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Stellingen 

1. Als intensief beheerde, ontwaterde veengraslanden worden omgezet in 

extensief beheerde, natte graslanden zal de methaanemissie uit deze 

graslanden aanzienlijk toenemen. 
Dit proefschrift. 

2. Bij onderzoek naar broeikasgasemissies is de toepassing van geostatistische 

technieken op perceelsniveau niet zinvol, omdat variogrammen van 

broeikasgasemissies binnen een dag sterk kunnen veranderen. 
Dit proefschrift. 

3. In Nederland is het effect van stikstof bemesting en het verschil tussen 

beweiden en maaien op methaanemissie uit graslanden te verwaarlozen. 
Dit proefschrift. 

4. Ontwatering is het enige instrument op het gebied van graslandbeheer 

waarmee methaanemissie uit graslanden in Nederland verminderd kan worden. 
Dit proefschrift. 

5. Recente schattingen van methaanemissies (Van Amstel et al., 1993) 

veronderstellen dat ontwaterde veengraslanden een belangrijke bron van 

methaan zijn; deze graslanden nemen echter methaan op. 
Van Amstel AR, Swart RJ, Krol MS, Beek JP, Bouwman AF & van der Hoek KW (1993) 

Methane, the other greenhouse gas. Research and policy in the Netherlands. National 

institute of public health and environmental protection, Bilthoven. 

Dit proefschrift. 

6. Een deel van het energieverbruik bij dierlijke produktie moet als energiewaarde 

aan dierlijke mest toegekend worden, omdat dierlijke mest een waardevolle 

bron van nutriënten en organische stof voor de bemesting van bouw- en 

grasland is. 

7. De huidige schadedrempels voor bestrijding van emelten in grasland zijn te 

laag. Bij deze aantallen emelten zijn de kosten van bestrijding gemiddeld ƒ50,-

per ha hoger dan het verlies door schade. 



8. Indien onze maatschappij van het landbouw/bedrijfsleven natuurontwikkeling 

verlangt, zal zij ook bereid moeten zijn om de landbouwers financieel te 

compenseren. 

9. Een uitkering op basis van de Wet Arbeidsongeschiktheidsverzekering 

Zelfstandigen (WAZ) zou gebaseerd moeten zijn op kosten voor vervanging in 

plaats van op inkomensderving. 

10. Agenda 2000, het voorstel van de Europese Commissie voor overgang van 

prijsondersteuning naar inkomenssteun, leidt tot een vermindering van 

bedrijfsontwikkeling in de landbouw. 

11. Meer geld voor de gezondheidszorg is van levensbelang. 

12. Ecologische melkveehouderij en weidevogelbeheer vormen geen optimale 

combinatie. 

13. Door de invoering van MINAS is optimalisering van bemesting van grasland en 

maïs op gewasniveau niet langer voldoende, maar dient optimalisering op 

bedrijfsniveau plaats te vinden. 

14. Het geloof nu is de zekerheid der dingen, die men hoopt, en het bewijs der 

dingen, die men niet ziet. 
Hebreeën 11:1. 

Stellingen behorende bij het proefschrift "Methane emissions from grasslands" 

van Agnes van den Pol-van Dasselaar, Wageningen, 16 september 1998. 
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Voorwoord 

Velen hebben op de een of andere wijze bijgedragen aan het werk, dat beschreven 

is in dit proefschrift, en daar ben ik hen allen zeer dankbaar voor! Enkele mensen wil 

ik toch even met name noemen. 

Als eerste mijn promotor prof. Oene Oenema. Beste Oene, jij wist mij door jouw 

adviezen, suggesties en ideeën altijd te inspireren. Ik heb het erg prettig gevonden 

dat je mij volop de vrijheid gaf en tegelijkertijd snel en adequaat reageerde bij vragen 

van mijn kant. Een betere begeleiding kon ik mij niet wensen! 

Mijn co-promotor, dr. Rien van Beusichem, verdient ook een bijzonder woord 

van dank. Beste Rien, dankzij jouw inzet hoefde ik me niet druk te maken over 

allerlei administratieve en financiële zaken rondom het project. Je suggesties ter 

verbetering van de inhoud van dit proefschrift heb ik als waardevol ervaren. 

Een groot deel van mijn tijd heb ik in het veld doorgebracht. Mijn dank gaat uit naar 

degenen die mij toestemming verleenden om op diverse plaatsen te gaan meten: 

proefbedrijf Zegveld, de natuurterreinen Nieuwkoopse Plassen en Wolfheze van de 

Vereniging Natuurmonumenten en de Bovenbuurtse Weilanden van de toenmalige 

vakgroep Agronomie (met dank aan Jan Neuteboom). 

Vele mensen hebben mij geholpen met veldwerk, waarvoor hartelijk dank. Mijn 

dank gaat in het bijzonder uit naar de heer Alta, beheerder van het natuurterrein 

Nieuwkoopse Plassen, die er drie jaar lang voor zorgde dat ik altijd een boot tot mijn 

beschikking had om naar de proefvelden te varen. Verder bedank ik de 

medewerkers van proefbedrijf Zegveld, de heer Aandeweg (beheerder van het 

gebied Wolfheze) en al die mensen die één of meer dagen geholpen hebben met 

het veldwerk op de Nieuwkoopse Plassen. Er waren zelfs mensen (Aline, Gerrit), die 

een nacht meegingen! Meten bij vorst was erg leuk: op de schaats, met Gerrit en 

een slee! Vermeldenswaardig is ook de 36-uursmeting, die uiteindelijk maar een 

12-uursmeting werd door de combinatie onweer, hevige regenval en watergevoelige 

apparatuur. De terugtocht in het donker over de Nieuwkoopse Plassen tegen de 

wind en de regen in, met Arie Brader voor in de boot, was bijzonder! 

Met veel plezier kijk ik ook terug op de meetweek in Fallköping in Zweden met 

Oene Oenema, Wim Corré, Roel Vriesema (AB-DLO Haren), en een busje waar echt 

niet meer in kon. Deze meetweek was onderdeel van een EG-project, waarin 

onderzoekers van diverse landen participeerden. Dear Wim, Anders, Âsa, Per, 



Alfred, Leif, and Oene, thanks for the pleasant cooperation and discussions during 

and after the Sweden field campaign of May 1996, which resulted in the paper 

presented in Chapter 6. 

Na een dag veldwerk kwam ik altijd met een hele serie spuiten gevuld met lucht 

terug op de vakgroep. Om deze te analyseren heb ik heel wat uurtjes achter de 

gaschromatograaf doorgebracht bij Jaap Nelemans en Willeke van Tintelen in het 

lab. Jaap en Willeke, bedankt voor de gezelligheid en hulp in het lab, en ook voor de 

koffie op Duivendaal! 

I gratefully acknowledge the work done by students H. de Wit (NL), K. McCallum and 

Michael Dent (UK), Rowan Sturgess and Mike Brooks (UK), and A. Hernandez 

Villaró (S). Dear Heleen, Kevin and Michael, Rowan and Mike, and Anna, you 

contributed to the work presented in Chapter 7 and 8. But also, we had lots of fun, 

and I really hope to meet you again some day! 

Mijn project was in de periode 1993-1995 onderdeel van het "geïntegreerde 

grasland-methaan-project" en in de periode 1995-1997 van het "geïntegreerde 

grasland-lachgas-methaan-project". Dr. Peter Leffelaar was projectleider van het 

laatste project. Beste Peter, bedankt voor alle energie die je in het project gestopt 

hebt om de voortgang ervan te verzekeren. Zonder jou was het project mogelijk al 

gestopt in 1995 en had dit proefschrift er niet gelegen. 

In beide projecten heb ik prettig samengewerkt met Reinoud Segers, Cor 

Langeveld, Herman Heipieper en Serve Kengen. Met name Reinoud heeft een grote 

bijdrage geleverd aan mijn gedachtengang rondom methaan. Beste Reinoud, van 

harte bedankt voor het gebruik van je "methaanbibliotheek". Als ik over een bepaald 

aspect van methaan wat wilde weten, kwam je altijd wel met een kopie van een of 

ander artikel. 

Alle collega's van Bodemkunde en plantenvoeding wil ik bedanken voor de 

gezelligheid en interesse. Vooral van Gerard Velthof heb ik veel nuttige tips 

gekregen. Ook heb ik veel opgestoken in het discussiegroepje van de CT. de Wit 

onderzoeksschool Produktie Ecologie, waar mijn project toe behoorde. 

Familie, vrienden, collega's, bedankt voor jullie belangstelling! Al met al was het een 

leuke en boeiende tijd, niet in het minst dankzij Gerrit. Lieve Gerrit, bedankt voor je 

onvoorwaardelijke steun, hulp en vertrouwen! 

Agnes 



ABSTRACT 

Van den Pol-van Dasselaar A (1998) Methane emissions from grasslands. 

Ph.D. thesis, Wageningen Agricultural University, Wageningen, the Netherlands, 

179 pages. 

This study aims to provide insight into the major factors that contribute to net 

methane (CH4) emissions from grasslands, and to provide quantitative data on net 

CH4 emissions from typical grasslands with a range of soil wetness and N input in 

the Netherlands. CH4 emissions from grasslands were measured with vented closed 

flux chambers at a number of sites in the period 1994-1997. Furthermore, several 

incubation experiments were carried out. 

Wet grasslands with low N input on peat soil were considerable sources of CH4. 

They emitted 80-200 kg CH4 ha"1 yr"1. Main determining factors for temporal 

variability of CH4 emissions from these grasslands were ground water level and soil 

temperature. Main determining factors for spatial variability were CH4 production 

capacity and aboveground biomass of sedges. Fractionation of wet peat soils into 

different size and density fractions indicated that recentjy died plant material is a 

major substrate for methanogens. 

Intensively managed grasslands with a range of N input on drained peat soils 

consumed 0.1 to 0.3 kg atmospheric CH4 ha"1 yr"1. Spatial dependence of 

greenhouse gas emissions from drained peat soils showed differences between sites 

and also between succeeding days. Extensively managed grasslands with low N 

input on relatively dry sandy soil consumed 1.1 kg CH4 ha"1 yr'1. Temporal variability 

of CH4 uptake by these grasslands was related to differences in soil temperature and 

soil moisture content. 

It is concluded that grassland management, other than drainage, is not an 

option to mitigate net CH4 emissions from grasslands in the Netherlands. The effects 

of N fertilisation, withholding N fertilisation, grazing versus mowing and stocking 

density on net CH4 emissions were negligible or small. Thus far, CH4 emissions from 

grasslands in the Netherlands were not well-documented. The present study 

estimates that national net CH4 uptake by grasslands (excluding wet grasslands) is 

0.5 Gg CH4 yr"1. Wet soils, which occupy only 0.5% of the total surface area, emit 

5-10 Gg CH4 yr"1. Estimates of CH4 emissions in the Netherlands should be adjusted 

to put straight the role of grasslands in the national CH4 budget. 
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Chapter 1 

GENERAL INTRODUCTION 

The greenhouse effect 

Radiatively active gases, the so-called greenhouse gases, are transparent for 

incoming short-wave radiation from the sun. They however trap part of the outgoing 

infra-red radiation from the earth's surface, thereby causing a heating of the 

atmosphere. This is the so-called greenhouse effect. Without a greenhouse effect, 

temperature on earth would be about 33 °C lower than the present temperature 

(IPCC, 1995a), which would make life in its present form impossible. 

The concentration of greenhouse gases in the atmosphere has been increasing 

since pre-industrial times, mainly due to human activities. This increase gives 

concern, because it may cause additional global warming due to an enhanced 

greenhouse effect. Climate change may be a serious threat. Some characteristics of 

the important greenhouse gases carbon dioxide (CO2), methane (CH4), and nitrous 

oxide (N20) are shown in Table 1.1. Halocarbons, methylchloroform and carbon 

tetrachloride also contribute to greenhouse gas radiative forcing (IPCC, 1995a). 

Table 1.1. Characteristics of key greenhouse gases (IPCC, 1995a). 

CC^ CFÙ thO 

Pre-industrial concentration, ppmvu 

Concentration in 1992, ppmv 

Concentration increase 

over 1980s, % yr"1 

Atmospheric life-time, yr 

Global Warming Potential2' 

Contribution to greenhouse gas 

radiative forcing, % 62 20 4 

'' ppmv = parts per million by volume. 
2) Global Warming Potential: cumulative radiative forcing over 100 years, caused by 

a unit mass of gas emitted now (expressed relative to CO2). 

280 
355 

0.4 

50-200 

1 

0.70 

1.71 

0.8 

12-17 

24.5 

0.28 

0.31 

0.25 

120 

320 
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Since the first reports of possible global warming (late 1980s), greenhouse gases 

have been the subject of many research topics. However, the uncertainties regarding 

the enhanced greenhouse effect are still large. The temperature of the earth has 

been increasing in the last decades, but it is very difficult to distinguish between 

temperature increase due to an enhanced greenhouse effect and temperature 

increase due to climate variability. The general consensus has been summarised in 

the second assessment report of the Intergovernmental Panel on Climate Change: 

"the balance of evidence suggests a discernible human influence on global climate" 

(IPCC, 1995b). Further on, estimates of the magnitude of sources and sinks of 

greenhouse gases are still highly variable (e.g. Table 1.2). Finally, controlling factors 

and the effects of these factors on sources and sinks of greenhouse gases are not 

fully understood. It is especially important to understand the impact of human 

activities, as these may be adjusted to reduce the hazards of enhanced global 

warming. 

Global CH4emissions 

CH4 is an important greenhouse gas. The estimated contribution of CH4 to the 

anticipated enhanced greenhouse effect is 20% (IPCC, 1995a). According to IPCC 

(1995a), global CH4 source strength equals 535 Tg CH4 yr"1 (Table 1.2). Natural 

wetlands are the biggest CH4 source. Global CH4 sink strength is estimated to be 

515 Tg CH4 yr"1. The main removal process for CH4 is the reaction with hydroxyl 

radicals (OH) in the atmosphere. Atmospheric CH4 increase is estimated to be 37 Tg 

CH4 yr"1. This implicates that there is a difference between estimated total identified 

sources and estimated implied total sources (Table 1.2). The increase in 

atmospheric CH4 concentration is thought to be related to a rise in the human 

population and the accompanying activities, e.g. oil and gas production and 

distribution, coal production, animal husbandry, wetland rice production, biomass 

burning and landfills. 
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Table 1.2. Estimated sources and sinks of CH4 in Tg CH4 yr"1 (1 Tg = 1012 g) (IPCC, 

1995a). 

Estimate Range 

Sources 

Wetlands 

Fossil fuel related 

Enteric fermentation 

Rice paddies 

Biomass burning 

Landfills 

Animal waste 

Domestic sewage 

Termites 

Oceans 

Other natural 

Total identified sources 

Sinks 

Troposphere 

Stratosphere 

Soils 

Total sinks 

Atmospheric increase 37 35-40 

Implied total sources 552 465-640 

(atmospheric increase + total sinks) 

115 
100 

85 

60 

40 

40 

25 

25 

20 

10 

15 

535 

445 

40 

30 

515 

55-150 

70-120 

65-100 

20-100 

20-80 

20-70 

20-30 

15-80 

10-50 

5-50 

10-40 

410-660 

360-530 

32-48 

15-45 

430-600 



General introduction 

CH4 dynamics in soils 

CH4 production 

Methanogenesis may occur in soils when organic matter is degraded under 

anaerobic conditions, in the absence of electron acceptors other than CO2 

(Oremland, 1988). It is a microbial process, in which methanogens produce CH4, 

either in anaerobic soil layers below the ground water level or in anaerobic microsites 

above the ground water level. CH4 production is thought to occur primarily via two 

pathways: aceticlastic methanogenesis (CH3COO" + H+ -» CH4 + C02), which is the 

predominant pathway, and CO2 reduction or hydrogenotrophic methanogenesis (CO2 

+ 4H2 -> CH4 + 2H20). Main factors influencing the rate of CH4 production are 

aeration of the soil, presence of alternative electron acceptors, like NO3", Mn4*, Fe3+, 

and S04
2", type and amount of available organic matter and size and activity of the 

methanogenic population (Conrad, 1989; Oremland, 1988; Segers, 1998). 

CH4 consumption 

Under aerobic conditions both CH4 that has been produced in anaerobic parts of the 

soil and atmospheric CH4 can be oxidised. Two kinds of CH4 oxidising activity can be 

distinguished: low affinity (at high CH4 concentrations) and high affinity (at low, 

atmospheric CH4 concentrations). High affinity CH4 oxidisers are poorly identified. 

Next to methanotrophs also nitrifiers may oxidise CH4 (Bédard & Knowles, 1989). 

Probably, the contribution of nitrifiers to atmospheric CH4 consumption is small 

(Hütsch et al., 1993, Schnell & King, 1994). In this thesis, all CH4 oxidisers are 

generally referred to as methanotrophs. Main factors influencing the rate of CH4 

oxidation are 0 2 and CH4 concentration in the soil and size and activity of the 

methanotrophic population (Segers, 1998). 

CH4 emissions 

The contribution of soils to the global CH4 balance is significant: 14-47% of the total 

source (i.e. wetlands and rice paddies) and 3-9% of the total sink (IPCC, 1995a). Net 

CH4 emissions, i.e. the resultant of CH4 exchanges between soil and atmosphere, 

encompasses the processes CH4 production, CH4 oxidation, and CH4 transport. CH4 
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transport in the soil can take place via diffusion, ebullition, and via the vascular 

system of plants (e.g. Schimel, 1995). 

Determining factors for CH4 emissions from soils 

Determining factors for CH4 emissions from soils can be split up into environmental 

factors and management factors. Important environmental factors are ground water 

level and soil temperature (Bartlett & Harriss, 1993). Soil temperature affects CH4 

production and CH4 consumption. Ground water level roughly indicates the transition 

zone between aerobiosis and anaerobiosis in the soil. Soil moisture content of the 

unsaturated soil and precipitation may also be important as they influence the degree 

of anaerobiosis in the unsaturated soil. Further on, vegetation characteristics may be 

important (Bubier et al., 1995b; Schimel, 1995; Whiting & Chanton, 1993), since 

plant material may serve as substrate for methanogens and CH4 may be transported 

via the vascular system of plants. Important management factors may be drainage 

(e.g. Martikainen et al., 1992; Roulet et al., 1993), since drainage affects the ground 

water level, and nitrogen (N) fertilisation (Hütsch et al., 1994; Mosier et al., 1991; 

Steudler et al., 1989; Willison et al., 1995). N fertilisation may decrease CH4 

consumption, either caused by an immediate inhibition^ methanotrophy (short-term 

effect) or by a change in the composition and size of the microbial community due to 

repeated fertiliser N application (long-term effect). It is not known whether there is an 

effect of grazing versus mowing. 

CH4 emissions from soils in the Netherlands 

Estimates of CH4 emissions in the Netherlands have been first compiled by Van den 

Born et al. (1991), and have been updated by Van Amstel et al. (1993). CH4 

emissions from wet organic soils and drained organic soils were estimated to be 80-

200 and 10-200 mg CH4 m"2d"1, respectively. These estimates were based on 

research at organic soils in other countries (e.g. Aselmann & Crutzen, 1989; Moore & 

Knowles, 1989). In general, drained soils are considered to be a net sink for 

atmospheric CH4 (e.g. Hütsch et al., 1994; Minami et al., 1994; Mosier et al., 1991). 

Total national CH4 source strength was estimated at 1227 Gg CH4 yr'1 (1 Gg = 109 g) 

with a contribution of 10-27 Gg CH4 yr"1 from wet organic soils and 32-89 Gg CH4 yr"1 

from drained organic soils (Van Amstel et al., 1993). Van Amstel et al. (1993) 
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estimated net CH4 uptake by forests at 2.0 Gg CH4 yr"1. Net CH4 uptake by 

grasslands and arable land were not considered separately. Net CH4 uptake by 

arable land is usually much smaller than net CH4 uptake by grasslands (e.g. Ambus 

& Christensen, 1995; Glenn et al., 1993; Hütsch et al., 1994). 

About one-third of the soil surface in the Netherlands is occupied by 

grasslands. Thus far, CH4 emissions from these grasslands are poorly quantified. 

Grasslands in the Netherlands have certain aspects, which distinguish them from 

grasslands in other countries. More than 95% of the grasslands is intensively 

managed and drained, but they have a relatively shallow ground water table. Further 

more, grassland management in the Netherlands is characterised by large N inputs 

(300-500 kg N ha"1 yr"1) via N fertilisers, animal excreta and atmospheric N 

deposition, which may reduce CH4 consumption (e.g. Hütsch et al., 1994; Steudler et 

al., 1989). Unfertilised grasslands still have a total N input of 30-50 kg N ha"1 yr"1 via 

atmospheric deposition. Furthermore, about 30% of the grassland area is situated on 

peat soils. Peat soils have a high CH4 emitting potential (Bartlett & Harriss, 1993), 

because they may be anoxic at shallow depth and have high organic matter 

contents. Thus far, it is not known whether intensively managed grasslands on 

drained peat soil are a source or a sink of CH4. Insight into possible CH4 uptake by 

soils is relevant. Although the uptake of CH4 by aerobic soils is thought to represent 

only 3 to 9 % of total global CH4 sinks, it is a CH4 sink that is directly under the 

influence of human activity, and as such a CH4 sink that can possibly be managed. 

Next to grasslands on drained soils, a small part of the grasslands in the 

Netherlands is classified as wet grasslands. They may emit considerable amounts of 

CH4 (e.g. Bartlett & Harriss, 1993). Although the area of wet grasslands is small, 

insight into CH4 emissions from these grasslands is relevant, since (i) wetlands 

contribute significantly to national and global CH4 budgets and (ii) the government in 

the Netherlands intends to convert part of the agricultural used, drained grasslands 

on peat soil into wet grasslands. 

Aims of this thesis 

The major aims of this thesis are: 
(i) To provide insight into the major factors that contribute to net CH4 emissions from 

grasslands. More information on determining environmental and management 
factors is needed to investigate the possibilities of reducing CH4 emissions. 
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Furthermore, such information can be used in simulation models, that aim at 

gaining quantitative insight in the underlying processes of CH4 emissions, which 

may help to judge the reliability of extrapolations (e.g. Segers & Leffelaar, 1996). 

Special emphasis is put on the effect of soil wetness and N fertilisation, since they 

can both be managed. In the Netherlands, soil wetness can be influenced via the 

water level in ditches. Since large variability of net CH4 emissions is a common 

phenomenon, special attention is paid to temporal and spatial variability, both in 

long-term and short-term field experiments, 

(ii) To provide quantitative data on net CH4 emissions from typical grasslands with a 

range of soil wetness and N input in the Netherlands. Special emphasis is put on 

defining the limits of net CH4 emissions. 

Set-up of the study 

Field experiments 

Field experiments form the main part of this study. Field monitoring provides the 

most realistic estimates of CH4 emissions, since the variability in both environmental 

and management factors is incorporated. Furthermore, the impact of possible 

determining factors for CH4 emissions can most realistically be measured in the field. 

To provide realistic estimates of annual CH4 emissions, monitoring should be done 

for a year at least, and for several years in situations where large interannual 

differences are expected. Net CH4 emissions and possible determining factors of 

CH4 emissions were measured in the period 1994-1997 at grasslands with a range of 

soil wetness and N input: 

(i) "Nieuwkoopse Plassen", the Netherlands, wet peat soils with low N input. 

To explore maximum CH4 emissions from grasslands in the Netherlands, 

measurements were carried out in the nature preserve "Nieuwkoopse Plassen". 

"Nieuwkoopse Plassen" includes good representatives of wet grasslands. It is a 

former peat mining and agricultural area with narrow grassland and reed fields, 

surrounded by ditches. Ground water level is kept near the surface. The sites 

can be classified as minerotrophic peat soils (fens), 

(ii) Zegveld, the Netherlands, drained peat soils with both low and high N input. 

About 30% of the grassland area in the Netherlands is situated on drained peat 

soils and intensively managed. To examine whether these grasslands are a 

8 
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source or a sink of CH4, measurements were carried out at the experimental 

farm Zegveld. Zegveld is a good representative of intensively managed 

grasslands on peat soil. There were several treatments available: relatively high 

and relatively low ground water level, grazing and mowing, N fertilisation and 

withholding of N fertilisation. 

(iii) Fallköping, Sweden, drained peat soils with moderate N input. 

Large variability of CH4 emissions is a common phenomenon. Spatial variability 

of greenhouse gases and possible determinants were studied in co-operation 

with researchers from several EU-countries during a field campaign at 

Fallköping. Fallköping is a good representative of agriculturally used grasslands 

on drained peat soil in north-western Europe. 

(iv) Gelderland, the Netherlands, relatively dry sandy soils with low N input. 

Grasslands on relatively dry soils may consume significant amounts of CH4. 

However, uptake of atmospheric CH4 may also be restricted due to human 

influences like N input. To explore the maximum uptake of atmospheric CH4 by 

grasslands in the Netherlands, measurements were carried out at Wolfheze 

and Bovenbuurtse Weilanden, relatively dry sandy soils with a low soil fertility 

status in the province Gelderland. 

Incubation experiments 

To unravel some confounding effects from the field experiments, several 

experiments were carried out under controlled conditions. Potential CH4 production 

and CH4 consumption were determined in incubation experiments with soil samples 

from different depths. To improve our understanding of CH4 emissions from wet peat 

soils, CH4 production capacity was studied for individual soil fractions obtained by a 

physical soil fractionation method. The main determining environmental factors of 

CH4 consumption capacity, i.e. soil moisture content and soil temperature, often are 

interrelated in the field. The separate effect of these factors was assessed in 

incubation experiments. 

Methodology of flux measurements 

In the field experiments, CH4 emissions between soil and atmosphere were 

measured with vented closed flux chambers (Hutchinson & Mosier, 1981; Mosier, 

1989). Flux gradient techniques were not considered as plots were small. The use of 
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flux chambers in measuring CH4 emissions has several advantages and 

disadvantages (e.g. Mosier, 1989; Velthof, 1997). Main advantages of the use of flux 

chambers are (i) small-scale differences can be studied, (ii) small fluxes can be 

measured, (iii) flux chambers are easy in use, and (iv) construction of flux chambers 

is relatively simple and inexpensive. There are however also disadvantages. Firstly, 

disturbances by inserting the chamber into the soil may release CH4 trapped by the 

soil. This can be minimised by using flux chambers with sharp edges, by carefully 

inserting them into the soil and/or using boardwalks and permanently installed 

frames at sites with a soft top soil. Furthermore, build-up of high CH4 concentrations 

in flux chambers may decrease CH4 emissions from the soil; this problem can be 

minimised by adapting the time of flux chamber closure to the anticipated CH4 

emission. Differences in pressure and/or temperature between the flux chamber and 

the atmosphere may also be a problem; this can be minimised by using vented 

chambers and covering these chambers with an insulating sheet. 

Outline of this thesis 

In Chapters 2, 3, and 4, CH4 emissions from wet grasslands on peat soil in a nature 

preserve are studied. In Chapter 2, a simple regression model of CH4 emissions is 

presented, with ground water level and soil temperature as independent variables. In 

Chapter 3, the determinants of spatial variability of CH4 emissions are evaluated. In 

Chapter 4, CH4 production and C mineralisation capacities are presented for 

individual soil fractions obtained by a physical fractionation method. 

In Chapters 5 and 6, CH4 emissions from intensively managed grasslands on 

drained peat soil are studied. In Chapter 5, the effect of grassland management on 

CH4 emissions is presented. In Chapter 6, results from a measurement campaign, 

investigating spatial variability of greenhouse gas emissions and determining factors, 

are presented and analysed using geostatistics. 

In Chapter 7, CH4 emissions from grasslands on sandy soils are studied. 

Furthermore, the effect of soil moisture content and temperature on CH4 oxidation is 

investigated. In Chapter 8, the effects of N input and grazing on CH4 uptake by 

extensively and intensively managed grasslands on peat and sandy soils in the 

Netherlands are presented. Finally, Chapter 9 gives an overview and general 

discussion of all results. 
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Methane emissions from wet grasslands on 

peat soil in a nature preserve 

Van den Pol-van Dasselaar A, van Beusichem ML & Oenema O (1998) 

Biogeochemistry, in press 
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Chapter 2 

METHANE EMISSIONS FROM WET GRASSLANDS ON PEAT SOIL IN A NATURE 
PRESERVE 

Abstract 

The area of wet grasslands on peat soil in the Netherlands is slowly increasing at the 

expense of drained, agriculturally used grasslands. This study aimed (i) to assess 

the contribution of wet grasslands on peat soil to CH4 emissions, and (ii) to explain 

differences among sites and between years in order to improve our understanding of 

controlling factors. For these purposes, a field study was conducted in the period 

1994-1996 in the nature preserve "Nieuwkoopse Plassen", which is a former peat 

mining and agricultural area. Net CH4 emissions were measured weekly to monthly 

with vented closed flux chambers at three representative sites, and at ditches near 

these sites. Three-years average of CH4 emissions was 79 kg CH4 ha"1 yr"1 for Drie 

Berken Zudde, 133 for Koole, and 204 for Brampjesgat. Ditches near the sites 

emitted 42-225 kg CH4 ha"1 yr"1. The time course of CH4 emissions for all 

experimental sites and years was fit with a multiple linear regression model with 

ground water level and soil temperature as independent variables. Lowering or 

raising the ground water level by 5 cm could decrease or increase CH4 emissions by 

30-50%. Therefore, ground water level management of these grasslands should be 

done with care. 

Introduction 

CH4 is one of the most important greenhouse gases. Methanogenesis occurs 

wherever organic matter is decomposed under anaerobic conditions, in the absence 

of electron acceptors other than CO2. Under aerobic conditions CH4 can be oxidised 

by methanotrophs. Net CH4 exchanges between the soil and the atmosphere are the 

result of the biogeochemical processes: CH4 production and CH4 consumption, and 

CH4 transport. Transport can take place via diffusion, ebullition, and via the vascular 

system of plants. Important environmental factors determining CH4 emissions from 

soils are vegetation, temperature and ground water level (e.g. Bartlett & Harriss, 

1993; Bubier et al., 1995b; Kettunen et al., 1996; Whiting & Chanton, 1993). 

Vegetation may serve as a conduit for CH4 and O2 transport, and as a substrate for 

methanogens. Soil temperature affects the kinetics of both microbial CH4 production 

14 
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and consumption. Ground water level acts as a border between anaerobic and 

aerobic layers in the soil. 

Wetlands are mainly situated on peat soil (Bartlett & Harriss, 1993). They have 

the potential of emitting large amounts of CH4, since they are mainly anaerobic. On a 

global scale, wetlands contribute between 10 and 28% to total CH4 sources (IPCC, 

1995a). Approximately half of the total surface area of the Netherlands has been 

wetland for some time during the last 3000 years. Especially during the last few 

centuries the area of wetlands has decreased drastically. Most of it has been 

transformed into agricultural land. At present, less than 1% of the total surface area 

is wetland. However, this area is increasing, due to the policy of the government of 

the Netherlands to withdraw intensively managed, drained grasslands from 

agriculture and turn them into wet grasslands. Thus far, CH4 emissions from wet 

grasslands in the Netherlands had not been quantified. 

The aim of our study was (i) to assess the contribution of wet grasslands on 

peat soil to CH4 emissions, and (ii) to explain differences among sites and between 

years in order to improve our understanding of possible controlling factors. For these 

purposes, a three-year field study was conducted at wet grasslands in the nature 

preserve "Nieuwkoopse Plassen". Net CH4 emissions, CH4 concentrations in the soil 

profile, ground water levels and soil temperatures were measured. We hypothesised 

(i) that the wet grasslands would emit considerable amounts of CH4, and (ii) that 

differences in CH4 emissions among sites and between years would mainly depend 

on differences in ground water level and soil temperature. 

Materials and methods 

Site description 

"Nieuwkoopse Plassen" is a nature preserve located in the major peat area of the 

western part of the Netherlands (52°08'N, 4°48'E). During several centuries, the 

"Nieuwkoopse Plassen" area has been used for peat mining and agriculture. Since 

some decades, it is a nature preserve with narrow (30-80 m wide) grassland and 

reed fields, surrounded by ditches. Ground water level is kept near the surface via 

water level of the ditches. The area can be characterised as a fen, i.e. a 

minerotrophic peat soil, due to the influence of surface water. Measurements were 

done at three grassland sites spread over the area, Drie Berken Zudde, Koole and 
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Brampjesgat (Table 2.1), which could only be reached by boat, and at ditches near 

these sites. The sites form a good representative of the wet, nutrient-poor grassland 

sites in the area. They were chosen to cover a range of ground water levels and 

vegetation types. Drie Berken Zudde and Koole have not been fertilised for more 

than 20 years. Brampjesgat still receives every second year farm yard manure (about 

5 ton dry matter ha'1). The sites are high in organic matter and low in nitrogen and 

phosphorus. The pH is low, especially at Drie Berken Zudde. The vegetation of the 

sites is dominated by grasses (mainly Agrostis canina L, Anthoxanthum odoratum L. 

and Molinia caerulea (L.) Moench), mosses (Sphagnum spp., Polytrichum spp.), 

rushes {Juncus spp.), sedges (Carex spp.), and reed (Phragmites australis (Cav.) 

Trin. ex Steudel). Rushes, sedges and reed may transport CH4 directly from 

anaerobic layers to the atmosphere via their aerenchymatous tissues. The sites are 

mown once or twice every year in the period July to September. Typical yields are 3-

5 ton dry matter ha'1 yr'1. 

Table 2.1. Mean ground water level (GWL) and ranges in the years 1994-1996, soil 

characteristics of the 0-20 cm layer, and vegetation types of the sites Drie Berken 

Zudde (DBZ), Koole and Brampjesgat. 

GWL, cm, mean 

ranges 

Loss-on-ignition (%) 

Total nitrogen (g kg"1) 

Total phosphorus (g kg"1) 

pH-H20 

Vegetation type, in % of total dry 

matter above 5 cm, average of 

harvest 1994 and 1995 

Grasses 

Mosses 

Rushes 

Sedges 

Reed 

Remainder 

DBZ 

-18 

-36 to -7 

94 

15 

0.6 

3.5 

55 

31 

4 

2 

3 

5 

Koole 

-9 

-35 to 3 

78 

16 

0.9 

4.9 

8 

57 

17 

16 

0 

2 

Brampjesgat 

-11 

-25 to -1 

69 

16 

1.5 

5.3 

23 

21 

17 

11 

24 

4 
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Monitoring net CH4 emissions, ground water levels and soil temperatures 

Net CH4 emissions were measured weekly to monthly from January 1994 to October 

1996 with six vented closed flux chambers (Hutchinson & Mosier, 1981; Mosier, 

1989) per site. To prevent artificially induced fluxes due to the very soft top soil, 

wooden boardwalks were installed. Circular, steel frames (I.D. 25 cm, height 30 cm) 

were permanently installed into the soil to a depth of about 25 cm. During 

measurements, circular, PVC flux chambers (I.D. 25 cm, height 25 to 77 cm 

depending on the height of the vegetation) were placed on top of the frames. 

Preliminary measurements showed that size of the flux chambers did not affect 

calculated CH4 emissions. Flux chambers were closed by a PVC lid and covered with 

insulating sheets to prevent temperature changes within the chamber. 

Net CH4 emissions from ditches near the sites were measured biweekly to 

monthly from October 1994 to November 1995 with three to six flux chambers, i.e. 

one or two per ditch. These circular, PVC flux chambers were connected to a floating 

tray and carefully placed on the water. Measurements could only be carried out when 

there was not much wind. 

To examine diurnal variability, CH4 emissions were measured several times 

during 31 October 1994 and 24 July 1995. On 28 September and 3 October 1996, 

CH4 emissions were measured in the coldest and warmest period of the day (just 

before sunrise between 4.30 and 6.30 h, and between 13.00 and 15.00 h). 

At each site and at each measurement, ground water level was recorded from 

water level readings in perforated pipes (I.D. 4 cm) with the peat surface as 

reference point. Ambient temperature and soil temperatures at 0, 2, 5, 10, 20, 30, 

40, and 50 cm depth were also recorded. 

CH4 concentrations in flux chambers are expected to follow a linear increase or 

decrease and finally level off (Mosier, 1989). We measured in the linear phase. Four 

gas samples were taken with glass syringes at regular time intervals (10 to 20 

minutes) from the headspace of the chambers. Gas samples were analysed for CH4 

within 24 h by gas chromatography using a flame ionisation detector (coefficient of 

variation: 0.08%). A standard CH4 concentration of 2.0 uL L"1 (± 5%) was used for 

calibration. Net CH4 emissions were calculated from linear regression of the time 

course of CH4 concentration in the headspace of the chambers. Mean annual CH4 

emissions, ground water levels and soil temperatures were estimated by trapezoidal 

integration over time. Data for November and December 1996 were taken from the 

average of the corresponding periods in 1994 and 1995. CH4 emissions followed a 
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skewed distribution and were transformed to a near-normal distribution by In-

transforming the data. Simple and multiple linear regression analyses were 

performed with In-transformed CH4 emissions as dependent variable, and ground 

water level and soil temperatures at several depths as independent variables. 

Monitoring CH4 concentrations in the soil profile 

CH4 concentrations in the soil profile were measured weekly to monthly at Drie 

Berken Zudde from January to July 1995 and at Koole from September 1994 to 

November 1995. Perforated PVC pipes (I.D. 5 cm) were permanently installed in the 

soil in an area of about 0.1 m2 about three months before the start of the 

measurements. The end of each pipe consisted of a small perforated compartment 

of 10 cm height. Pipes of different lengths with compartments at 0-10, 20-30, 30-40, 

and 40-50 cm at Drie Berken Zudde, and at 0-10, 10-20, 20-30, 30-40, and 95-105 

cm at Koole were used. The holes in the compartments allowed water and air from 

the surrounding soil to enter. CH4 concentrations in the compartments were 

assumed to be in equilibrium with CH4 concentrations in the surrounding soil. Each 

compartment had two polythene tubes going from the compartment to the soil 

surface. Gas samples were taken via the tubes with glass syringes, and analysed for 

CH4 by gas chromatography. Whenever ground water level reached a certain 

compartment of the pipe, water samples were taken and injected into incubation 

bottles. The bottles were shaken vigorously to degas the water. Subsamples from 

the headspace of the bottles were taken through rubber septa and analysed for CH4. 

As the solubility of CH4 in water is low, amount of dissolved CH4 in the water was 

neglected. CH4 concentrations in the soil profile were converted to mg m3 using an 

average peat porosity of 0.95, as found by Liblik et al. (1997). CHU storage (mg m"2) 

was determined by integrating CH4 concentrations of the upper 40 cm of the peat 

profile. 

Results 

Weather and ground water level 

Average air temperature was 10.6 °C in 1994, 10.4 in 1995 and 8.6 in 1996 (long-

term average is 9.4 °C). Annual precipitation was 903 mm in 1994, 739 in 1995 and 
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597 in 1996 (long-term average is 792 mm). Fig. 2.1 shows the time course of soil 

temperatures at 5, 20, and 50 cm depth at the site Koole. The time course of soil 

temperatures at Drie Berken Zudde and Brampjesgat was similar (not shown). Drie 

Berken Zudde had the lowest ground water level (Fig. 2.2). Ground water levels 

generally decreased in summer. 

Net CH4 emissions 

All three sites were sources of CH4 (Fig. 2.3). Differences among sites and between 

years were quite large. Mean net CH4 emissions from ditches near the sites were 

highest in summer (Fig. 2.4). 

Results on diurnal variability are based on few observations. On 28 September 

and 3 October 1996, day-time net CH4 emissions were 52 and 59% of night-time net 

CH4 emissions. On 31 October 1994 and 24 July 1995, no clear pattern of CH4 

emissions was found during the day. 

Annual net CH4 emissions 

At Drie Berken Zudde and Koole, mean annual net CH4 emissions were highest in 

1994, and at Brampjesgat in 1995 (Table 2.2). At all three sites, CH4 emissions were 

low in 1996. The relatively high standard deviations indicate a high spatial variability 

of CH4 emissions within sites. Drie Berken Zudde showed the lowest mean annual 

net CH4 emissions and Brampjesgat the highest. CH4 emissions from ditches 

however were lowest near Brampjesgat and highest near Drie Berken Zudde (Table 

2.2). Emissions from ditches were never measured in situations of disturbances like 

heavy wind or passing boats, in which mixing of ditch water and release of CH4 from 

CH4-rich bottom water may occur. Emissions were thus underestimated. 

Underestimation may have been smallest at the ditch near Drie Berken Zudde, which 

was best protected against wind and is located in a rather remote area where no 

boats pass. 
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Fig. 2.1. Time course of soil temperatures (°C) at 5, 20, and 50 cm depth at the site 

Koole. 
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Berken Zudde (DBZ), Koole, and Brampjesgat. 
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(see next page). Each data point represents the average of six measurements. 
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Table 2.2. Mean annual net CH4 emissions (kg CH4 ha'1 yr'1 ± SD) of six flux 

chambers at Drie Berken Zudde (DBZ), Koole and Brampjesgat, and for ditches near 

the sites. Mean annual ground water level (cm below the surface) is given in 

brackets. 

DBZ Koole Brampjesgat 

224+ÏÖ7 (9 cm) 

278±220 (12 cm) 

111±51 (13 cm) 

204±160 (11cm) 

Ditches 225 73 42 

1994 

1995 

1996 

1994-1996 

96±91 

83±98 

60±68 

79±88 

(16 cm) 

(18 cm) 

(21 cm) 

(18 cm) 

182±122 

111±111 

107*110 

133±120 

(7 cm) 

(10 cm) 

(11 cm) 

(9 cm) 

CH4 emissions in relation to ground water level and soil temperatures 

Simple linear regression analyses of each of the individual data from the three sites 

showed that In-transformed mean net CH4 emissions were related to soil 

temperatures (r2 of 0.27-0.33; n=183). The relation with only ground water level was 

poor (z2 of 0.01 ; n=183). The best model obtained with multiple linear regression 

analyses included both soil temperature and ground water level (z2 of 0.54; n=183) 

(see Fig. 2.3): 

\n(Yt) = 1.75 + 0.20*T20,t-0.075*GWL, (2.1) 

t =time, d; 

Y, = net CH4 emissions at time t, mg CH4 m"2 d"1; 

T20,t = soil temperature at 20 cm depth at time t, °C; 

GWLt = ground water level at time t, cm below the surface. 

Linear regression analyses were also carried out with In-transformed mean annual 

net CH4 emissions as dependent variable, i.e. for each year and for each site, and 

mean annual ground water level and soil temperatures as independent variables. 

The best model included ground water level (r2 of 0.57; n=Q): 
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ln( Y,) = 5.87 - 0.08*GWL, (2.2) 

t = time, year; 

Y, = annual net CH4 emissions at time t, kg CH4 ha'1 yr"1; 

GWLt = annual ground water level at time f, cm below the surface. 

CH4 concentrations in the soil profile 

CH4 concentrations in the soil (Fig. 2.5) increased from ambient at the surface to 

about 3000 mg m"3 in deeper layers. Ground water level influenced the CH4 

concentration profile. CH4 concentrations in soil layers above the ground water table 

were near ambient. A considerable increase was found immediately below the 

ground water level. This indicates a net flux of CH4 from the saturated peat into the 

unsaturated zone. Calculated CH4 storage is dependent on the depth to which CH4 

concentrations are integrated. CH4 storage (±SD) in the upper 40 cm of the soil 

profile was 120±155 mg m'2 at Drie Berken Zudde and 209±124 mg m'2 at Koole. At 

Drie Berken Zudde, CH4 storage was on average 258 mg m"2 in winter and 11 in 

summer. At Koole, however, there was no clear seasonal pattern, probably due to 

the relatively high ground water level throughout the year (Fig. 2.2). Turnover time of 

CH4, i.e. storage to emission ratio, was on average 5-6 days for both sites. 

Discussion 

CH4 emissions 

In a review, Bartlett & Harriss (1993) arrive for wetlands in the latitudes 45-60°N at a 

mean estimate of 87 mg CH4 m"2 d"1 during the emission period (standard error of 

mean: 18, range: 0-664), this is equivalent to 131 kg CH4 ha"1 yr"1 (winter fluxes were 

assumed to be zero). More recent studies (e.g. Bubier et al., 1993; Martikainen et al., 

1995; Suyker et al., 1996) yielded similar CH4 emissions. CH4 emissions from our 

grasslands were in the same range (60-280 kg CH4 ha"1 yr"1, Table 2.2). Differences 

among the three sites could largely be attributed to ground water level differences. 
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a) Drie Berken Zudde 
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Fig. 2.5. Time course of In-transformed CH4 concentration (mg m" ) in different soil 

layers (cm below the surface) at a) Drie Berken Zudde, and b) Koole, and ground 

water level (GWL) (cm below the surface). 

25 



Chapter 2 

However, Brampjesgat showed higher CH4 emissions than Koole whilst the annual 

mean ground water level was almost similar. This might be explained by other 

differences among the sites, for example in vegetation and in pH (Table 2.1) (Van 

den Pol-van Dasselaar et al., 1998c). 

In the "Nieuwkoopse Plassen" area, fields are surrounded by ditches. CH4 

emissions from these ditches ranged from 0-425 mg CH4 m"2 d"1, which is similar to 

the CH4 emissions from ditches of drained bogs and fens in Ontario, Canada (5-400 

mg CH4 m"2 d"1) as found by Roulet & Moore (1995). Emissions from ditches seemed 

to be related to temperature with the highest emissions occurring in summer (Fig. 

2.4). We expect that the major CH4 transport mechanism in ditches was diffusion 

and convection for low emissions and ebullition for high emissions. This was 

supported by an often occurring non-linear increase in CH4 concentration in the 

headspace of the chamber in summer, indicating the escape of CH4 bubbles to the 

headspace between two measurements. Further on, bubbles were frequently seen in 

summer. 

Temporal variability of CH4 emissions 

Interannual variability 

Interannual variability of CH4 emissions (Table 2.2) was related to differences in 

ground water level (Equation 2.2). Moore & Roulet (1993) and Liblik et al. (1997) 

found a strong relationship between the logarithm of the average seasonal CH4 flux 

and average seasonal water table depth for wetland sites in Canada. Our results 

support this relationship. Furthermore, our results confirm that the relationship 

between CH4 emissions and ground water level is not only present in summer, but 

during the whole year. The latter is important in estimating annual emissions. The 

existence of large differences between years implies that monitoring of CH4 

emissions should be done for at least several years to obtain a reliable estimate of 

emissions from a particular area. If extrapolation of measurements is needed, 

special attention should be paid to ground water level and soil temperature. This is 

especially important during the growth period, as the highest CH4 emission rates may 

occur in that period. 

Seasonal variability 

We found a strong seasonal variability with high emissions in summer and low 

emissions in winter (Fig. 2.3). We hypothesised that differences in CH4 emissions 
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would mainly depend on differences in ground water level and soil temperature. This 

was true (Equation 2.1, ? of 0.54; n=183), but still a large part of the temporal 

variability of CH4 emissions could not be explained. Although this is found often (e.g. 

Frolking & Crill, 1994; Rouse et al., 1995), in some studies a larger part of the 

variability could be explained (e.g. Dise et al., 1993; Suyker et al., 1996). However, 

our regression model fitted the time course of CH4 emissions for all three sites and 

all three years (Fig. 2.3), even though there were relatively large differences among 

sites and between years. Therefore, we conclude that both ground water level and 

soil temperature have a large influence on CH4 emissions. 

Temperature may affect the microbial CH4 producing and consuming processes 

instantaneously, while ground water level may have both short- and long-term effects 

controlling methanogenic and methanotrophic populations within a site. A decrease 

of CH4 production due to a decrease of ground water level may be caused by an 

increase of electron acceptors, such as oxygen, nitrate and sulphate (Freeman et al., 

1994), by a decrease of available methanogenic substrates, as well as by a 

reduction in the population of methanogenic bacteria (Shannon & White, 1994). 

Often, there appears to be a hysteresis effect, i.e. CH4 emissions are greater on the 

falling than rising water table limbs, for a set water table depth (e.g. Moore & Dalva, 

1993). For our sites, a hysteresis effect could not be detected. According to Shannon 

& White (1994), a substantial drop of the water table may cause lower CH4 

emissions for at least a year following the return of saturated conditions. This would 

suggest that the relatively dry conditions of 1995 and 1996 might affect CH4 

emissions of coming years. 

Diurnal variability 

Our CH4 emission estimates (Fig. 2.3 and 2.4, Table 2.2) are based on 

measurements during the day. However, CH4 emissions may fluctuate within a time 

scale of hours. This may be caused by changes in e.g. temperature, which may 

affect both methanogenesis and methanotrophy and radiation, which may affect 

plant-mediated CH4 transport and substrate availability for methanogens through 

affecting plant photosynthesis and subsequent carbon translocation to roots (Mikkelä 

et al., 1995). The magnitude of diurnal variability of CH4 emissions from wetlands is 

inconsistent. For example, Suyker et al. (1996) showed that CH4 emissions from a 

fen were higher during day-time than during night-time, «linger et al. (1994) could not 

detect diurnal variability of CH4 emissions from peatlands. Mikkelä et al. (1995) found 

no significant differences between CH4 emissions during day and night for sites with 
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high ground water levels. For sites with low ground water levels however (5-30 cm 

below the surface), they found higher emissions during the night than during the day. 

They speculate that this may be caused by diurnal variability of CH4 oxidation due to 

temperature changes in the top layer, and hardly any diurnal variability of CH4 

production, occurring in the deeper layers. Our few data on variability of CH4 

emissions during the day suggest that we might have underestimated CH4 

emissions, as CH4 emissions were higher during night-time than during day-time. 

However, this is based on too little information to draw any firm conclusions. Possible 

effects of measurement time during the day may be excluded, as the measurement 

chronology was changed at every measurement date. 

Effect of climate and land use changes on CH4 emissions 

In the Netherlands, about 3% of the peat area is similar to the "Nieuwkoopse 

Plassen" area. The greater part of peat soils is drained and agriculturally utilised. 

Intensively managed and drained grasslands on these peat soils are a small sink of 

CH4 with an annual consumption of 0.1 to 0.3 kg atmospheric CH4 ha*1 yr'1 (Van den 

Pol-van Dasselaar et al., 1997). The government of the Netherlands intends to 

convert part of the intensively managed grasslands on peat soil from agriculture into 

more natural ecosystems. The ground water level of these grasslands will than be 

raised again, and both fertilisation and dry matter yield will be reduced. Eventually, 

these grasslands will be comparable to grasslands in the "Nieuwkoopse Plassen" 

area with estimated mean annual net CH4 emissions of 60-280 kg CH4 ha"1 yr"1. 

Therefore, this policy may lead to increased CH4 emissions. 

Both soil temperature and ground water level have a large influence on CH4 

emissions. If, as a consequence of increased greenhouse gas emissions, 

temperatures on earth will increase, then CH4 emissions will also increase, unless, 

as a consequence of a warmer climate, ground water level will drop simultaneously. 

According to Equation 2.1, the effect of changes in soil temperature might be 

considerable: an increase of soil temperature at 20 cm depth by 2 °C would cause 

CH4 emissions to increase by 50%, assuming that all other factors remain constant. 

In the nature preserve "Nieuwkoopse Plassen", ground water level is 

maintained on a higher level than in the surrounding agriculturally used areas. It is 

possible to manage the ground water level via the water level in the ditches. 

Changes in ground water level management will affect CH4 emissions. If, for 

example, ground water level is maintained 5 cm above the present level, then CH4 
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emissions may increase by 45-50% (according to Equation 2.1 and 2.2). If however, 

ground water level drops 5 cm, CH4 emissions may decrease by 30%. The largest 

impact will be achieved in summer, when CH4 emissions are high. As the impact of 

ground water level on CH4 emissions may be considerable, ground water level 

management of wet grasslands should be done with care. 
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Chapter 3. 

DETERMINANTS OF SPATIAL VARIABILITY OF METHANE EMISSIONS FROM 
WET GRASSLANDS ON PEAT SOIL 

Abstract 

Methane (CH4) emissions from soils, representing the consequence of CH4 

production, CH4 consumption and CH4 transport, are poorly characterised and show 

a large spatial variability. This study aimed to assess the determinants of field-scale 

spatial variability of CH4 emissions from wet grasslands on peat soil. Mean CH4 

emission rates of a three-year experiment at 18 plots distributed over three sites in 

the nature preserve "Nieuwkoopse Plassen" on peat soil in the Netherlands were 

related to CH4 production and CH4 consumption capacities of soil layers, and to soil 

and vegetation characteristics. Spatial variability of CH4 emissions and possible 

determining factors was high. Annual CH4 emissions ranged from 30 to 370 kg CH4 

ha"1 yr'1. Coefficients of variation (CV) of CH4 emissions were on average 37% 

among sites and 83% within sites. Most important determinants of spatial variability 

were CH4 production capacity (average: 211 ng CH4 g"1 dry soil h"1; CV: 131%) and 

aboveground biomass of sedges (Carex spp.) (average: 0.45 g dm"2; CV: 127%) 

(P<0.01). Sedges may affect CH4 emissions by stimulating CH4 transport from 

anaerobic layers to the surface via their vascular system and/or by serving as 

substrate for methanogens. For extrapolation of CH4 emissions to larger areas, best 

results will be obtained by using factors that are easy to determine, like vegetation. 

Introduction 

Methane (CH4) emissions from soils have been measured extensively, both from 

large areas using micrometeorological measurement techniques and small areas 

using flux chamber measurements. All these studies show high spatial variability of 

CH4 emissions, both among and within sites (e.g. Bartlett & Harriss, 1993; Bubier et 

al., 1993; Shurpali & Verma, 1998; Van den Pol-van Dasselaar et al., 1998b; 

Waddington & Roulet, 1996). CH4 emissions may vary an order of magnitude within 

several metres. 

CH4 emissions from the soil to the atmosphere are the result of the 

biogeochemical processes: CH4 production and CH4 consumption, and CH4 
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transport. Each of these processes is influenced by a multitude of factors (e.g. 

Segers, 1998). CH4 production is a strict anaerobic microbial process, in which 

methanogenic micro-organisms reduce organic matter in the absence of other 

electron acceptors. CH4 production is influenced (i) by the aeration of the soil, as 

methanogenic micro-organisms require anoxic conditions to produce CH4, (ii) by the 

presence of alternative electron acceptors, like nitrate and sulphate, (iii) by type and 

amount of available organic matter, and (iv) by the size of the methanogenic 

population. CH4 consumption is an aerobic microbial process, in which CH4 is 

oxidised by methanotrophs. It is influenced by the CH4 and O2 concentration in the 

soil, and by the size of the methanotrophic population. CH4 transport in the soil can 

take place via diffusion, ebullition and plants. If CH4, produced in anaerobic layers of 

the soil, is transported via diffusion, a considerable part of the CH4 can be oxidised 

again in aerobic layers of the soil before it reaches the atmosphere. Transport via 

ebullition, i.e. via bubbles, and transport via plants limits the possibility of CH4 

oxidation in aerobic layers. Therefore, these types of CH4 transport greatly facilitate 

CH4 emissions. 

Even though the mechanisms of CH4 production, CH4 consumption, and CH4 

transport are qualitatively reasonably well understood, quantification of determinants 

of spatial variability of CH4 emissions is poor. For extrapolation of results from a 

particular plot or field to a larger area, we need quantitative insight of the 

dependence of CH4 emissions on environmental factors under a wide range of 

conditions. Possible determinants of spatial variability are related to the scale at 

which these determinants dominate (Klinger et al., 1994). For example, on 

microscale, important determinants of CH4 emissions may be soil aeration, 

methanogenesis, and methanotrophy. On the scale of an individual field, important 

determinants may be plant growth and fluctuations in ground water table and soil 

temperature. 

Our study aimed to assess the determinants of spatial variability of CH4 

emissions on field-scale. We studied CH4 production and CH4 consumption 

capacities of soil layers, and soil and vegetation characteristics of 18 plots at wet 

grasslands in the nature preserve "Nieuwkoopse Plassen" on peat soil in the 

Netherlands. CH4 emissions from these 18 plots had been measured for three years 

(Van den Pol-van Dasselaar et al., 1998b). We also included additional plots to 

investigate the relation between CH4 emissions and the occurrence of individual 

plant species, as vegetation composition is thought to be one of the main factors 

influencing CH4 emissions. 
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Materials and methods 

Site description and main plots 

The experimental site has been described in detail elsewhere (Van den Pol-van 

Dasselaar et al., 1998b). In brief, in the period 1994 -1996, we have measured CH4 

emissions from 18 main plots spread over three representative wet grasslands in the 

"Nieuwkoopse Plassen" area in the Netherlands with vented closed flux chambers. 

"Nieuwkoopse Plassen" is a nature preserve with narrow (30-80 m wide) grassland 

and reed fields, surrounded by ditches. Ground water level is kept near the surface 

via the water level in the ditches. Distances between the three sites, i.e. Drie Berken 

Zudde, Koole and Brampjesgat, were approximately two kilometres. Distances 

between plots within a site were about two metres. 

Detailed study of main plots 

In October 1996, soil of each of the main plots was sampled. Ground water levels 

were then 11.5 cm below the surface at Drie Berken Zudde, 2.5 cm above the 

surface at Koole and 7 cm below the surface at Brampjesgat. Soil pH-H20 was 

measured in-situ in the field. Soil samples were stored at 4 °C and processed the 

next day. We studied the top layer of recently died plant material, and the layers 0-5 

cm, 5-10 cm, 10-20 cm, 20-30 cm, 30-40 cm, and 40-50 cm of the soil. 

We determined total aboveground biomass, and aboveground biomass per 

vegetation type, i.e. grasses, sedges, rushes, reed, mosses, and remainder. For soil 

layers up to 30 cm, we determined dry bulk density, and for Drie Berken Zudde and 

Brampjesgat also biomass of roots, after wet-sieving with a mesh size of 2 mm. 

Each soil layer was analysed (according to Houba et al., 1995) for soil moisture 

content (gravimetrically after drying at 105 °C for 24 h), loss-on-ignition (550 °C for 

2 h), total carbon content (850 °C for 2 h), total nitrogen and phosphorus content 

(both spectrophotometrically measured in digests obtained after treating a soil 

sample with H2S04-salicylic acid-H2C>2-Se). For Brampjesgat, we determined 

dissolved organic carbon by extraction with 0.1 /WCaCI2. 

Per soil layer, 25 g field-moist soil was incubated in a 580 ml glass bottle at 20 

°C both anaerobically (N2) and aerobically (air + 100 uL L'1 CH4) to determine 

respective ChU production and CH4 consumption capacity. For Drie Berken Zudde 

and Koole, also both anaerobic and aerobic C02 production capacities were 
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