
ash content and carbon content.

2.5 Results

Table 2.1 shows that the ombrotrophic Spagnum fuscum peat has the lowest carbon content. In 
general herb and wood peat are characterised by higher carbon contents than Sphagnum peat.

Table 2.1 Carbon content of various peat types (mass percentage of dry organic matter).

Peat type Carbon content (%)

Ombrotrophic peat  
Herb-moss 51.3 ± 3.6
Moss 49.0 ± 1.1
Sphagnum fuscum 47.7 ± 2.5
Transitional peat
Wood 55.7 ± 2.5
Wood-herb 52.2 ± 2.2
Herb 55.1 ± 1.6
Wood-moss 54.9 ± 0.6
Moss 48.6 ± 3.4
Minerotrophic peat
Wood 52.8 ± 4.2
Wood-herb 54.3 ± 2.8
Herb 54.5 ± 2.5
Herb-moss 51.6 ± 2.8
Moss 50.4 ± 2.8
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The calibrated ages of the dated peat samples are listed in Table 2.2. The median value of the 2σ 
range is used as age for further calculations. To account for the uncertainty in the age, 2σ is used 
as error.

The average peat accumulation rates and LORCA values at the eight sites are listed in Table 
2.3. As shown in this table, we found the highest peat and carbon accumulation rates in the 
86-Kvartal and the Vasyugan key areas, at the sites Zh0 and V21. Although we found site V21 
to have the highest peat accumulation rate during the Holocene, we found site Zh0 to have 
stored more carbon. This is directly correlated to the higher carbon content of the minerotrophic 
peat material (Table 2.1) and the higher organic matter contents of site Zh0 (Figure 2.2). The 

Table 2.2 Radiocarbon dates and calibrated ages of peat samples from the studied sites. 
Calibration with OxCal 3.� (Bronk Ramsey, 199�) using the INTCAL98 calibration curve 
(Stuiver et al., 1998).

Key area and site Sample depth  
(m)

Laboratory number Age ± 1σ  
(14C yr B.P.)

Calibrated age; 2σ 
range and median 
(cal yr B.P.)

86-Kvartal     
Zh0 0.90-1.00 IGRAS-1875 1590 ± 50 1610 (1480) 1350
Zh0 1.40-1.50 IGRAS-2040 2610 ± 80 2950 (2650) 2350
Zh0 1.90-2.00 IGRAS-1873 3060 ± 80 3450 (3220) 2990
Zh0 2.40-2.50 IGRAS-1876 3440 ± 50 3840 (3700) 3560
Zh0 3.40-3.50 IGRAS-1881 4330 ± 50 5050 (4940) 4820
Zh0 3.90-4.00 IGRAS-1879 5410 ± 60 6310 (6150) 5990
Zh0 4.90-5.00 IGRAS-1878 6430 ± 90 7560 (7360) 7160
Zh0 5.90-6.00 IGRAS-1883 7160 ± 90 8170 (7980) 7790
Zh0 7.20-7.30 IGRAS-1928 7850 ± 120 9000 (8700) 8400
Kir1 3.90-4.00 IGRAS-1938 5180 ± 100 6200 (5930) 5650
E1 2.10-2.20 IGRAS-1911 4540 ± 90 5500 (5180) 4850
Plotnikovo
P1 2.30-2.40 IGRAS-2345 5620 ± 80 6630 (6460) 6280
P2 1.90-2.00 IGRAS-2348 4640 ± 80 5600 (5330) 5050
P3 1.50-1.60 IGRAS-2349 4040 ± 80 4850 (4550) 4250
P4 1.90-2.00 IGRAS-2350 4270 ± 40 4970 (4810) 4650
Vasyugan
V21 0.90-1.00 IGRAS-2214 930 ± 40 930 (840) 740
V21 1.90-2.00 IGRAS-2213 1990 ± 40 2050 (1940) 1820
V21 2.90-3.00 IGRAS-2212 2880 ± 60 3210 (3030) 2840
V21 3.90-4.00 IGRAS-2211 3690 ± 100 4450 (4080) 3700
V21 4.90-5.00 IGRAS-2210 3950 ± 60 4570 (4380) 4180
V21 5.90-6.00 IGRAS-2209 4440 ± 60 5290 (5080) 4860
V21 6.90-7.00 IGRAS-2208 4990 ± 50 5900 (5750) 5600
V21 7.90-8.00 IGRAS-2207 5690 ± 60 6640 (6480) 6310
V21 8.90-9.00 IGRAS-2206 7370 ± 90 8360 (8170) 7970
V21 9.90-10.00 IGRAS-2205 7940 ± 110 9150 (8800) 8450
V21 10.90-11.00 IGRAS-2204 8670 ± 60 9890 (9710) 9530
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difference in peat and carbon accumulation rate is also shown in Figure 2.3 and Figure 2.4. We 
found that V21 had a higher peat accumulation rate, but a lower carbon accumulation rate during 
most of the Holocene. These differences were most marked during early Holocene time. In this 
period the peat accumulation rate of V21 increased from 0.6 to 3.3 mm yr-1 whereas the peat 
accumulation rate of Zh0 decreased from 1.6 to 0.8 mm yr-1 (Figure 2.3). In the same period the 

Table 2.3 Basal peat ages and average accumulation rates of the studied sites.

Keyarea and 
site

Present 
peatland type

Basal
peat age
(cal yr B.P.)

Peat depth
(m)

Accumulated 
carbon
(kg m-2)

Average peat 
accumulation 
rate 
(mm yr-1)

LORCA  
(g C m-2 yr-1)

86-Kvartal       
Zh0 River valley 

fen
8700 ± 300 7.30 ± 0.05 600.3 ± 32.6 0.84 ± 0.03 69.0 ± 4.4

Kir1 Ryam on top 
of raised bog

5930 ± 280 4.00 ± 0.05 193.2 ± 10.6 0.67 ± 0.03 32.6 ± 2.4

E1 Forested fen 5180 ± 330 2.20 ± 0.05 174.0 ± 11.4 0.42 ± 0.03 33.6 ± 3.1
Plotnikovo
P1 Ryam in bog 

complex
6460 ± 180 2.40 ± 0.05 175.2 ± 8.5 0.37 ± 0.01 27.1 ± 1.5

P2 Through-flow 
fen in bog 
complex

5330 ± 280 2.00 ± 0.05 111.6 ± 6.0 0.38 ± 0.02 20.9 ± 1.6

P4 Through-flow 
fen in bog 
complex

4550 ± 300 1.60 ± 0.05 89.1 ± 5.6 0.35 ± 0.03 19.6 ± 1.8

P8 Ryam in bog 
complex

4810 ± 160 2.00 ± 0.05 91.2 ± 4.3 0.42 ± 0.02 19.0 ± 1.1

Vasyugan
V21 Ryam in bog 

complex
9710 ± 180 11.00 ± 0.05 388.0 ± 21.1 1.13 ± 0.02 40.0 ± 2.3

Table 2.4 Parameters of the linear fit and fits in the Clymo-model of sites V21 and Zh0.

Site Parameter Linear fit Model fit 1 Model fit 2

V21 r2 (p < 0.05) 0.99 0.99 0.88
Carbon production, p (g C m-2 yr-1) 41 42 75
Decay constant, α (yr-1) - 0.00001 0.0002
Dry bulk density, ρ (x 104 g m-3) 7.5 ± 0.2 7.5 ± 0.2 7.5 ± 0.2
Ash content (% of dry peat matter) 1.8 ± 0.1 1.8 ± 0.1 1.8 ± 0.1

 Carbon content (% of dry organic matter) 47.9 ± 2.5 47.9 ± 2.5 47.9 ± 2.5
Zh0 r2 (p < 0.05) 0.96 0.95 0.81

Carbon production, p (g C m-2 yr-1) 79 82 139
Decay constant, α (yr-1) - 0.00001 0.0002
Dry bulk density, ρ (x 105 g m-3) 2.11 ± 0.09 2.11 ± 0.09 2.11 ± 0.09
Ash content (% of dry peat matter) 19.9 ± 1.4 19.9 ± 1.4 19.9 ± 1.4

 Carbon content (% of dry organic matter) 51.6 ± 2.8 51.6 ± 2.8 51.6 ± 2.8
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carbon accumulation rate of V21 increased from 24 to 100 g C m-2 yr-1 in contrast to a decrease 
of the carbon accumulation rate of Zh0 from 174 to �1 g C m-2 yr-1. In the mid and late Holocene 
periods, the peat and carbon accumulations of both sites became more stable and less different.

In Figure 2.2 we show the macrofossil plant remains of the sites Zh0 and V21 together with 
the organic matter content and carbon content. As is shown in Figure 2.2, V21 consists of 

Figure 2.2 Plant remains, age, carbon content and organic matter content of sites V21 and Zh0 
(after Bleuten and Lapshina, 2001).
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homogenous Sphagnum fuscum peat layers. In this core the dry bulk density and carbon content 
were nearly constant with depth. Zh0 showed more variability in peat type and in carbon 
content.

Figure 2.3 Holocene peat accumulation rate at sites V21 and Zh0.

Figure 2.4 Holocene carbon accumulation rate at sites V21 and Zh0.
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We modeled the age-depth profiles of V21 and Zh0 with Clymo’s model (1984) (Figure 2.�). The 
fit with the best r2 value is a straight line (Table 2.4). Because we assumed that decay is occurring, 
we fitted the data with small decay constants of 1 x 10-� yr-1 and 2 x 10-4 yr-1. The averaged dry bulk 
density was 7.� ± 0.2 x 104 g m-3 for the V21 core and 2.11 ± 0.09 x 10� g m-3 for the Zh0 core. The 
averaged ash contents were respectively 1.8 ± 0.1 % and 19.9 ± 1.4 % of the dry peat matter. The 
carbon production rates belonging to the different fits are listed in Table 2.4.

2.6 Discussion

Differences in accumulation rates – Holocene averages as well as variations throughout the 
Holocene – between the peatland types had two major causes. First, differences in accumulation 
rates were caused by differences in peat deposits, which are in turn caused by differences in the 
succession of peatland types and vegetation that formed the peat deposits. We found that the 
ombrotrophic Sphagnum fuscum deposits of the bog site V21 had a lower dry bulk density and a 
lower carbon content than the minerotrophic herb-moss deposits of site Zh0. This has lead to 
a lower LORCA at site V21. The difference in peat deposits is also reflected in the ash content 
(see average values in Table 2.4). The ash content at the valley fen site Zh0 is significantly higher, 
probably caused by inorganic input from the river.

Second, the differences in accumulation rates between the studied sites were caused by the 
specific local situation in combination with climate change. Climate has often been put forward 

Figure 2.5 Measured and modeled age-depth profile (fit in Clymo-model) of sites V21 and Zh0. 
Parameters for the model fit given in Table 2.4 (model fit 1).
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as a driving force of variations in Holocene peat accumulation (e.g., Ovenden, 1990; Zoltai and 
Vitt, 1990; Korhola et al., 1996; Mäkilä et al., 2001). The variations in accumulation rates of our 
sites V21 and Zh0 suggest that Holocene variations of these accumulation rates are caused by 
local factors rather than by climatic changes only. If climate is the major force behind variations, 
these variations should turn out to be similar for all peatland types within one climatic zone. 
However, the variations of the sites V21 and Zh0, which indeed are located within one climatic 
zone, have different trends (Figure 2.3 and Figure 2.4). This is especially visible in early Holocene 
time. Whereas the accumulation rate of site V21 steadily increased, the accumulation rate of 
site Zh0 decreased. An explanation for this difference is that during the wetter first part of the 
early Holocene period the increased river discharge could have lead to deeper incision of the 
valley floor. The resulting drainage of the valley caused the relative lower peat accumulation 
of the valley fens in that period. This process of increased drainage, however, did not affect 
bogs located at water divides. Thus, local factors like topography – e.g., distance to river – and 
hydrology apparently dominated over climate change effects. Mäkilä et al. (2001) also point at 
the variations in local conditions as an important factor influencing vegetation succession and 
carbon accumulation.

In comparison with the other very few reported studies of Western Siberian peatlands, we found 
equal to significantly higher peat and carbon accumulation rates for bogs and slightly lower rates 
for fens. Our estimates of the peat accumulation rates are as much as three times higher than the 
values of 0.32 and 0.39 mm yr-1 found by Turunen et al. (2001) for three Western Siberian bogs. 
Their bogs are situated in the Middle Taiga Zone (latitude 60°N) on the flat central parts of 
ombrotrophic watershed peatlands. Because of the small climate differences (summer radiation, 
temperature, precipitation) we expected that accumulation rates should be of the same order of 
magnitude as our ryam sites Kir1, P1, P8 and V21 (Table 2.3). Our LORCA values are up to 
two times higher than the LORCA values of 1�.3 to 19.4 g C m-2 yr-1 reported by Turunen et al. 
(2001). The differences can be the result of local hydrologic factors, but are probably related to 
peatland fires: Turunen et al. (2001) reported several ash layers in their cores. Even in wet bogs, a 
fire event will retard the peat accumulation process for very long time. In our cores no ash layers 
were detected.

Botch et al. (199�) studied peatlands all over European Russia, Western and Middle Siberia 
and found LORCA values for bogs between 31.4 and 38.1 g C m-2 yr-1. These values are more 
comparable to our results. For marshes, fens and swamps Botch et al. (199�) found LORCA 
values of 71.8 to 79.8 g C m-2 yr-1, which are even higher than what we calculated for the sites 
E1 and Zh0. However, the results by Botch et al. (199�) are averages for a much larger area and 
therefore less suitable for detailed comparison.

Some Finnish studies allow us to compare our results with results from regions outside Russia. 
The Finnish bogs studied by Mäkilä (1997), Tolonen and Turunen (1996) and Turunen et 
al. (2002) accumulated carbon at a rate ranging from 13.7 to 3�.2 g C m-2 yr-1. Both Tolonen 
and Turunen (1996) and Turunen et al. (2002) found that the accumulation rate in bogs is 
significantly higher than in fens. Tolonen and Turunen (1996) found LORCA values for Finnish 
fens ranging from 9.6 to 24.9 g C m-2 yr-1. This is in contrast to our result that the fen site Zh0 
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has the highest accumulation rate. We expect that these contrasts may be explained by differences 
in local drainage conditions.

Our results show that the model of Clymo is not suitable for the studied peatlands and gives 
poorer results than the calculations of LORCA. We have used two ways of fitting the age-depth 
data in Figure 2.�: a linear fit and a fit for the theoretical model of Clymo (1984). The r2 values in 
Table 2.4 are an estimate of the deviation between the measured and modeled age-depth values. 
The best fit (lowest r2 value) of the age-depth data is for both sites a linear one, for which the 
decay constant α approaches zero. Consequently, the peat accumulation rate is better estimated 
simply by its average instead by fitting the data in the model. Analogously, LORCA is a better 
estimate of the carbon production rate. However, if we assume that decay is present, the Clymo-
model can be applied to the age-depth data with certain decay constants to obtain production 
rates. In our case, only small decay constants of about 1 x 10-� yr-1 give satisfactory fits. Note that 
the performed fittings are optimized results and they are statistically compared. Other researchers 
also used optimisation techniques for fitting the Clymo-model and found various decay 
constants (e.g., Korhola et al., 1996; Vitt et al., 2000). We do not have any direct measurement 
of the decay constant or the production rate and therefore we do not have any reason to choose 
a certain decay constant. However, Panikov et al. (2001) studied the CH4 emission near our key 
area Plotnikovo. They reported a net emission rate in the summer of 0.4� mg CH4-C m-2 hr-1 for 
a peat bog covered by dwarf pines and shrubs close to our site P1. If we assume that the summer 
season lasts 90 days (Panikov and Dedysh, 2000) and that the contribution of the winter season 
to the annual emission is 7% (an average value according to Panikov and Dedysh, 2000) the 
average emission rate appears to be 0.12 mg CH4-C m-2 hr-1 (i.e., 1.0 x 10-3 kg C m-2 yr-1). From 
this emission rate and the accumulated amount of carbon at site P1 (Table 2.3) we found a decay 
constant of 6 x 10-6 yr-1. This supports the idea that the decay constant approaches zero and only 
Clymo-fits with very small decay constants give good results.

Both the estimations of LORCA and the fits in the Clymo-model do not account for variations 
in Holocene accumulation rates. The LORCA value is an average accumulation rate as a net 
result of varying production and decomposition rates, whereas the Clymo-model assumes a 
constant production and decomposition process. However, the results in Figure 2.3 and Figure 
2.4 show that these rates varied during the Holocene. Here it should be pointed out that the 
accumulation rates in Figure 2.3 and Figure 2.4 are average rates over the period between two 
dates and that they are in fact, like LORCA, apparent rates. Although we did not find any 
indication for hiatuses in the peat deposits we cannot exclude that they occur. We need more 
dated samples to test this possibility.

The homogeneity of the peat deposits of site V21 allows us to evaluate the role of compaction 
and decay. We assume that compaction leads to an increase of the dry bulk density over depth: 
the deeper peat should experience more pressure from the peat on top of it and should therefore 
be more compacted. Decay can also result in an increase of the dry bulk density. This is due 
to the fact that the less dense material is probably more easily decayed. What is left after this 
selective decay is denser material. Because decay is a continuous process – at least to a certain 
depth or over a certain time – the bulk density of older and deeper peat must be higher than 
that of younger and less deep peat. In our study we did not find an increase in dry bulk density 
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(Figure 2.2). The homogeneous peat deposits of site V21 rules out the influence of peat type on 
dry bulk density. Therefore we conclude that compaction is negligible. Decay, however, is shown 
to be occurring by studies that measure methane emissions from peatlands (e.g., Panikov and 
Dedysh, 2000). These studies showed a release of methane as a result of decay, but, as mentioned 
above, the rate of decay is very small. Moreover, from our results it is more likely to conclude 
that decay is not a relevant factor in considering carbon sequestration by undrained peatlands.

With the presented results we know more about the carbon sequestration in Western Siberian 
peatlands. This knowledge about a huge, but hitherto nearly unstudied peat region in the world 
contributes to our understanding of the influence of peat ecosystems on the global carbon cycle 
and their potential impact on global change.

2.7 Acknowledgement

This study is part of the CIRCA-project, which is financially supported by INTAS (International 
Association of the European Union). We would like to thank Emilian Ya. Muldiyarov for 
determining the macrofossil plant remains and Markku Mäkilä for useful comments on this 
paper.

2.8 References

Apps, M.J., W.A. Kurz, R.J. Luxmoore, L.O. Nilsson, R.A. Sedjo, R. Schmidt, L.G. Simpson & T.S. Vinson 
(1993). Boreal forests and tundra. Water, Air, and Soil Pollution 70, pp. 39-�3.

Bleuten, W. & E.D. Lapshina (2001). Carbon storage and atmospheric exchange by West Siberian peatlands. 
Utrecht/Tomsk, Utrecht University, Physical Geography.

Botch, M.S., K.I. Kobak, T.S. Vinson & T.P. Kolchugina (199�). Carbon pools and accumulation in peatlands of 
the Former Soviet Union. Global Biogeochemical Cycles 9, pp. 37-46.

Bronk Ramsey, C. (199�). Radiocarbon calibration and analysis of stratigraphy: the OxCal program. Radiocarbon 
37, pp. 42�-430.

Clymo, R.S. (1984). The limits to peat bog growth. Philosophical transactions of the Royal Society of London, 
Series B 303, pp. 60�-6�4.

Falkowski, P., R.J. Scholes, E. Boyle, J. Canadell, D. Canfield, J. Elser, N. Gruber, K. Hibbard, P. Högberg, S. 
Linder, F.T. Mackenzie, B. Moore, T. Pedersen, Y. Rosenthal, S. Seitzinger, V. Smetacek & W. Steffen (2000). 
The global carbon cycle: a test of our knowledge of earth as a system. Science 290, pp. 291-296.

Goodale, C.L., M.J. Apps, R.A. Birdsey, C.B. Field, L.S. Heath, R.A. Houghton, J.C. Jenkins, G.H. Kohlmaier, 
W. Kurz, S. Liu, G.-J. Nabuurs, S. Nilsson & A.Z. Shvidenko (2002). Forest carbon sinks in the northern 
hemisphere. Ecological Applications 12, pp. 891-899.

Gorham, E. (1991). Northern peatlands: role in the carbon cycle and probable responses to climatic warming. 
Ecological Applications 1, pp. 182-19�.

Il’ina, I.S., E.D. Lapshina & N.N. Lavrenko (198�). Vegetation cover of the West-Siberian plain. Novosibirsk: 
Nauka.

Immirzi, C.P., E. Maltby & R.S. Clymo (1992). The global status of peatlands and their role in carbon cycling. 
Exeter, Department of Geography, University of Exeter.



44

Katz, N.Y. (1971). Mires of the world. Moscow: Nauka.
Kobak, K.I., N.Y. Kondrasheva & I.E. Turchinovich (1998). Changes in carbon pools of peatland and forests in 

Northwestern Russia during the Holocene. Global and Planetary Change 16-17, pp. 7�-84.
Kolchugina, T.P. & T.S. Vinson (1998). Carbon cycle of terrestrial ecosystems of the Former Soviet Union. 

Environmental Science and Policy 1, pp. 11�-128.
Korhola, A., J. Alm, K. Tolonen, J. Turunen & H. Jungner (1996). Three-dimensional reconstruction of carbon 

accumulation and CH4 emission during nine millennia in a raised mire. Journal of Quaternary Science 11, 
pp. 161-16�.

Kremenetski, K.V., A.A. Velichko, O.K. Borisova, G.M. MacDonald, L.C. Smith, K.E. Frey & L.A. Orlova 
(2003). Peatlands of the Western Siberian lowlands: current knowledge on zonation, carbon content and Late 
Quaternary history. Quaternary Science Reviews 22, pp. 703-723.

Lappalainen, E. (1996). General review on world peatland and peat resources. In: E. Lappalainen (Ed.) Global peat 
resources, pp. �3-�6. Jyskä: International Peat Society and Geological Survey of Finland.

Mäkilä, M. (1997). Holocene lateral expansion, peat growth and carbon accumulation on Haukkasuo, a raised bog 
in Southeastern Finland. Boreas 26, pp. 1-14.

Mäkilä, M., M. Saarnisto & T. Kankainen (2001). Aapa mires as a carbon sink and source during the Holocene. 
Journal of Ecology 89, pp. �89-�99.

Ovenden, L. (1990). Peat accumulation in northern wetlands. Quaternary Research 33, pp. 377-386.
Panikov, N.S. & S.N. Dedysh (2000). Cold season CH4 and CO2 emission from boreal peat bogs (West Siberia): 

winter fluxes and thaw activation dynamics. Global Biogeochemical Cycles 14, pp. 1071-1080.
Panikov, N.S., S.N. Dedysh, O.M. Kolesnikov, A.I. Mardini & M.V. Sizova (2001). Metabolic and environmental 

control on methane emission from soils: mechanistic studies of mesotrophic fen in West Siberia. Water, Air, 
and Soil Pollution: Focus 1, pp. 41�-428.

Romanova, E.A. (1976). Common Characteristics of Bog Landscapes. In: (Ed.) Bogs of Western Siberia, their 
structure and hydrological regime, pp. 447. Leningrad: Hydrometeoizdat.

Stuiver, M., P.J. Reimer, E. Bard, J.W. Beck, G.S. Burr, K.A. Hughen, B. Kromer, G. McCormac, J. Van der Plicht 
& M. Spurk (1998). INTCAL98 radiocarbon age calibration, 24000-0 cal BP. Radiocarbon 40, pp. 1041-1083.

Tolonen, K. & J. Turunen (1996). Accumulation rates of carbon in mires in Finland and implications for climate 
change. The Holocene 6, pp. 171-178.

Turunen, J., T. Tahvanainen & K. Tolonen (2001). Carbon accumulation in West Siberian mires, Russia. Global 
Biogeochemical Cycles 1�, pp. 28�-296.

Turunen, J., E. Tomppo, K. Tolonen & A. Reinikainen (2002). Estimating carbon accumulation rates of undrained 
mires in Finland – application to boreal and subarctic regions. The Holocene 12, pp. 69-80.

Vitt, D.H., L.A. Halsey, I.E. Bauer & C. Campbell (2000). Spatial and temporal trends in carbon storage of 
peatlands of continental Western Canada through the Holocene. Canadian Journal of Earth Sciences 37, 
pp. 683-693.

Wieder, R.K. (2001). Past, present, and future peatland carbon balance: an empirical model based on 210Pb-dated 
cores. Ecological Applications 11, pp. 327-342.

Zoltai, S.C. & D.H. Vitt (1990). Holocene climatic change and the distribution of peatlands in Western Interior 
Canada. Quaternary Research 33, pp. 231-240.



4�

3 Simulating Holocene carbon accumulation 
in a Western Siberian watershed mire using 
a 3-D dynamic modeling approach

   Accepted for publication as: Borren, W., and W. Bleuten (in press), Simulating Holocene 
carbon accumulation in a Western Siberian watershed mire using a 3-D dynamic 
modeling approach. Water Resources Research.

3.1 Abstract

The vast undisturbed mires in Western Siberia formed a significant sink of atmospheric carbon 
dioxide during the Holocene. However, the lack of spatially resolved simulation models hampers 
the quantification of Holocene carbon accumulation of the entire mire systems. Here we 
developed a 3-D dynamic model, based on a hydrological approach. We applied the model to 
a large mire complex in Western Siberia to simulate its Holocene development and to quantify 
the long-term carbon accumulation rate (LORCA). Our model simulated a LORCA with 
a spatial variation of 10-8� g C m-2 yr-1. The average over the Holocene was 16.2 g C m-2 yr-1. 
Simulation scenarios for the 21st century show that the average LORCA dropped to �.2 g C m-2 
yr-1 due to oxidation and decomposition of peat following mire drainage after the 19�0s. Even 
in the undrained parts of the mire complex the LORCA is lowered substantially, because of 
the dropped water table and resulting decrease in peat growth. Our results show that carbon 
accumulation in Western Siberian watershed mires continues in the future. Thus, these mires 
might remain a significant sink of carbon.

3.2 Introduction

The world’s largest complexes of peat accumulating ecosystems were formed in Western Siberia 
during the Holocene. As human influence has been limited these mires still sequester substantial 
quantities of carbon, thereby playing a significant role in the global carbon cycle. A rough 
estimate of the total mire area in Western Siberia is 1 million km2 (Yefremov and Yefremova, 
2001). Despite this large area the carbon accumulation rates have still not been quantified for 
whole mire complexes. Besides, a reliable prediction of future carbon sequestration cannot be 
given due to the lack of simulation models for mire complex development. As a consequence, an 
important piece of evidence is missing in future global change scenarios.
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Kremenetski et al. (2003) concluded from radiocarbon dating that peat formation in Western 
Siberia started at the beginning of the Holocene period, after postglacial climatic conditions had 
become warm and moist enough. They found that the largest increase in peatland area occurred 
in the period 11,000 – 8,000 cal yr B.P., but the process of peat initiation and lateral expansion 
has continued up to this day. Yefremov and Yefremova (2001) calculated that the present carbon 
stock in Western Siberian peat is �1.71 x 101� g. Other researchers found a carbon stock of 70.21 
x 101� g, derived from a GIS-based extrapolation of core and area data (Sheng et al., 2004). Both 
found that today most carbon is stored in the middle and southern taiga zones, roughly between 
��°N and 60°N. Despite the large area of mires in Western Siberia and the large carbon stock 
associated with these mires, publications related to peat and carbon accumulation rates in this 
part of the world are still sparse. The long-term rate of carbon accumulation (LORCA) at point 
locations has been found to vary between 1�.3 and 69.0 g C m-2 yr-1 (Botch et al., 199�; Turunen 
et al., 2001; Borren et al., 2004). Variation of LORCA is mainly caused by different growth rates 
and organic matter and carbon densities of various mire types. Borren et al. (2004) also stated 
that the effects of climatic change on peat accumulation depend on the local setting.

It is generally recognized that peatland development is closely related to peatland hydrology (e.g., 
Ingram, 1967, 1982; Ivanov, 1981; Winston, 1994). The presence of peat depends on water-saturated 
conditions, which prevent rapid decomposition of dead plant material. From a functional point 
of view a peat body can be divided into a partly aerobic layer, the ‘acrotelm’ in which plant growth 
and litter formation takes place, and a permanently anaerobic layer, the ‘catotelm’, which is the 
actual peat layer (Ingram, 1982; Clymo, 1984). The boundary between acrotelm and catotelm is 
clearly visible and it is also often stated that the layers have contrasting hydraulic properties. 
Horizontal water movement mainly takes place in the acrotelm. Within the catotelm low vertical 
and horizontal water flow may occur (Reeve et al., 2000).

Water movement in a mire system can be described by the Darcy equation under the assumption 
of laminar flow (Rycroft et al., 197�; Hemond and Goldman, 198�):

 (3.1)

q water flux, LT-1

K hydraulic conductivity, LT-1

h hydraulic head, L

Ingram (1982) and Winston (1994) used the Darcy equation to formulate models for domed peat 
bodies, assuming that the water table controls the shape of the peat body. With a net recharge as 
a result of precipitation, evapotranspiration and runoff, Ingram (1982) derived a relation between 
lateral extent of a peat bog and its maximum height, which is the hydraulic head at the centre:

 (3.2)

h0 hydraulic head at centre of the bog, L
L lateral extent (distance between centre and border), L
U net recharge rate, LT-1

(h)Kq grad= (h)Kq grad=

K

U
Lh = 2

0 K

U
Lh = 2

0
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Winston (1994) elaborated this further into 2D models for various domed peat bogs. Of 
relevance to the Western Siberian watershed mires are his models for linear bogs and concentric 
bogs with radially divergent flow. These models describe the hydraulic head at a certain distance 
from the centre according to:

 (linear model) (3.3a)

 (circular model with radially divergent flow) (3.3b)

x linear horizontal distance from centre, L
r radial horizontal distance from centre, L

At the border of the peat body, i.e., x = L, the hydraulic head is 0 and, after rearranging, the 
Equations 3a and 3b are then equivalent to Equation 3.2. From Equation 3.3 Winston (1994) 
derived the height of the peat body at a given position x as a function of time after peat 
formation:

 (3.4)

R initial peat accumulation rate, LT-1

T thickness of first peat increment that accumulates at constant rate R, L
t time relative to time of peat initiation at position x, T

From Equation 3.4 it is clear that the vertical growth rate decreases with time. Both Ingram 
(1982) and Winston (1994) assumed that the hydraulic conductivity and recharge are spatially 
constant and that the subsoil beneath the dome is assumed to be flat and impermeable.

Obviously, mire development at a certain place cannot be regarded as independent of its position 
in the landscape. Hydrology determines water and nutrient supply in 3 spatial dimensions and 
time. However, as peat properties vary spatially, the combined result of all peat forming processes 
over whole mire landscapes cannot be assessed analytically. Therefore the approach could be to 
develop distributed numerical simulation models (Yu et al., 2001). Most of the models evaluated 
by Yu et al. (2001) are limited to 1 or 2 dimensions, except the model of Korhola et al. (1996) 
which simulates peatland development in 3-D space and time. In this model the topography of 
the peat basin is the most important limiting factor for lateral expansion of the peatland and 
vertical accumulation is simulated with the long-term accumulation model of Clymo (1984). Just 
because of the limitation by topography the model seems not to be suitable for the Western 
Siberian watershed peat bogs. These bogs are situated at areas between rivers and do not 
experience topographical barriers which limit lateral expansion of basin and valley mires. Thus, 
we concluded that a 3-D dynamic model of mire development suitable for watershed mires is 
not yet available, which hampers the quantification of peat and carbon accumulation rates for 
whole Western Siberian mires.
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In this paper our objectives were (1) to estimate Holocene carbon accumulation rates for a whole 
Western Siberian mire complex; (2) to predict 21st century carbon accumulation; and (3) to 
quantify and evaluate the effect of drainage on carbon accumulation. Therefore, we developed a 
simulation model, which quantifies carbon accumulation in 3 spatial dimensions and its change 
over time. The model uses a forward hydrological approach to predict vertical peat growth, lateral 
expansion and mire type development by nutrient availability. Peat growth takes place where the 
water table is at or above surface level. Differences in vegetation are mainly attributed to nutrient 
availability, which is in turn influenced by nutrient sources – ombrotrophic versus minerotrophic 
– and redistribution of nutrients by water flow. In this way the mire types reflect not only the 
local hydrology, but also the position within the bog complex, e.g., relative to the water divide or 
rivers.

3.3 Study area

We selected the ~800 km2 Bakchar bog complex near the village of Plotnikovo (�6°49’N, 82°48’E) 
in the southern taiga zone of Western Siberia as the study area to evaluate our model (Figure 
3.1). Western Siberia is located between the Ural Mountains and the river Yenisey. Extensive 
complexes of pristine peatlands occur in the area between the rivers Ob and Irtish. The Bakchar 
bog is situated at the watershed area between the rivers Bakchar and Iksa, which are tributaries 
of the river Ob. As shown in Figure 3.1 the study area is partly covered by an artificial drainage 
system, which was dug between 19�0 and 1960. As will be explained below our model will 
simulate the Holocene mire development up to 0 yr B.P. (i.e., 19�0 A.D.), just before the drainage 
started. For the 21st century prediction we calculated carbon accumulation with and without 

Figure 3.1 Study region and site. A – location of Western Siberia (white patch in Russia) in the 
world; B – location of the Bakchar bog (star symbol near Tomsk) in Western Siberia; C – study 
area in the Bakchar bog near the village of Plotnikovo; cross sections refer to unpublished data 
from Russian peat resources studies (19�0-1960).
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drainage. The boundary of the study area has been chosen in such a way that the bordering rivers 
are included, providing suitable hydrological boundary conditions.

The Bakchar bog complex consists of various mire types, which differ from each other in 
vegetation structure and plant composition. Besides mineral soil without peat, we distinguished 
three mire types within the study area: (1) eutrophic fen, (2) mesotrophic through-flow fen, and 
(3) oligotrophic bog including ridge-hollow-pool complexes and raised bogs. Lapshina et al. 
(2001) described the vegetation of these mire types.

Raised bogs are mainly situated at the higher parts of the mire complex near the water divide 
where rain is the only influx of water. Sphagnum fuscum dominates these ombrotrophic mires 
treed with small Pinus sylvestris. Typical shrubs and herbs are Chamaedaphne calyculata, Ledum 
palustre, Oxycoccus microcarpus, Rubus chamaemorus and Drosera rotundifolia.

Ridge-hollow-pool complexes are patterned mires consisting of raised ridges and low 
hollows with and without shallow pools. The vegetation on the ridges resembles the raised bog 
vegetation. In the wet hollows peat mosses (e.g., Sphagnum balticum, S. papillosum), sedges (e.g., 
Carex limosa) and herbs (e.g., Eriophorum vaginatum, Scheuchzeria palustris) are present.

Through-flow fens occur at places where water from higher bog parts concentrates and is 
transported further to the margins of the bog complex. The higher water flux causes a higher 
nutrient availability, which is reflected in the occurrence of mesotrophic peat moss species (e.g., 
Sphagnum fallax, S. angustifolium), sedges (mainly Carex rostrata) and herbs (e.g., Equisetum 
fluviatile, Menyanthes trifoliata, Eriophorum vaginatum).

Eutrophic forested fens (Pinus sylvestris, Betula pubescens, Pinus sibirica, Picea obovata) occur 
at the margins of the mire complex as a result of groundwater influence and nutrient influx from 
higher bog parts. Relatively rich sedge-Sphagnum-brown moss fens exist at higher parts of the 
mire complex where plants root in the mineral soil beneath thin peat layers.

The present climate in the study area is strictly continental with a mean annual temperature of 
0°C. The growing season lasts about � months and roughly runs from the start of May until the 
end of September. More than 2/3 of the annual precipitation of �12 mm comes as summer rain 
(Bleuten and Lapshina, 2001). The mineral subsoil is formed by loam and sandy loam. Kremenetski 
et al. (2003) pointed out that the Quaternary deposits in the Western Siberian lowlands often 
consists of sands and other aeolian and fluvial deposits, but no detailed description for the 
Bakchar bog is available.

3.4 Methods

3.4.1 Model design
As shown in the general structure of the model (Figure 3.2) the main components of the 
simulation process were groundwater modeling, peat growth, carbon accumulation and decay. 
The model simulation started with a bare mineral soil on top of which peat is formed during a 
number of time steps. For each time step the groundwater heads were calculated by steady-state 
groundwater modeling and compared to the current digital elevation model. If the groundwater 
level was above catotelm level peat accumulation on top of the catotelm was calculated.
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After calculating peat growth, decay was applied to the entire peat column and carbon 
accumulation was calculated. Finally, the DEM was recalculated. It was assumed that compaction 
in the Bakchar bog was negligible (Borren et al., 2004).

The main inputs to the model were a digital elevation model (DEM) of the mineral soil, a 
timeseries of precipitation, location of the rivers as hydrological boundary conditions, geo-
hydrological properties of the mineral soil and peat layers (e.g., hydraulic conductivity), 
evapotranspiration fraction and peat accumulation parameters. The model generated several 
distributed output data in the form of timeseries of maps, 3-D blocks and statistics for the whole 
study area. A DEM of the present peat surface was used for calibration of the modeled peat 
body. The modeled mire type distribution at 0 yr B.P. was compared to a mire type map derived 
from a satellite image.

3.4.2 Groundwater modeling
The 3-D raster-based model was built using the PCRaster environmental modeling language 
(Wesseling et al., 1996) and the MODFLOW-2000 groundwater modeling algorithm 
(Harbaugh et al., 2000). MODFLOW uses a finite-difference method to solve the partial 
differential groundwater flow equation:
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Figure 3.2 General structure of the model.
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K  hydraulic conductivity, LT-1

h  hydraulic head, L
W  water sink/source terms, T-1

Ss  specific water storage term, L-1

t  time, T
x,y,z spatial directions

Equation 3.� is a mathematical combination of the water balance equation with the Darcy 
equation (Equation 3.1). The right-hand term of Equation 3.� becomes 0 for steady-state 
modeling. Transient groundwater modeling within one time step was not meaningful because we 
used a time step size of 100 yr. This time step size followed the temporal resolution of time input 
of mean annual precipitation (see section 3.�). The sinks and sources used in our model were 
net recharge and water exchange with rivers. The rivers were represented in the River package, 
using a river conductance of �0,000 m2 d-1. For the second half of the 20th and 21st century 
predictions we applied drainage to include the effects of the drainage system built between 19�0 
and 1960. We used the LMG package to solve the system (Mehl and Hill, 2001) and enabled the 
re-wetting of cells from the neighbouring cells. Coupling between PCRaster and MODFLOW 
was done with Python programming (Python, 2006). The model was run for a horizontal spatial 
resolution of 200 m. Vertically the model allowed for a number of layers, i.e., the mineral soil 
layer, several peat layers and the active plant layer. Every time the mire type at a grid cell changed 
during a time step, a new model layer was formed. Thus, the number of time steps limits the 
number of peat layers. However, to stabilize groundwater computations in MODFLOW the 
new peat layer was combined with the previously calculated peat layers into one layer with mean 
hydraulic properties; the peat layer thickness changed over time. The active plant layer, in which 
the superficial horizontal flow takes place, was represented in MODFLOW by a layer with high 
conductivity and a thickness of 0.� m. We started the model simulation at 9000 yr B.P., which is 
before the oldest basal peat (Table 3.1). The Holocene simulation ended at 0 yr B.P. (19�0 A.D.). 
For the prediction of the accumulation till the end of the 21st century we extended the simulation 
with 1�0 yr and used a time step size of �0 yr for this period.

3.4.3 Digital elevation models (DEM)
The DEMs of the mineral soil and present peat surface were interpolated from unpublished 
cross-sectional data of Russian research between 19�0 and 1960 and river data (see Figure 3.1 
for the location of the data). The cross sections contain a series of cores with a 200 m horizontal 
interval. We assumed that these cross sections reflect the situation at 0 yr B.P. (19�0 A.D.). The 
cross sections for peat surface and mineral soil are shown in Figure 3.3A and 3.3B. River head 
data were obtained from elevation data on topographical maps (1:200,000). We observed that 
the water level was ~2 m below the river bank. The scarce point and contour data were linearly 
interpolated with the Topogrid algorithm of ArcInfo 8.3 to obtain elevation data for the whole 
area. It appeared that the area between the cross sections was too ‘smooth’ after interpolation: the 
pattern of depressions and heights as present in the cross sections was not calculated in the area 
between the cross sections. This problem could not be solved by other interpolation techniques 
such as inverse distance interpolation and kriging because the density of the data points was not 
high enough for these techniques to work. Therefore, we used a smoothed version of the cross 
sections (window average) for interpolation with Topogrid (dashed line in Figure 3.3A and 3.4B). 
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Figure 3.3 Elevation cross sections of the peat surface and mineral soil and variogram model of 
the elevation pattern. A and B – cross sections and trend (window average) for peat surface (A) 
and mineral soil (B); C and D -variogram of deviation for peat surface (C) and mineral soil (D).

Figure 3.4 DEM of mineral soil (A) and present peat surface (B); elevation in m.
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With the deviations of the cross sections from this trend elevation we estimated a variogram 
model (Figure 3.3C and 3.3D). The best fit to the variogram estimates was in both cases a 
combination of a spherical and periodic variogram model. We used these variogram models 
to randomly generate a spatial pattern of depressions and heights. For this we used the Gstat 
geostatistical package (Pebesma and Wesseling, 1998). The random pattern was added to the 
smooth elevation model. In this way we obtained DEMs with the same geostatistical properties 
as the cross sections (Figure 3.4).

3.4.4 Field measurements
During field expeditions in 2002 and 2004 we sampled 14 cores with the Russian peat sampler. 
The Russian peat sampler collects a half cylinder of diameter 0.04 m and length 0.� m. Together 
with results from previous research projects (Bleuten and Lapshina, 2001; Borren et al., 2004) 
the total number of cores is 21. The core locations are shown in Figure 3.1. The cores were sub-
sampled at 10 cm increments and analyzed for macro fossils, bulk density and organic matter 
content. From these records we calculated the average bulk density and organic matter density 
of each mire type. Furthermore, the basal peat age of the cores was measured by the Institute of 
Geography of the Russian Academy of Science in Moscow by means of radiocarbon dating.

3.4.5 Precipitation and evapotranspiration
The climate input of the model was a timeseries of paleo-precipitation, provided by V. Klimanov 
(unpublished data, 2001) from a nearby mire site. The precipitation record was derived by 
plant macro fossil and pollen analysis of a peat core and shows the deviation from modern 
precipitation with a time resolution of 100 yr (Figure 3.�). The method used was based on the 
correlation of pollen and macro fossil spectra with present climatic conditions and was described 
in detail by Klimanov (1984). We used a modern annual precipitation of �12 mm, which we also 
applied for the future time steps.

The precipitation was multiplied by a mire type depending evapotranspiration fraction. This 
factor was the proportion of the precipitation which was lost by evapotranspiration and was used 
to obtain a net recharge rate. The value of the fraction was estimated by calibration (see below). 
Two values were estimated: one for mineral soil without peat cover and one for peat.

Figure 3.5 Paleo-precipitation record used in the model (V. Klimanov, unpublished data, 2001).
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3.4.6 Hydraulic properties
The main hydraulic properties used in the groundwater modeling were horizontal and vertical 
hydraulic conductivity of the mineral soil, the growing peat layer and the active plant layer. The 
hydraulic conductivity of the peat belonging to the various mire types was assumed to be the 
same. However, the conductivity of the plant layer differs significantly between the mire types. 
Whereas the bogs have relatively dense vegetation, the through-flow fens and fens are covered 
by an open plant layer.

The value of the horizontal conductivities was estimated by calibration (see below). The vertical 
anisotropy, i.e. the ratio between vertical and horizontal conductivity, was assumed to be 0.� for 
peat. This assumed value is the lowest value from Rycroft et al. (197�), who mentioned a range 
from 0.� to 4.7 (higher than 1.0 means a higher vertical than horizontal conductivity). However, 
lower values were given by Beckwith et al. (2003) (ranging from 8 x 10-4 to 10 with an average of 
0.28). For the plant layer no difference between horizontal and vertical conductivity was assumed. 
For the mineral layer we have assumed a vertical anisotropy of 1. Because the vertical hydraulic 
conductivity of the peat was much smaller than that of peat, the latter had a negligible influence 
on vertical flow from peat to the mineral soil.

3.4.7 Peat growth and carbon accumulation
The first peat formed on top of the mineral soil was always minerotrophic fen peat because plants 
initially root in the nutrient rich mineral soil. As soon as the initial peat deposits were thicker 
than 0.� m a change to other peat types could take place. The transition to another type depends 
on nutrient supply, which in our model was simulated by superficial water flow conditions. The 
underlying assumption here is that the different mire types (i.e., vegetation types) can be ranked 
according to trophic state (from minerotrophic/eutrophic to ombrotrophic/oligotrophic) and 
that the availability of nutrients is positively related to water flux.

The carbon accumulation rate at a grid cell was calculated according to Equation 3.6:

 (3.6)

RCA rate of carbon accumulation, ML-2T-1

ΔH  vertical peat growth, L
OM dry organic matter density, ML-3

CC  carbon content, % of OM
t  time step duration, T

The carbon accumulation rate for the whole peatland in the study area was calculated by 
summing up the accumulated carbon for all peat-covered grid cells. The dry organic matter 
density of each mire type was calculated from the measured dry bulk density and organic matter 
content. The carbon content of each mire type was based on Bleuten and Lapshina (2001).

The peat growth was 0 if the water table was at or below catotelm surface. If the water table was 
higher than the catotelm surface the actual peat growth was limited either by the maximum 
possible peat growth rate or by the water table. We calculated the maximum possible peat growth 

t

CCOMH
RCA =

t

CCOMH
RCA =
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rate from our radiocarbon datings. Because the peat profiles at the core locations comprised 
various mire types, we could not estimate different growth rates for the different mire types.

The long-term peat growth rate should be lower than the maximum possible peat growth rate 
due to water table limitation and anaerobic decay. The decay process was incorporated in the 
form of Equation 3.7 as described by Clymo (1984):

 (3.7)

M accumulated mass after decay, M
M0 accumulated mass before decay, M
α decay constant, T-1

t time step duration, T

Decay was applied to the entire peat column. This means that the absolute loss of mass due to 
decay increased with increasing peat thickness. The decay constant used in the model was 6 x 10-6 
yr-1, as calculated by Borren et al. (2004).

3.4.8 Mire types classified from satellite image
We used a Landsat 7 ETM+ image and a supervised classification technique to evaluate the 
modeled mire type distribution. This was done on the base of ground truth data and expert 
knowledge of mire types in Bakchar. In this way an estimation of the mire type distribution was 
obtained, which could be used as comparison to our model results.

3.4.9 Calibration and sensitivity analysis
We calibrated the model by the PEST parameter estimation algorithm (Doherty, 2003). The 
five parameters to be estimated were: horizontal hydraulic conductivity of mineral soil, peat 
and acrotelm; evapotranspiration fraction of mineral soil and peat. PEST needs a number of 
model runs, which increases with the number of parameters. First, we calibrated the model 
to present water-table conditions. During our field expeditions across the Bakchar bog the 
groundwater level was at peat surface level. Therefore, we calibrated the model by minimizing 
the root mean squared deviation (RMSD) between modeled water table and peat surface from 
the DEM; uncertainties in the DEM could not be taken into account in the calibration with 
PEST. Because almost all grid cells were peat covered in this situation it was not possible to 
estimate the evapotranspiration fraction of mineral soil. We have estimated one conductivity 
value for vegetation, but we multiplied this value with a factor of 2 at fen and through-flow fen 
cells to express the difference in vegetation density with the bog cells. Second, we estimated the 
evapotranspiration fraction of mineral soil by calibrating the model to present peat thickness.

After calibration we evaluated the sensitivity of the model for the peat growth rate, the net 
recharge and the hydraulic conductivities. For all these parameters we ran the model with a 
parameter value of 110% and 90% of the original value. For the hydraulic conductivity of peat we 
also tested the effect of 10% and 1000% of the original value. Furthermore, we have tested the 
model sensitivity to a smaller time step size. Therefore we ran the model with a time step size of 
�0, 2� and 10 yr. For the time intervals which fell between the estimates of the paleo-precipitation 

tαMM = e0
tαMM = e0
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record, we obtained the precipitation by linear interpolation. We compared the modeled average 
Holocene carbon accumulation rate of the various model runs to that of the original run.

3.5 Results

The long-term peat growth rate as calculated from the radiocarbon data in Table 3.1 varies 
between 0.3� and 1.29 x 10-3 m yr-1. The latter value is used in the model as maximum possible 
peat growth rate for all mire types. Table 3.2 lists the dry organic matter density (OM) derived 
from the peat samples and the carbon content (CC) for each mire type. OM differs considerably 
between the various types, whereas CC shows little variation. The product of OM and CC, 
which gives the mass of carbon per volume peat, is highest for eutrophic fen and lowest for 
oligotrophic bog.

The estimated hydraulic conductivities and evapotranspiration fractions for both mineral soil and 
mires are shown in Table 3.3. According to our estimate the evapotranspiration fraction is lower 

Table 3.1 Radiocarbon dates and calibrated ages of basal peat samples. Calibration with OxCal 
3.� (Bronk Ramsey, 199�) using the INTCAL98 calibration curve (Stuiver et al., 1998).

Sample depth
(m)

Laboratory number Age (± 1σ)
(14C yr B.P.)

Calibrated age; 2σ 
range and median
(cal yr B.P.)

Long-term peat 
growth rate
(x 10-3 m yr-1)

From this study
0.50 – 0.60 IGAN-2609 1140 ± 30 1170 (1070) 960 0.56 ± 0.06
1.35 – 1.45 IGAN-2950 1390 ± 60 1410 (1290) 1170 1.12 ± 0.12
1.90 – 2.00 IGAN-2595 1640 ± 40 1690 (1550) 1410 1.29 ± 0.13
1.60 – 1.70 IGAN-2951 1740 ± 50 1820 (1680) 1530 1.01 ± 0.10
2.40 – 2.50 IGAN-2606 2410 ± 50 2720 (2530) 2340 0.99 ± 0.08
2.20 – 2.30 IGAN-2605 2460 ± 60 2720 (2540) 2350 0.91 ± 0.07
2.40 – 2.50 IGAN-2604 2550 ± 70 2780 (2570) 2360 0.97 ± 0.09
2.50 – 2.60 IGAN-2607 2610 ± 40 2850 (2680) 2500 0.97 ± 0.07
2.20 – 2.30 IGAN-2954 3070 ± 30 3360 (3270) 3170 0.70 ± 0.02
3.22 – 3.32 IGAN-2955 3650 ± 40 4090 (3970) 3840 0.84 ± 0.03
2.50 – 2.60 IGAN-3093 4050 ± 50 4810 (4610) 4410 0.56 ± 0.03
2.50 – 2.60 IGAN-2608 5170 ± 30 6000 (5890) 5770 0.44 ± 0.01
3.70 – 3.80 IGAN-3092 5970 ± 60 6950 (6810) 6660 0.56 ± 0.01
3.80 – 3.90 IGAN-3094 6780 ± 50 7700 (7610) 7510 0.51 ± 0.01
From Bleuten and Lapshina (2001), Borren et al. (2004)
1.10 – 1.20 IGAN-1866 1250 ± 110 1350 (1150) 950 1.04 ± 0.22
1.90 – 2.00 IGAN-1854 1920 ± 40 1950 (1840) 1730 1.09 ± 0.07
2.70 – 2.80 IGAN-1872 2860 ± 90 3250 (3010) 2770 0.93 ± 0.08
1.50 – 1.60 IGAN-2349 4040 ± 80 4850 (4550) 4250 0.35 ± 0.02
1.90 – 2.00 IGAN-2350 4270 ± 40 4970 (4810) 4650 0.42 ± 0.01
1.90 – 2.00 IGAN-2348 4640 ± 80 5600 (5330) 5050 0.38 ± 0.02
2.30 – 2.40 IGAN-2345 5620 ± 80 6630 (6460) 6280 0.37 ± 0.01
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at peat-covered area than at mineral soil. The horizontal hydraulic conductivity of the active 
plant layer is very much higher than the conductivity of the catotelm.

As shown in Figure 3.6 the mire formation started at a few spots with fen peat. In the course of 
time the peat area gradually expanded over the study area into a contiguous mire complex. In 
the north-eastern part the river terrace is covered by fens and through-flow fens, which is also 
shown in Figure 3.7. In the central parts bogs are formed in early stages. The relative areas of the 
various mire types at present are comparable to the classified Landsat image, although in the 
south-western part the model simulates less peat growth. Figure 3.8 shows that the modeled peat 
thickness along cross section 1 is comparable to the peat thickness as derived from the DEMs.

Figure 3.9 shows the long-term peat growth rate and the long-term carbon accumulation rate 
(LORCA). The long-term peat growth rate is usually lower than the maximum peat growth rate 
and at most places falls in the range 0.3 – 0.8 x 10-3 m yr-1. The LORCA value is mostly 10 – 30 g 
C m-2 yr-1, with some higher values up to 8� g C m-2 yr-1 at the margins of the mire complex. The 
average Holocene LORCA was 16.2 g C m-2 yr-1.

Extrapolation of the model over the 21st century gives a near future carbon accumulation rate 
of 16.� g C m-2 yr-1 if no drainage is applied (Table 3.4). With drainage the carbon accumulation 
rate drops to �.2 g C m-2 yr-1 for the total peat covered area. If only considering the undrained 

Table 3.2 Dry organic matter density and carbon content of the various mire types; dry organic 
matter density from field measurements; carbon content (% of dry organic matter) according to 
Bleuten and Lapshina (2001) and Borren et al. (2004).

Mire type Dry organic matter density (x 103 g m-3) Carbon content (%)

Fen 118.2 ± 4.2 (n=77) 53.0 ± 2.5 (n=19)
Through-flow fen 73.6 ± 3.9 (n=79) 51.2 ± 2.7 (n=12)
Bog 49.3 ± 2.3 (n=92) 51.1 ± 1.8 (n=15)

Table 3.3 Estimated evapotranspiration fraction and hydraulic conductivities of the various 
mire and soil types. Vertical anisotropy is defined as the ratio between vertical and horizontal 
conductivity.

Mire or soil type Evapotranspiration 
fraction
(%)

Horizontal hydraulic 
conductivity
(m d-1)

Vertical 
anisotropy  
factor

Multiplication factor of 
hydraulic conductivity 
of plant layer

Fen 0.82 * 9.7 x 10-4 * 0.5 2
Through-flow fen 0.82 * 9.7 x 10-4 * 0.5 2
Bog 0.82 * 9.7 x 10-4 * 0.5 1
Mineral soil 0.89 0.88 1 -
Plant layer/acrotelm - 550 1 -

* One value estimated for all mire types
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Figure 3.6 Distribution of mire types at various time periods during the Holocene and classified 
Landsat 7 ETM+ image.

Figure 3.7 Modeled mire types along cross section 1.
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Figure 3.8 Peat thickness along cross section 1.

Table 3.4 Carbon accumulation rate of various model scenarios.

Scenario Carbon accumulation rate (g C m-2 yr-1)

in whole peat area in undrained peat area in drained peat area

Holocene average 16.2
21st century, without drainage 16.5 15.3 17.7
21st century, with drainage 5.2 10.2 -0.02

Figure 3.9 Modeled basal peat age, long-term peat growth rate and LORCA. A – basal peat age 
(yr B.P.); B – peat growth rate (x 10-3 m yr-1); C – LORCA (g C m-2 yr-1); D – decrease in peat 
growth rate in the undrained part due to drainage in the period 19�0 – 2100 A.D. (x 10-3 m yr-1); 
the shaded area shows the drainage network.
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part of the bog the carbon accumulation rate decreases from 1�.3 to 10.2 g C m-2 yr-1. Figure 3.9D 
shows that this is due to a decrease in growth rate.

The results of the sensitivity analysis in Table 3.� show that the modeling results were most 
sensitive to changes in the net recharge of both peat and mineral soil and the hydraulic 
conductivity of the plant layer. The model was least sensitive to changes in the hydraulic 
conductivity of peat and time step size.

3.6 Discussion

With the 3-D dynamic model we have simulated the Holocene development of the Bakchar 
mire complex and quantified the carbon accumulation in 3 spatial dimensions and its change over 
time. Clearly the peat growth is limited by hydrology, as reflected in the long-term peat growth 
rates, which are lower than the maximum possible peat growth rate. This hydrology-limited peat 
growth is in line with the prediction of the Ingram (1982) and Winston (1994) models.

The mire development from a few mire spots to a contiguous complex (Figure 3.6) seems 
reasonable in the light of the variation in measured basal peat age (Table 3.1). From these basal 
ages it is clear that the area was not covered with peat at the same time. Figure 3.6 shows that 
the oldest peat was formed on the river terrace in the northeast and on the watershed area in the 

Table 3.5 Sensitivity analysis results of model parameters.

Parameter Value * LORCA **
(g C m-2 yr-1)

Main effect on lateral expansion or 
long-term peat growth rate

Original (no parameter change) - 16.2 -
Peat growth rate 110 % 16.3 Growth rate higher

90 % 12.9 Growth rate lower
Net recharge of peat 110 % 18.4 Growth rate higher

90 % 14.2 Growth rate lower
Net recharge of mineral soil 110 % 18.2 Expansion faster

90 % 13.2 Expansion slower
Hydraulic conductivity of peat 110 % 16.1

90 % 15.9
1000 % 15.8

10 % 16.1
Hydraulic conductivity of mineral soil 110 % 15.4 Growth rate lower

90 % 16.6 Growth rate higher
Hydraulic conductivity of plant layer 110 % 12.5 Expansion slower

90 % 19.3 Expansion faster
Time step size 50 yr 15.7 Expansion slower

25 yr 15.5 Expansion slower
10 yr 15.5 Expansion slower

* % means percentage of original value
** Long-term carbon accumulation rate over the Holocene
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centre. From these places the mire spread laterally. The main mire type on the river terrace was 
fen during the Holocene. From Figure 3.4 and Figure 3.7 it is clear that this area is the lowest 
part and serves as a water transportation zone between the centre of the mire and the river Iksa. 
Although the modeled areas of the mire types at 0 yr B.P. are comparable to the satellite image, 
the modeled pattern of mire types shows some differences (Figure 3.6). Unfortunately, we cannot 
compare our model results to the satellite image within the area of drainage. The vegetation here 
changed to mixed-forest and it is unclear what the original vegetation was before the drainage 
started.

The modeled peat growth rates of 0.3 – 0.8 x 10-3 m yr-1 seem to be somewhat low compared to 
some rates in Table 3.1. One reason could be that the modeled lateral expansion was too fast and 
peat formation at our core locations was modeled at an earlier age. Comparing the basal peat 
ages from Figure 3.9A to the radiocarbon dates in Table 3.1 shows indeed a difference in model 
results and measurements. Whereas several dates are younger than 3�00 yr B.P., the modeled 
basal age in the central part – where most cores are situated – is over 4000 yr B.P. at most grid 
cells.

The Holocene LORCA values of 10 – 30 g C m-2 yr-1 as predicted by our model are in accordance 
with the results of Turunen et al. (2001), Botch et al. (199�) and Borren et al. (2004). Turunen 
et al. (2001) found LORCA values of 1�.3 – 19.4 g C m-2 yr-1 for mires in the southern taiga 
zone. Borren et al. (2004) found higher values (19.0 – 69.0 g C m-2 yr-1) and concluded that local 
hydrological conditions could explain the difference. Their LORCA for the Bakchar Bog varied 
between 19.0 and 27.1 g C m-2 yr-1. In Figure 3.9C it is shown that the total range of LORCA 
values from both publications occur in the Bakchar Bog. The same applies for the LORCA 
values of 31.4 – 38.1 g C m-2 yr-1 found by Botch et al. (199�) for bogs. However, their higher 
values for fens, swamps and marshes 71.8 – 79.8 g C m-2 yr-1 do occur only in small parts of our 
study area.

From the two 21st-century scenarios – one with and one without drainage – it is clear that 
drainage not only stops carbon accumulation in the drained area, but has also an influence on 
the undrained peat area. As shown in Table 3.4 the carbon accumulation rate in the undrained 
part decreased from 1�.3 to 10.2 g C m-2 yr-1. This is due to the drop in water table over a large 
area, caused by an increased discharge of water to the drainage area. Figure 3.9D shows that this 
resulted in decreased peat growth rates in the undrained part through a stronger hydrological 
limitation. At some places the area of influence stretched out over several kilometers from the 
drainage network into the undrained mire.

The negative value for the carbon accumulation rate in the drained part is due to continuous 
decay, leading to net carbon emission instead of accumulation. We only applied anaerobic decay 
with a low decay constant. In reality the dropped water table in the drained part should give rise 
to aerobic decay, which is faster than anaerobic decay. Thus, in reality the carbon emission rate 
may be much higher.

The estimated horizontal hydraulic conductivity of peat falls within the broad range found in 
literature. Rycroft et al. (197�) extensively summarized the available literature of that time and 



62

mentioned laboratory and field results from various sites ranging from � x 10-� to 242 m d-1. The 
higher values probable belonged to the acrotelm and are more in accordance with our plant layer. 
More recently, Holden and Burt (2003) found conductivities ranging from 8.6 x 10-� to 9.0 x 10-3 
m d-1. They found large lateral and vertical variability within one mire and concluded that this 
variability could cause differences in the effects of environmental change on different parts of the 
mire. Clymo (2004) comfirmed this and pointed out that the assumption of spatially constant 
hydraulic conductivity in the model of Ingram (1982) (see Equations 2 and 3) is not true in 
reality. However, in our model calculations we cannot vary the conductivity in a meaningful way 
because of the lack of measurements. This is also the case for the mineral soil layer, for which no 
spatial variation in conductivity was applied. The estimated value of 0.88 m d-1 is typical for silty 
sands and loam (Fetter, 2001) which is in accordance to our findings of the subsoil.

The estimated evapotranspiration fraction for mineral soil is higher than that for peat. In 
the Bakchar bog area the mineral soil is covered by forest, probably giving rise to a higher 
transpiration, because of deeper roots and winter-transpiration by evergreen forest. The loss by 
evaporation could also be different. Campbell and Williamson (1997) found that evaporation 
rates in a peat bog were lower than in other wetlands. Their explanation was that bog vegetation 
forms a denser canopy with more resistance to evaporation than other vegetations. They did 
not compare their peat bog results to non-wetland vegetations, but it could be that a similar 
difference in canopy resistance exists between peat and non-peat.

The paleo-precipitation record and the evapotranspiration fractions determine the net recharge. 
However, the seasonal variations are not considered in this kind of records. Therefore, the exact 
role of snow fall – which accounts for about 1/3 of the total precipitation – and snow melt on the 
water balance is unknown and has not been considered separately in our annual precipitation 
and evapotranspiration fractions. Thus, the evapotranspiration fractions should be considered as 
bulk parameters covering all water losses, including rapid runoff of melt water.

From the sensitivity analysis it is clear that the model is most sensitive to changes of the net 
recharge of both mineral soil and peat and the hydraulic conductivity of the plant layer. The 
net recharge of the mineral soil affected mainly the lateral expansion of the mire area during 
the Holocene. Higher recharge – which means a lower evapotranspiration fraction – resulted 
in a faster expansion, mainly due to the larger area with wet conditions suitable for peat growth. 
Less recharge had the opposite effect and lead to a slower expansion. An even stronger effect 
on lateral expansion was modeled by changing the hydraulic conductivity of the plant layer. A 
higher conductivity caused faster transport of water and thus a smaller wet area, resulting in a 
slower expansion. All changes in lateral expansion mentioned above caused changes in vertical 
peat growth as well; faster expansion was accompanied by higher growth, which is in agreement 
with the Ingram (1982) and Winston (1994) models (Equation 3.2, 3.3 and 3.4). Changes in the 
net recharge to peat showed that the opposite could also occur. Higher recharge mainly lead 
to enhanced vertical growth due to a higher water table and less hydrological limitation. But a 
minor effect was an increased mire area. The model runs with changed maximum peat growth 
rate underline this: a higher growth rate resulted in a larger area and a lower growth rate in a 
smaller area. Likely, the water table in the direct vicinity of the mire is raised more if the peat 
growth is faster.
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Table 3.� shows that the model was least sensitive to time step size and hydraulic conductivity of 
peat. The latter did not show a clear picture with respect to lateral expansion or vertical growth. 
Even the increased values were far lower than that of the plant layer and the water flow through 
peat was therefore negligible. Changing the time step size to smaller values lead to a slightly 
slower expansion and to a lower Holocene LORCA. However, compared to other parameters 
the model was relatively insensitive to time step size. This is probably due to the 100 yr time 
resolution of the paleo-precipitation record. Smaller time step sizes do not introduce more detail 
in the time input although smoother transitions may occur.

3.7 Conclusion

We conclude that a 3-D dynamic approach gives insight in the spatial variation in the long-term 
peat and carbon accumulation rates. The combined effect of peat growth and hydrology can be 
assessed in this way for an entire mire landscape.

Our model simulated a LORCA with a spatial variation of 10 – 8� g C m-2 yr-1. The average 
over the Holocene was 16.2 g C m-2 yr-1. Simulation scenarios for the 21st century show that 
the average LORCA dropped to �.2 g C m-2 yr-1 due to oxidation and decomposition of peat 
following mire drainage after the 19�0s. Even in the undrained parts of the mire complex the 
LORCA is lowered substantially, because of the dropped water table and resulting decrease in 
peat growth.

Furthermore, our results show that carbon accumulation in Western Siberian watershed mires 
continues in the future and because of the extensive mire area this might be a significant 
contribution to the global carbon cycle. Obviously, that large terrestrial carbon sink influences 
climatic change and should be taken into account in global change scenarios. Our future 
scenarios underline the important effect of drainage, not only on the carbon accumulation in the 
drainage area itself, but also on the remaining undrained mire. Thus, the natural Western Siberian 
carbon sink, which counterbalances elevated atmospheric CO2 levels, would be dimished or even 
stopped by drainage activities.
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4 Simulating the effect of drainage on the 
carbon exchange in a Western Siberian 
watershed mire using a 3-D dynamic 
modeling approach

   Submitted as: Borren, W., F. van Driel, and S. Mol (in review), Simulating the effect 
of drainage on the carbon exchange in a Western Siberian watershed mire using a 3-D 
dynamic modeling approach. Journal of Hydrology.

4.1 Abstract

Drainage of pristine peatlands (mire) influences the carbon exchange between the mire and the 
atmosphere and has therefore an influence on the greenhouse contribution of the mire. Under 
natural conditions mires sequester atmospheric carbon dioxide by peat growth, but at the same 
time emit methane by anaerobic peat decay. By drainage the CO2 sequestration is turned into 
CO2 emission by aerobic decay. We have quantified these carbon exchange fluxes in a Western 
Siberian watershed mire under drainage and no-drainage conditions. This was done by 3-D 
dynamic modeling of the mire hydrology, combined with peat growth and (an)aerobic decay. We 
have chosen a mire catchment which was partly drained and partly undrained. Our model shows 
that the drawdown of the water table due to drainage not only affected the drained part, but 
stretched into the undrained part over 1 to 1.� km. Here peat growth and carbon accumulation 
were decreased. Due to drainage the net CO2 sink of 33.1 g C m-2 yr-1 for the whole mire was 
turned into a net source of CO2 of 47.3 g C m-2 yr-1. In the drained part the net source was 
100.� g C m-2 yr-1. The accompanied subsidence rate was 1.� to � x 10-3 m yr-1. This change lead to 
the switch of a net sink of greenhouse gases to a net source of greenhouse gases. The resulting 
instantaneous radiative forcing was switched from negative to positive and thus to a net 
contribution to the greenhouse effect.

4.2 Introduction

From the perspective of global environmental change peat accumulating ecosystems play a dual 
role. On the one hand they sequester carbon dioxide by plant growth and peat formation, on 
the other hand they emit methane by decomposition of peat. This is the case for a mire – i.e., 
an undrained peatland – and as long as it is growing it forms a net sink of atmospheric carbon. 
However, by drainage the uptake of carbon dioxide is turned into a release of carbon dioxide due 
to aerobic decay and the mire becomes a net source of carbon. Besides the question whether a 
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mire is a sink or a source of carbon, it is important to know the ratio between carbon dioxide 
(CO2) sequestration and emission and methane (CH4) emission, because this will determine the 
contribution to the greenhouse effect (e.g., Whiting and Chanton, 2001; Frolking et al., 2006).

Peatland development is thought to be closely related to hydrology (e.g., Ingram, 1967, 1982; 
Ivanov, 1981; Winston, 1994). In fact, peat itself can only be formed and conserved under water-
saturated conditions. The zone of permanent anaerobic conditions is normally called ‘catotelm’ 
and contrasts sharply with the above lying ‘acrotelm’, the plant layer in which plant growth and 
litter formation takes place. A small amount of litter can be conserved as peat, thickening the 
catotelm. Horizontal water flow mainly takes place in the plant layer, which normally has a 
much higher hydraulic conductivity than the catotelm (e.g., Rycroft et al., 197�; Reeve et al., 2001; 
Borren and Bleuten, 2006). We preferred the term ‘plant layer’ to the term ‘acrotelm’, because the 
latter is restricted to undrained peatlands, whereas we applied this layer also to drained peatlands 
in our study.

Because of the close relation to hydrology mires are especially vulnerable to drainage. A drop 
in water table causes the aeration of previously saturated peat. This leads to the mineralisation 
of peat, i.e., aerobic decay. The mineralisation rate is influenced by several environmental factors 
and material properties. From laboratory measurements it emerged that the mineralisation 
capacity at optimal aeration generally decreases with depth, probably because older, already 
partly decomposed peat has some resistance against further decomposition (Blodeau and 
Moore, 2003; Hogg et al., 1992; Van den Pol-van Dasselaar and Oenema, 1999). Aerts et al. 
(1999) found that on average bog peat has a lower mineralisation capacity than fen peat, due 
to the lower mineralisation capacity of Sphagnum species compared to vascular plants. On-site 
the mineralisation rate differs strongly from the mineralisation capacity, due to environmental 
conditions such as temperature, moisture conditions, aeration, pH, C/N ratio and priming (Best 
and Jacobs, 1997; Bergman, 1999; Wessolek et al., 2002; Van Huissteden et al., 2006). Blodeau 
and Moore (2003) suggested that laboratory incubations over-estimate on-site CO2 production 
by a factor of up to 100. Furthermore, they concluded from their on-site experiments that the 
response of the CO2 exchange to water table fluctuations is complex, but the equilibrium time 
is in the order of days. Both Wessolek et al. (2002) and Van Huissteden et al. (2006) modeled in 
1-D the effect of water table fluctuations and found an approximately linear increase of the CO2 
release with increasing water depth.

At present a large area of pristine mires is situated in Western Siberia. Their total area was 
estimated at 0.6 to 1 million square kilometers (Yefremov and Yefremova, 2001; Sheng et al., 
2004). The mires are situated at the watershed areas between rivers and streams and expanded 
gradually during the Holocene (Bleuten and Lapshina, 2001; Kremenetski et al., 2003; Smith 
et al., 2004). As the Siberian population density is very low, human influence is limited to small 
marginal areas, including drainage sites for wood production. This gives us the opportunity to 
study large natural mires, but include drainage effects as well. These effects have not yet been 
studied in the watershed mires in Western Siberia.

The objective of this research was to quantify the effect of mire drainage on the exchange of 
carbon between a Western Siberian mire and the atmosphere. This exchange comprises uptake 
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of carbon dioxide by peat formation and release of methane and carbon dioxide by anaerobic and 
aerobic decay of peat. A sub-objective was to estimate the spatial extent of the drainage influence 
on the surrounding undrained mire.

Obviously, the change in hydrology due to drainage is a process that affects a whole mire system. 
The magnitude of the effects of drainage is depending on the relative position in the mire 
landscape and the distance to the drains. Besides, the mire development over time is affected, 
due to alteration in growth and decay processes. Therefore, we have established the objectives by 
3-D dynamic modeling of the mire hydrology and peat growth and decay processes. The basic 
modeling framework was adopted from Borren and Bleuten (2006). This modeling framework 
allowed us to evaluate the effect of drainage for a whole mire system over time, but we had to 
include transient modeling and aerobic decay for the present study.

4.3 Study area

We have selected the Bakchar bog complex in the southern taiga zone of Western Siberia as 
study area (�6°49’N, 82°48’E). The advantage of this bog is that it comprises a large pristine part 
and a drained part (Figure 4.1). The bog complex is situated at the watershed area between the 
rivers Backhar and Iksa. It consists of a pattern of various mire types on top of a loamy mineral 
soil. This pattern developed over the past 9000 years, as the mire expanded gradually from a few 
spots in the central parts to a contiguous cover (Borren and Bleuten, 2006). The various mire 
types were classified into a few classes described by Lapshina et al. (2001): (1) minerotrophic fen, 
(2) mesotrophic through-flow fen, and (3) oligotrophic bog.

Figure 4.1 Study region and site. A – location of Western Siberia (white patch in Russia) in the 
world; B – location of the Bakchar bog (star symbol near Tomsk) in Western Siberia; C – study 
area in the Bakchar bog near the village of Plotnikovo; the depicted flow path belongs to the 
outflow point (weir 2) of the catchment.
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The drainage system was built between 19�0 and 1960 A.D. and consists of regularly spread 
drainage ditches. We have selected a part of the drainage system and the undrained mire, which 
could be regarded as a separate catchment (Figure 4.2). Within this 49 x 106 m2 catchment 
we have chosen two locations for detailed discharge measurements: one location with mainly 
undrained mire as upstream area and one location with a large upstream area of drains. Because 
we built weirs for discharge measurements (described below) we have called these location ‘weir 
1’ and ‘weir 2’ (Figure 4.2B).

The climate in the Bakchar bog is strongly continental, with a mean temperature of 0 °C. The 
annual precipitation over the last two decades varied between 3�0 and 690 mm, with a mean of 
�0� mm. The summer season is about � months long (May-September), with a mean temperature 
of 13 °C. The winter lasts 7 months, with a mean temperature of -9 °C. About 60% of the annual 
precipitation comes as summer rain and 40% as snow in winter.

4.4 Methodology

4.4.1 General approach
The model was fully distributed in 3-D space and used time steps to include the time dimension. 
Figure 4.3 shows the general design of the model, including the main inputs and outputs. The 
modeling consists of two main components: groundwater modeling and peat growth/decay 
modeling including carbon exchange. The groundwater modeling part gives us the position of 
the water table at each cell. Where the water table is at or above surface level, i.e., a wet situation, 
peat growth takes places, whereas in a dry situation no peat growth occurs. Anaerobic peat decay 
was calculated for the wet part of the peat column. Likewise, aerobic peat decay was calculated 
for the part of the peat column above the water table. Both growth and decay were expressed in 
terms of carbon exchange. Here we should note that in our study peat growth was defined as 
the increase in catotelm thickness and carbon uptake was assumed to be the net uptake by peat 
accumulation. Plant growth, litter formation and rapid decay within the plant layer were not 
taken into account, since we were interested in the net result to the peat body.

Figure 4.2 Mire type distribution and location of the drains in the selected catchment. A – Mire 
type distribution and general head boundary (GHB) cells; B – drainage area with drain depths 
and weirs.
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There were two main differences with the approach of Borren and Bleuten (2006). First, we have 
not simulated the Holocene mire development and therefore we have started with an existing 
peat body. Second, we have assumed that no changes in the mire type distribution took place 
during the simulation period.

We have applied this scheme to two scenarios: (1) drainage scenario, which is the real situation 
with the drainage system, and (2) no-drainage scenario, which is a hypothetical situation as if the 
drainage system had not been built.

During a fieldwork period in July and August 2004 we have measured discharge at the weir 
points to evaluate the model performance.

4.4.2 Groundwater modeling
The general formulation of groundwater flow is a partial differential equation, which is a 
combination of the Darcy equation with the water balance equation:

 (4.1)
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Figure 4.3 Model design.
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Ss  specific water storage term, L-1

t  time, T
x,y,z spatial directions

We have used MODFLOW-2000 (Harbaugh et al., 2000), which numerically solves Equation 
4.1 with a finite-difference method. The sink and source terms in our model were net recharge, 
drains and general head boundaries (described below). We have used the LMG solver (Mehl 
and Hill, 2001) and enabled re-wetting of cells by neighbouring cells.

We have chosen to use transient groundwater modeling, because seasonality in precipitation, 
evaporation and the functioning of the drains could be handled in this way. The modeling time 
step was set to 1 year. However, in the groundwater modeling with MODFLOW each year was 
divided into 6 stress periods, allowing us to vary recharge and drainage over the year. Five stress 
periods represented the summer months from May to September and 1 stress period was used for 
the winter period. During the winter period no recharge and no drainage activity were assumed, 
because of frozen conditions. For the calibration of the modeled drain discharge to measured 
discharge we have set the stress period length to 1 day in the fieldwork period. The period of 
interest was 19�0 A.D. to the end of the fieldwork period. However, first we have run the model 
for a sufficiently long period to obtain stable initial conditions, which is needed for transient 
modeling (Anderson and Woessner, 1992).

The cell size in the model was 30 m, being the cell size of the satellite image which we used for 
the position of the drains and which formed the basis for the mire type distribution (see below). 
With this cell size the model comprised 267 rows and 367 columns.

4.4.3 Mire type distribution
For the present distribution of mire types we have used the classified Landsat image reported 
by Borren and Bleuten (2006). In the drainage area the mire type was set to drained peatland 
(Figure 4.2A). Although the mire type distribution during the time before the drainage is still 
recognizable on some places, most of the drainage area is now overgrown by evergreen or mixed 
forest. In the simulation before the drainage and in the no-drainage scenario it is therefore 
impossible to apply a real mire type distribution. In these cases the properties of the bog mire 
type were applied, being the type with the largest cover in the undrained part.

4.4.4 Hydraulic properties
In the transient groundwater modeling the required hydraulic properties were hydraulic 
conductivity (K in Equation 4.1) and specific yield (Ss). Values for the specific yield were taken 
from literature. Domenico and Schwartz (1998) reported a value of 0.44 for peat. For the loamy 
sub-soil we have used the value of 0.1, which is an arbitrary choice in the range of 0.02 – 0.33 
for clay, silt and fine sand (Anderson and Woesnner, 1992; Domenico and Schwartz, 1998; Fetter, 
2001). The specific yield of the plant layer was assumed to be 0.9 because of the open structure 
and the high effective porosity.
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For the horizontal and vertical conductivity we have used the estimated values of Borren and 
Bleuten (2006). These values are listed in Table 4.1. The conductivity of the plant layer was 
assumed to be depending on mire type.

4.4.5 Drains
The position of the drains was digitized from a satellite image with 30 m cellsize (Landsat 7 
ETM+, p149r020, 07-Jul-1999). In the field we have visited the drains where possible and 
measured width and depth. It appeared that the drains could be roughly classified into 3 classes 
that differ by depth. In Figure 4.2B the different drains and their depths are shown. The deeper 
drains were dug throuhg the peat layer into the mineral soil.

In MODFLOW the drains were represented in the Drainage package. Flow into a drain is 
calculated by MODFLOW according to Equation 4.2:

 (4.2)

Qd water flux into the drain, L3T-1

Cd conductance of the drain, L2T-1

h hydraulic head at the drain cell, L
hd elevation of the bottom of the drain, L

If the head in the drain cell, h, is higher then the drain bottom, hd, a water flux into the drain is 
calculated. No water flux from the drain to the aquifer is possible, which means that water that 
has once entered the drain is not exchanged anymore. The drain conductance, Cd, is a factor 
representing all head losses due to the drain and is depending on the surrounding material, in 
our case the drain bed. In practice the drain conductance is hard to calculate because a drain 
bed is not clearly distinguishable and the hydraulic conductivity is unknown, although it may be 

)( ddd hhCQ = )( ddd hhCQ =

Table 4.1 Hydraulic properties, organic matter density and carbon content of the various mire 
and soil types. Vertical anisotropy is defined as the ratio between vertical and horizontal 
conductivity.

Mire or soil type Horizontal 
hydraulic 
conductivitya

(m d-1)

Vertical 
anisotropy 
factora

Multiplication 
factor of 
conductivity 
of plant layera

Specific 
yieldb

Dry organic 
matter 
densitya

(x 103 g m-3)

Carbon 
contentc

(%)

Fen 9.7 x 10-4 0.5 2 0.44 118.2 53.0
Through-flow fen 9.7 x 10-4 0.5 2 0.44 73.6 51.2
Bog 9.7 x 10-4 0.5 1 0.44 49.3 51.1
Drained peatland 9.7 x 10-4 0.5 1 0.44 49.3 51.1
Mineral soil 0.88 N/Ad - 0.1 - -
Plant layer 550 1 - 0.9 - -

a Source: Borren and Bleuten (2006)
b Source: Anderson and Woesnner (1992); Domenico and Schwartz (1998); Fetter (2001)
c Source: Bleuten and Lapshina (2001); Borren et al. (2004)
d Mineral soil is the bottom layer in MODFLOW with only horizontal flow
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related to the surrounding soil. Therefore, it is a calibration parameter in the modeling process. 
To minimize the number of calibration parameters we have calculated the conductance by using 
a drain length equal to the cell size, the thickness and the conductivity of the layer in which 
the drain is situated. This value was then multiplied by a correction factor, being the calibration 
parameter for the drains.

4.4.6 Digital elevation models (DEM)
For the elevation of the top of the catotelm and the top of the mineral soil we have used the 
DEMs of Borren and Bleuten (2006). These DEMs cover the whole Bakchar bog and have a 
cell size of 200 m. The original DEMs were interpolated from cross sectional data from Russian 
research between 19�0 and 1960. The data points on these cross sections have a horizontal 
distance of 200 m and therefore the cell size of 200 m was chosen. However, for the present 
study we needed a sub-set of the DEMs and a cell size of 30 m, corresponding to the maps with 
drains and mire types. To meet these requirements we have first resampled the DEMs with the 
resample algorithm of PCRaster (Wesseling et al., 1996) to a cell size of 30 m. Second, we have 
cut out the sub-set of the present study area. The exact boundary of the study area is described 
below.

The DEM of the plant layer top was calculated by adding a layer thickness of 0.� m to the 
catotelm DEM. For the mineral soil we used a thickness of 20 m.

The DEMs reflect the situation of the period between 19�0 and 1960. For model simplicity 
we have applied them to the starting year of our modeling simulation – 19�0 A.D. During the 
simulation the DEMs were updating every year after peat growth and decay was calculated.

4.4.7 Catchment area and boundary conditions
The two selected weir points in the drainage system have a certain catchment area upstream. 
Because weir 2 is situated downstream of weir 1 the catchment area of weir 2 covers that of weir 
1. For our modeling study it was therefore needed to mark the boundaries of catchment 2. This 
was done with PCRaster in two steps. First the local drain direction (LDD) of each cell in the 
whole Bakchar area was calculated on the base of the catotelm DEM. The LDD gives the flow 
direction in a cell to its steepest downslope neighbouring cell. Because a cell has eight neighbours 
the flow direction is one of eight possible directions. These directions linked to each other results 
in a LDD network, i.e. the flow pattern. To force flow into the drains we have subtracted the 
drain depth from the DEM before calculating the LDD. We have used the LDD algorithm with 
maximum pit removal options, which means that the flow is not stagnated by local depressions. 
Following the LDD downstream the flowpath from any cell will end up in one of the bordering 
rivers, which form the lowest parts of the area. The second step was to calculate the upstream 
area of weir 2 with PCRaster, which resulted in a map with all cells draining towards weir 2. The 
catchment area of weir 2 within the Bakchar bog is shown in Figure 4.2A.

As described above the catchment in the situation with the drainage system is bounded by 
water divides. This means that water is entering the catchment only by precipitation and not by 
flow from outside. Water is leaving the catchment at weir 2 by flow through the drains. Thus, in 
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MODFLOW the drains should form the hydrological boundary conditions, which was applied 
by the Drainage package. All cells outside the catchment were set to no-flow cells.

However, in the situation without the drainage system – e.g., in the period before the system 
was built and in our comparison of drainage to no-drainage – water may flow over the boundary 
of the drainage catchment. This is because (local) water divides are different due to differences 
in the DEM without the subtraction of the drains. In other words, the cells which belong to 
the drainage catchment could have either a different upstream boundary or different outflow 
points in the no-drainage situation. It appeared that upstream the catchment had almost the 
same boundary: the new catchment area was only 0.13 % larger. This small area was neglected to 
make modeling and direct comparisons easier.

Downstream the situation changed more drastically. Whereas in the drainage situation the 
cells all drain towards weir 2, in the no-drainage situation a number of cells at the border of the 
catchment drain directly out of the catchment in the direction of the river Iksa (Figure 4.2A). In 
MODFLOW it is possible to set boundary conditions for these cells by means of the General 
Head Boundary package (GHB). For each GHB cell water influx from an external source is 
calculated. According to the Darcy law this is done in MODFLOW by Equation 4.3:

 (4.3)

Qghb  water flux into the GHB cell, L3T-1

K  hydraulic conductivity in flow direction, LT-1

A  cross sectional area perpendicular to flow, L2

hs  hydraulic head at the external source/sink, L
h  hydraulic head at the GHB cell, L
L  flow distance, L
Cghb  conductance between GHB cell and source, C=KA/L, L2T-1

If the head of the external source, hs, is lower than the head in the GHB cell, h, a water flux out 
of the system is calculated; the source is actually a sink then.

For the GHB package the head of the external source and the conductance of the soil between 
the GHB cell and the source are required. We have set the Iksa river as external sink, because 
water will eventually flow to this river and the head in this river was known (Borren and Bleuten, 
2006). For each GHB cell we have calculated the flow path to the river with PCRaster, using 
the LDD map. Where the flow path enters the river the head in the river was taken as the 
external source head. Furthermore, the conductance for the GHB cell was calculated from the 
conductances of all cells along the flow path. For a set of conductances arranged in series along 
the flow path, the inverse of the equivalent conductance equals the sum of the inverses of the 
individual conductances. Therefore, the total conductance of the soil along the flow path was 
calculated using Equation 4.4:

 (4.4)
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Cl conductance along the flow path for layer l, L2T-1

Cl,i conductance of cell i in layer l, L2T-1

W width of the cell, L
D depth/thickness of the soil in the cell, L

In this equation the cell width, W, and the flow distance, L, are both equal to the cell size. 
The thickness, D, was calculated from the DEMs of the layers. For the K value we used the 
horizontal conductivities listed in Table 4.1.

4.4.8 Precipitation and evapotranspiration
During the fieldwork period we have measured the precipitation in the neighborhood of weir 1 
with a tipping bucket rain gauge. For the model simulation before the fieldwork period we have 
used 3-hourly weather data from the weather station of the nearby village of Bakchar (obtained 
from NOAA, 2006). Precipitation data were available for the periods January 1982 – October 
1989 and October 1999 – present. For the model simulations we have aggregated these data to 
months. From these monthly data we have calculated the mean and standard deviation of each 
month and used this to randomly generate the precipitation for all missing months (random 
sampling from a normal distribution). In this way we obtained a partly artificial timeseries of 
precipitation of which we believe that it reflects the real monthly and annual variability (Figure 
4.4).

Evapotranspiration was calculated using the FAO Penman-Monteith equation (Allen et al., 
1998). Weather input covering the whole simulation period was taken from the same dataset as 
the precipitation and comprised maximum, minimum and dew point temperature, wind speed, 
air pressure and sky cover. The latter was used to estimate the number of sunshine hours. In 
this way the daily evapotranspiration of a hypothetical reference crop was calculated, which was 
converted to the mire types by multiplication with a crop factor. This crop factor was a calibration 
parameter in the modeling process. The daily evapotranspiration was aggregated to months.

Figure 4.4 Precipitation (P) and reference evapotranspiration (ET) used in the model. A 
– monthly mean and standard deviation; B – timeseries from 1920 to 2004. Source: NOAA 
(2006).
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Precipiation minus evapotranspiration was used in the MODFLOW Recharge package. During 
winter months no recharge was applied because of frozen conditions, but the winter precipitation 
was stored as snow and released in the first summer month. Although no data were available on 
the evaporation of snow, we have assumed that a small amount would be lost, for which we have 
chosen 10%.

4.4.9 Drainage discharge
We have estimated the discharge at the weir points by measuring water stage in the drain 
and using a stage-discharge (Q-h) relation to calculate the discharge. This Q-h relation was 
empirically established for each weir by measuring a series of stage and discharge couples directly 
upstream of the weir during various discharge levels. The discharge was estimated by multiplying 
the cross sectional area of the drain with measured flow velocity, for which we used an Ott flow 
velocity meter. The stage was measured and stored using a Keller pressure sensor, corrected for 
atmospheric pressure.

For each model stress period the total modeled influx of water into each drain cell was 
accumulated downstream through the drainage system to the outflow point at weir 2. This 
was done using the accuflux algorithm of PCRaster. In this algorithm the water is transported 
over the LDD network and the total amount of water passing a cell is returned. The larger the 
catchment upstream of a cell, the larger the amount of passing water. By using this accuflux 
algorithm it is assumed that the water is transported instantaneously to the outflow point, i.e., 
within the stress period. The discharge at the weir cells was compared to the measured discharge.

4.4.10 Carbon exchange
Peat growth was applied at places where the water table was above catotelm level. In line with 
the model of Borren and Bleuten (2006) we applied two limiting factors for the growth of peat: 
water table and maximum growth rate. This means that the peat body could not rise above the 
water layer, but was also restricted to a maximum growth rate of 1.29 mm yr-1 (taken from Borren 
and Bleuten, 2006). The height increment was converted to carbon accumulation using the mire 
type depending organic matter density and carbon content (Table 4.1). This carbon accumulation 
was regarded as sequestration of CO2.

Two decay processes were applied: anaerobic decay and aerobic decay. A common approach to 
decay is to apply first order rate kinetics, assuming that the rate of decay is proportional to the 
mass (e.g., Clymo, 1984):

 (4.�)

 (4.6)

M mass after decay, M
M0 mass before decay, M
α decay constant, T-1

t time step duration, T

M
dt

dM = M
dt

dM =

teMM = 0
teMM = 0
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From Equations 4.�-4.6 it is clear that the total amount of mass loss increased with increasing 
peat thickness. The peat thickness was updated after decay was applied. Like peat growth the 
mass loss was converted to carbon loss. In the case of anaerobic decay we have regarded this 
carbon loss as CH4 release and in the case of aerobic decay as CO2 release.

Anaerobic decay was applied to the wet peat column. We have used an anaerobic decay constant 
of 6 x 10-6 yr-1 (Borren et al., 2004). Aerobic decay was applied to the dry peat column. In order to 
obtain the linear increase in CO2 release with increasing depth modeled by Wessolek et al. (2002) 
and Van Huisssteden et al. (2006) we have used an aerobic decay which linearly decreased from 
the mineralisation capacity at the surface to 0 at the water table. The mineralisation capacity 
was set to 7 x 10-3 yr-1, which is the estimated median value of the ‘in-situ transient state’ CO2 
production rate of Blodeau and Moore (2003) in a oligotrophic bog in Canada. We have used a 
summer period of 1�3 d to convert the constant from per-day units to per-year units and assumed 
no decay in wintertime.

4.4.11 Calibration and sensitivity analysis
The three calibration parameters were evapotranspiration crop factor for the undrained mire part 
and for the drained part and the drain conductance value. We have used the root mean squared 
deviation (RMSD) between modeled and measured drain discharge during the fieldwork period 
as calibration criterium. Minimizing this RMSD was done with the PEST parameter estimation 
algorithm (Doherty, 2003).

Furthermore, we have tested the sensitivity of the model to changes in several parameters: (1) 
drain conductance, (2) evapotranspiration crop factors and winter evapotranspiration and (3) 
aerobic decay constants. This was done by running the model with changed parameter value – a 
higher and a lower value – and comparing the average carbon exchange fluxes for the whole mire 
area to that of the unchanged, calibrated model run.

4.5 Results

The evapotranspiration crop factors as obtained from the model calibration were 0.93 for 
undrained peat and 0.99 for drained peat. With these values the average annual precipitation 
excess was 0.081 m (17% of the annual precipitation) for undrained peat and 0.0�4 m (11% of the 
annual precipitation) for drained peat.

The calibrated drain conductance multiplication factor was 0.1. This resulted in a drain 
conductance for the plant, peat and mineral layer of 16�0, 2.9 x 10-3 and 2.64 m2 d-1 per meter 
depth. The exact value per cell and per layer was depending on the depth of the drain in the 
layer.

The discharge in the drains at weirs 1 and 2 is shown in Figure 4.�. At weir 2 the discharge was 
much higher than at weir 1, obviously because of the larger upstream area and the larger area 
with drains within the catchment. Peak discharge occurred each year in May, because of the high 
recharge rate in this month due to snow melt (Figure 4.�A). During winter time the discharge 
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dropped to zero as frozen conditions prevailed. During the fieldwork period the discharge 
showed high peaks in response to high precipitation (Figure 4.�B). In general, the modeled peak 
discharge was higher and was followed by a slightly steeper descend than the measurements. 
Furthermore, the modeled base-flow at weir 2 was slightly higher than measured (see lower 
graph in Figure 4.�B).

Figure 4.5 Modeled and measured drain discharge at the weir points. A – discharge between 19�0 
and 2004 A.D.; B – discharge and measured precipitation during the fieldwork period in July 
and August 2004.

Figure 4.6 Average carbon accumulation rate and peat growth rate for the drainage scenario and 
the no-drainage scenario. A – peat growth (x 10-3 m yr-1); B – carbon accumulation (g C m-2 yr-1); 
1 – drainage scenario; 2 – no-drainage scenario; 3 – difference between the scenarios (negative 
means lower accumulation due to drainage).
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In the drained part of the mire a lowering of the peat surface and a net loss of carbon occured 
(Figure 4.6A-1). The subsidence rate varied between 1.� and � x 10-3 m yr-1, which is equal to 
a total lowering of the surface from 19�0 to 2004 of 0.08 to 0.27 m. The accompanied carbon 
loss in the drained area varied between 37 and 126 g C m-2 yr-1, for which aerobic decay was 
mainly responsible (Figure 4.6B-1). On the other hand, in the largest part of the undrained mire 
a net peat and carbon accumulation took place. Variation in accumulation rates was caused by 
differences in organic matter and carbon content between the various mire types (Table 4.1), but 
also by the growth limitation due to low water tables. The latter is clearly visible in the transition 
zone between the undrained and the drained part of the mire.

In the no-drainage scenario both peat growth and carbon accumulation were positive (Figure 
4.6A-2 and 4.6B-2), except for some small border areas – probably model artifacts. Subtraction 
of the no-drainage scenario from the drainage scenario resulted in the maps shown in Figure 
4.6A-3 and 4.6B-3. These maps show the effect of drainage on the mire.

The effect of drainage is also illustrated by the average carbon fluxes in Table 4.2. The average 
CO2 uptake under drainage was 13.1 g C m-2 yr-1, in contrast to 33.8 g C m-2 yr-1 in the no-drainage 
scenario. This flux was constant over time as depicted in Figure 4.7. This figure shows the carbon 
fluxes over time, including a model run up to 2100 A.D. with randomly sampled weather input. 
In contrast to the CO2 uptake, the average CO2 release was much higher under drainage than 
under no-drainage: 60.4 vs. 0.07 g C m-2 yr-1. In the drainage scenario a higher aerobic decay 
rate (CO2 release) was accompanied by a lower anaerobic decay rate (CH4 release). Note that the 
CO2 fluxes are much higher than the CH4 flux (right-hand axis in Figure 4.7).

Apart from the obvious effect of the aerobic decay constant on CO2 release, the model was most 
sensitive to changes in the crop factor of undrained peat (Table 4.3). A higher value resulted in 
less CO2 uptake and vice versa. The crop factor of drained peat had only a small effect on the 
CO2 release. Although the drain conductance had a clear effect on the discharge at the weirs, 

Table 4.2 Average carbon fluxes in the drainage and no-drainage scenarios for the whole mire 
catchment, the undrained part and the drained part. Average over the whole simulation period.

Carbon flux (g C m-2 yr-1) Drainage scenario No-drainage scenario

Whole mire catchment
CO2 uptake 13.1 33.8
CO2 release 60.4 0.07
CH4 release 0.20 0.31
Drained part
CO2 uptake 0.00 31.8
CO2 release 100.5 0.14
CH4 release 0.06 0.25
Undrained part
CO2 uptake 27.4 35.9
CO2 release 16.4 0.01
CH4 release 0.35 0.38
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in terms of carbon fluxes the model was insensitive to this parameter. In general the model 
sensitivity to changes in the various parameters was lower in the no-drainage scenario than in 
the drainage scenario.

Table 4.3 Sensitivity analysis results of model parameters. Average carbon fluxes (g C m-2 yr-1) in 
the drainage and no-drainage scenarios for the whole mire catchment.

Parameter Valuea Drainage scenario No-drainage scenario

CO2 
uptake

CO2 
release

CH4 
release

CO2  
uptake

CO2  
release

CH4 
release

No parameter changeb - 13.1 60.4 0.20 33.8 0.07 0.31
Drain conductance 110% 13.1 60.5 0.20 - - -

90% 13.1 60.3 0.20 - - -
Crop factor undrained 105% 11.8 63.2 0.19 33.2 0.42 0.31
peat 95% 15.5 47.8 0.22 33.8 0.04 0.31
Crop factor drained 105% 13.1 62.3 0.19 - - -
peat 95% 13.1 58.9 0.20 - - -
Winter 200% 11.8 64.9 0.19 33.1 0.47 0.31
evapotranspiration 50% 13.5 58.7 0.20 33.8 0.05 0.31
Aerobic decay constant 200% 13.1 110.8 0.20 33.8 0.14 0.31

50% 13.1 31.6 0.20 33.8 0.04 0.31

a Percentage of original value
b See also values for whole mire catchment in Table 4.2

Figure 4.7 Average carbon fluxes over time for the drainage scenario and the no-drainage 
scenario.
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4.6 Discussion

The drainage discharge in reaction to recharge – i.e., the net result of precipitation and 
evapotranspiration – was modeled quite well, although the peak after a high-precipitation event 
was slightly too high and the followed decline too steep. This means that in reality the mire 
system has a slower response to recharge peaks than what we have modeled. One reason could 
be that we have assumed that all water that entered the drains in a model stress period was 
transported instantaneously to the outflow point. This assumption is inherent to the choice for 
the accuflux algorithm in PCRaster. Storage of water in the drainage ditches and resistance to 
surface water flow were not taken into account. Another reason for the difference in drainage 
discharge could be that the model cell size of 30 m was too large in relation to the drain size and 
distance. Typically, there was one no-drain cell between two drain cells. Probably the area where 
recharge water was immediately entering the drainage system was too large. This could cause a 
higher peak discharge but also a higher base-flow.

From Figure 4.6 it is clear that the drainage not only affects the mire part in which the drains 
are situated, but has also an effect on the undrained mire. This is due to a lowered water table. 
The area of influence is about 1 to 1.� km. In a part of this zone we even modeled a negative 
peat growth and carbon accumulation rate. This seems to be in contradiction to what we have 
observed in the field. Besides a small border of about 100 m the mire outside the drainage area 
was still water saturated and aerobic decay was therefore unlikely. Still, it seems plausible that the 
water table was lowered over a larger zone. The reaction of the mire system to such a lowering 
could be that the soggy peat layers first consolidate to a certain extend, causing the peat surface 
to subside. Further decline of the water table could then cause the drying out of peat. However, 
in our model the process of consolidation was not taken into account and the only reaction to 
water table drawdown was drying out, followed by aerobic decay. Thus, our model over-estimated 
aerobic decay in this transition zone from drained to undrained.

There are no CO2 flux measurements in drained peat areas in the southern taiga zone of Western 
Siberia to which we can compare our modeled flux. From Table 4.3 it is clear that the flux is 
mainly depending on the aerobic decay rate. The value of 7 x 10-3 yr-1, which we derived from 
Blodeau and Moore (2003), could be quite different in our study area. Although they investigated 
an oligotrophic bog in boreal Canada, the specific climatic and material conditions are likely to 
be different. Nevertheless, other researchers mentioned rates for oligotrophic peat of 4 to 8 x 10-3 
yr-1, which is quite comparable (Vermeulen and Hendriks, 1996). Besides the value of the aerobic 
decay constant – which was the value at surface level – the change with depth was assumed to be 
linear. In reality this is likely to be more complex, but it seems to be a fair approximation in the 
light of the linear increase in CO2 flux with water table depth found by Wessolek et al. (2002) 
and Van Huissteden et al. (2006).

Table 4.3 shows that the model was most sensitive to the evapotranspiration crop factors. This 
was due to the effect on recharge which in turn influenced the water table drawdown and thus 
the wet and dry parts of the peat body. Allen et al. (1998) reported crop factors for different 
wetland types. The crop factors reported for swamps range over the year from 0.7 to 1.2 (mid-
summer value of 1.2). For shallow open water they reported a value of 1.0�, for conifer trees a 
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value of 1.0. The latter is comparable to our calibrated value of 0.99 for the drained mire part. 
Our value of 0.93 for the undrained mire seems to be somewhat low compared to the mid-
summer swamp value and shallow open water. It should be noted, however, that the studied 
wetlands of Allen et al. (1998) were situated in the temperate climate zone and therefore not 
directly comparable. Shimoyama et al. (2004) measured evapotranspiration in a Western Siberian 
bog and found a ratio between open water evaporation and bog evapotranspiration ranging from 
0.2 and 0.9, which is even lower than ours. They concluded that surface roughness and wetness 
limit the evapotranspiration to less than the reference evapotranspiration, which is confirmed 
by Campbell and Williamson (1997) and Thompson et al. (1999). Especially the structure of 
Sphagnum hummocks causes resistance to evapotranspiration.

Another factor controlling recharge is the winter evaporation. The peak recharge in the first 
summer month is due to the influx of melt-water, which in our model was 90% of the winter 
precipitation. Changing this percentage has an effect on the recharge and the rise of the water 
table in May. Table 4.3 shows that an increased winter evaporation – and thus a decreased melt-
water influx – resulted in less CO2 uptake and more CO2 release in the drainage area. Less 
recharge resulted in lower water tables. However, we should mention that the estimated value 
of the calibration parameters might be different if we had chosen another winter evaporation. In 
other words, the model sensitivity to this parameter in terms of carbon fluxes should be handled 
with care.

The contribution to the greenhouse effect of the mire is depending on the CO2 and CH4 fluxes. 
In terms of radiative efficiency CH4 is a much stronger greenhouse gas than CO2. However, the 
atmospheric lifetime – i.e., the time after which the amount is reduced to a factor of e-1 – of CH4 
is much shorter. These two gas specific properties determine the relative effect in the atmosphere 
(e.g., Frolking et al., 2006). In the generic approach proposed by IPCC (2001) the two fluxes 
(positive or negative) are multiplied by their Global Warming Potential (GWP), which is 62 
higher for CH4 on a time horizon of 20 yr and 22 on a time horizon of 100 yr. However, this 
GWP approach is based on impulse fluxes and not on sustained fluxes. Several researchers have 
proposed alternatives, mostly based on a system of atmospheric stocks and flows (e.g., Shine et 
al., 200�; Frolking et al., 2006). The CO2 and CH4 stocks, which change over time by influx and 

Figure 4.8 Instantaneous radiative forcing (R) due to the CO2 and CH4 fluxes in the drainage 
and no-drainage scenarios for the whole mire.
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decay, have a net radiative forcing. Following the stocks and flows approach we have calculated 
these instantaneous radiative forcing due to the modeled fluxes in the drainage and the no-
drainage scenario (Figure 4.8). A negative radiative forcing means that the net sequestration 
of carbon causes a lowering of the atmospheric radiative forcing. The difference between the 
scenarios is clear: drainage resulted in a positive radiative forcing, in contrast to a negative 
radiative forcing in the no-drainage situation.

4.7 Conclusion

We conclude that a 3-D dynamic modeling approach gives insight in the spatially distributed 
effect of mire drainage in contrast to no-drainage. In our Western Siberian mire the effect of 
drainage is not limited to the drained mire part, but stretches into the undrained mire part over 
a zone of 1 to 1.� km. In this zone the peat growth and carbon accumulation rates are decreased 
due to a lower water table.

In the studied Western Siberian mire the net CO2 sink of 33.1 g C m-2 yr-1 is turned into a net 
source of CO2 of 47.3 g C m-2 yr-1 due to drainage in a part of the mire. If we only take the 
drained part into account the net source is 100.� g C m-2 yr-1. The accompanied subsidence rate is 
1.� to � x 10-3 m yr-1.

Drainage of peat leads to the release of CO2 by aerobic decay and the decrease of CO2 uptake 
by decreased peat growth rates. This change leads to the switch of a net sink of greenhouse gases 
to a net source of greenhouse gases. Likewise, the resulting instantaneous radiative forcing is 
switched from negative to positive and thus to a net contribution to the greenhouse effect.
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5 Greenhouse impact of Western Siberian 
mires under 21st century warming and 
drainage

   Submitted as: Borren, W., and W. Bleuten (in review), Greenhouse impact of Western 
Siberian mires under 21st century warming and drainage. Climatic Change.

5.1 Abstract

The vast undisturbed mires in Western Siberia form a significant sink of atmospheric carbon. 
However, besides the sequestration of carbon dioxide by plant growth and peat formation, 
emission of methane occurs as a result of peat decomposition. Although carbon dioxide uptake 
exceeds methane release the net contribution to the greenhouse effect might be positive or 
negative, because methane is a stronger greenhouse gas. We have developed a new approach 
of quantifying the greenhouse contribution of mire ecosystems. This approach differs from the 
widely accepted IPCC approach, using Global Warming Potentials, in that it does not treat 
the two carbon fluxes as impulse fluxes, but as gradually changing fluxes. Besides, we take the 
past evolution of the mires into account, which sets the initial conditions for our calculations 
of the near-future greenhouse contribution. This approach has been applied in two cases: (1) 
the northward shift of bioclimatic zones in Western Siberia under 21st century warming and 
(2) the Holocene and future carbon exchange in a Western Siberian mire resulting from a 3-D 
dynamic peat accumulation model. Our results show that Western Siberian mires form a sink 
of greenhouse gases at present and have therefore a negative contribution to the greenhouse 
effect. Under 21st century warming or drainage conditions the mires will turn into a source of 
greenhouse gases, thus enhancing the greenhouse effect. However, in the case of warming the 
increase in methane emission from 2.36 to 3.8� x 1012 g C yr-1 will be overruled by the increase 
in carbon dioxide uptake from 1�.�� to 20.18 x 1012 g C yr-1 on the long term, thus leading to a 
negative contribution again.

5.2 Introduction

In the Western Siberian lowland there are vast peat accumulating ecosystems (‘mires’), which 
have developed during the Holocene and are still growing at present. Their total estimated area 
of 0.6 to 1 million square kilometers is about one quarter of the total peatland area of the world 
(Lappalainen, 1996; Yefremov and Yefremova, 2001; Kremenetski et al., 2003; Sheng et al., 2004). 
Because of this large area and the atmospheric carbon exchange involved the Western Siberian 
mires may play an important role in the global carbon cycle. However, the extent of their 
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influence on the greenhouse effect has not yet been discussed in the literature. Likewise, future 
changes in carbon exchange and greenhouse contribution under changing climatic conditions 
have not yet been quantified.

Under natural conditions a mire system sequestrates carbon through the uptake of carbon 
dioxide (CO2) by mire plants and the subsequent conservation of dead plant material as peat. 
At the same time carbon is released from the mire as methane (CH4) by the anaerobic decay 
of peat. Besides water vapor these two gases, CO2 and CH4, are the most abundant greenhouse 
gases in the atmosphere. Although CO2 uptake exceeds CH4 release in peat accumulating mires 
the net contribution to the greenhouse effect might be positive or negative. This is due to the fact 
that CH4 is a stronger greenhouse gas than CO2.

In peatland studies the opposing influence of the CH4 and CO2 fluxes on the greenhouse effect 
is usually compared on the base of their Global Warming Potentials (GWP). This is the time-
integrated radiative forcing of the instantaneous release of 1 kg of gas relative to that of 1 kg of 
the reference gas CO2 (definition from IPCC, 2001). Due to differences in atmospheric lifetime 
with the reference gas the GWP changes over time. Therefore, an explicit choice for the time 
horizon over which the effect of the greenhouse gases is compared should be made in order to 
estimate the GWP.

Despite its clarity and simplicity, the main criticism of the use of GWPs in ecosystem studies 
concerns the fact that it is meant for impulse emission change and lead to errors when used 
for sustained ‘step’ emission change (e.g., Smith and Wigley, 2000b). In the case of gradually 
changing fluxes or sustained flux changes within ecosystems it is less suitable. Furthermore, the 
choice of a certain time horizon is arbitrary and higher values could lead to inaccurate results 
(Smith and Wigley, 2000a). Alternatives have been proposed, e.g. the time-dependent radiative 
forcing response function (Smith and Wigley, 2000b), the Global Warming Commitment 
(Frolkis et al., 2002) and the Global Temperature Change Potential of Shine et al. (200�). In 
essence all these alternatives substitute the impulse response function of the GWP approach by 
a sustained flux response function. Thus, the basic framework for a more realistic approach of the 
greenhouse contribution of mire ecosystems is available.

Frolking et al. (2006) worked this out and calculated the net radiative forcing of northern 
peatlands by considering the change in atmospheric carbon pools under sustained CO2 and CH4 
fluxes. Furthermore, they accounted for the past lifetime of the peatlands and concluded that the 
radiative forcing impact of the peatlands starts as a net warming, but switches to a net cooling 
when the influence of the longer-living CO2 overrules CH4. However, in their analysis the two 
carbon fluxes were kept constant over the evolution time of the mires, which means that the 
fluxes were instantaneously set at their present value as peatland development started. That is 
why CH4 had most influence in the beginning of the peatland development. In reality the CH4 
flux gradually increases from zero, since it results from the decay of peat material, which itself 
starts from zero. Although the model of Frolking et al. (2006) is an improvement of the GWP 
approach and illustrates some characteristics of the peatlands impact to the greenhouse effect, it 
is not fully applicable for the expanding and growing mires of Western Siberia.
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Our aim was to answer the question as to whether Western Siberian mires have a positive or 
negative contribution to the greenhouse effect. In other words: do these mires act as a net source 
or a net sink of greenhouse gases in the near future?

First, we have developed a new approach for quantifying the greenhouse contribution of mire 
ecosystems. This approach takes into account the gradually changing carbon exchange fluxes 
and the past lifetime of the mires. Second, we applied this in two case studies in which we 
computed the greenhouse contribution from the present into the future: (1) the northward 
shift of bioclimatic zones in Western Siberia under 21st century warming and (2) the Holocene 
and future carbon exchange in a Western Siberian mire resulting from a 3-D dynamic peat 
accumulation model (Borren and Bleuten, 2004). The first case study shows what might happen 
in the near future over a large scale under changing temperature conditions. The second study 
gives inside in the Holocene dynamics of the greenhouse contribution of a single mire system 
and the effects of drainage.

5.3 Study area

The Western Siberian lowland is situated between the Ural mountains and the river Yenisey 
in Russia (Figure �.1). Based on climatic conditions and botanical characteristics the area has 
been divided in 9 bioclimatic zones, from south to north: mountain region, steppe, forest 
steppe, subtaiga, southern taiga, middle taiga, northern taiga, forest tundra, southern tundra 
and northern tundra (Il’ina et al., 198�). Most pristine mires in Western Siberia occur on the 
watershed areas between streams and rivers and include open and forested bogs, oligotrophic 
and eutrophic fens.

Figure 5.1 Study region and site. a – location of Western Siberia in the world (white patch 
in Russia); b – location of the Bakchar bog in Western Siberia (star symbol near Tomsk); c 
– bioclimatic zones in Western Siberia.
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For the 3-D hydrological study we selected the Bakchar bog in the southern taiga zone (Figure 
�.1). This bog is situated on the watershed area between the small rivers Bakchar and Iksa, which 
are tributaries of the river Ob. Within the Bakchar bog various mire types are present: eutrophic 
fen, mesotrophic through-flow fen and oligotrophic bog (Lapshina et al., 2001). Borren and 
Bleuten (2004) estimated that the Bakchar bog has developed during the Holocene from a few 
patches to a contiguous area and shows wide spatial variation in peat thickness and long-term 
carbon accumulation. Recent drainage activities in a part of the bog area have decreased the 
carbon accumulation.

5.4 Methods

5.4.1 Concept
Figure �.2 shows a simplified picture of the carbon cycle of a natural mire system. In this system 
carbon is available in three pools: peat, atmospheric CH4 and atmospheric CO2. Carbon is 
transferred from peat to CH4 as a result of anaerobic peat decay. By sequestration of CO2 by 
plants and subsequent peat accumulation, carbon is transferred from the CO2 pool to peat. In 
the case of a drained peatland a net flux from peat to CO2 may occur as a result of aerobic decay. 
Both CH4 and CO2 undergo atmospheric decay, causing a transfer of carbon to other pools, 
which are treated as non-greenhouse and therefore not specified any further. In this concept it is 
assumed that no other carbon exchange processes are active and that the described processes are 
not influenced by the world outside the mire system.

It is widely accepted that CH4 decays in the atmosphere by the reaction with hydroxyl radicals 
(OH), which accounts for more than 90% of the total loss of CH4 (e.g., Wuebbles and Hayhoe, 
2002). The rate of loss is assumed to be proportional to the remaining amount of CH4 by a 
decay constant (Equation A1.1). As a result a certain amount of CH4 decays exponentially. In 

Figure 5.2 Peatland carbon cycle with carbon pools (mi) and carbon fluxes (fi). The direction of 
the arrows give the direction of the positive fluxes.
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our calculations we used an atmospheric lifetime – which is the inverse of the decay constant 
(Equation A1.2) – for CH4 of 12.0 yr (IPCC, 2001). This value is also used in the calculations of 
the GWP of CH4.

The behavior of CO2 in the atmosphere is more complex. Usually the decay function of CO2 is 
approached as a superposition of several fractional CO2 pools with different decay constants. We 
used the values for the fractions and decay constants given by Shine et al. (200�), shown in Table 
�.2. One fraction is assumed to be persistent with an infinite lifetime. This approach to CO2 
decay is based on the work of Siegenthaler and Joos (1992) and Joos et al. (1996) and is similar to 
the approach of IPCC (2001) in calculating GWPs.

The radiative forcing due to a certain mass of greenhouse gas is defined as the product of the 
mass, mi, and the gas-specific radiative efficiency, ai. The radiative efficiency is assumed to be 
constant, but if the mass is not constant the radiative forcing varies over time. For a mire we 
define the radiative forcing, R(t), as the sum of the radiative forcings of the CH4 and CO2 pools:

 (�.1)

The radiative efficiencies of CH4 and CO2 are 2.2�9 x 10-16 and 7.261 x 10-18 W m-2 gC-1 (given by 
Shine et al., 200�). Here it should be pointed out that we used carbon mass equivalents for the 
amounts in the carbon pools. Therefore, we used radiative efficiencies on a carbon-mass basis 
rather than on a molecule basis.

Analogous to the GWPs we used the time-integrated radiative forcing rather than the radiative 
forcing itself, in order to account for the accumulated effect of the radiative forcing. Although 
the relationship between radiative forcing and temperature is a complex function of the earth’s 
climate, the time-integrated radiative forcing may be closer to a real estimate of climate change 
than the radiative forcing itself. Since we are interested in the effect from a certain moment in 
time into the future we define the greenhouse contribution, G(t), as the time-integrated radiative 
forcing due to the change in the CH4 and CO2 pools relative to the moment s:

 (�.2)

A positive value for G(t) means a net positive contribution of the mire to the greenhouse effect. 
In other words, if we could reduce the CH4 and CO2 fluxes to zero in this mire, the greenhouse 
effect would decrease to a lower level. On the contrary, a negative G(t) means that the mire 
works against the greenhouse effect.

Equations (1) and (2) can be solved if the functions mCH4(t) and mCO2(t) are sufficiently simple. 
Appendix 1.2.2 gives the solution if the CH4 and CO2 fluxes are constant over time. This is valid 
for short periods of time, over which the change of the fluxes could be neglected.
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It should be noted that for the uptake of CO2 the flux fCO2 has a negative value. If the CO2 mass 
at t=0 is 0 the time-integrated radiative forcing of CO2 will be negative, thus having a negative 
contribution to the greenhouse effect.

For longer periods the assumption of constant CH4 and CO2 fluxes is not valid. Clymo (1984) 
first proposed that the decay of peat, which produces the CH4 flux, is proportional to the mass of 
peat. In his one-dimensional model of peat accumulation over time he kept the uptake of CO2 
constant. Furthermore, he assumed that the proportionality of the peat decay to the peat mass is 
constant and no other limiting factors are present. If we adopt these assumptions we obtain the 
solution given in Appendix 1.2.3.

Obviously, in reality the assumptions of the Clymo model are not valid. The uptake of CO2 
by the mire, i.e. the net carbon accumulation by peat growth, varies over time as climatic and 
hydrological conditions change. The approach then could be to develop a numerical scheme 
in which the fluxes fCH4 and fCO2 are estimated for successive time steps and the Equations 
in Appendix 1.2.2 or 2.3 are applied assuming that the carbon uptake and the various decay 
constants do not change during one time step.

Table 5.1 Area and accumulated carbon of the bioclimatic zones in Western Siberia. Source: 
Sheng et al. (2004).

Zone Area
(x 106 m2)

Accumulated carbon
(x 1015 g C)

1. Northern tundra 7930 0.430
2. Southern tundra 28538 2.755
3. Forest tundra 39150 4.103
4. Northern taiga 167952 12.342
5. Middle taiga 168254 24.295
6. Southern taiga 135840 21.488
7. Subtaiga 31274 3.253
8. Forest steppe 6844 0.378
9. Steppe 123 0.006
10. Mountain region 403 0.025
Total 586308 69.075
Total zones 3 to 7 542470 (93%) 65.481 (95%)

Table 5.2 Fractions and atmospheric lifetimes of the CO2 pools. Source: Shine et al. (200�).

CO2 pool, i Fraction, xi Atmospheric lifetime, τi (yr)

1 0.1756 ∞
2 0.1375 421.092
3 0.1858 70.5965
4 0.2423 21.4216
5 0.2589 3.4154
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In principle the moment t=0 is the moment when peat accumulation starts. The initial masses 
for the carbon pools, mp(0), mCH4(0) and mCO2,i(0), are then set to 0. If, however, for some reason 
one wishes to set t=0 at a later moment, e.g. t=0 is the present, two different possibilities for 
the initial CH4 and CO2 pools exist: (1) the initial masses are set to 0 or (2) the initial masses 
are calculated from past mire development. In the first situation the past mire development is 
neglected and the greenhouse contribution is calculated as if the carbon exchange fluxes fCO2 and 
fCH4 suddenly start at an existing mire. In the second situation one takes the past mire evolution 
into account.

5.4.2 Case 1: northward shift of bioclimatic zones under 21st century warming
The CH4 and CO2 fluxes were measured within � of the bioclimatic zones of Western Siberian 
by Vasiliev et al. (2001), Naumov (2004) and Repo et al. (200�). The area and accumulated mass 
of carbon of each zone were estimated by overlaying the dataset of Sheng et al. (2004). Table �.1 
shows that the � zones of the measurements comprise 93% of the total peatland area of Western 
Siberia and 9�% of the total accumulated mass of carbon.

The latitudinal difference between the zones is about 3 degrees. In Figure �.3 it is shown that the 
south to north gradient in mean annual temperature is -0.67�°C per degree latitude. From these 
we assume a zonal difference in mean annual temperature of about 2°C. Therefore, due to a 2°C 
warming over the next century the fluxes of the bioclimatic zones were shifted northward to the 
next bioclimatic zone. This northward shift was done in 100 timesteps of 1 year over the period 
2000 A.D. to 2100 A.D. For each time step the area-weighted average flux for Western Siberia 
was calculated. Appendix 1.2.2 was then applied to calculate the carbon masses. The greenhouse 
contribution was calculated from the moment s=2000 A.D. into the future.

Two different scenarios for the subtaiga zone were run: (1) assuming no change in precipitation 
in the subtaiga zone the fluxes were not changed – ‘wet’ scenario – and (2) assuming dryer 
conditions in the subtaiga zone the CO2 uptake was ceased whereas CH4 production was 
prolonged – ‘dry’ scenario. Besides these two future scenarios a ‘no change’ scenario was run in 
which no shift of fluxes was forced and a ‘half zone’ scenario in which a northward shift of half 
of zones was forced.

In order to account for the past lifetime of the mires we assumed that the mire area expanded 
over the Holocene from zero to the present area. This area expansion caused a gradually 
increasing CO2 flux for all mires together. Besides, because of growing peat carbon mass the 
CH4 emission increased too. The mire area expansion could be approximated as a linear process. 
If we assume that the CO2 uptake per area of mire was constant, the total CO2 flux increased 
linearly over the Holocene. Appendix 1.2.4 gives the solution for this. The intercept, h, of the 
linear Equation A1.13 was set to 0, being the initial mire area at the start of the Holocene. The 
average peat decay constant, α, was estimated with Equation A1.14 using the present CH4 flux 
and present peat carbon mass. The expansion rate, g, and the length of the past lifetime were 
estimated by solving Equations (A13) and (A1�) for the present CO2 flux and present peat carbon 
mass.
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After the northward shift the decay constant of peat was recalculated from the new peat mass 
and the new CH4 flux. With this updated decay constant and the new CO2 flux the continuation 
of the radiative forcing and greenhouse contribution were estimated using the equations of 
Appendix 1.2.3.

5.4.3 Case 2: Bakchar bog
From the 3-D dynamic model of Borren and Bleuten (2004) a time series of carbon exchange 
fluxes over the Holocene was available for the Bakchar bog. With their model the mire 
development was simulated in 3-D space and time on the base on a forward hydrological 
approach. Peat growth and corresponding carbon accumulation occurred if hydrological 
conditions were satisfied. In this way hydrology was the main limiting factor in the mire 
development. Furthermore, the model took differences in carbon accumulating between various 
mire types into account. The CO2 flux was obtained from the net growth of the peat body. CH4 
emission was simulated using a peat decay constant of 6 x 10-6 yr-1. For our calculations we used 
the average CH4 and CO2 fluxes per square meter of mire.

The carbon exchange fluxes were simulated over the period 9000 yr B.P. to 2100 yr A.D. with 
a time step size of 100 yr. After 19�0 yr A.D. a part of the Bakchar bog was drained. For the 
present study we re-ran the model with 10 yr timesteps for the period 2000-2100 yr A.D. and 
extended the simulation period to 6000 yr A.D. under the same climatic conditions as present. 
To evaluate the effect of the drainage on the greenhouse contribution we also ran the model 
without drainage.

The fluxes were used to calculate the radiative forcing over the whole simulation period and 
greenhouse contribution after s=2000 yr A.D. We assumed constant fluxes within each time step 
and applied the equations of Appendix 1.2.2.

Figure 5.3 Mean annual temperature vs. latitude of weather stations in Western Siberia. The slope 
of the regression line is -0.6748 °C °N-1. Source: National Climatic Data Center (USA), http://
www.ncdc.noaa.gov/
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5.5 Results

5.5.1 Case 1: northward shift of bioclimatic zones under 21st century warming
The measured CH4 and CO2 fluxes and the future scenarios are shown in Table �.3. The present 
CH4 flux for the � bioclimatic zones together was 2.36 x 1012 g C yr-1 which increased during the 
21st century to 3.8� x 1012 g C yr-1 for both the ‘wet’ and the ‘dry’ scenario. The CO2 flux changed 
from the present value of -1�.�� x 1012 g C yr-1 to -20.18 x 1012 g C yr-1 for the wet scenario and to 
-18.81 x 1012 g C yr-1 for the dry scenario.

From the present CO2 and CH4 fluxes and the amount of accumulated carbon (Table �.1) we 
estimated an average decay constant of peat in the mires of 3.60 x 10-� yr-1 and a lifetime of 9400 
yr. The increased CH4 flux after the 21st century corresponded with a higher peat decay constant 
of �.74 x 10-� yr-1.

Figure �.4a shows that during the growth of the mires the radiative forcing decreased. Due to the 
northward shift the radiative forcing will increase during the 21st century after which a decrease 
will occur again. Integration of the change in radiative forcing after s=2000 yr A.D. (Figure 
�.4b) resulted in the greenhouse contribution shown in Figure �.4c. The greenhouse contribution 
in the wet scenario will be lower than in the dry scenario because of higher CO2 fluxes in the 
wet scenario. Due to the change in carbon exchange fluxes the greenhouse contribution will 
be positive in the coming centuries. During the 23rd century the contribution will decrease 
to negative values again. In both the ‘no change’ and the ‘half zone’ scenarios the greenhouse 
contribution is always negative.

5.5.2 Case 2: Bakchar bog
The radiative forcing resulting from the development of the Bakchar bog decreases over the 
Holocene period (Figure �.�a). Fluctuations were caused by variations in mire development. In 
some periods rapid lateral expansion occurred giving rise to enhanced peat growth, whereas in 
other periods only vertical growth occurred. Fluctuations in precipitation as well as the specific 
topographical conditions were the cause of these variations.

Table 5.3 Measured CH4 and CO2 fluxes and future scenarios (g C m-2 yr-1). Source: Vasiliev et al. 
(2001), Naumov (2004) and Repo et al. (200�).

Zone Measurements Northward shift of fluxes

Dry scenario Wet scenario

fCH4 fCO2 fCH4 fCO2 fCH4 fCO2

3. Forest tundra 2.04 -2.00 1.74 -22.13 1.74 -22.13
4. Northern taiga 1.74 -22.13 5.53 -22.20 5.53 -22.20
5. Middle taiga 5.53 -22.20 5.01 -48.93 5.01 -48.93
6. Southern taiga 5.01 -48.93 12.00 -44.00 12.00 -44.00
7. Subtaiga 12.00 -44.00 12.00 0.00 12.00 -44.00
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Figure 5.4 Radiative forcing and greenhouse contribution of all Western Siberian mires for the 
‘no change’, ‘wet’, ‘dry’ and ‘half zone’ scenarios. a – radiative forcing, R(t), over their past lifetime 
of 9400 yr and in the future; b – change in radiative forcing, ΔR(t), from 2000 to 2300 yr A.D.; c 
– greenhouse contribution, G(t), from 2000 to 2300 yr A.D.
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Figure 5.5 Radiative forcing and greenhouse contribution of the Bakchar bog over the Holocene 
and for the ‘no drainage’ and ‘drainage’ scenarios. a – radiative forcing, R(t), over its past lifetime 
of 9000 yr and in the future; b – change in radiative forcing, ΔR(t), from 2000 to 2100 yr A.D. c 
– greenhouse contribution, G(t), from 2000 to 2100 yr A.D.
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The two scenarios, ‘drainage’ and ‘no drainage’, show an opposite effect on the radiative forcing 
and the greenhouse contribution (Figures �b and �c). In the drainage scenario the CO2 uptake 
decreased significantly. Because peat decay and resulting CH4 emission continued the radiative 
forcing increased, leading to a positive greenhouse contribution. Without drainage the mire will 
continue to sequester CO2 and the greenhouse contribution will thus be negative. However, on 
the long term the peat growth will decrease as a result of hydrological limitations and therefore 
the radiative forcings of CH4 and CO2 will balance in the future (see right limbs in Figure �.�b).

5.6 Discussion

We conclude that under unchanged conditions Western Siberian mires form a sink of 
greenhouse gases, thus having a negative contribution to the greenhouse effect. However, 
in the case of a northward shift of bioclimatic zones under future warming or in the case of 
drainage the contribution might switch to positive, enhancing the greenhouse effect. Because of 
domination of CO2 uptake over CH4 emission on the long term the contribution will eventually 
become negative again.

From both Figure �.4c and �.�c it is clear that without any change the Western Siberian mires 
have a negative contribution to the greenhouse effect. Under a strong warming scenario of 
+2 °C in the 21st century the mires will have a positive feedback to the greenhouse effect, due 
to enhanced CH4 emission, which changes from 2.36 to 3.8� x 1012 g C yr-1. In the course of time 
the effect of the increased CO2 will become dominant and during the 22nd and 23rd century 
the greenhouse contribution will become negative again. Under wet conditions in the subtaiga 
zone, in which CO2 uptake increases from 1�.�� to 20.18 x 1012 g C yr-1, this switch to a negative 
contribution will be earlier than under dry conditions, in which the increase of CO2 uptake is 
less strong. If, however, the warming is less strong the increase in CH4 emission will be slower 
and could be kept up by the increase in CO2 uptake, as shown in the ‘half zone’ scenario. From 
this we conclude that the magnitude of change determines the effect, which is underlined by the 
scenarios in Figure �.6. Here the change is abrupt, instantaneously changing the fluxes. A sharp 
rise of the radiative forcing in the scenarios with enhanced CH4 emission is the result.

The alternative approach of Frolking et al. (2006), mentioned in the introduction of this paper, 
corresponds to our solution in Appendix 1.2.2. To show this we reproduced some of their 
scenarios for the instantaneous change of the carbon exchange fluxes (Figure �.6). This was done 
by applying a constant CH4 flux of 1 mole yr-1. The ratio between CO2 uptake and CH4 emission 
was 4:1. At t=2000 yr A.D., when the radiative forcing was still decreasing due to the dominance 
of CO2, the changes of the fluxes were applied. The scenarios with enhanced CH4 emission 
lead to an increased radiative forcing, whereas the scenarios with lower CH4 emission lead to a 
decrease of radiative forcing. We extended these calculations with an estimate of the greenhouse 
contribution according to Equation �.2, resulting in Figure �.6b. This shows a clear difference 
between radiative forcing (Figure �.6a) and time-integrated radiative forcing (Figure �.6b). Of 
course the change in radiative forcing is related to temperature change in a complex way, but we 
believe that the greenhouse contribution presented here gives a better approximation of climate 
change, at least showing the direction of the change.
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Furthermore, our approach is compatible with the GWP approach. For zero fluxes and non-zero 
initial carbon masses the equations of Appendix 1.2.2 reduce to the response functions of the 
GWP approach. Here, a non-zero initial mass serves as instantaneous release of gas. Because 
the flux itself is set to zero the mass is changed only by atmospheric decay, which is also the 
case in the GWP response functions. By multiplying the mass with the radiative efficiency and 
integrating over time the Absolute GWP (AGWP) of the gas is obtained.

The mire evolution over the Holocene could well be described by a linear expansion model 
(Appendix 1.2.4). From the present mire area and carbon mass (Table �.1) as well as from the 
present fluxes (Table �.3) the age of the mires was estimated at 9400 yr. This is fairly in agreement 
with the findings of other researchers. Both Kremenetski et al. (2003) and Smith et al. (2004) 
found that the first mire formation occurred around 11000 yr B.P. From many radiocarbon dated 
basal peat samples they concluded that most peat formation started between 11000 and 9000 yr 
B.P. This suggests a non-linear expansion. Another approximation of the peat expansion could 

Figure 5.6 Radiative forcing (a) and greenhouse contribution (b) per mole CH4 after 
instantaneous change of fCH4 and fCO2. Scenarios according to Frolking et al. (2006).
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therefore be an S-curve or a negative exponential function. However, these models might be 
too complex to implement in our general approach (Appendix 1.2.1) and it is unlikely that it will 
change our conclusions of the greenhouse contribution after 2000 yr A.D.

Because of hydrological limitations the mire expansion and vertical growth will slow down over 
time (Ingram, 1982; Winston, 1994). This is clear from our result of the Bakchar bog, generated 
by the 3D dynamic model in which hydrology is the main limiting factor. On the long run 
the net CO2 uptake is decreasing, whereas the CH4 emission is maintained. The ‘no drainage’ 
scenario in Figure �.�a shows that this eventually leads to a more or less steady-state value of the 
radiative forcing. Due to this hydrological limitation and probable other factors, e.g. temperature 
fluctuations, the mire expansion of all Western Siberian is likely to deviate from the linear model. 
Obviously, the expansion will stop at a certain moment in the future and as a consequence the 
mire growth will decrease. Yet, there is no reason to believe that this will happen in the coming 
centuries.

In our approach to drainage in the Bakchar bog we did not take into account a probable increase 
in tree stands. Minkkinen et al. (2002) found that CO2 sequestration in Finnish peatlands 
increased under drainage conditions due to an increase in tree stands and wood products and an 
increase in carbon accumulation in peat. The latter would have been caused by increased primary 
production as a result of decreases in pH, temperature and litter quality. This contradicts the 
common hypothesis that peat drainage always leads to a decrease in CO2 uptake. Furthermore, 
they found a decrease in CH4 emission due to drainage, probably caused by the drawdown of 
the water table. However, from the Western Siberian mires we do not have data to include these 
probable effects in our estimates.

In the north changes in permafrost distribution, thickness of the active layer and other 
thermokarst processes might lead to deviations from our scenarios. Continuous permafrost 
occurs in the northern and southern tundra (based on Brown et al., 1998) and comprises 7% of 
the total mire area of Western Siberia and �% of the total carbon mass. Discontinuous permafrost 
occurs in the forest tundra and part of the northern taiga, comprising 20% of the mire area and 
14% of the carbon mass. It is unlikely that the deep permafrost will respond immediately to 
the 21st century warming, although the active layer may increase in depth. Besides, thermokarst 
processes show cyclic behavior, which means that the response to warming is more complex than 
only melting. Therefore, the northward shift of bioclimatic zones is probably too simple for this 
permafrost region, but because of the lack of data it is a first approximation.
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6 Discussion and conclusions

In the previous chapters different aspects of the relation between Western Siberian mires and 
climate have been studied. Through the exchange of carbon in both ways, mires and climate 
mutually affect each other. In addition, humans may interfere in this system and alter the relative 
strengths of the carbon exchange fluxes, accidentally or by intention.

The following summary and discussion of the major outcomes of this thesis is meant as a 
contribution to the scientific debate concerning the relation between terrestrial ecosystems and 
climate change processes. Although the studies in this thesis were spatially restricted – certainly 
in the light of the immense Western Siberian mire area – and involved a limited set of processes, 
some general conclusions can be made. It will provide some answers to the questions raised in 
the beginning of this thesis. Furthermore, the thesis will discuss the limitations of the presented 
work and address important gaps still waiting to be filled.

6.1 Development of a watershed mire

In Chapter 3 the development of the Bakchar watershed mire over the Holocene was simulated. 
The modeling results showed that peat formation started in the central parts, near the water 
divide between the bordering rivers. In this central part water stagnated and the water 
table was above the mineral surface in local depressions. Here the first peat layers formed by 
paludification, being the pathway of peat formation incorporated in the model. In the deeper 
depressions, the water table could have been high enough above the mineral surface to form 
lakes and peat formation should then have occurred by terrestrialization. This pathway was not 
explicitly incorporated in the model, but during the peat growth process these depressions were 
nevertheless filled. A second main location of peat initiation was the lower river terrace along the 
river Iksa. Here the water table was high due to upwelling water and high discharge from the 
central parts.

The so formed peat layers not only caused the water table to be constantly high at the peat 
covered places themselves, but also let the water table rise in the surroundings. This resulted in 
lateral expansion. Thus, once peat formation has started the mire promoted its own growth. The 
lateral expansion and vertical growth was enhanced in wetter periods, but could also have come 
to a stop in dryer periods. During the evolution of the mire small mire spots grew together to 
form the contiguous cover which we observe nowadays.

The average Holocene peat growth rate and long-term rate of carbon accumulation (LORCA) 
shows a spatial variation over the mire. This is in line with the differences between core locations 
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observed in Chapter 2. This suggests that interpretations based on core data only should be 
handled with care and that the spatial context should be considered in these interpretations.

6.2 The limits to mire growth

How long can the above described growth process continue? With the developed model we are 
able to answer this question to a certain extent. It is difficult to give a reliable prediction for the 

Figure 6.1 State of the Bakchar bog at the limit of mire growth, under unchanged climatic 
conditions (1), under wetter conditions (2) and under dryer conditions (3); A – year of mire 
growth termination; B – maximum peat thickness (m); C – long-term peat growth rate (x 10-3 m 
yr-1); D – LORCA (g C m-2 yr-1).
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future climatic conditions which influence the mire growth, but at least a trend could be given. 
Figure 6.1 shows the equilibrium state of the Bakchar bog, i.e., the state in which there will be no 
vertical peat growth and lateral expansion any further. In this figure the resulting state of three 
scenarios is shown: (1) with continuation of the present precipitation rate, (2) with a �% higher 
precipitation rate, and (3) with a �% lower rate. The predicted peat and carbon mass as well as 
the average long-term accumulation rates are compared to the present-day numbers in Table 
6.1. In Figure 6.1A the year of peat growth termination is depicted. Under unchanged climatic 
conditions the peat growth in the central parts of the mire will continue to the year 11400 A.D., 
thus even longer than the past lifetime of the Bakchar bog. Under dryer conditions the peat 
growth will terminate around 6200 A.D., whereas it will continue to 28000 A.D. under wetter 
conditions. The maximum peat thickness, in the center of the bog, will become 9.1 m (Figure 
6.1B), compared to a present-day maximum of 6.3 m. This means that the peat growth rate and 
LORCA will decrease, which is also visible in Figure 6.1C and 1D.

In all three scenarios the peat growth was limited by the water table, rather than by the peat 
decay process. These two factors were both incorporated in the simulation model and are the 
limiting factors in the analytical models of Clymo (1984) and Ingram (1982) as described in 
Chapter 1. What peat depth could be expected using these conceptual models?

The model of Clymo (1984) predicts a limit of 21� m (see Equation 1.2), based on a growth rate 
of 1.29 x 10-3 m yr-1 and a decay constant of 6 x 10-6 yr-1. If we assume a lower growth rate, for 
example the average Holocene growth rate of 0.76 x 10-3 m yr-1 from Table 3.1, the peat depth 
limit would be 127 m. In both examples the predicted peat thickness is very high, much higher 
than the model predictions shown in Figure 6.1B. One reason might be that the assumption of 
constant production is invalid in reality. But probably the main reason is that the Clymo model 
does not account for the effect of a fluctuating water table and does not include lateral influence. 
In addition, the model is not able to predict the spatial variation in peat thickness and would 
predict a uniform maximum peat thickness if no spatial differences in growth rate and decay 
constant are to be expected.

Table 6.1 Comparison between the present-day state of the Bakchar bog and the limit under 
different climatic scenarios.

Present-day 
state

Limit under 
unchanged 
conditions

Limit under 
5% wetter 
conditions

Limit under 
5% dryer 
conditions

Year of mire growth termination (yr A.D.) - 11400 27900 6200
Peat area (x 106 m2) 522 522 545 522
Peat volume (x 109 m3) 1.05 1.45 2.67 1.09
Carbon stock (x 103 g C m-2) 77.0 97.1 172.1 78.5
Average peat thickness (m) 2.02 2.78 4.89 2.09
Maximum peat thickness (m) 6.3 9.1 14.0 6.3
Average long-term growth rate (x 10-3 m yr-1) 0.22 0.15 0.16 0.14
Average LORCA (g C m-2 yr-1) 16.2 9.0 11.1 7.0
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According to the model of Ingram (1982) the greatest peat depth in the Bakchar bog would 
be 13�0 m in the equilibrium state. This unrealistic number was calculated with Equation 3.3b 
– derived from the Ingram model by Winston (1994) – using a radial extent of 10,000 m, a 
hydraulic conductivity of 9.7 x 10-4 m d-1 and a net recharge rate of 3.�3 x 10-� m d-1. The net 
recharge rate was based on a precipitation rate of 0.�12 m yr-1, an evapotranspiration factor of 
0.82 (see Chapter 3) and an average runoff factor of 0.86 as calculated for the end situation of 
the Bakchar bog. Clearly, the Ingram model is not able to predict the maximum peat thickness 
in this way. This is likely due to the simplifying assumption of an impermeable and flat mineral 
subsoil, which is not the case in the Bakchar bog. Besides, the Ingram model is sensitive to the 
hydraulic conductivity. The simulated peat thickness of 9.1 m could be obtained with a hydraulic 
conductivity of 20 m d-1, much higher than normal values for peat. If, however, the active plant 
layer is assumed to be part of the peat dome, the hydraulic conductivity could be in this order of 
magnitude, although the average hydraulic conductivity – including both horizontal and vertical 
conductivity – is hard to estimate. In contrast to the Clymo model, the Ingram model predicts 
a decreasing peat thickness from center to margin, to a certain degree in line with the results in 
Figure 6.1B.

With the integrated model of Almquist-Jacobson and Foster (199�) a prediction of the net 
recharge rate in equilibrium state can be made, assuming that the lateral extent is limited 
(Equation 1.�). Given the same input numbers as described above, this net recharge will be 8.97 
x 10-7 m d-1. This involves a runoff factor – i.e. flow through the acrotelm – of 0.996, almost 
100%. Almquist-Jacobson and Foster (199�) indeed suggested an increase in runoff if the lateral 
expansion would stop. However, this high number could not be confirmed with the model used 
in this thesis.

From these examples it can be concluded that the conceptual models fail in predicting the 
equilibrium state of the Bakchar bog. In reality, the outcome of all peat forming factors and the 
site-specific topographical setting is too complex. In contrast, with a distributed 3-D dynamic 
approach it is possible to quantify the spatial and temporal variation in mire expansion, vertical 
growth and carbon accumulation. In this way the equilibrium state of a mire can be predicted.

6.3 Mire type distribution and comparison to core data

The occurrence of the different mire types was simulated using the water flux as proxy for 
nutrient conditions. It was assumed that a higher water flux in the active plant layer results in 
a higher nutrient availability. By peat decomposition nutrients are partly released from plant 
material and transported with runoff flow. Downstream nutrient concentrations may rise by this 
process. Moreover, by higher water flux more nutrients will be available over time. This is of 
course a rough assumption, but nevertheless the simulation results for the 20th century were quite 
comparable to the present-day situation in terms of mire type area (see Figure 3.6). However, the 
comparison to core data, to validate the model outcome, is difficult. The interpolation of the 
initial DEM of the mineral subsoil involved a step of random simulation of a field of depressions 
and heights (Chapter 3). The modeled peat thickness and mire type succession at the position of 
the cores was therefore highly random. This can be seen in Figure 6.2 which shows a comparison 
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between the cores and the modeling results. Although the cores are all located in the central part 
of the Bakchar mire, the prediction of the peat depth is in some cases much lower and in some 
cases much higher.

One can imagine that another random realization of the DEM may result in another peat 
thickness and in another succession of mire types at a certain position. Even though all other 
model inputs may be kept the same, an infinite number of model outcomes is possible. In fact, 
a probability distribution could be calculated, e.g. in a Monte Carlo simulation scheme. The 
probability distribution for all model outcomes, such as basal peat age, long-term peat growth 
rate, and LORCA, could then be expressed in terms of mean (expected value) and standard 
deviation, assuming a normal distribution. For the mire type distribution this could be expressed 
in terms of the occurrence probability per type. Figure 6.3 shows the outcome of a Monte Carlo 
simulation with 100 model runs. The presented mire type distribution shows the mire type with 
the highest occurrence probability.

In this way it is also possible to predict the mire type probability and most likely depth at the 
position of a peat core. This has been done for the cores, as shown in Figure 6.4. To build the 
occurrence probability distribution from the 100 realizations it was necessary to slice the cores 
into fixed increments, in this case 10 cm which is equal to the slices used in the analysis of 
the cores. Figure 6.4 shows that the deviation between the cores and the model prediction is 
smaller compared to the single simulation results shown in Figure 6.2 and that in most cases the 
measured peat depth is within 1 standard deviation of the modeled peat depth.

Because the number of peat cores was small and the peat cores were not spread over the whole 
mire, calibration of the model was done using the present peat surface DEM rather than the 
peat cores. Due to the absence of a detailed elevation map, the DEM was generated from cross 
sections measured by Russian researchers in the 19�0s. The generation of the peat surface DEM 
involved a random step similar to that of the mineral subsoil. Therefore, the optimized input 
parameter values could be different for another random realization of the peat surface DEM. 
In addition to the probability distribution of the model outcome as described above, the target 
to which to calibrate is subject to uncertainties as well, meaning that the objective function in 
the calibration process is uncertain. The PEST parameter estimation algorithm used so far is 
not able to handle both uncertainties and therefore another inverse modeling approach should 
be used. However, such approaches – in which parameter values are sampled from a probability 
distribution and the outcome is evaluated in terms of likelihood – in general require many 
more model runs and because one model run involves the generation and execution of many 
MODFLOW models and the application the mire development module, the calculation time 
will be very long. During model development in the framework of this thesis there was not 
enough computer power and calculation time to apply such a parameter estimation approach.

6.4 Carbon exchange

In this thesis the carbon exchange between the atmosphere and the mire was described with 
three fluxes: CO2 uptake by plants resulting in peat accumulation, CH4 emission by anaerobic 
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decay of peat and CO2 emission by aerobic decay of peat. All three fluxes are subject to 
assumptions and uncertainties, which will be discussed below.

The CO2 uptake rate depended mainly on the peat growth process itself. Peat accumulation 
was interpreted as the thickening of the catotelm. Processes in the acrotelm, such as uptake, 
respiration, litter formation and aerobic decay, were not separately taken into account, but only 
the net result in terms of transfer to the catotelm. This means that the CO2 uptake rate was in 
the first instance influenced by the net result of all peat forming factors. Table 3.� shows that the 
mire system was most sensitive to the recharge parameters (precipitation and evapotranspiration), 

Figure 6.2 Comparison between the mire types in the analyzed cores and the model prediction 
of a single model run.

Figure 6.3 Basal peat age, long-term peat growth rate, LORCA and mire type distribution from 
a Monte Carlo simulation with 100 runs. A – basal peat age (yr B.P.); B – peat growth rate 
(x 10-3 m yr-1); C – LORCA (g C m-2 yr-1); D – mire type distribution.
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suggesting that uncertainties in this factor has most influence on uncertainties in the CO2 uptake. 
The second factor affecting CO2 uptake was the organic matter density and carbon content of 
the various mire types, which were used to convert peat accumulation to carbon accumulation. 
The main uncertainty here does not concern the values itself – Table 3.2 shows that the values 
have quite low standard errors and are significantly different from each other – but rather the 
uncertainty in predicting the occurrence of the mire types, as discussed above.

CH4 emission was determined by the anaerobic decay constant and the peat depth. All 
calculations were based on a decay constant of 6 x 10-6 yr-1. This decay constant was derived from 
a measured CH4 emission rate at a location where the peat and carbon mass was known (see 
Chapter 2). This decay constant is low compared to estimated average constant for Western 
Siberian mires (Section �.4). In the case of mire drainage (see Chapter 4) the CH4 flux is highly 
depending on the depth of the water table below the peat surface. This determines how much 
of the peat column is subject to anaerobic decay and how much to aerobic decay. This has thus 
also influence on the CO2 emission rate. Like the CH4 emission, the CO2 emission is mainly 
depending on the aerobic decay constant. In this thesis the value of the aerobic decay constant is 
roughly estimated based on literature data from other sites and is therefore quite uncertain.

The uncertainties in the decay constants described above could be reduced as more flux data 
will be available for both drained and undrained parts of the Bakchar bog. Apart from the mire 
development modeling this could improve the estimation of the net CH4 and CO2 emissions. 
However, in the present approach the decay constants represent the net loss due to decay, but do 
not take the effect of environmental conditions into account. This could hamper the prediction 
of carbon emission under different climatic conditions. Further improvement could thus be 
expected if the decay processes are extended with the influence of temperature, aeration degree, 
moisture content, pH, C/N ratio etcetera.

Figure 6.4 Comparison between the mire types in the analyzed cores (R = real) and the model 
prediction of a Monte Carlo simulation with 100 runs (M = modeled). The error bars show the 
standard deviation of the average predicted peat thickness. Within the M-bars the occurrence 
probability of the various mire types is shown; the total width of the M-bars represent a 
occurrence probability of 1.
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6.5 Greenhouse impact

In Chapter � a new approach of estimating the greenhouse impact of mires was elaborated. 
This approach was based on the idea that the carbon exchange fluxes of the mires are gradually 
changing fluxes which are affecting the atmospheric carbon stocks throughout the entire lifetime 
of the mires. The classical IPPC (2001) approach of multiplying the fluxes by their corresponding 
Global Warming Potential – a gas-specific weighing factor including the relative impact of an 
impulse flux – does not account for this. By explicitly calculating the size of the atmospheric 
stocks related to the mire, the mire-induced radiative forcing and the greenhouse impact could 
be estimated in a transparent way. As long as the carbon exchange fluxes could be estimated, this 
approach could be followed for a single mire or for entire Western Siberia and under different 
climatic scenarios or drainage conditions.

From the results in Chapter � it can be concluded that Western Siberian mires have a negative 
contribution to the greenhouse effect, thus having a cooling effect, which could partly counteract 
global warming. On the short-term a rapid increase of the CH4 emission, for example due to a 
northward shift of bioclimatic zones under 21st century warming, will cause the mires to have a 
positive feedback to global change, but on the long-term this will switch to a negative feedback 
as the increased CO2 uptake will be dominant. In fact, as long as the mires keep on accumulating 
carbon they could be expected to form a negative feedback. If the future lifetime of the Bakchar 
bog is representative for the Western Siberian mires, the negative feedback mechanism will 
continue for the coming thousands of years. There is no reason to expect that large-scale drainage 
activities will alter this picture, although infrastructural activities by the oil and gas industry 
might have some influence on mire hydrology in the northern parts of Western Siberia.

Changes in permafrost distribution in the north and the functioning of the mires here might 
cause deviations from the picture sketched above (Smith et al., 200�). About 7% of the mire 
area is situated in the zone of continuous permafrost and 20% in the zone of discontinuous 
permafrost. Especially the latter is vulnerable to climate change. It is however uncertain what 
changes in the carbon exchange fluxes could be expected. Most likely, the first effect of future 
warming will be the thickening of the active layer above the frozen soil. This could lead to new 
peat formation on mineral soil, but also to the re-activation of previously frozen peat. Both 
processes will lead to enhanced CO2 uptake, but in the latter case the CH4 emission will probably 
also increase. The change in hydrology due to changes in thermokarst processes (the spatially 
complex cyclic behavior of melting and freezing observed in permafrost areas) is hard to predict, 
due to the lack of data from these areas. In other words, our understanding of the mires in the 
permafrost zone of Western Siberia, is yet insufficient to make a reliable prediction of future 
carbon exchange in this zone.

There are two important notes to be made for the above described greenhouse impact approach. 
First, in all calculations of the radiative forcing it is assumed that the behavior of the greenhouse 
gases in the atmosphere is constant over time. That means that the radiative efficiency and the 
atmospheric lifetime of the gases are not changing. In reality it is possible that changes in the 
atmospheric concentrations of the gases – whether under influence of the mires or not – would 
lead to a different behavior of the gases. Extrapolation of the present greenhouse behavior over 
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Figure 6.5 Radiative forcing and greenhouse contribution of all Western Siberian mires for the 
‘no change’, ‘wet’, ‘dry’ and ‘half zone’ scenarios of Chapter �, with s = 17�0 A.D. instead of 2000 
A.D. A – radiative forcing, R(t), over their past lifetime of 9400 yr and in the future; B – change 
in radiative forcing, ΔR(t), from 17�0 to 2300 yr A.D.; C – greenhouse contribution, G(t), from 
17�0 to 2300 yr A.D.
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the past and future does not account for this variable behavior. This is especially true for the 
rapid atmospheric change since the Industrial Revolution. Therefore, one should be careful in 
interpreting the radiative forcing and greenhouse impact for longer times into the future.

Second, the greenhouse impact is defined as the time-integrated change in radiative forcing from 
the present into the future, or, in general, from a certain moment in time onwards. That means 
that the greenhouse impact is defined relative to a certain moment (s in Equation �.2). In other 
words, it tells us if the greenhouse effect is enhanced (positive contribution) or reduced (negative 
contribution) with regard to a certain state. In this way the outcome is sensitive to the arbitrary 
choice for the moment s. If, for example, the moment s in Figure �.4 had been chosen at the 
start of the Industrial Revolution (e.g., 17�0 yr A.D.) the 21st century warming will not lead to a 
positive contribution, although the negative contribution is slightly raised (Figure 6.�). Since 17�0 
yr A.D. the Western Siberian mires (still expanding in area) have sequestered more CO2 than 
the temporary change during the 21st century could counteract. This illustrates that on the long-
term the ongoing carbon sequestration determines the greenhouse impact. For the near future 
it is however more relevant to set the moment s at the present, particularly given the climatic 
change over the 21st century.

6.6 Conclusions

Peat and carbon accumulation rates in watershed mires show a spatial variation which is difficult 
to quantify and understand with the use of 1-D or 2-D analytical models or by studying single 
cores. The effect of climate change is different for different locations within a mire landscape. 
This problem could be overcome with a distributed 3-D dynamic modeling approach using mire 
hydrology as main limiting factor. Such an approach gives insight in the spatial and temporal 
variability of peat and carbon accumulation in watershed mires. In this way, the development 
of a watershed mire over time could be simulated, showing the lateral expansion and vertical 
growth processes as well as the mire type succession.

A watershed mire starts in depressions at the higher places between rivers and develops further 
as the water table rises in surrounding areas. The resulting lateral expansion leads to the gluing 
together of seperate mire spots to a contiguous cover. As hydrology is the major limiting factor 
for both lateral expansion and vertical growth, the mire development is most sensitive to 
precipitation and evapotranspiration. Under wetter climatic conditions the mire growth could be 
higher due to decreased water table limitation. Vice versa, the mire growth will be more limited 
in dryer periods.

The Bakchar watershed mire will grow further for the coming thousands of years, eventually 
reaching its maximum peat thickness around 11400 yr A.D. when the water table limits further 
growth and carbon uptake and release balance each other. Under wetter climatic conditions the 
mire growth could continue much longer, whereas under dryer conditions an earlier termination 
will occur, although this can be a couple of thousands of years ahead of us.
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Mire drainage disturbs the natural development of a watershed mire over large areas, not only in 
the area with the drains, but also in the undrained area. The zone of influence in the undrained 
mire part could be up to 1.� km wide. In this zone the peat growth and carbon accumulation are 
decreased. For small mires – with a radius less than 1.� km – surrounded by a drained landscape 
this could mean that the mire development is nowhere fully natural.

The relative strengths of CO2 uptake, CO2 emission and CH4 emission determine the 
contribution of the mires to the greenhouse effect. With a long-term stocks-and-flows approach 
the future radiative forcing and greenhouse contribution can be quantified. This approach 
differs from the IPCC (2001) approach with Global Warming Potentials, because it accounts 
for sustained fluxes instead of impulse fluxes and takes the past mire evolution into account. 
The time-integrated change in radiative forcing from the present into the future determines the 
greenhouse contribution relative to the present.

Under pristine conditions watershed mires will have a negative contribution to the greenhouse 
effect, thus counteracting global warming. This is due to the long-term dominance of CO2 
uptake over CH4 emission. Under 21st century warming the Western Siberian mires together 
will temporarily have a positive greenhouse contribution, due to the shift of bioclimatic zones 
northward. Both CO2 uptake and CH4 emission will increase, but on the short-term CH4 
dominates the greenhouse contribution. Thus the mires will temporarily form a positive feedback 
to the greenhouse effect. After some time the greenhouse contribution will be negative again as 
CO2 becomes dominant again. On the long-term the mires will thus be a negative feedback to 
the greenhouse effect.

Under wetter conditions the greenhouse contribution will be more negative, whereas under dryer 
conditions the greenhouse contribution will be less negative or even positive. The latter will be 
the case if peat growth is strongly limited by the water table. Mire drainage will cause a shift 
from a negative to a positive contribution, due to the ceased CO2 uptake. For the estimation of 
the greenhouse contribution in partly drained mires it is important to notice that the net source 
of CO2 due to drainage could be much higher than the net sink of CO2 under natural conditions. 
This means that a natural mire could be balanced out by a much smaller drained mire.

6.7 Recommendations for further research

Several uncertainties and unanswered questions emerged from the discussion sections in the 
previous chapters and the above discussion. The most important are:

Modeling the mire hydrology and peat formation in permafrost areas will improve the estimation 
of the carbon exchange in Western Siberian mires under future climatic change. The modeling 
should be extended with the cyclic melting and freezing processes occurring in permafrost and 
the changes in active layer thickness. As a first attempt the existing model of the Bakchar bog 
could be extended with thermokarst, but most likely it requires the detailed study of a suitable 
key area containing the relevant mire types and thermokarst phenomena. If possible a timeseries 
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of satellite images can be used to investigate decade-scale changes in the mire type distribution 
and thermokarst morphology.

The development of the mires is most sensitive to recharge parameters, including precipitation 
and evapotranspiration, but also snow melt in the spring. The latter is of crucial importance 
in the functioning of the mire, compensating the shortage of water in the summer time and 
thus causing a positive precipitation excess. In long-term steady-state simulations, e.g. over the 
Holocene, this is incorporated in the net annual recharge. However, in short-term simulations, 
especially if flux measurements will be used, the modeling should be transient and accounting 
for fluctuations in recharge over the year. A better understanding of the winter processes and the 
transition from winter to summer is needed to improve the modeling on the short time scales.

The modeled carbon exchange fluxes could be compared to field measurements in the various 
mire types and in drained mire parts. A better estimation of the decay constants, both aerobic 
and anaerobic, could be obtained in this way. Besides, the influence of other factors on the decay 
process should be incorporated to make prediction of future carbon emission under changed 
conditions more reliable.

The model calibration could be improved by: 1) using core data spread evenly over the area, and/
or 2) using an calibration algorithm which accounts for uncertainties in model input (particularly 
in the DEMs) and the objective function. The first one could be difficult because the access 
to the mires could be difficult or only possible by helicopter or winter vehicles. The extended 
calibration algorithm requires a more efficient calculation technique and/or more computer 
power and calculation time.
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Appendix 1 – Analytical formulation of the 
greenhouse contribution

Appendix 1.1 Symbols used

p, CH4, CO2 denote peat, methane and carbon dioxide
m mass in carbon equivalents, M
f carbon flux, MT-1

g gradient of linear function of carbon dioxide flux
h intercept of linear functions of carbon dioxide flux
R radiative forcing, WL-2

G greenhouse contribution, WL-2T
τ atmospheric lifetime, T
α decay constant of peat, T-1

β decay constant of methane, T-1

γ decay constant of carbon dioxide, T-1

x fraction of carbon dioxide pool
a radiative efficiency, WL-2M-1

t time (t ≥ 0), T
s time as from which greenhouse contribution is calculated (0 ≤ s ≤ t), T

Appendix 1.2 Analytical formulations of the carbon masses

A1.2.1 General
The atmospheric decay of the CH4 and CO2 pools is proportional to the mass:

 (A1.1)

 (A1.2)

The mass change rate of each carbon pool is the net result of the incoming and outgoing carbon 
fluxes:

 (A1.3)

 (A1.4)
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 (A1.�)

The solutions for mCH4(t) and mCO2(t) given below should be substituted into Equations (�.1) and 
(�.2) to obtain the radiative forcing and greenhouse contribution.

A1.2.2 Solution if fCO2 and fCH4 are both constant

 (A1.6)

 (A1.7)

 (A1.8)

A1.2.3 Solution if fCO2 is constant and fCH4 is proportional to the peat mass

 (A1.9)
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 (A1.12)
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A1.2.4. Solution if fCO2 is a linear function of time and fCH4 is proportional to the peat mass

 (A1.13)

 (A1.14)

 (A1.1�)

 (A1.16)

 (A1.17)

Note that for g=0 and h≠0 the function fCO2(t) is constant over time. The equations then reduce 
to the equations of Appendix 1.2.3.
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Summary

The vast watershed mires of Western Siberia formed a significant sink of carbon during the 
Holocene. Because of their large area these mires might play an important role in the carbon 
exchange between terrestrial ecosystems and the atmosphere. However, estimation of the 
Holocene and future carbon balance of whole Western Siberian mires is hampered by the lack of 
spatially resolved simulation models. Mire vegetation development, peat accumulation and decay 
are the result of the complex interaction between climate, hydrology and geohydrochemistry. The 
combined effect of all these factors on organic carbon accumulation in both time and space has 
not yet been achieved in peat bog modeling.

The main objective of this thesis was to assess the carbon exchange fluxes between mires and the 
atmosphere, in response to changes in climatic conditions and drainage activities, using a 3-D 
dynamic approach. This exchange comprises the sequestration of carbon dioxide (CO2) by plant 
growth and subsequent peat growth, the emission of methane (CH4) by anaerobic peat decay 
and, in drained areas, the emission of CO2 by aerobic peat decay.

From the detailed analysis of peat cores from different sites in the southern taiga of Western 
Siberia, it emerged that Holocene peat growth and carbon accumulation at different locations 
had different trends especially during early Holocene time, caused by variations in vegetation 
succession. These differences were strongly influenced by the position in the landscape, for 
example the distance to rivers and water divides. Therefore, the effect of climatic change on mire 
development varied from place to place. The indirect effects of climate change through local 
hydrology appeared to be more important than direct influences of changes in precipitation and 
temperature.

Because of the close connection to hydrology, mire development in terms of vertical growth and 
lateral expansion could be predicted by taking hydrological dynamics into account. In the thesis 
a 3-D dynamic modeling approach is described that makes use of groundwater modeling. In 
successive timesteps peat growth and decay as well as mire type distribution for a whole mire 
system were calculated, depending on the water table and water flux conditions. The model was 
forced with a paleo-precipitation record to include variable climatic input. The model results 
show the Holocene development of a watershed mire from a few small spots to a contiguous 
mire landscape. The Holocene carbon accumulation rate shows a spatial variation of 10-8� g C 
m-2 yr-1, with an average of 16.2 g C m-2 yr-1. As hydrology is the major limiting factor for both 
lateral expansion and vertical growth, the mire development is most sensitive to precipitation 
and evapotranspiration. Under unchanged conditions the mire will grow further for the coming 
thousands of years, eventually reaching its maximum peat thickness around 11400 yr A.D. when 
the water table limits further growth and carbon uptake and release balance each other. Under 
wetter climatic conditions the mire growth could continue much longer, whereas under dryer 



120

conditions an earlier termination will occur, although this can be a couple of thousands of years 
ahead of us.

Although human influence is limited, drainage occurs in some marginal areas. This leads to 
aerobic decay of peat and thus to CO2 emission instead of uptake. In a modeling study in a mire 
catchment containing both drained and undrained parts, the effect of drainage after 19�0 A.D. 
was quantified. The results show that the water table drawdown not only affected the drained 
mire part, but also influenced the undrained part over a zone of 1-1.� km. In this zone peat 
growth and carbon accumulation were decreased. Over the whole catchment the net carbon sink 
of 33.1 g C m-2 yr-1 was turned into a net carbon source of 47.3 g C m-2 yr-1.

The contribution of a mire system to the greenhouse effect is depending on the exchange of 
the greenhouse gases CO2 and CH4. CH4 is a much stronger greenhouse gas than CO2, but 
has a much shorter atmospheric lifetime. These two characteristics determine the effect in the 
atmosphere. In the classical IPCC approach the carbon exchange fluxes are multiplied by their 
Global Warming Potential (GWP). This approach is based on the radiative forcing of impulse 
fluxes and the value of the GWP is depending on the time-horizon of interest. For gradually 
changing and sustained fluxes it seems to be more suitable to use a stocks-and-flows approach in 
which atmospheric stocks of CO2 and CH4 are changing due to atmospheric decay and exchange 
with the mire. This approach has been applied in two cases: (1) the northward shift of bioclimatic 
zones in Western Siberia under 21st century warming and (2) the Holocene and future carbon 
exchange in a Western Siberian mire resulting from a 3-D dynamic peat accumulation model. 
The results show that Western Siberian mires form a sink of greenhouse gases at present and 
have therefore a negative contribution to the greenhouse effect. Under 21st century warming or 
drainage conditions the mires will turn into a source of greenhouse gases, thus enhancing the 
greenhouse effect. However, in the case of warming the increase in methane emission from 2.36 
to 3.8� x 1012 g C yr-1 will be overruled by the increase in carbon dioxide uptake from 1�.�� to 20.18 
x 1012 g C yr-1 on the long term, thus leading to a negative contribution again.
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Samenvatting

Koolstofuitwisseling in West-Siberische hoogveengebieden 
en gevolg voor het broeikaseffect
Een ruimtelijk-dynamische modelbenadering

Inleiding
Iedereen heeft wel een beeld bij Siberië. Achter het Oeralgebergte heb je bevroren sneeuwvlaktes, 
bannelingen in strafkampen en Omsk-dat-is-een-mooie-stad-maar-net-iets-te-ver-weg.Vooral 
ruig, koud en ontoegankelijk met hier en daar een grof milieuschandaal in de vorm van gelekte 
olie of een geheimgehouden kernongeluk. Voor wie langer stilstaat bij de immense landmassa 
achter de Oeral, wordt al snel duidelijk dat dit clichébeeld bij lange na niet de verscheidenheid 
in natuur, klimaatomstandigheden en culturen dekt. Een mix van oorspronkelijke nomadische 
volkeren, Aziaten van diverse komaf en Europeanen bewonen een land dat zich uitstrekt van het 
hooggebergte en de steppe van Centraal-Azië tot aan de Noordelijke IJszee. In grote delen zijn 
de zomers soms subtropisch warm, terwijl in noordelijke streken een ‘eeuwige winter’ voorkomt. 
De bevolkingsdruk is er zo laag en sporen van menselijke activiteit vaak zo gering, dat het 
grootste deel van Siberië aangemerkt kan worden als ongerepte natuur. Toch is het onverstandig 
om algemene kwalificaties los te laten op een zo groot en divers deel van de wereld. Laten we 
ons daarom beperken tot het onderwerp van dit proefschrift: hoogveengebieden in West-Siberië.

Het laaglandgebied tussen het Oeralgebergte en de rivier de Jenisej herbergt uitgestrekte, 
natuurlijke hoogveengebieden1. Deze hoogveengebieden hebben zich gevormd gedurende 
het Holoceen, het geologische tijdvak dat grofweg de laatste 10.000 jaar beschrijft. De 
hoogveengebieden komen voor van de steppe tot de noordelijke toendra en beslaan totaal zo’n 1 
miljoen vierkante kilometer, ongeveer het landoppervlak van Duitsland, Frankrijk en de Benelux 
bij elkaar. Terwijl de meeste hoogveengebieden in Europa ontgonnen zijn of op z’n minst sterk 
beïnvloed worden door de mens, kunnen de West-Siberische hoogveengebieden zich ongestoord 
ontwikkelen. Dat betekent dat ze zich actief uitbreiden en een steeds dikker veenpakket vormen.

Vanwege hun grote oppervlak dragen de West-Siberische hoogveengebieden in potentie in 
belangrijke mate bij aan de uitwisseling van koolstof tussen landecosystemen en de atmosfeer. 
In het algemeen wordt namelijk bij het aangroeien van hoogveen koolstof vastgelegd, dat eerst 
in de vorm van CO2 door planten wordt opgenomen en daarna met een deel van het afgestorven 
plantenmateriaal geconserveerd wordt onder waterverzadigde, zuurstofloze omstandigheden. 
Tegelijkertijd komt door langzame afbraak van veen een deel van de koolstof vrij in de vorm van 
methaan. Omdat CO2 en methaan beide broeikasgassen zijn, beïnvloeden hoogveengebieden het 
broeikaseffect van onze atmosfeer en daarmee dus ons klimaat en de toekomstige veranderingen 
daarin.
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Doelstelling van het proefschrift
Onbekend is echter hoe de hoogveengebieden het broeikaseffect beïnvloeden. Versterken ze het 
broeikaseffect of remmen ze de opwarming van de aarde juist af? Om deze vraag goed te kunnen 
beantwoorden is het noodzakelijk om de ontwikkeling van hoogveengebieden te kwantificeren 
in termen van veengroei, veenafbraak en koolstofuitwisseling. Het bepalen van de koolstofbalans 
gedurende het Holoceen en in de toekomst is echter moeilijk, omdat geschikte ruimtelijke 
simulatiemodellen nog niet beschikbaar zijn. Ontwikkeling van hoogveenvegetatie, accumulatie 
van dood plantenmateriaal als veen en afbraak hiervan zijn het gevolg van een complexe 
interactie tussen klimaat, hydrologie en geohydrochemie. Het gecombineerde effect van deze 
factoren op de accumulatie van koolstof in tijd en ruimte kon tot nog toe niet worden vastgesteld 
met veengroeimodellen.

Het hoofddoel van dit proefschrift was het vaststellen van koolstofuitwisseling tussen natuurlijke 
hoogveengebieden en de atmosfeer op basis van een ruimtelijk-dynamische modelbenadering: een 
modelbenadering met 3 ruimtelijke dimensies en tijd. De respons van deze koolstofuitwisseling 
op klimaat en ontwatering stond centraal. De beschouwde uitwisselingsfluxen waren: vastlegging 
van koolstofdioxide (CO2) door plantengroei en daaropvolgende veenvorming, uitstoot van 
methaan (CH4) door anaërobe veenafbraak en, in geval van ontwatering, de uitstoot van CO2 
door aërobe veenafbraak. In de paragrafen hieronder worden de belangrijkste resultaten uit de 
verschillende onderdelen van het proefschrift beschreven.

Holocene veengroeisnelheden
Uit gedetailleerde analyse van diverse veenkernen in de zuidelijke Taiga van West-Siberië 
kwamen verschillende trends in de Holocene veengroei en koolstofaccumulatie naar voren, vooral 
in de vroeg-Holocene periode. Deze verschillende trends werden met name veroorzaakt door 
verschillen in vegetatiesuccessie, die sterk afhing van de positie in het landschap, bijvoorbeeld de 
afstand tot rivieren en waterscheidingen. Daarom werkten klimaatsveranderingen op verschillende 
manieren uit op de hoogveenontwikkeling. Het indirecte effect van klimaatverandering, door 
beïnvloeding van lokale hydrologische omstandigheden, bleek belangrijker dan het directe effect 
van fluctuaties in neerslag en temperatuur.

Ruimtelijk-dynamische modelbenadering
Omdat verticale groei en zijdelingse uitbreiding van hoogveen sterk verbonden zijn aan 
hydrologische condities, kan hoogveenontwikkeling gereconstrueerd en voorspeld worden 
door de dynamiek in deze hydrologische condities als uitgangspunt te nemen. Het ruimtelijk-
dynamische model dat in dit proefschrift beschreven wordt, maakt daarom gebruik van 
grondwatermodellering in combinatie met veengroei en afbraak. In opeenvolgende tijdstappen 
werden met dit model voor een compleet hoogveensysteem de veengroei en -afbraak en de 
vorming van verschillende veentypen berekend. Het model werd daarbij gevoed met een 
neerslagreeks van het Holoceen, zodat rekening gehouden werd met de dynamiek in het klimaat. 
De modelresultaten laten zien dat het hoogveensysteem zich gedurende het Holoceen van een 
aantal kleine veengebieden heeft ontwikkeld naar een aaneengesloten hoogveenlandschap. In 
natte perioden vond sterke uitbreiding van de veengebieden plaats. Als gevolg van de ruimtelijke 
variatie in de ondergrond en de positie in het landschap vertoont de uiteindelijke gemiddelde 
koolstofaccumulatiesnelheid een ruimtelijke variatie. Omdat veengroei met name gelimiteerd 
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wordt door hydrology, is de ontwikkeling van het hoogveenlandschap met name gevoelig 
voor neerslag en verdamping. Indien de huidige klimaatcondities niet veranderen groeit het 
hoogveengebied de komende duizenden jaren verder en bereikt de maximale veendikte rond 
het jaar 11400. De waterstand kan dan niet verder stijgen en houdt verdere groei tegen. De 
koolstofopname en -uitstoot houden elkaar dan in evenwicht. Onder nattere klimaatcondities 
kan het hoogveengebied veel langer doorgroeien. Drogere condities veroorzaken een sneller 
einde aan de veengroei, hoewel dit eindpunt nog duizenden jaren op zich kan laten wachten.

Effecten van ontwatering
Hoewel menselijke invloed beperkt is tot kleine gebieden, komt ontwatering (drainage) voor. 
Dit leidt tot aërobe afbraak van veen en daarmee tot uitstoot in plaats van opname van CO2. 
In een modelstudie in een hoogveengebied met zowel gedraineerde als ongedraineerde delen is 
het effect van drainage na het jaar 19�0 berekend. De resultaten laten zien dat het dalen van de 
waterstand niet alleen effect had op het gedraineerde deel, maar ook op een zone van 1 tot 1,� 
km in het ongedraineerde deel. In deze zone namen de veengroei en koolstofopname af. Over 
het gehele hoogveengebied bekeken, veranderde de opslagplaats (‘sink’) van koolstof in een bron 
(‘source’) van koolstof.

Bijdrage aan het broeikaseffect
De bijdrage van een hoogveengebied aan het broeikaseffect hangt af van de uitwisseling van 
de broeikasgassen CO2 en CH4. CH4 is een veel sterker broeikasgas van CO2, maar heeft een 
veel kortere verblijftijd in de atmosfeer. Deze twee karakteristieken bepalen het effect in de 
atmosfeer, waarbij het kan voorkomen dat bij een netto opname van koolstof (meer opname van 
CO2 dan uitstoot van CH4) toch een netto versterking van het broeikaseffect optreedt. In de 
klassieke benadering worden de koolstofuitwisselingsfluxen vermenigvuldigd met hun ‘Global 
Warming Potential’ (GWP), voor CH4 hoger dan voor CO2. Deze aanpak gaat uit van de 
stralingskracht die een puls van een broeikasgas heeft over een bepaalde tijd. De waarde van de 
GWP is afhankelijk van de tijdspanne waarover men geïnteresseerd is: een arbitraire keuze, die 
voor beleidskeuzes vaak op 20 jaar wordt gesteld, maar voor lange-termijn effecten op 100 of �00 
jaar. Voor de langzaam veranderende en constante fluxen die zich in hoogveengebieden afspelen, 
ligt een ‘stocks-and-flows’ benadering meer voor de hand. Daarin worden de veranderingen 
in de atmosferische voorraden (‘stocks’) van CO2 en CH4 berekend als functie van de 
uitwisselingsfluxen (‘flows’) met het hoogveen. Deze benadering is in dit proefschrift analytisch 
uitgewerkt en toegepast in twee studies: (1) het noordwaarts opschuiven van bioklimaatzones 
in West-Siberië als gevolg van opwarming in de 21ste eeuw en (2) de Holocene en toekomstige 
koolstofuitwisseling die met het ruimtelijk-dynamische model is bepaald. De resultaten laten 
zien dat de West-Siberische hoogveengebieden gedurende het Holoceen en op dit moment een 
netto opslagplaats van broeikasgassen zijn en dus een negatieve bijdrage aan het broeikaseffect 
leveren, met andere woorden: het broeikaseffect tegenwerken. Door opwarming van het klimaat 
in de 21ste eeuw zal de verschuiving van bioklimaatzones ertoe leiden dat de hoogveengebieden 
het broeikaseffect gaan versterken. Na verloop van tijd zal dit echter weer omkeren naar een 
tegenwerking van het broeikaseffect, omdat de toegenomen opname van CO2 dan gaat 
domineren over de toegenomen CH4 uitstoot. Bij ontwatering zullen de hoogveengebieden altijd 
positief bijdragen aan het broeikaseffect.
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Noot
1 Hoogveengebieden zijn ecosystemen waarin veenvorming plaatsvindt of heeft plaatsgevonden. In 

tegenstelling tot laagveengebieden vindt aanvoer van water en voedingsstoffen uitsluitend via neerslag plaats 
en niet via oppervlaktewater of grondwater uit de minerale ondergrond. Dat betekent dat hoogveenvegetatie 
een voedselarm karakter heeft. In West-Siberië zijn de veenlandschappen vaak een complex van veentypen, 
waarbinnen zowel laagveen als hoogveen voorkomt. Meestal zijn het waterscheidingsvenen (in het Engels: 
‘watershed mires’), die bij beginnende veenvorming en aan de randen langs rivieren laagveenkenmerken 
hebben en bij dikkere veenpakketten en in de centrale delen op de waterscheiding hoogveenkenmerken. 
Overgangsvormen komen ook voor, o.a. als door oppervlakkige afstroming over langere afstanden aanrijking 
van voedingsstoffen plaatsvindt. Voor het gemak wordt in deze Nederlandstalige samenvatting van 
hoogveengebieden gesproken.
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