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Chapter 3 
 
Variables influencing present-day emission of methane and carbon 
dioxide from coastal peatlands in the western Netherlands 
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3.1 Abstract 
 
CO2 and CH4 fluxes from three selected areas within the coastal peatlands of the western 
Netherlands were monitored once per month from November 1998 until August 2000, using 
closed chambers, gas chromatography, and a portable infra-red gas analyzer. CO2 fluxes 
varied throughout the seasons from about 25 to 2000 mg m–2 hr–1 and appeared to be 
controlled mainly by temperature. Little within- or between-area variation in CO2 emission 
was measured, even though water tables and management differed considerably. Only a 
water-table depth permanently <25 cm resulted in significantly lower (41 ± 28 %) CO2 
emissions. CH4 fluxes were also controlled by temperature, but varied from flux maxima of 
1.0 mg m–2 hr–1 at sites with low groundwater tables to peaks of 6.2 mg m–2 hr–1 at sites with 
a permanently high (<25 cm) groundwater table. An upscaling exercise, in which the results 
from the three selected areas were assumed to be representative for all of the coastal 
peatlands in the western Netherlands, resulted in the tentative estimate that peat degradation 
contributes 2.0–2.9 % of the total annual emission of greenhouse gases in the Netherlands. 
Elevating the water tables to less than 25 cm below surface would increase the CH4 
emission (by about 0.2 kg CO2 equivalents m–2 yr–1), but this increase would be 
compensated by the 5–21 % lower CO2 emission, giving a total contribution of 2.1–2.4 %. 
Conditions with summer water tables at or above the surface were not considered here and 
may therefore influence this estimate. 
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3.2 Introduction 
 
Atmospheric concentrations of the greenhouse gases (GHG) CH4 and CO2 have 
significantly increased since AD 1750 with about 150 % and 31 %, respectively, to 1.745 
ppmv (parts per million by volume) and 367 ppmv in 1998/1999. These concentrations are 
still increasing every year, mainly as a result of human activities (IPCC 2001). Biological 
and chemical degradation processes in peat soils are thought to be responsible for a small, 
but unknown part of this increase. In the western Netherlands, man has significantly 
accelerated the oxidation of Holocene peat deposits over the past few hundred years by 
large-scale reclamation of polders and intensified drainage of agricultural peatlands, leading 
to increased emission of CO2. Peat soils at northern latitudes are commonly drained for 
cultivation. According to Gorham (1991) and Armentano and Menges (1986) 12–20 * 106 
ha of boreal and temperate peatlands (from a total area of about 346 * 106 ha) is being 
drained, and an increase in the mineralization of organic matter can be expected because of 
lowered water tables (more oxygenated conditions) and soil management (ploughing, 
fertilization) (Nykänen et al. 1995). Worldwide, similar drainage activities are increasing. 
Another effect of this intensified drainage is a lowering of the peat surface by a 
combination of oxidation, shrinkage and compaction (Schothorst 1982). The resulting land 
subsidence initiates the demand for continued water-level lowering to maintain agricultural 
production. Most peatland areas in the western Netherlands continue to be drained to some 
extent, but plans exist to convert some agricultural land back into wetland-nature areas 
(LNV 2000; VROM 2000; VROM 2001). Large-scale execution of these plans could 
eventually lead to increased fixation of carbon in the soil. Higher water tables may, 
however, lead to increased emission of methane, depending on the degree of inundation 
(CH4 can be oxidized before emission if the water table is below the surface) and on 
whether other oxidants are present (IPCC 2000). Using the global warming potential for 
100 years, CH4 is about 23 times as effective a GHG as CO2 (IPCC 2001). 
 

The contribution of GHG from coastal peatlands to the global GHG budget 
remains poorly quantified, mainly because of the lack of a methodology based on a 
quantitative understanding of relevant processes of carbon release from peat soils. The 
study reported here is part of a larger project, the goal of which is to develop a 
methodology, including a simulation model, for improved quantification of CO2 and CH4 
fluxes from coastal peatlands subject to land and water management. Specifically, the 
objectives were to develop a numerical model and quantify (1) present-day CO2 and CH4 
fluxes from the extensive peatland areas in the western Netherlands, and (2) future GHG 
fluxes for different climate, water-management and land-use scenarios. 
 
The objective of this paper is to quantify the influence of various environmental conditions 
on the CO2 and CH4 fluxes from peat soils and to provide flux data over a wide range of 
these environmental conditions for validation of a process-based simulation model. On the 
basis of flux measurements, we estimate the present-day contribution of peat degradation in 
(cultivated) coastal peatlands to the annual emission of GHG in the Netherlands by 
upscaling the emission measured from November 1998 until August 2000 at three selected 
study areas to the total area of coastal peatlands in the western Netherlands, estimated at 
160.000 ha (SC-DLO 1992). 
 
3.3 Approach and methods 
 
The CO2 flux from a peat soil is the combined effect of plant respiration and microbial 
degradation of both peat and fresh organic matter. CH4 emission is a function of both 
microbial production under anaerobic conditions, and of microbial oxidation in the aerobic 
top layer of the soil. Temperature and water table have been found to be the main regulating 
factors in peat degradation (Bellisario et al. 1999; Daulat and Clymo 1998; Dise et al. 1993; 
Freeman et al. 1997; Klinger et al. 1994; Moore and Dalva 1993; Moore and Knowles 
1989; Schreader et al. 1998; Shannon and White 1994; Shurpali and Verma 1998; Silvola et 
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al. 1985; Walter et al. 1996). Other environmental conditions reportedly of influence on 
CO2 and CH4 fluxes from peat soils, are peat composition, water quality and land use 
(vegetation type, fertilization, mowing, grazing) (Bergman et al. 1999; Conrad 1996; IPCC 
2000; Koerselman 1989; Nykänen et al. 1995). Methane production, for example, can be 
inhibited by sulphate reduction. Sulphate reduction can be quite extensive, especially in 
peat soils that are influenced by sea water (Conrad 1996; Van Huissteden and Van de 
Plassche 1998). The influence of these other factors on peat degradation in the western 
Netherlands is relatively unknown and is here assumed to be of less importance compared 
to that of temperature and water-table depth.  
 
Three study areas with different characteristics were selected in order to provide sufficient 
variation in flux data for validation of a simulation model and to quantify the influence of 
various environmental conditions on the CO2 and CH4 fluxes. Climate (temperature) may be 
regarded uniform over the western Netherlands. Variation within and between study areas 
concerns such aspects as peat composition, peat thickness, water-table depth, land use, etc. 
Initial selection of study areas was based on soil (hydrological) maps and reconnaissance 
coring. Attention was focused on peat areas representative for a larger area.  
For the purpose of separately studying the influence of peat thickness, peat composition, 
drainage, and other variables on CO2 and CH4 fluxes (using incubation experiments with 
undisturbed peat cores), a minimum thickness of the peat (>1.5 m) and differences in 
botanical composition were required (Van den Bos and Van de Plassche submitted). 
Furthermore, areas in which the peat profile contains intercalated clay layers were avoided, 
because these prevent or hamper gas diffusion. To quantify the influence of water-table 
depth, special attention was given to locate study areas with internal variation in water 
tables (due to the artificial drainage regime or due to differences in surface elevation). Of 
the three selected study areas, all grassland on peat soil (Ransdorp, Kamerik and Guisveld, 
Figure 1), one (Guisveld) is a wetland-nature area. To obtain representative average fluxes 
per study area and to investigate inter-area variation, five measurement sites per study area 
were prepared. The use of closed chambers, in combination with a portable infra-red gas 
analyzer (IRGA) and gas chromatography, enabled us to measure inter-area differences in 
gas fluxes. In contrast, the Eddy-correlation method, which uses a meteorological tower 
with several gas sensors, measures gas fluxes over a larger area. 
 
The overall objective of the research project is to quantify the contribution to the 
atmosphere of CO2 and CH4 fluxes related to degradation processes in peat soils in the 
western Netherlands. Vegetation on peat soils, however, contributes directly to the 
atmospheric carbon balance as the result of CO2 uptake by primary production and CO2 
release by respiration, but plants also produce fresh soil organic matter (litter, dead roots, 
exudates) and are an important pathway of gases (e.g. O2 to the rhizosphere, CH4 from the 
soil to the atmosphere). Because peatlands in the western Netherlands are no longer actively 
growing, we assumed, initially, that the carbon uptake by primary production of the 
vegetation is balanced by the carbon release from respiration and consumption (grazing or 
harvest), and that the amount of respiration is small and could be obtained from the 
literature. In the course of this study it became apparent, however, that the part of the CO2 
emission which was directly caused by the grassland vegetation (i.e. plant/root respiration 
and microbial degradation of fresh organic matter produced by the plants), could not be 
quantified on the basis of published data. Furthermore, the results of incubation 
experiments (Van den Bos and Van de Plassche submitted) and data that came available in 
the course of this study, indicated that the presence of vegetation plays an important, but 
unquantified role in peat degradation processes and soil-atmosphere gas exchange. To 
separate (and quantify) the CO2 fluxes generated by peat degradation from the CO2 fluxes 
directly related to the living vegetation, a control study area (Beverwijk) with grassland on a 
“non-peat” soil was introduced in the last months of this study. Furthermore, towards the 
end of the research period one measurement site per study area was changed into a sand site 
without vegetation, by replacing the top 15 cm of the vegetated soil with sand. 
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Description of the study areas 
 
Guisveld (52o28' N, 4o47' E) is part of a nature reserve area that consists of about 450 ha of 
coastal peatlands, almost entirely under the management of the National Forest Service 
(Staatsbosbeheer). Situated in Polder Westzaan, it consists of several small areas, separated 
by wide and narrow ditches. This kind of landscape is typical for many of the coastal 
peatlands in the western Netherlands. The groundwater in the area is brackish (Cl– ca. 300 
mg l–1) as a result of flooding in the past and the inlet of slightly brackish water during the 
summer in order to maintain elevated water levels. Present-day vegetation in Guisveld is 
mainly reed and grassland (several species), with orchids, sedges, mosses and other species. 
In order to stimulate biodiversity, the grasslands are not, or only to a limited extent, 
fertilized and grazed (Table 1). Fields that are not grazed are mown once a year. Total peat 
thickness in the area is approximately 4 m with the peat reaching the surface. The upper 1.2 
m of the peat consists of oligotrophic bog peat, which is nowadays situated below sea level 
(“drowned”) and therefore in contact with eutrophic ground– and surface water (Figure 2). 
Groundwater levels in the area are high (i.e. up to a few cm below the surface). The area 
with the measurement sites is a long (ca. 500 m), narrow (ca. 20 m) field surrounded by 
ditches on all sides and covered with grass (Figure 1a). The field has a shallow drainage 
trench through the middle and shows clear topographical differences (see schematic cross-
section Figure 1a). Measurement sites E and F are located some 20 cm higher in elevation 
than sites A–C, resulting in different groundwater tables (between a few decimeters below-, 
and near surface, respectively). 
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Figure 1. Location of study areas within the coastal peatlands of the western Netherlands and schematic maps with 
measurement sites; (a) Guisveld, incl. schematic cross-section; (b) Ransdorp; and (c) Kamerik. 
 
Ransdorp (52o 24' N, 5o 00' E) is located in the south-western part of the Waterland region, 
a national park of about 11.500 ha of coastal peatland, including ca. 25 % open water. The 
groundwater is generally brackish, but chloride concentrations range from 3 to 350 mg l–1, 
depending on local differences in water-table management. In the deeper sub-surface (>9 
m) chloride concentrations reach values of up to 1800 mg l–1. In the eastern part of 
Waterland the soil consists of both clay and peat, whereas soils in the western part are 
dominantly peaty. Clay is found in and along former gullies of the Zuiderzee (the present-
day IJsselmeer), which reach far westward into the area. As in Guisveld, drowned, former 
oligotrophic bog peat occurs in the Waterland region, together, however, with fen (reed and 
sedge) peat. Due to the artificial drainage regime the groundwater table of the study area 
(ca. 200 m long, Figure 1b) shows a gradient in longitudinal direction, with water-table 
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depths from about 30 cm below surface at measurement site 1 to depths of ca. 70 cm below 
surface at measurement site 5. Because of deep drainage for more than 30 years, the peat 
surface lies somewhat lower at sites 4 and 5. The thickness of the peat layer is 
approximately 4 m. It is covered by a surface layer (0–30 cm) of crumbly sandy clay with a 
high organic matter content (Figure 2). The study area is covered with grass (Lolium 
perenne), grazed alternately during the year by sheep, and mown and manured twice a year 
(Table 1). 
 
Kamerik (52o09' N, 4o52' E) is situated near the town of Utrecht, in the Polder Kamerik-
Teylingens. Although the study area covers only about 1 ha, it is representative for a much 
larger area (>11000 ha), characterized by the presence of thick (max. 6 m) layers of 
eutrophic (wood and sedge) peat. The study area (Figure 1c) is part of a recreation area 
called "Oortjespad" and is a hay pasture with different grass species and other plant species, 
like Rumex sp, Ranunculus sp and Taraxacum sp. The topsoil (0–30 cm) is of 
anthropogenic origin and consists of a very solid sandy clay layer mixed with organic 
material (including peat) and some debris (bricks) (Figure 2). The hayland is grazed during 
only a small part of the year, mown once or twice a year, not or moderately fertilized (Table 
1), with a water table of about 40 cm below surface. Chloride concentrations are less than 
2.5 mg l–1. 
 
Beverwijk (52o28' N, 4o41' E) is the control area with grassland on “non-peat” (i.e. mineral) 
soil. The upper 40 cm of the soil consists of brown, humous, sandy clay overlying brown-
yellow sand (Figure 2). A compressed layer of reed peat occurs between a depth of 2 m and 
2.5 m. Its influence on the CO2 exchange in the top of the soil is considered negligible. The 
control area is covered with grass (mainly Lolium perenne), grazed, and has a relatively 
low water table (>60 cm below surface) as compared to study areas with peat. No data are 
available on mowing and fertilization. 
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igure 2. Representative soil profiles of the study areas (Guisveld, Ransdorp, Kamerik) and control area 
Beverwijk), representing soil type and botanical composition for 0–120 cm below surface.   

ther parameters determined at each study area include water quality (concentration of 
everal elements, pH and EC), soil characteristics (botanical composition of peat, organic 
atter content, C/N ratio, bulk density) (for details see Van den Bos and Van de Plassche 

ubmitted). 
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Table 1. Management activities  

  Ransdorp Kamerik Guisveld 

Year Activity Period / date Period / date Period / date 

each grazed regularly1 occasionally4 occasionally6 

1999 fertilized between 24-3 and 4-52 not not 

 mown before 10-6 twice, date not recorded october (reed around field) 

 fertilized between 26-6 and 8-72   

 mown september ?3   

2000 fertilized between 4-4 and 2-52 3-7 (after measurements)5 not 

 mown just before 24-7 just before 3-7  
1 By sheep. 
2 With manure; also artificial fertilizer (date not recorded). 
3 Not all activities are recorded. 

4 At end autumn–start winter by a few sheep and 1 horse. 
5 With a small amount of manure. 
6 By a few sheep or two horses. 
40

 
Closed chamber method 
 
Flux measurements were carried out using closed PVC chambers (45 x 45 x 12 cm), gas 
chromatography and a portable infra-red gas analyzer (IRGA) (Figure 3a). Each chamber 
has four connections, on two of which valves are placed to connect the gas analyzer. The 
third connection is closed with a removable rubber stopper (septum) to enable the manual 
collection of gas samples (CH4 samples, see below), and the fourth is equipped with a water 
lock. This water lock (a U-pipe filled with water) serves to ensure that the pressure inside 
the chamber is the same as outside. At the start of a measurement, a chamber is placed on a 
(permanent) stainless steel framework with gutter, that has been pressed into the soil 
(Figure 3b). Before placing the chamber, the gutter is filled with water to make an airtight 
connection (after the measurements, four cut-to-size pieces of wood were placed in the 
gutter). In each study area, five of these frameworks were installed early in the research 
(except for the control area Beverwijk). Because the frameworks formed no visible 
“obstruction”, the study sites were treated the same as the surrounding area (i.e. grazing, 
mowing, fertilization, etc.). Additional advantages of these frameworks were:  
• No disturbance of the soil by inserting the chambers. 
• Measurements took place on the exact same place every time. 
• Because the framework penetrated the soil 30 cm, the influence of preferential 

pathways of gas transport, other then vertical, was avoided. In this way only the gas 
exchange of the “column” beneath the chamber and the atmosphere (in the chamber) 
was measured. 

• Walking on the soil close to the measurement site caused no extra gas emission (i.e. 
release of gas bubbles), because the soil column beneath the chamber was more or less 
separated from the surrounding topsoil by the framework. 

 
Fig
per
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ure 3. (a) Closed chamber and the infra-red gas analyzer (Guisveld) and (b) schematic representation of a 
manent framework (45 x 45 x 30 cm). 
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Gas analysis 
 
The IRGA used for the flux measurements, is a GA 94 A.2 (5 %) from Geotechnical 
Instruments Ltd. A strong internal pump draws the headspace gas from the chamber at a 
rate of about 500 ml min–1 through an in-line water trap into the sample chamber of the 
IRGA, in which the concentrations of CO2 and CH4 are determined by means of infra-red 
light. Oxygen is measured by the Galvanic Cell Principle. The sample air from the chamber 
is completely circulated because both inlet and outlet of the IRGA are connected to the 
chamber. CO2 and CH4 can be measured from 0.00 to 5.00 % (by volume) and O2 from 0.0 
to 21.0 %vol. Two types of calibration gas were used: (1) (5.00 %vol CH4, 5.00 %vol CO2, 6.0 
%vol O2) and (2) (2.50 %vol CH4, 2.50 %vol CO2, 0.0 %vol O2). According to the factory 
settings, reading accuracy of CO2 and CH4 in the concentration range 0.00–1.00 %vol is ± 
0.05 %vol, but the accuracy was improved to ± 0.01 %vol  by user calibration and by 
measuring in continuous series. Atmospheric concentrations of CH4 and CO2 are about 
1.745 ppmv and 367 ppmv, respectively (IPCC 2001), which is equal to 0.0002 %vol and 
0.0367 %vol. CH4 emission could only be measured with the IRGA when extremely high 
fluxes occurred. Since CH4 field fluxes were less than 10 mg m–2 hr–1, the IRGA proved 
unsuitable for measuring these fluxes. In contrast, CO2 fluxes could be measured quite well. 
The atmospheric O2 concentration (about 20.9 %vol) is within the range of the IRGA and O2 
uptake fluxes could be measured. However, the accuracy of the O2 fluxes was less than that 
of CO2, since O2 concentrations could only be measured in one decimal. Advantages of 
using this portable IRGA are: 
• Rapid concentration measurements; no intensive analytical procedures afterwards. 
• The IRGA is relatively inexpensive, portable and rainproof. 
• Only one IRGA and one set of five chambers are needed to perform flux measurements 

on different locations. 
Since the IRGA was found to be unsuitable for measuring CH4 fluxes, gas samples were 
taken from the closed chambers during the field measurements since June 1999 and 
analyzed in the laboratory on a gas chromatograph. Per flux measurement, three 5 ml gas 
samples were taken with regular time intervals from the chamber by placing an evacuated 
blood collecting tube (Venoject, Terumo, VT-050PX) on a double, multi-sample, needle 
that was placed in the septum of the chamber. Samples were analyzed using a HP5730A 
gas chromatograph equiped with a FID and a 80/100 mesh Porapak-R column, injection 
temperature 100 °C, oven temperature 50 °C, and detector temperature 250 °C, N2 carrier 
gas. 100 µl gas samples were injected in duplicate using a 100 µl Hamilton gastight syringe 
(pointstyle 5, 1710N-81039/00). A calibration line was made by injecting 5 concentrations 
of self-made calibration gas (based on a CH4/Argon mixture) ranging from 4.25 ppmv to 
22.30 ppmv CH4. 
 
Flux measurement procedure 
 
Prior to measurement, the vegetation within a frame was clipped as short as possible to 
obtain a constant chamber volume and to reduce plant respiration as a result of placing the 
light impervious chamber over the measurement site (see also below). To avoid a reduction 
of soil-atmosphere gas exchange due to the build up or saturation of the gases inside the 
chamber, the measurement time was limited to 1–2 hours, depending on the production 
rate. At least five gas-concentration measurements were made at regular time intervals per 
chamber per flux experiment. To calculate fluxes, gas concentrations were plotted against 
time and a linear trend line was fitted. If the R2-value of this fit was >0.5, the slope of the 
trend line was taken to calculate the flux (in mg m–2 hr–1), using the general gas law, 
volume and surface of the chamber, air pressure, temperature and molar mass of the gas. 
About 95 % of all, about 1200, flux measurements had R2-values >0.5. After excluding R2-
values <0.5, about 86 % of the fluxes had R2-values >0.9 (average standard deviation: 
0.99–0.02 for CO2, 0.91–0.11 for O2 and 0.91–0.12 for CH4). 
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Experimental setup 
 
Flux measurements were carried out about once a month at five sites in each of the three study 
areas from November 1998 until August 2000. On the day of the measurements, also the 
water table (WT) and air- and soil temperature were monitored. Water tables were 
measured using PVC monitoring well pipes at each measurement site. Both air temperature 
(Tair) and soil temperature (Tsoil) at 10 cm depth were measured only at one site per study 
area (site 1 in Ransdorp and Kamerik, site E in Guisveld). Some control measurements 
showed a variation in Tsoil between sites of 0.1–0.2 °C. It was not possible to measure 
water tables and temperature at all study areas continuously for the entire study period, 
because permanent instruments in the field would obstruct normal management practices. 
The flux measurements were done in irregular order of study area, day of week and time of 
day (only daytime). To quantify the variation in fluxes between and within days, two 
additional series of experiments were carried out with multiple flux measurements per day 
for several successive days in two of the three study areas. To measure daily variation in 
CO2 fluxes, several flux measurements per day were taken in Ransdorp from 21–25 June 
1999. The daily variation in CH4 flux was studied in Guisveld by performing several flux 
measurements per day on 17, 18, 21 and 24 July and 24 August 2000. 
 
As of 15 April 2000, flux measurements were also performed on five sites in the control 
area (Beverwijk). Furthermore, on 1 May 2000 sites 5 in Beverwijk and Kamerik were 
changed into a sand site without vegetation, by replacing the top 15 cm of the soil (plus 
vegetation) with sand. On 6 June 2000, the same change was made to sites 5 and F in 
Ransdorp and Guisveld, respectively. It should be noted that all measurements stopped in 
August 2000, so only a few data points from the control location and the sand sites could be 
obtained.  
 
To separate and quantify the CO2 fluxes due to peat degradation from the CO2 fluxes directly 
related to the vegetation, the following concept was used. CO2 fluxes at the control area 
(Beverwijk) are the result of both plant respiration (root and ”dark” respiration) and 
degradation of organic matter other than peat (i.e. fresh organic matter like root exudates 
and dead roots). The CO2 flux from plant respiration in the control area is assumed to be a 
measure for the plant respiration in the peat areas. Root respiration, however, may vary 
between the areas, since it depends on root density in the soil; the amount of roots is likely 
to differ between areas due to differences in soil type and management. By replacing the top 
15 cm of the soil with sand, the respiration of vegetation (including living roots) is supposed 
to be equal to zero and all further CO2 emission is assumed to be caused by microbial 
degradation of organic matter below the sand layer. This organic matter can be either peat (in 
the case of peatlands), fresh organic matter, or dissolved organic matter in groundwater. Thus 
the CO2 emission caused by microbial degradation of organic matter below the sand layer is 
unlikely to be similar for all study areas. In the three peat areas, the difference in CO2 
emission between the vegetated and barren sand sites is caused by plant respiration, 
degradation of fresh organic matter in the rhizosphere, and microbial peat degradation in the 
rhizosphere. Given the results from incubation experiments (Van den Bos and Van de 
Plassche submitted) it is expected that the rate of degradation is highest in the rhizosphere, 
and that CO2 fluxes will decrease considerably by replacing the rhizosphere with sand. The 
absence of a rhizosphere will also affect the emission of CH4, since the gas-transport function 
of the vegetation disappears. 
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3.4 Results 
 
The results of two years of CO2, CH4 and O2 flux measurements in three different study 
areas within the coastal peatlands of the western Netherlands are presented in sub-sections 
1–4, beginning with a comparison of seasonal variation per and between study areas, 
through within-area variation, down to variation between and during days. 
  
Seasonal variation per and between study areas 
 
For each of the three study areas, averages in CO2 emission, O2 uptake, CH4 emission, Tair, 
Tsoil and groundwater level were calculated and plotted against date for the period October 
1998 to September 2000 (Figure 4). Average CO2 fluxes vary between 60–1800 mg m–2 hr–

1 and show little difference between the study areas. A clear seasonal trend can be observed. 
Highest CO2 fluxes are found during the summer months while fluxes are low during the 
winter months. CO2 fluxes are closely correlated with temperature and groundwater table 
(see also next section). Average fluxes in O2 uptake show a similar pattern as for CO2, i.e. 
the rate of O2 uptake is higher during the summer and lower in winter. O2 fluxes, however, 
show large variation between the locations; the data are somewhat less reliable due to the 
high standard error of the IRGA. CH4 fluxes show the largest difference between the areas. 
In Guisveld, average CH4 fluxes are high (0.06–2 mg m–2 hr–1), likely due to the high 
average water table (<30 cm). They show high summer fluxes and low winter fluxes. In 
Ransdorp and Kamerik, average CH4 fluxes are much smaller (0–0.6 mg m–2 hr–1). Both 
Tair and Tsoil have clear seasonal trends, ranging from around 0 °C to up to 26 °C and 21 
°C, respectively. Overall temperature values are quite similar for the three areas. The 
largest temperature variation between the locations is found in Tair.  
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e 4. Average CO2 emission, O2 uptake, CH4 emission (mg m–2 hr–1), and groundwater level (cm below 
ce), for each of the three study areas (Ransdorp, Kamerik, Guisveld) (n = 5). Air and soil temperature (°C) (n 
Vertical lines on x-axis (date) separate 1998, 1999 and 2000.  

ough water tables are strongly regulated, clear seasonal trends can be observed in the 
e areas. Highest water tables are found during the winter and lower water tables in the 
mer, caused by differences in precipitation and evaporation (in addition to regulation). 
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Both Ransdorp and Kamerik have lower water tables than Guisveld, which is strongly 
determined by the type of land use and related man-induced drainage conditions. Guisveld, 
a nature reserve area, is a typical example of a coastal lowland where the peat is being 
protected against rapid degradation by high water tables. 
 
Multivariate regression analysis was used to analyse the influence of temperature and water 
table on the different fluxes. Regression models were analyzed with the factors temperature 
and water table combined and with each factor separate: 
(1) log(Flux) = a + b*T + c*WT 
(2) log(Flux) = a + b*T 
(3) log(Flux) = a + b*WT 
with Flux in (mg m–2 hr–1), T = temperature (°C); WT = water table (cm – surface); a, b and 
c = regression parameters. 
 
Tsoil and Tair were strongly correlated (Figure 5). Tsoil, however, was found to predict 
fluxes better than Tair, probably because Tsoil was less sensitive to rapid changes in the 
weather conditions (e.g. clouds, wind, precipitation, etc.) (see patterns of Tair and Tsoil in 
Figure 4). 

Figure 5. Correlation 
three study areas from
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between air and soil temperature. Symbols represent measured temperature values at the 
 October 1998 to September 2000. Line is fit to data by linear regression. 

the values of the parameters and regression coefficients (R2) for different 
egression model and location.  
Table 2. Parameters and regression coefficients (R2) for different combinations of regression model and study area. T= Tsoil (°C), WT= 
water-table depth (cm – surface), flux in mg m–2 hr–1, CH4 flux (*10–3), 5 measurement sites per study area, All = data used from all study 
areas and all measurement sites. 

  Model 1 Model 2 Model 3 

  log(flux) = a + b*T + c*WT log(flux) = a + b*T log(flux) = a + b*WT 

Flux Study area a b c R2 a b R2 a b R2 
CO2 all 4.433 0.123 0.009 0.68 4.518 0.138 0.66 5.327 0.026 0.29 

 Ransdorp 5.159 0.101 0.002 0.70 5.180 0.105 0.70 5.607 0.020 0.33 

 Kamerik 4.117 0.115 0.014 0.75 4.320 0.142 0.71 4.553 0.038 0.48 

 Guisveld 3.936 0.142 0.026 0.77 4.024 0.168 0.72 5.076 0.060 0.39 

O2 all 5.418 0.071 0.004 0.48 5.473 0.077 0.47 5.940 0.014 0.18 

 Ransdorp 5.728 0.068 0.001 0.42 5.741 0.070 0.42 6.025 0.014 0.19 

 Kamerik 5.360 0.090 –0.003 0.51 5.299 0.083 0.51 5.541 0.018 0.19 

 Guisveld 5.234 0.061 0.022 0.70 5.349 0.081 0.56 5.759 0.035 0.44 

CH4 Guisveld 4.091 0.251 –0.102 0.68 3.454 0.178 0.35 6.492 –0.049 0.09 



Chapter 3 

 45

Fluxes are best predicted with the regression model in which Tsoil and WT are combined 
(model 1), as represented by the highest regression coefficients (R2 for all combinations 
between 0.42 and 0.77). As for CO2, however, model 2 (only Tsoil) predicts almost the 
same variation in observed flux (R2 between 0.66 and 0.77) as model 1. The regression 
model with only WT predicts the fluxes less well (R2 < 0.48). The O2 models are generally 
less predictive than the CO2 models. A regression model for CH4 could only be obtained for 
Guisveld, with the highest R2 (0.68) for the combination of Tsoil and WT. 
 
A similar regression analysis for each of the five separate measurement sites per study area 
resulted in generally higher regression coefficients. For example, the average R2 for CO2 of 
model 1 (combination Tsoil and WT) per site was 0.79 ± 0.07, with a maximum R2 of 0.91. 
Furthermore, regression analysis with Tair instead of Tsoil, resulted in lower regression 
coefficients, with a few exceptions for Kamerik. 
 
Using model 1 from the multivariate regression analysis, CO2, O2 and CH4 fluxes can be 
calculated for the measured Tsoil and WT according to:  
 
calculated (flux) = e(a + bT + cWT) = ea * e bT * e cWT.  
 
Since not all variation in measured CO2 fluxes could be explained with the regression 
analysis (R2<<1), CO2 fluxes for each of the three study areas were calculated to detect 
possible deviations. Averaged WT and Tsoil per location were used as input data in the 
most general model (= All in Table 2). A plot of these calculated and measured fluxes 
against the respective dates shows that the two results correlate well (Figure 6). On 5 
August and 9 September 1999, measured fluxes in Ransdorp and Kamerik were 
considerably lower than calculated fluxes. In Guisveld, where the water table is high, no 
significant differences between measured and calculated CO2 fluxes were observed on these 
two days. Furthermore, deviations between measured and calculated CO2 fluxes were found 
in Ransdorp on 4 May 1999 and in the spring of 2000.  
 
A comparison of measured and calculated CH4 fluxes proved problematic. First, CH4 fluxes 
could be calculated only for Guisveld, since no CH4 regression model could be obtained for 
the entire data set (see Table 2). A second problem was the large difference in water table 
between the five measurement sites in Guisveld (see next section). The regression model in 
Table 2 is derived from separate combinations of CH4 flux, Tsoil and WT per site, thus 
average WT values from Guisveld could not therefore be used as input data. This problem 
was solved by splitting the measurement sites from Guisveld into a group with high WT 
(0–25 cm, sites A, B and C) and one with low WT (10–49 cm, sites E and F). Since large 
CH4 fluxes occurred only at sites with high WT, calculation of CH4 fluxes was limited to 
this group, using renewed averaged WT and Tsoil data as input data.  
 
A plot of these calculated and measured CH4 fluxes (average high WT sites) against the 
respective dates shows that the correlation between the two is much less than for CO2  
(Figure 7). 
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way of describing the influence of temperature on biological processes is 
the activation energy (Ea) and Q10 value, using the Arrhenius equation and 
sion of the natural logarithm of the gas flux against the reciprocal of Tsoil (in 
 more details, see Van den Bos and Van de Plassche submitted). Q10 values 
 number of times the reaction rate (i.e. flux) increases when the temperature is 
 °C. Table 3a shows Ea and Q10 values for CO2 fluxes at each site per study 
rages per study area and the averages for all areas combined. Table 3b presents 
 for CH4 fluxes from Guisveld. The linear regression analysis generally results 
ssion coefficients. Q10 values for CO2 emission vary between 2.6 and 8.0, and 
een 3.0 and 7.2.  The largest effect of a temperature increase can be observed 

WT sites from Guisveld, with Q10 values of 6.2 for CO2 and 5.4 for CH4. In 
hese high WT sites, the sites from Ransdorp and Kamerik, as well as the low 
m Guisveld, have significantly lower Q10 values (2.6–4.7 for CO2, and 3.7 for 

results indicate that temperature is the main controlling factor in gas exchange 
t soils and the atmosphere. Only high water tables appear to have a clear effect 
uxes. The next section focuses in on the influence of differences in water tables 
adation. 
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Table 3a. Effect of soil temperature on CO2 fluxesa  Table 3b. Effect of soil temperature on CH4 fluxesa  
Study area Site Ea Q10

b R2  Study area Site Ea Q10
b R2 

all all 91 3.8 0.66  Guisveldc all 114 5.2 0.35 
Ransdorp all 72 2.8 0.70   high WT 117 5.4 0.69 

 1 68 2.7 0.72   low WT 90 3.7 0.70 
 2 72 2.8 0.69   A 136 7.2 0.81 
 3 76 3.0 0.74   B 86 3.5 0.52 
 4 66 2.6 0.71   C 129 6.4 0.80 
 5 73 2.9 0.68   E 95 3.9 0.73 

Kamerik all 92 3.8 0.73   F 76 3.0 0.60 
 1 102 4.4 0.86  a Activation energy (KJ mol–1) and Q10 values calculated using  
 2 106 4.7 0.84  Arrhenius plots for different combinations of study area / site; 
 3 88 3.6 0.67  R2 is regression coefficient linear regression. 
 4 88 3.6 0.85  b Q10 values are calculated over the range 10–20 °C. 
 5 78 3.1 0.82  c High WT = sites A, B, C; low WT = sites E, F. 

Guisveldc all 114 5.2 0.72   
 high WT 126 6.2 0.80       
 low WT 93 3.9 0.82       
 A 120 5.7 0.79       
 B 143 8.0 0.82       
 C 117 5.4 0.85       
 E 96 4.0 0.83       
 F 89 3.6 0.83       
 47
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Within-area variation 
 
Ransdorp 
The variations in CO2 flux, CH4 flux and water-table depth, as measured at each of the five 
measurement sites (see Figure 1b for locations), are presented in Figure 8. Little between-
site differences in CO2 flux are observed, in spite of considerable differences in water-table 
depth. The results obtained  on 4 May 1999 and 24 July 2000 stand out. With respect to the 
latter date, it is noted that hot and dry conditions occurred in the foregoing period, causing 
the topsoil to dehydrate.  

Overall, CH4 fluxes in Ransdorp were small (<1 mg m–2 hr–1); the irregular pattern 
could not be related to differences in water table.  

 
Figure 8
and CH4
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. Results from the five measurement sites at Ransdorp for the period October 1998 to August 2000. CO2 
 fluxes (mg m–2 hr–1); water table (cm – surface). 
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Kamerik 
Measurements in Kamerik began somewhat earlier than in Ransdorp and Guisveld (Figure 
9). Except for the late fall and early winter months, CO2 fluxes differed considerably 
among the five measurement sites (see Figure 1c for locations). Again, no correlation with 
differences in water-table depth is apparent. A possible explanation for the observed 
differences in CO2 flux could be the vegetation cover of the sites. While sites 1, 4 and 5 
were vegetated during the entire research period, site 2 had little or no vegetation during 
some time in the spring of 1999 and 2000, and site 3 was almost completely bare during the 
entire measurement period.  

With two exceptions, CH4 emissions in Kamerik were very small (<0.1 mg m–2 hr–

1). First, a clear CH4 peak (sites 1, 2 and 3) occurred on 5 August 1999. Due to 
exceptionally dry and hot conditions in the foregoing period the soil at sites 1, 2 and 3 
showed clear shrinkage cracks that day in (several) weeks, while such cracks were absent at 
sites 4 and 5. On 5 August it rained again for the first time.  Secondly, site 3 showed 
significant higher CH4 fluxes during the last warm months of the measurement period. Yet, 
no significant higher CH4 fluxes at site 3 were observed during the summer of 1999. 
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ure 9. Results from the five measurement sites at Kamerik for the period July 1998 to August 2000. CO2 and 
4 fluxes (mg m–2 hr–1); water table (cm – surface). 
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Guisveld 
The results for Guisveld show a large within-area variation in both CO2 and CH4 fluxes 
(Figure 10). The low WT sites (E and F) generally produced larger CO2 fluxes than the high 
WT sites (A–C). Sudden drops in CO2 flux occured in August 1999 and in July 2000. In 
both cases, hot and dry conditions were recorded in the period leading up to the day of 
measurement and it was noted that these circumstances caused the top soil to dehydrate. 
The drop in CO2 flux is largest at the low WT sites.  

Large CH4 fluxes (up to 6.2 mg m–2 hr–1) were restricted to the high WT sites, 
although considerable differences occured. The largest CH4 fluxes were observed at site B, 
which had the lowest water table of the three high WT sites, but also the largest variation in 
water-table depth (between 0 and 25 cm below surface). Site B shows a similar drop in CH4 
flux as the low WT sites in CO2 flux in August 1999 and in July 2000 (hot and dry 
conditions). Of the three high WT sites, the CO2 flux at site B was the largest. The CH4 
fluxes at sites E and F (<1 mg m–2 hr–1) are comparable with those of Ransdorp and 
Kamerik. 
  

  
Figure 10
CO2 and C
 
In Guis
to be re
average
statistic
because
were ca
�
'

�

���

����

����

����

����

�� �� �� � � � � � ' 3 ( 4 �� �� �� � � � � � ' 3 ( 4


�
'
��
�
�
��

�'
�)
��
$
�

��	�����

*
+

�

�

�

�

�

�

'

3

�� �� �� � � � � � ' 3 ( 4 �� �� �� � � � � � ' 3 ( 4


*
+
��
�
�
��

�'
�)
��
$
�

��������
�)�

�����	 �����
 ������ ������ ������

-����������

�

��

��

'�

(�

���

�� �� �� � � � � � ' 3 ( 4 �� �� �� � � � � � ' 3 ( 4

!
�
��
��
��
�
��
��
�
�
�

. Results from the five measurement sites at Guisveld for the period October 1998 to September 2000. 
H4 fluxes (mg m–2 hr–1); water table (cm – surface). 

veld, in contrast with Ransdorp and Kamerik, inter-site differences in CO2 flux seem 
lated with differences in water table. The CO2 fluxes at the high WT sites are, on 
, 41 ± 28 % lower than at the low WT sites. It is, however, difficult to prove 
ally that this difference in CO2 flux is caused by differences in water-table depth, 
 it is not an independent variable. Therefore, average CO2 fluxes and water tables 
lculated per measurement date for both the low and high WT sites. A plot of the 
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difference in CO2 flux between the low and high WT sites (dCO2) against Tsoil shows that 
dCO2 increases with increasing soil temperature (Figure 11a). This correlation implies that 
a difference exists between the two types of site. The difference in CO2 flux is small in 
winter, when temperatures are low and water tables high, but the difference in CO2 flux 
increases in summer with higher temperatures and lower water tables. When dCO2 is 
plotted against the difference in water-table depth between the low and high WT sites 
(dWT) a similar effect is observed (Figure 11b). As dWT increases, so does dCO2. Since 
dWT is a much more independent variable (not influenced directly by differences in 
temperature or management), it is concluded that part of the difference in CO2 flux 
measured at the sites in Guisveld is caused by differences in water-table depth. There is, 
however, one notable exception (see arrows in Figure 11). At the highest measured Tsoil 
(21.5 °C) and largest difference in water table (37 cm), the high WT sites show larger CO2 
fluxes than the low WT sites (dCO2 = –90 mg m–2 hr–1). This phenomenon took place in 
August 1999 during prolonged hot and dry conditions, causing the topsoil, of the low WT 
sites in particular, to dehydrate. 
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ure 11. (a) Difference in average CO2 flux between the low and high WT sites in Guisveld (dCO2 in mg m–2 hr–

gainst Tsoil (°C) and (b). dCO2 against difference in average water table between the low and high WT sites; 
s are plotted by hand to illustrate the trend. Arrow indicates outlier during exceptionally hot and dry conditions 
ugust 1999.  

ily variation 

tween- and within-day variability in CO2 fluxes were studied in Ransdorp (21–25 June, 
99) and in Guisveld (17, 18, 21, 24 July and 24 August, 2000). In the latter area CH4 flux 
iations were recorded too.  

The within-day variation in CO2 flux in Ransdorp, Tsoil and Tair as measured on 
 and 24 June 1999 are presented in Figure 12. The largest between-site difference in CO2 
x occurred on 24 June: 484 mg m–2 hr–1 at 12:30 and at 14:00 hr. The largest within-site 
ferences in CO2 flux are observed at site 5: 291 mg m–2 hr–1 (21 June) and 481 mg m–2 
1 (24 June). The patterns of change in daily CO2 flux show, however, little or no 
relation with Tsoil or Tair (Figure 12); on 21 June the fluxes from some sites seem to be 
re influenced by Tair than by Tsoil, but no such correlation is apparent in the data from 

 June. 
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igure 12. Day measurements at Ransdorp on 21 and 24 June 1999. Several measurements of CO2 flux (per site) 
nd Tsoil per day. Note Tsoil on first y-axis, Tair on secondary y-axis and different scales; both the axis of Tsoil 
nd of Tair begin at 15 °C. The water table was constant. 

he average daily CO2 fluxes in Ransdorp ranged from 867 to 1417 mg m–2 hr–1 (Figure 
3a). The pattern of flux variation strongly resembles that of Tsoil. Furthermore, CO2 
luxes calculated on the basis of the same general regression model used earlier ( Model 1, 
arameters from All) correspond, overall, well with the observed values. Figure 13b 
ompares the average daily variations in CO2 flux in Ransdorp with “monthly” average 
luxes in the period May–September 1999. Except for the outlier on 24 June, the daily 
verages vary moderately and correspond well with the “monthly” average fluxes for June 
nd July 1999. 
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 13. (a) Daily averaged CO2 fluxes (in mg m–2 hr–1) from Ransdorp (21–25 June 1999) compared to average 
and water-table values; several measurements per day. CO2 and water-table depth are averages per day over 
, Tsoil over 1 site. Calculated CO2 flux = e(4.433 + 0.123*T + 0.009*WT). Note y-axis Tsoil begins at 14 °C.  

verage daily CO2 fluxes (in mg m–2 hr–1) (21–25 June 1999) compared to the “monthly” average flux values 
ansdorp (April–September 1999). 

uisveld, both Tsoil and Tair did not vary much during the daily measurements on 17, 
1 and 24 July 2000. Additional data were therefore collected on 24 August 2000. 

re 14 shows the daily variation in CO2 and CH4 fluxes, and the variation in Tsoil and 
on 18 July and 24 August 2000. The CO2 flux at site F is extremely low, because the 
5 cm of this site was replaced by sand (see next section). The difference in CO2 fluxes 
een the other four sites is the largest on 24 August: 1166 mg m–2 hr–1 at 11:00 hr. On 
ugust, both Tsoil and Tair vary more than on July-days (for example 18 July; 520 mg 
r–1 at 12:30 hr). The CO2 flux at site E shows the largest variation, ranging from 692 
60 mg m–2 hr–1 on 18 July and from 1188 to 1972 mg m–2 hr–1 on 24 August. CO2 
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fluxes at site E appear to be somewhat better correlated with Tair than with Tsoil, as 
expressed in the difference in R2 from the multivariate regression analysis with Tair + WT 
and Tsoil + WT (R2 is 0.91 and 0.67 respectively). This difference, however, is not 
significant due to the small number of data points.  
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Figure 14. Day measurements in Guisveld on 18 July and 24 August 2000. Several measurements of CO2 and CH4 
flux (per site) and Tsoil per day. Note Tsoil on first y-axis, Tair on secondary y-axis and different scales; Tsoil 
axis begins at 15°C and Tair axis begins at 10°C. The water table was constant. 1Site F is a sand site, see next 
section. 
 
As shown earlier, CH4 fluxes are much higher at the high than at the low WT sites. 
However, CH4 fluxes do not vary much during the day. Like the CO2 fluxes, the largest 
within-day variation in CH4 fluxes is observed on 24 August (ranges at site A from 1.5 to 
2.0 mg m–2 hr–1); the largest between-site difference is 0.6 mg m–2 hr–1 at 12:00 hr. Overall, 
the small daily variation in CH4 flux is not correlated with variation in temperature. 
 
Both averaged CO2 and CH4 fluxes from the daily measurements in Guisveld (17–24 July 
2000) are within the range of the “monthly” averaged results (not shown), but it should be 
noted that the data from 21 and 24 July are included in the “monthly” average. Averaged 
daily fluxes from 17–24 July vary between 0.89 and 0.93 mg m–2 hr–1 for CH4 and between 
670 and 918 mg m–2 hr–1 for CO2. Comparison of the calculated CO2 fluxes (using model 1, 
averaged Tsoil and WT, without site F) with the (daily averaged) measured CO2 fluxes 
shows little difference (Figure 15a). 
 
As explained in the first section, a regression model for CH4 could only be obtained for 
Guisveld, with just Tsoil and WT data from the individual sites (or average high WT sites) 
as input data. Average measured and calculated CH4 fluxes for the high WT sites are 
plotted in Figure 15b. The calculated fluxes strongly underestimate the measured CH4 flux, 
probably indicating that CH4 emission depends on more factors than just Tsoil and water 
table. 
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) Daily averaged CO2 fluxes from Guisveld (17–24 July 2000) compared to average Tsoil and water 
several flux measurements per day. CO2 averages per day from 4 sites (site F is transformed to sand 
section). Calculated CO2 flux = e(4.433 + 0.123*T + 0.009*WT). Note y-axis Tsoil begins at 15 °C.  
raged measured CH4 fluxes for the high WT sites compared with calculated CH4 fluxes. The CH4 
able 2 is used to calculate the CH4 flux, with average Tsoil and water-table values from the high WT 

s from the control (non-peat) area and sand sites 

s from the control area Beverwijk (without the peat degradation component) 
m 359 mg m–2 hr–1 in March to a maximum of 642 mg m–2 hr–1 in July, while 

2 fluxes in the peatland areas during the same period ranged from 556 mg m–2 
ril, Guisveld) to a maximum of 1728 mg m–2 hr–1 (3 July, Kamerik) (Figure 4). 
luxes at the sand site in Beverwijk were small (ca. 150 mg m–2 hr–1). CO2 fluxes 
 sites in Ransdorp and Kamerik reached 171–343 mg m–2 hr–1, less than 20 % of 
vegetated) sites, and 51–158 mg m–2 hr–1 in Guisveld, less than 15 % of the other 
) sites.  

ary of results and discussion 

nd between-area variation 

on of CO2 and CH4 and the uptake of O2 show clear seasonal trends. In 1999 and 
mer maxima for CO2 and O2 reached about 1500 mg m–2 hr–1 in all study areas 
 and about 3 mg m–2 hr–1 for CH4 at the high WT sites (WT <25 cm) in Guisveld 
. CH4 emission at Ransdorp, Kamerik and the low WT sites of Guisveld was <1 
1 (Figures 8, 9 and 10). Everywhere, winter minima were close to zero.  
he emission of CO2 and uptake of O2 show strong positive correlations with 
e and water-table depth. This indicates, although part of the gas exchange is 
 the vegetation, that these factors have a clear influence on the rate of peat 
n. Multivariate regression analysis with the variables Tsoil and WT explains a 
of the variation in CO2 fluxes (>68 %, see R2 Table 2). Tsoil alone, however, 
66 % of the flux variation, suggesting that CO2 fluxes are mainly regulated by 
ess by water-table depth. The fact that monthly CO2 fluxes show little variation 
e study areas (mean standard deviation = 150 mg m–2 hr–1), even though water 
ure 4) and management (Table 1) differed considerably, supports this conclusion. 
al. (1995) found no significant (within-area) difference in CO2 fluxes between 

and areas on peat soil in Zegveld (The Netherlands), one with a high (about 30 
he other with a low (about 60 cm) water table. On the basis of CO2-flux 
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measurements in peatlands in North Carolina, Bridgham and Richardson (1992) also 
concluded that temperature was the most important environmental variable for the seasonal 
dynamics of soil respiration, while water-table depth was of less importance. Chapman and 
Thurlow (1996) also found a clear seasonal pattern in CO2 emission from two peatlands in 
Scotland, where soil temperature explained 57–70 % of the variation in CO2 emission. Only 
one of the Scotish sites showed CH4 emission (<1.4 mg m–2 hr–1) which broadly followed a 
seasonal trend. CO2 fluxes at the Scotish sites reached up to about 700 mg m–2 hr–1 during 
summer at maximum Tsoil (14 °C). The fluxes in our study (about 1500 mg m–2 hr–1) were 
higher, probably due to higher Tsoil (up to 21 °C).  

In contrast to Guisveld, where the water table is high, some of the CO2 fluxes in 
Ransdorp and Kamerik were lower than expected given the Tsoil and water-table depth 
(Figure 6). These lower values may have been caused by dehydration of the topsoil, due to 
exceptionally dry conditions (high Tsoil, low WT and no precipitation) during several days 
or weeks before the flux measurements. According to Stark and Firestone (1995), low water 
availability can inhibit microbial activity by lowering intracellular water potential and thus 
reducing hydration and activity of enzymes. In solid matrices, like peat soils, low water 
content may also reduce microbial activity by restricting substrate supply, because the rate 
of substrate diffusion to microbial cells declines. Hensen et al. (1998), who measured CO2 
fluxes from grassland on clay-peat soils at Cabauw (The Netherlands), also concluded that 
drought caused lower fluxes.  

Between-area differences in (fertilization) management (Table 1) could be 
responsible for some of the between-area difference in CO2 and O2 fluxes (Figure 4), 
although little between-area variation in CO2 flux was observed. Because organic manure is 
a well degradable substrate for micro-organisms, fertilization can cause an additional CO2 
flux (for example in Ransdorp, April/May 1999). The difference between measured and 
calculated CO2 fluxes in Ransdorp in the spring of 1999 and 2000 (Figure 6), is probably 
also related to fertilization.  

Relatively large CH4 fluxes (>1 mg m–2 hr–1) occurred at high summer 
temperatures (Tsoil >15 °C), but these fluxes were restricted to the high (<25 cm) WT sites 
in Guisveld. The small CH4 fluxes in Ransdorp, Kamerik and the low WT sites of Guisveld 
indicate that part of the produced CH4 was already consumed by methanotrophic bacteria in 
the aerobic layer before it could be emitted to the atmosphere. As with CO2, a large part of 
the variation in CH4 flux can be explained by variation in Tsoil and WT, but a high 
correlation (i.e. 68 %) between measured and calculated flux was found only in Guisveld, 
where water tables are higher and the CH4 fluxes larger. Van den Pol-Van Dasselaar 
(1998), who also did closed chamber flux measurements in grasslands on peat soil in the 
western Netherlands calculated a small net CH4 uptake (<0.02 mg CH4 m–2 hr–1) for sites in 
Zegveld with a water table >20 cm below surface in the summer season. In the nature 
reserve area ‘Nieuwkoopse Plassen’ Van den Pol-Van Dasselaar measured net CH4 
emission at sites with high water tables (mean annual WT 9–18 cm below surface). The 
CH4 fluxes in the Nieuwkoopse Plassen area showed, as in our study, strong between-area 
variation and CH4 fluxes varied throughout the seasons (0–10 mg CH4 m–2 hr–1), which was 
related to variation in soil temperature and groundwater table. 
 
Within-area variation 
 
Overall, no significant within-area differences in CO2 flux were found in Ransdorp, in spite 
of clear differences in water-table depth between the five measurements sites (Figure 8). 
The few between-site differences that were observed are possibly related to within-area 
differences in dehydration of the topsoil (resulting in lower fluxes, see above) or to within-
area differences in fertilization with organic manure (resulting in larger fluxes).  

Small, infrequent CH4 peaks (<1 mg m–2 hr–1) were not site related and are 
tentatively attributed to decomposition of organic manure or to decomposition of local 
excrements from the grazing sheep. The overall small CH4 emission in Ransdorp is 
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associated with the low water table and the long history (more than 30 years) of drainage 
activities in this area. 

In Kamerik, large variation in CO2 flux occurred between the sites (Figure 9). 
Much lower CO2 fluxes were measured at the bare site (#3) and from the occasionally non-
vegetated site (#2). These lower fluxes were clearly related to the absence of plants and 
plant roots in the system (Conrad 1996). The reason for differences in CO2 flux between the 
vegetated sites is unclear.  

CH4 emissions in Kamerik were, with some exceptions, low (<0.13 mg m–2 hr–1), 
most likely due to the low water table (large aerobic zone) and the solid sandy clay layer 
overlying the peat (restricted diffusion pathway). A pronounced CH4 peak, with a 
maximum of 1 mg m–2 hr–1 at sites 1–3, occurred on 5 August 1999. This enhanced 
emission was measured on the day of first rainfall following a period of exceptionally dry 
and hot conditions. CH4 production occurs only under strict anaerobic circumstances and is 
favoured by high temperatures. In contrast to sites 4 and 5, the soil at sites 1–3 showed 
shrinkage cracks, resulting in shorter pathways for soil-atmosphere exchange of CH4 and 
therefore reduced CH4 oxidation. The absence of roots at the bare site (#3) (i.e no aerobic 
rhizosphere) may explain the significantly larger CH4 flux during the last warm months of 
the measurement period (April–August 2000, Figure 9) through reduced oxidation of CH4. 
Note, however, that no significantly higher CH4 fluxes were measured at site 3 during the 
summer of 1999. 

In Guisveld, the low (10–49 cm) WT sites generally produced larger CO2 fluxes 
than the high (0–25 cm) WT sites (Figure 11). This difference may have been caused by 
more oxygenated conditions at the low WT sites. As expected, the high WT sites in 
Guisveld did not show large dehydration effects in August 1999 and July 2000 such as 
occurred in Ransdorp, Kamerik and the low WT sites in Guisveld in the same period (see 
also outlier in Figure 11). 

High CH4 fluxes (up to 6.2 mg m–2 hr–1) occurred only at the high WT sites in 
Guisveld, where large between-site differences were found (Figure 10). The largest CH4 
fluxes were observed at site B, which had the lowest water table of the three high WT sites 
as well as the largest variation in water-table depth (between 0 and 25 cm). In August 1999 
and in July 2000, the CH4 flux at site B showed a similar drop as the CO2 flux at the low 
WT sites. Dehydration of the topsoil and (subsequently) reduced microbial activity could 
therefore also explain part of the observed variation in CH4 flux between the high WT sites. 
On the other hand, dry conditions slow down the enzymatic activity of the methanotrophic 
population as well (Boeckx et al. 1996). Thus, if CH4 production below the topsoil remains 
constant, a lower methanotrophic activity can result in a net increase in CH4 emission. 
Conrad (1996 and references therein), maintains that plant vascular transport of CH4 can be 
the dominating emission pathway  if the peat soil is covered by the appropriate vegetation. 
Thus, physiological stress of the vegetation caused by dry conditions can also explain this 
sudden drop in CH4 flux at site B. 
 
The between- and within-area variations in environmental conditions and gas fluxes give 
rise to the question why differences in water-table depth significantly influenced gas fluxes 
in Guisveld, but not in Ransdorp and Kamerik? A possible explanation is that a (large) part 
of the rhizosphere at the high WT sites in Guisveld is frequently situated below the water 
table where anaerobic circumstances slow down rapid aerobic degradation and production 
of CO2. Moreover, since root exudates stimulate methanogenesis (Conrad 1996), a 
rhizosphere that occurs frequently in the saturated zone helps to explain the large CH4 
fluxes at the high WT sites. On the basis of a study comparing microbial communities in 
peaty soils of wet and dry areas (Van Dijk, unpublished data), one can expect that the 
(permanently) high WT sites in Guisveld harbor different active groups of micro-organisms 
than at Ransdorp, Kamerik and the low WT sites in Guisveld.  
 
Q10 values for CO2 and CH4 emission vary from 2.6–8.0 and 3.0–7.2, respectively (Table 
3). The largest temperature related increase in flux can be observed at the high WT sites in 
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Guisveld (Q10 values of 6.2 for CO2 and of 5.4 for CH4). In contrast, the sites in Ransdorp 
and Kamerik, as well as the low WT sites in Guisveld, have significantly lower Q10 values 
(2.6–4.7 for CO2, and 3.7 for CH4). This difference suggests that the high WT sites are 
more sensitive to temperature changes. Silvola et al. (1996) also found that the effect of 
temperature on CO2 fluxes from Boreal peatlands depends on the water-table depth: Q10 
values at high (0–20 cm) WT sites ranged from 1.3–4.9 (average 2.9) and from 1.1–3.0 
(average 2.0) at low (>20 cm) WT sites. Bubier et al. (1998), on the other hand, reported 
Q10 values for Boreal peatlands ranging from 3.0–4.1. They found that wet, organic soils 
gave generally higher Q10 values than mineral soils. Chapman and Thurlow (1996) reported 
Q10 values of 3.3 and 6.1 for CO2 emission from two peatlands in Scotland. In a review 
paper by Raich and Schlesinger (1992), the CO2-Q10 range for all (both peat and non-peat) 
soils is 1.3–3.3 (median 2.4). Given that both water-table depth and temperature influence 
soil respiration when the water table is high (0–25 cm), Q10 values in models for high WT 
sites should be used with care.  

As for CH4 emission, Dunfield et al. (1993) found Q10 values in the range of 5.3–
16 for temperate and subarctic peat soils, and Valentine et al. (1994) computed a Q10 value 
of 4.7 for a coastal fen in Canada. These values were obtained, however, from laboratory 
studies with incubated slurries of peat samples. Crill et al. (1991) emphasized that a very 
broad range of Q10 values for CH4 emission has been reported, because most of the 
processes that affect CH4 production and flux (e.g. moisture balance, rates of CH4 oxidation 
and substrate supply) are also directly affected by temperature. 
 
The ratio between molar CO2 emission and O2 uptake is called respiratory quotient (RQ). 
RQ equals 1, when substrates equivalent to the composition of glucose are completely 
mineralized (according to the equation CnH2nOn + nO2 � nCO2 + nH2O). RQ is <1 due to 
mineralization of more recalcitrant compounds (like cellulose, lignin) and RQ is > 1 due to 
anaerobic mineralization processes, such as methanogenesis in which also CO2 is formed. 
RQ values from all our measurement sites show a general increase with increasing 
temperature from a value of about 0.2 at 1 °C, to an overall maximum RQ value of 0.8 at 
10–20 °C (not shown). RQ values obtained for Guisveld suggest a difference, although not 
significant, between the high- and low WT sites; in contrast to RQ values for the low WT 
sites, those for the high WT sites continue to increase with increasing temperature to RQ 
values above 0.8 (Figure 16). If real, this difference may be attributed to different species of 
microorganisms active at the high and low WT sites. The fact that high CH4 fluxes are 
restricted to the high WT sites and that the rate of methanogenesis increases with higher 
temperatures might reflect this difference in microbial activity. 

Figure 16. Respira
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tory quotient Guisveld. RQ values for high and low WT sites plotted against Tsoil. Horizontal 
presents the overall maximum RQ value of all flux measurements (in Ransdorp, Kamerik and 
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Daily variation 
 
CO2 fluxes varied markedly during the day and between successive days. In Guisveld, 
maximum within-day variation in CO2 flux (784 mg m–2 hr–1) was measured on 24 August 
2000 at the low WT site (site E, Figure 14), with a maximum difference of 1166 mg m–2 hr–

1 between the high and low WT sites. In Ransdorp, a maximum between-day variation of 
550 mg m–2 hr–1 in average CO2 flux was measured in July 1999 (Figure 13). In Ransdorp 
and Guisveld, most of the variation in CO2 fluxes between successive days can be 
explained by differences in temperature and water-table depth (Figures 13a and 15a). The 
data from 18 July and 24 August 2000 suggest that daily temperature changes affect the low 
WT site(s) more strongly than the high WT sites (Figure 14). The Q10 values (Table 3b) 
show an opposite effect, but these values are calculated over a much longer period and 
cover a wider range of circumstances.  

Temperature variations can explain only part of the variation in CO2 flux during a 
day (Figures 12 and 14). The remaining part of the variation in CO2 flux may be related to 
such factors as soil-moisture content and evaporation. A limited number of results suggest 
that fluxes depended more on Tair than on Tsoil. 

CH4 fluxes, measured in Guisveld on several days in July 2000, varied only 0.4 
mg m–2 hr–1 throughout the week (Figure 15b). This modest variation can not be explained 
by variation in temperature or water-table depth. The largest within-day variation in CH4 
flux (0.5 mg m–2 hr–1), measured in Guisveld (24 August 2000), shows no apparent 
relationship with temperature (Figure 14).  
 
Separating CO2 fluxes from plant(-root) respiration and microbial peat degradation 
 
The total CO2 flux measured at a study site (containing peat soil) is the net result of 
respiration and degradation processes in six compartments of the vegetation-soil system: 
(A) respiration by the above-ground parts of the vegetation following placement of a closed 
chamber, (B) root respiration, (C) microbial decomposition of fresh organic matter in the 
rhizosphere (exudates, manure, etc.), (D) microbial degradation of peat in the rhizosphere, 
(E) microbial degradation of peat below the rhizosphere, and (F) microbial degradation of 
other organic substrate (e.g. present in the groundwater). One of the objectives of the 
present study is to quantify the CO2 flux resulting from microbial degradation of peat 
within and below the rhizosphere (compartments D and E). To this end we measured, 
beginning in March 2000, CO2 fluxes at five sites in a control area of grassland on ‘non-
peat’ soil (Beverwijk). Furthermore, in May and June 2000, CO2 fluxes were measured at 
site F in Guisveld and sites 5 in Ransdorp, Kamerik, and Beverwijk after the top 15 cm of 
the soil (containing the bulk of the rhizosphere) at these four sites was replaced by sand 
(see results sub-section 4).  
 The procedure to quantify the CO2 flux resulting from microbial degradation of 
peat (D+E) is as follows (Figure 17). Since the three study areas and the control area are all 
in use as grassland, it is assumed that the CO2 flux from the different compartments, except 
from F, is (more or less) comparable between the areas and sites. By subtracting the Fnp-
component (the CO2 flux from the sand site at the non-peat soil) from the CO2 flux 
measured at the vegetated sites in Beverwijk one obtains the CO2 flux from plant 
respiration and microbial degradation of fresh organic matter in the rhizosphere 
(components A+B+C). This CO2 flux (A+B+C), when subtracted from the CO2 flux at the 
vegetated peat soils, gives the CO2 flux resulting from microbial degradation of peat and 
microbial degradation of other organic substrate in the peat (D+E+Fp). The CO2 flux from 
microbial degradation of peat below the rhizosphere and of other organic substrate (E+Fp) 
is quantified using the CO2 fluxes measured from the sand sites on peat soil.  
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Figure 17. Schematic representation of the different compartments contributing to the total CO2 flux at a non-peat 
site and a peat site. For explanation, see text. 
 
Finally, microbial degradation of peat within the rhizosphere (D) follows from 
(A+B+C+D+E+Fp) – (A+B+C) – (E+Fp) = D. Microbial degradation of other organic 
substrate (Fp) can not be quantified separately; it is assumed to be marginal in peat soil and 
is therefore included in total peat degradation (D+E+Fp).  

As expected, CO2 fluxes in Beverwijk were lower than measured at the peat sites, 
most likely due to absence of the peat degradation component. CO2 fluxes in Beverwijk 
ranged from 359 mg m–2 hr–1 in March to a maximum of 642 mg m–2 hr–1 in July, while 
average CO2 fluxes at the peat sites during the same period ranged from 556 mg m–2 hr–1 on 
4 April in Guisveld to 1728 mg m–2 hr–1 on 3 July in Kamerik. The CO2 fluxes at the sand 
site in Beverwijk were small (~ 150 mg m–2 hr–1). The Fnp component (Beverwijk) during 
the growing season (March measurement omitted) was calculated to be about 25 % of the 
total CO2 flux, leaving 75 % for A+B+C (410–490 mg m–2 hr–1). 75 % of the CO2 flux in 
Beverwijk (or 410–490 mg m–2 hr–1) equals 33–43 % (=A+B+C) of the total CO2 flux in the 
peat areas during the same period, leaving 57–67 % (545–1000 mg m–2 hr–1) for D+E+Fp. 
CO2 fluxes at the sand sites on peat (E+Fp) were <20 % of the total (vegetated) sites at 
Ransdorp and Kamerik (171–343 mg m–2 hr–1), and <15 % at Guisveld (51–158 mg m–2 hr–

1). Thus, microbial peat degradation in the rhizosphere (D) accounts for 37–47 % [= 
(D+E+Fp) – (E+Fp)] of the total CO2 flux. All percentages were calculated in proportion to 
the average CO2 fluxes of the vegetated sites per area. On the basis of these calculations, 
57–67 % of the total measured CO2 fluxes during the growing season can be attributed to 
peat degradation. This result is based on few datapoints and the contribution of root 
respiration is very uncertain. Root respiration depends on the amount of roots. (Van den 
Bos and Van de Plassche submitted) found no significant differences in the quantity of 
roots between the three study areas, although this amount was expected to differ, for 
example due to differences in water-table depth. It is therefore estmated that root 
respiration in the control location (Beverwijk) is equal to, or larger than in the peat areas, 
because the water table in Beverwijk is the lowest (>60 cm). Furthermore, it is likely that 
root respiration is at its largest during the growing season, which is the period considered 
here. It can be assumed that the CO2 flux from respiration of the green part of the 
vegetation (A) is small compared to that from root respiration (B), because the vegetation at 
all sites was clipped as short as possible prior to measurement. Nykänen et al. (1995) made 
gas-flux measurements with the closed chamber technique in the Ilomantsi peat area in 
Finland. The difference in CO2 emission between a bare site (1.5 kg CO2 m–2 yr–1, annual 
average temperature is 1.9 °C) and a vegetated site (2.2 kg CO2 m–2 yr–1), 0.7 kg CO2 m–2 
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yr–1, or 38 %, was taken to represent root respiration and the decomposition of roots and 
their exudates, while the emission from the bare site indicated peat oxidation. In our study, 
a similar percentage (33–43 %, =A+B+C) was found, although fluxes were larger (likely 
due to higher temperatures). 

From the CO2 flux measured at the vegetated sites on peat, the high percentage of 
D (37–47 %) shows that the largest part of peat degradation takes place in the rhizosphere. 
Breakdown of the peat below the rhizosphere is slow as indicated by the relatively small 
CO2 fluxes at the sites where the top 15 cm is replaced with sand. It remains difficult, 
however, to separate the CO2 fluxes from the different compartments. In future experiments 
the usage of labeled carbon is therefore recommended. 
 
Annual CO2 flux from peat degradation in the western Netherlands; a first-order 
estimate 
 
Given the small between-area variation in CO2 flux, it is, for the purpose of upscaling, safe 
to assume that the three selected study areas are representative for the entire area of coastal 
peatlands in the western Netherlands. One obtains a first-order estimate of the contribution 
of peat degradation in the western Netherlands to the total national GHG emission by 
multiplying the surface area of coastal peatlands (ca. 160.000 ha) with the minimum and 
maximum annual CO2 flux caused by peat degradation. To obtain these latter values, we 
first determined a monthly averaged CO2 flux for each study area by graphical interpolation 
of the average measured fluxes (Figure 4), multiplied by 24 (hours) and the number of days 
per month (28-31). Although the total measurement period was almost two years (21–22 
months), the only full calendar year of measurements is 1999. Therefore, we computed the 
total CO2 flux (in kg m–2) per study area over 1999 and, for comparison, over the entire 
measurement period (Table 4). Since the monthly CO2 fluxes (averaged over the three 
study areas) from 1998, 1999 and 2000 compare well (Figure 18), an annual CO2 flux over 
the entire research period per study area was calculated by dividing the total CO2 flux per 
study area with the number of measurement months and multiplying the outcome by 12 
(Table 4). 
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e 18. Average CO2 emission per month (in kg m–2) over the three study areas for 1999, for months 1–7 of 
and months 11–12 of 1998. Averages were calculated using the average flux per study area (over 4–5 
rement sites) per month. Error bars indicate the standard deviation. 

annual CO2 fluxes over the entire research period (calculated) and the annual fluxes 
 1999 (measured) are very similar (between 5.0 and 6.4 kg CO2 m–2 yr–1). Using the 
mum and maximum values from the annual flux over 1999 for upscaling, the annual 
 emission caused by peat degradation amounts to 4.6–6.5 Mton CO2 yr–1 (= 5.0–6.1 kg 
 m–2 yr–1 * 57–67 % * 160.000 ha), which is 2.0–2.9 % of the annual emission of GHG 
e Netherlands (225 Mton CO2 equivalents for 1990–2000, CBS and RIVM 2001). 

If the upscaling is based on the average CO2 flux from the high WT sites at 
veld (Table 4), then, assuming a region-wide water table <25 cm below surface, the 
ribution of peat degradation to the total annual emission in the Netherlands decreases to 
2.3 % (4.4–5.1 Mton CO2 yr–1). The high WT sites at Guisveld produced, however, 
ively large CH4 fluxes, and CH4 is 23 times as strong a GHG than CO2 (IPCC 2001). 
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Expressed as CO2 equivalents, the annual CH4 flux at the high WT sites is about 0.2 kg CO2 
m–2 yr–1. In contast to the CO2 flux, this value needs no correction for the direct 
contribution of the vegetation (i.e. root respiration, etc.). The annual emission of both CO2 
and CH4 caused by peat degradation (assuming a region-wide water table <25 cm below 
surface) amounts to 4.7–5.4 Mton CO2 equivalents yr–1 (= (0.2 + 57–67 % * 4.8 kg m–2 yr–

1) * 160.000 ha), which is 2.1–2.4 % of the annual GHG emission in the Netherlands. 
Note that the primary production of the vegetation is not included in this study. 

Since peatlands in the western Netherlands are no longer actively growing, the cycling of 
carbon through the grassland vegetation on an annual basis (i.e. primary production versus 
consumption, mowing and degradation) is assumed to be in balance. Mowing of grasslands 
on peat in the western Netherlands yields 1.1–2.2 kg CO2 equivalents m–2 yr–1. Over the 
period 1992-1994, yields on nitrogen-fertilized grasslands on clay, sand and peat reached 
up to 2.2, 1.7 and 2.2 kg CO2 equivalents m–2 yr–1, respectively, while on unfertilized 
grasslands these yields were 1.3, 0.8 and 1.3 kg CO2 equivalents m–2 yr–1, respectively 
(Kuikman 1996). Hensen et al. (1998) made aerodynamic CO2 flux measurements from 
grassland on clay on peat (Cabauw) and found a net emission of 0.05–1.21 kg CO2 m–2 yr–1 
(average 0.64 kg CO2 m–2 yr–1) for the period 1993–1996. This net emission is the (net) 
respiration of both soil and vegetation during night-time (average 6.57 kg CO2 m–2 yr–1, 
including an assumed emission of 0.2 kg CO2 m–2 yr–1 due to manure application) minus the 
(net) uptake by the vegetation during day-time (average 5.93 kg CO2 m–2 yr–1).  No 
separation is made, however, in carbon fluxes due to peat degradation and in carbon fluxes 
that are plant-related. Again, to calculate the carbon fluxes due to peat degradation that 
include the entire day (not only night-time fluxes), we assume that the cycling of carbon 
through the grassland vegetation on an annual basis is in balance. This means that part of 
the net uptake of carbon during day-time (5.93 kg CO2 m–2 yr–1) is used for increasing 
biomass and part disappears during night-time through plant respiration and degradation of 
roots. If we assume that the amount of increased biomass is mown yearly (1.1–2.2 kg CO2 
equivalents m–2 yr–1, see above), the vegetation-part that disappears during night-time can 
be calculated (3.73–4.84 kg CO2 m–2 yr–1). From the total night-time emission at the 
Cabouw site, peat degradation then accounts for 1.74–2.84  kg CO2 m–2 yr–1 (= 6.57 kg CO2 
m–2 yr–1 – 3.73–4.84 kg CO2 m–2 yr–1). During day-time, a similar, or even larger (due to 
higher temperatures), CO2 emission is expected as the result of peat degradation. Total peat 
degradation at the Cabouw site is thus calculated to result in 3.5–5.7 kg CO2 m–2 yr–1 
(including an assumed emission of 0.2 kg CO2 m–2 yr–1 due to manure application). These 
values are somewhat higher than found in this study (2.9–4.1 kg CO2 m–2 yr–1). Based on 
these calculations, night-time emission at the Cabouw site due to peat degradation 
accounted for 26–43 % of the total flux, while we found 57–67 % of the total flux for peat 
degradation. 
 

Table 4. Annual CO2 fluxes from the three studied peat areas, and from high WT sites only at Guisveld. Between 
brackets: the contribution by peat degradation (57–67 %). 

Study area 
Total CO2 (kg m–2) 
(Nov 1998 – July 

2000)1 

Annual CO2–calculated 
(kg m–2yr–1) 

1999 CO2–measured 
(kg m–2yr–1) 

Ransdorp 11.1 6.42 (3.6–4.3) 6.1 (3.5–4.1) 

Kamerik 9.1 5.03 (2.9–3.4) 5.0 (2.9–3.4) 

Guisveld 8.7 5.13 (2.9–3.4) 5.5 (3.2–3.7) 

Guisveld high WT 7.4            4.3 (2.5–2.9) + 0.24            4.8 (2.7–3.2) + 0.24 
1 Common measurement period. 
2 Calculated over 21 months. 
3 Calculated over 22 months. 
4 0.2 = calculated annual CH4 flux in CO2 equivalents 
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Discussion 
The above estimates of annual GHG emission caused by peat degradation are based on 
almost two years of monthly CO2 and CH4 flux measurements performed at three selected 
areas within the coastal peatland area of the western Netherlands. Here, we assess the 
reliability of these estimates in light of the assumptions made in this upscaling exercise.  
 1. The assumption that the three selected study areas are representative for the 
entire area of coastal peatlands in the western Netherlands is based on the fact that 
measured CO2 fluxes show little variation between the study areas, even though peat 
composition (Figure 2), water tables (Figure 4) and management (Table 1) differed 
considerably. Only the high WT sites in Guisveld behaved differently, by showing high 
CH4 fluxes and significantly lower CO2 fluxes. The first estimate of annual peat 
degradation (4.6–6.5 Mton CO2 yr–1) does not include CH4 emission, since no data are 
presently available about the total area of peatlands with high water tables in the western 
Netherlands. Therefore, both CO2 and CH4 emission from the high WT sites in Guisveld 
are used in a separate estimate, assuming a region-wide water table <25 cm below surface. 
Conditions with summer water tables at or above the surface were, however, not considered 
here and may therefore influence these estimates. 

2. Flux measurements, performed only during daytime, were assumed to be valid 
for the entire day. It is likely, however, that fluxes during the night were somewhat lower 
due to lower soil temperatures. Total peat degradation is therefore overestimated by the 
using only daytime fluxes.  

3. The monthly data used for upscaling (Figure 4) are assumed to be representative 
for the entire period. Gas fluxes (especially CO2) varied markedly, however, during the day 
and between successive days. Most of this variation could be explained by differences in 
Tsoil and water-table depth. Since continuous records of these parameters and of gas fluxes 
are not available, total peat degradation is assumed to be alternately and evenly over- and 
underestimated by the use of measured monthly values. 

4. Average peat degradation over all three study areas was calculated to be 57–67 
% of the measured CO2 flux. However, the annual CO2 emission (Table 4) in Ransdorp is 
somewhat larger than in Kamerik and Guisveld. This difference may be attributed to the 
more intensive management in Ransdorp. Here, degradation of manure, instead of peat, 
may have been responsible for the higher CO2 flux. For lack of more specific data, 57–67 
% of the annual CO2 emission in Ransdorp is taken as maximum value for peat degradation 
in the upscaling exercise. 

5. With respect to the relatively large CH4 emission at the high WT sites in 
Guisveld, it should be noted that root exudates have a strong positive influence on the CH4 
production (Conrad 1996). In the upscaling, we did not discriminate CH4 produced by peat 
degradation from CH4 produced by degradation of root exudates.  Consequently, CH4 
emission due to peat degradation is overestimated.  

6. In this study, we did not measure CH4 uptake fluxes. Yet, it is likely that CH4 
uptake took place in those areas where the water table was low, such as found by Van den 
Pol-van Dasselaar (1998) in the peat area Zegveld during the summer. For the purpose of 
upscaling, the amount of CH4 uptake can be assumed small and is probably in balance with 
the emission of CH4 at these sites. CH4 fluxes, other than the relatively large ones at the 
high WT sites in Guisveld, are therefore neglected in this upscaling exercise.  

7. The CO2 flux due to peat degradation applied in this upscaling is assumed to be 
the same for a whole year (i.e. 57–67 % of measured CO2 flux). Deviations from these 
percentages during the winter period hardly affect the total estimates, since measured CO2 
fluxes during winter are low. When CO2 fluxes are large (i.e. in summer), different 
percentages for peat degradation would strongly influence the estimates of annual peat 
degradation. The percentage range used here were calculated over the growing season.  

8. The emission of N2O is not included in this study. Like CO2 and CH4, N2O is 
also produced by microbial degradation of peat and organic matter, and is an even stronger 
GHG (296 times stronger than CO2; IPCC 2001). In general, N2O fluxes from wetland 
(peat) soils are negligible compared with well aerated (drained) soils. N2O is mainly 
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produced by denitrification under anaerobic conditions, but is favored by soils with an 
aerobic layer, since direct coupling with nitrification (the production of nitrate with O2) 
takes place in the oxic rhizosphere (Conrad 1996). 
 
Policy implications 
 
Government and private organizations concerned with nature management of coastal 
lowland areas in the Netherlands have advanced plans to convert agricultural land back into 
wetland-nature areas (LNV 2000; VROM 2000; VROM 2001). Although ecological 
improvement and storage of water are the main objectives, policy makers also want to 
know if carbon fixation in peat soils is an effective way of reducing GHG emissions. 

In this study, differences in CO2 and CH4 fluxes, which can be attributed to within-
site differences in water-table depth, were found only in the nature reserve area Guisveld, 
with its overall high water tables (<49 cm). The high WT sites showed relatively large CH4 
fluxes, but significantly lower CO2 fluxes. The relatively low WT sites, on the other hand, 
had larger CO2 fluxes, but small CH4 fluxes. The clear differences in CO2 and CH4 fluxes in 
Guisveld between high and low WT sites suggest that a permanently high water table (<25 
cm below surface) could result in somewhat lower GHG emissions, and could therefore be 
an option for nature development purposes. The positive effect of reduced CO2 emission 
may, however, be counteracted by an increase in CH4 emission. For the purpose of GHG 
reduction only, raising the water table to <10–25 cm is not recommended, unless it is 
accompanied by measures to promote additional carbon storage above and below ground. 
Long-term carbon storage through new peat formation can be achieved by maintaining the 
water table at or above the surface. The effect of such wet conditions on the GHG balance 
is uncertain, one reason being that CH4 emission is expected to reach higher levels than 
measured in this study. Mean annual net CH4 emissions found by Van den Pol-Van 
Dasselaar (1998) in the nature reserve area Nieuwkoopse Plassen, for example, ranged from 
79 kg CH4 ha–1 yr–1 at a site with a mean annual WT of 18 cm below the surface, to 204 kg 
CH4 ha–1 yr–1 at a site with a mean annual WT of 11 cm below the surface. The annual CH4 
emission from the Guisveld high WT sites was about  80 kg CH4 ha–1 yr–1. 

The strategy of deeper drainage of peat areas with high water tables is likely to 
result in initially higher CO2 emission, but drainage experiments with intact peat cores 
indicate that the CO2 emission stabilizes within several weeks/months at a level close to 
that prior to drainage (Van den Bos and Van de Plassche submitted). This phenomenon is 
illustrated in this study by the fact that measured CO2 fluxes show little variation between 
the study areas, even though water tables differed considerably. Deeper drainage will also 
increase the rate of land subsidence (Beuving and Van den Akker 1996; Schothorst 1982), 
but CH4 emission will be strongly diminished. 
 Finally, it is pointed out that these considerations are based on only two years of 
measurements. Interannual climate variations are likely to influence vegetation dynamics 
and rates of peat degradation. Both 1999 and 2000 were exceptionally warm and wet (10.9 
°C and ± 900 mm rain versus an average over 1961–1990 of 9.4 °C and 794 mm), while 
1999 was very sunny with 1720 hr sunshine versus an average of 1487 hr (KNMI 2002). 
 
3.6 Conclusions 
 
CO2 (and O2) fluxes, measured in Ransdorp, Kamerik and Guisveld over the period 
November 1998 to August 2000, show clear seasonal trends, with large fluxes (about 1500 
mg m–2 hr–1) at high temperatures (>15 °C) and low water tables (>25 cm) in summer and 
small fluxes (0–100 mg m–2 hr–1) at low temperatures (<10 °C) and high water tables (<40 
cm) during winter. Between-area variation in monthly CO2 flux was small (mean standard 
deviation = 150 mg m–2 hr–1), even though peat composition, water tables and management 
differed considerably. 

Seasonal variation in CO2 fluxes can be explained largely (>68%) by variation in 
temperature (Tsoil) and water-table depth. Some of the remaining variation can be related 
to fertilization with organic manure and exceptionally dry and hot conditions. CO2 fluxes 
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varied also markedly during the day and between successive days of a week. Some, but not 
all, of the observed variation in CO2 fluxes was caused by temperature and water-table 
changes. Small fluctuations in fluxes during the day are probably caused by other factors, 
e.g. soil-moisture content (not measured).  

CO2 fluxes appear to be mainly regulated by Tsoil (average Q10 = 3.8). Differences 
in water-table depth have a strong influence on gas fluxes only in Guisveld. Here, the sites 
with permanently high water tables (<25 cm) produced significantly lower CO2 fluxes, but 
also relatively large CH4 fluxes. At the Guisveld sites with water tables >25 cm, as well as 
in Ransdorp and Kamerik, CH4 emission was low (<1 mg m–2 hr–1) and differences in 
water-table depth had no significant effect on the CO2 flux. It is concluded that water-table 
depth affects microbial degradation processes strongly only when the water table reaches 
the rhizosphere zone of the soil (<25 cm). 

Relatively large CH4 fluxes (>1 mg m–2 hr–1) were produced only at those 
Guisveld sites with year-round high water tables. Like CO2, these fluxes also show clear 
seasonal trends, with the largest fluxes at high temperatures in summer. Variation in CH4 
fluxes could not be explained easily by variation in Tsoil and water-table depth, because 
CH4 emission is a much more complicated process than CO2 emission, due to, for example, 
the influence of CH4 oxidation in the aerobic layers and the different transport pathways 
(like ebullition and plant vascular transport).  

The presence of roots in peat soil appears to have a positive effect on microbial 
degradation of peat. On the basis of limited measurements it was found that from the total 
measured CO2 fluxes during the growing season, 57–67 % can be attributed to peat 
degradation, of which 65–70 % takes place in rhizosphere. From the measured CO2 
emission 33–43 % is caused by microbial degradation of fresh organic matter, root 
respiration and respiration of the vegetation.  

Peat degradation in the western Netherlands (160.000 ha peatlands) contributes 
2.0–2.9 % of the total annual GHG emission in the Netherlands. Raising the water tables to 
less than 25 cm below the surface will increase the CH4 emission (by about 0.2 kg CO2 
equivalents m–2 yr–1), but this increase will be compensated by reduced CO2 emission, 
resulting in a contribution of 2.1–2.4 % of the total annual GHG emission in the 
Netherlands. 
 
3.7 Acknowledgements 
 
We thank Staatsbosbeheer (Guisveld), Dook Tonus (Oortjespad, Kamerik) and Fam. Kuiper 
(Ransdorp) for permission to use the study areas, Theo van der Ploeg, Jan-Willem Droppert 
and Elvira Sanders for their help with the gas flux measurements and the preparation of the 
study sites, Wim Roeleveld, Pier Vellinga and Ko van Huissteden for comments on a draft 
of this paper. 
 
3.8 References 
 
Armentano TV and Menges ES (1986) Patterns of Change in the Carbon Balance of Organic Soil Wetlands of the 

Temperate Zone. J. Ecol. 74,3: 755-774 
Bellisario LM, Bubier JL, Moore TR and Chanton JP (1999) Controls on CH4 emissions from a northern peatland. 

Global Biochem. Cycles 13,1: 81-91 
Bergman I, Lundberg P and Nilsson M (1999) Microbial carbon mineralisation in an acid surface peat: effects of 

environmental factors in laboratory incubations. Soil Biol. Biochem. 31,13: 1867-1877 
Beuving J and Van den Akker JJH (1996) Maaiveldsdaling van veengrasland bij twee slootpeilen in de polder 

Zegvelderbroek. Report 377, DLO Staring Centrum, Wageningen 
Boeckx P, Cleemput Ov and Villarvo I (1996) Methane emission from a landfill and the methane oxidising 

capacity of its covering soil. Soil Biol. Biochem. 28,10/11: 1397-1405 
Bridgham SD and Richardson CJ (1992) Mechanisms controlling soil respiration (carbon dioxide and methane) in 

southern peatlands. Soil Biol. Biochem. 24,11: 1089-1099 
Bubier JL, Crill PM, Moore TR, Savage K and Varner RK (1998) Seasonal patterns and controls on net ecosystem 

CO2 exchange in a boreal peatland complex. Global Biochem. Cycles 12,4: 703-714 
CBS and RIVM (2001) Milieucompendium 2001; Het milieu in cijfers. Kluwer, Alphen aan den Rijn 



Chapter 3 

 65

Chapman SJ and Thurlow M (1996) The Influence of Climate On CO2 and CH4 Emissions From Organic Soils. 
Agric. Forest Meteor. 79,4: 205-217 

Conrad R (1996) Soil microorganisms as controllers of atmospheric trace gases (H2, CO, CH4, OCS, N2O, and 
NO). Microbiol. Rev. 60,4: 609-640 

Crill PM, Harris RC and Bartlett KB (1991) Methane fluxes from terrestrial wetland environments. In: Rogers JE 
and Whitman WB (Eds) Microbial production and consumption of greenhouse gases; methane, nitrogen 
oxides, and halomethanes (pp. 91-109) American Society for Microbiology, Washington D.C. 

Daulat WE and Clymo RS (1998) Effects of Temperature and Water Table On the Efflux of Methane From 
Peatland Surface Cores. Atmos. Environ. 32,19: 3207-3218 

Dise NB, Gorham E and Verry ES (1993) Environmental factors controlling methane emissions from peatlands in 
northern Minnesota. J. Geophys. Res.-Atmos. 98,6: 10 

Dunfield P, Knowles R, Dumont R and Moore TR (1993) Methane Production and Consumption in Temperate and 
Subarctic Peat Soils - Response to Temperature and pH. Soil Biol Biochem 25,3: 321-326 

Freeman C, Liska G, Ostle NJ, Lock MA, Hughes S, Reynolds B and Hudson J (1997) Enzymes and 
Biogeochemical Cycling in Wetlands During a Simulated Drought. Biogeochemistry 39,2: 177-187 

Gorham E (1991) Northern Peatlands Role in the Carbon Cycle and Probable Responses to Climatic Warming. 
Ecol. Appl. 1,2: 182-195 

Hensen A, Kieskamp WM, Vermeulen AT, Van den Bulk WCM, Bakker DF, Beemsterboer B, Mols JJ, Veltkamp 
AC and Wyers GP (1995) Determination of the relative importance of sources and sinks of carbon dioxide. 
Report ECN-C-95-035 (NOP-410.100.044), ECN (Netherlands Energy Research Foundation), Dutch National 
Research Programme on Global Air Pollution and Climate Change (NOP), Petten 

Hensen A, Van den Bulk WCM, Vermeulen AT and Wyers GP (1998) CO2 exchange between grassland and the 
atmosphere. Report 410200020, ECN (Netherlands Energy Research Foundation), Dutch National Research 
Programme on Global Air Pollution and Climate Change (NOP), Petten 

IPCC (2000) Land Use, Land-Use Change, and Forestry. A Special Report of the Intergovernmental Panel on 
Climate Change. Watson RT, Noble IR, Bolin B, Ravindranath NH, Verardo DJ and Dokken DJ (Eds) 
Cambridge University Press, Cambridge 

IPCC (2001) Climate Change 2001: The Scientific Basis. Contribution of Working Group I to the Third 
Assessment Report of the Intergovernmental Panel on Climate Change (IPCC). Houghton JT, Ding Y, Griggs 
DJ, Noguer M, Van der Linden PJ and Xiaosu D (Eds) Cambridge University Press, Cambridge 

Klinger LF, Zimmerman PR, Greenberg JP, Heidt LE and Guenther AB (1994) Carbon Trace Gas Fluxes Along a 
Successional Gradient in the Hudson-Bay Lowland. J. Geophys. Res.-Atmos. 99,D1: 1469-1494 

KNMI (2002) Archief Maand- en Jaaroverzichten. Koninklijk Nederlands Meteorologisch Instituut,  
Koerselman W (1989) Hydrology and nutrient budgets of fens in an agrucultural landscape. , University of 

Utrecht, Krips Repro, Meppel 
Kuikman PJ (1996) Quantification of carbon fluxes in grassland. Report 410100047, AB-DLO, Dutch National 

Research Programme on Global Air Pollution and Climate Change (NOP), Wageningen 
LNV (2000) Natuur voor mensen, mensen voor natuur; Nota natuur, bos en landschap in de 21e eeuw. Ministerie 

van Landbouw, Natuurbeheer en Visserij, Den Haag 
Moore TR and Dalva M (1993) The Influence of Temperature and Water Table Position on Carbon Dioxide and 

Methane Emissions from Laboratory Columns of Peatland Soils. J. Soil Sci. 44,4: 651-664 
Moore TR and Knowles R (1989) The influence of water table levels on methane and carbon dioxide emissions 

from peatland soils. Can. J. Soil Sci. 69: 33-38 
Nykänen H, Alm J, Lang K, Silvola J and Martikainen PJ (1995) Emissions of CH4, N2O and CO2 from a virgin 

fen and a fen drained for grassland in Finland. J. Biogeogr. 22,2-3: 351-357 
Raich JW and Schlesinger WH (1992) The Global Carbon Dioxide Flux in Soil Respiration and Its Relationship to 

Vegetation and Climate. Tellus. Ser. B-Chem. Phys. Meteorol. 44,2: 81-99 
SC-DLO (1992) Bodemkaart van Nederland digitaal (1:50000). DLO-Staring Centrum, Wageningen 
Schothorst CJ (1982) Drainage and behaviour of peat soils. In: De Bakker H and van den Berg MW (Eds) 

Proceedings of the symposium on peat lands below sea level (pp. 130-163) International Institute for Land 
Reclamation and Improvement, ILRI, Wageningen 

Schreader CP, Rouse WR, Griffis TJ, Boudreau LD and Blanken PD (1998) Carbon dioxide fluxes in a northern 
fen during a hot, dry summer. Global Biochem. Cycles 12,4: 729-740 

Shannon RD and White JR (1994) A Three-year study of controls on methane emissions from two Michigan 
peatlands. Biogeochemistry 27,1: 35-60 

Shurpali NJ and Verma SB (1998) Micrometeorological Measurements of Methane Flux in a Minnesota Peatland 
During Two Growing Seasons. Biogeochemistry 40,1: 1-15 

Silvola J, Alm J, Ahlholm U, Nykänen H and Martikainen PJ (1996) CO2 fluxes from peat in boreal mires under 
varying temperature and moisture conditions. J. Ecol. 84,2: 219-228 

Silvola J, Valijoki J and Aaltonen H (1985) Effect of Draining and Fertilization On Soil Respiration At Three 
Ameliorated Peatland Sites. Acta Forestalia Fennica 191: 1-32 

Stark J and Firestone M (1995) Mechanisms for Soil Moisture Effects on Activity of Nitrifying Bacteria. Applied 
and  Environ. Microbiol. 61,1: 218-221 

Valentine DW, Holland EA and Schimel DS (1994) Ecosystem and Physiological Controls Over Methane 
Production in Northern Wetlands. J. Geophys. Res.-Atmos. 99,D1: 1563-1571 



Chapter 3 

 66

Van den Bos RM and Van de Plassche O (submitted to Biogeochemistry 8 december 2002) Incubation 
experiments with undisturbed cores from coastal peatlands (Western-Netherlands): carbon dioxide fluxes in 
response to temperature and water-table changes.  

Van den Pol-Van Dasselaar A (1998) Methane emission from grasslands. Wageningen Agriculture University, 
Wageningen 

Van Huissteden J and Van de Plassche O (1998) Sulphate reduction as a geomorphological agent in tidal marshes 
('Great Marshes' at Barnstable, Cape Cod, USA). Earth Surf. Process. Landforms 23: 223-236 

VROM (2000) Vijfde nota Ruimtelijke Ordening 2000/2020; "Ruimte maken, Ruimte delen". Ministerie van 
Volkshuisvesting Ruimtelijke Ordening en Milieubeheer, Den Haag 

VROM (2001) Vierde Nationaal Milieubeleidsplan (NMP4); 'Een wereld en een wil: werken aan duurzaamheid'. 
Ministerie van Volkshuisvesting Ruimtelijke Ordening en Milieubeheer, Den Haag 

Walter BP, Heimann M, Shannon RD and White JR (1996) A Process-Based Model to Derive Methane Emissions 
From Natural Wetlands. Geoph. Res. Letters 23,25: 3731-3734 

 


	Contents
	Chapter 3. Field measurements
	3.1 Abstract
	3.2 Introduction
	3.3 Approach and methods
	Description of the study areas
	Closed chamber method
	Gas analysis
	Flux measurement procedure
	Experimental setup

	3.4 Results
	Seasonal variation per and between study areas
	Within-area variation
	Daily variation
	CO2 fluxes from the control area and sand sites

	3.5 Summary of results and discussion
	Seasonal and between-area variation
	Within-area variation
	Daily variation
	Separating CO2 fluxes from plant respiration and microbial peat degradation
	Annual CO2 flux from peat degradation in the western Netherlands; a first order estimate
	Policy implications

	3.6 Conclusions
	3.7 Acknowledgements
	3.8 References

	Chapter 4. Modelling



