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Chapter 2 
 
Incubation experiments with undisturbed cores from coastal peatlands 
(western Netherlands): carbon dioxide fluxes in response to 
temperature and water-table changes 
 
Remco van den Bos1 and Orson van de Plassche2  
 
1Department of GeoEnvironmental Sciences, 2Department of Paleoecology and Paleoclimatology, 
Faculty of Earth and Life Sciences, Vrije Universiteit Amsterdam, De Boelelaan 1085, 1081 HV Amsterdam, 
 The Netherlands, phone: +31 20 4447334, fax: +31 20 6462457, e-mail: bosr@geo.vu.nl 
 
Keywords: peat degradation, greenhouse gases, methane, peat thickness 
 
 
 
 
2.1 Abstract 
 
Emission of the greenhouse gases CO2 and CH4 and consumption of O2 were measured in two 
series of incubation experiments with undisturbed peat cores (∅  9 cm). Fifteen peat cores of 
different lengths (0.24–1.44 m) from one study site (same peat composition) were submitted 
to changes in temperature (5–26 °C) and water-table depth (0–60 cm below surface). Average 
CO2 fluxes increased exponentially from 18 mg m–2 hr–1 to 278 mg m–2 hr–1 as the 
temperature was raised in three steps from 5 °C to 26 °C; CH4 and O2 fluxes increased 
exponentially with temperature as well. Calculated Q10 values show that temperature changes 
had the largest effect on CH4 fluxes. With temperature held at 16 °C, a stepwise (10 cm) drop 
in the water table from 0 cm to 60 cm resulted in an average, but non-permanent, linear 
increase in CO2 flux of 3.4 mg m–2 hr–1 per cm drainage, beginning at 139 mg m–2 hr–1 under 
fully saturated conditions. 

In a second series of experiments, we measured, at four different temperatures, CO2, 
CH4 and O2 fluxes from twenty peat cores obtained from three study areas, each with a 
different kind of peat. Problems with coring through the clayey top layer in one study area led 
us to remove the upper (25–30 cm) layer at all coring sites for the sake of intercomparability. 
The beheaded cores yielded ca. 80 % lower CO2 fluxes (max. 80 mg m–2 hr–1) than the cores 
in the first experiment.  

It is concluded that, first, the processes responsible for degradation of organic 
material (peat) and production of greenhouse gases operate primarily in the upper 25–30 cm 
of the peat soil and are not much influenced by differences in thickness or composition of the 
peat; second, the rate of peat degradation increases with increasing temperature and falling 
water table; and third, the positive effect from a lowered water table on the production rate of 
CO2 declines after some time, probably reflecting the depletion of labile compounds. 
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2.2 Introduction 
  
Coastal peat deposits represent a small but non-negligible component in the global carbon 
balance (Armentano and Menges 1986; Gorham 1991), and, therefore, in the balance of 
atmospheric greenhouse gases (GHG). While areas of peat formation are generally 
considered net sinks of CO2, they also produce CH4 (which is about 23 times as effective a 
GHG as CO2 (IPCC 2001); moreover, when drained they become a source of atmospheric 
CO2 as a result of peat degradation. Little quantitative data is available on the contribution 
of GHG by natural coastal swamps, or how much CO2 was returned to the atmosphere since 
man began to drain such peat areas. Indeed, we know little of the present-day fluxes of CO2 
and CH4 from coastal peatlands undergoing degradation due to artificial drainage and other 
management practices. The main reason why the role of coastal peat areas in the global 
budget of GHG remains poorly quantified is the lack of a suitable simulation model and 
accompanying flux data for validation. 

The study reported here is part of a larger project, the goal of which is to improve 
quantification of CO2 and CH4 fluxes from coastal peatlands subject to land and water 
management by developing a process-based simulation model, validated against field 
measurements of CO2 and CH4 fluxes. Specifically, the aim is to quantify the present-day 
CO2 and CH4 fluxes from the extensive peatlands in the western Netherlands and to provide 
a methodological basis for quantifying future fluxes for different climate and management 
scenarios. 

In spite of a long history of large-scale drainage activities and peat digging, much 
of the surface of the western Netherlands still consists of peat as defined by the Netherlands 
soil classification system (more than 50 % of the material in the upper 80 cm is organic) 
(Figure 1). Today, all these coastal peatlands (both fen and bog peat) are influenced by 
ground- or surface water. For the purpose of this study, coastal peatlands are defined as 
coastal plain areas underlain by peat deposits (locally intercalated with siliciclastic 
deposits), genetically related to coastal depositional environments such as marshes, 
lagoons, deltas and coastal river plains. 

 
Figure 1. 
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(a) Current distribution of peat soils in the western Netherlands (SC-DLO 1992); (b) study areas. 

atlands in the western Netherlands continue to be drained to some extent, but plans 
convert some agricultural land back into wetland-nature areas (LNV 2000; VROM 
ROM 2001). In order to quantify current and future contributions of these managed 
peatlands to the carbon and GHG balance, it is necessary to develop a quantitative 
based simulation model, using CO2 and CH4 flux data obtained from controlled 
ents to establish the influence of the most important factors, and to verify the model 
by comparison with CO2 and CH4 flux data obtained from a variety of field 
s. The objective of this study is to determine, by means of incubation experiments, 
ct of changes in temperature and groundwater table, and of differences in peat 
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thickness and peat composition on the CH4, CO2, and O2 fluxes from undisturbed peat 
cores. 
 
Degradation processes in peat soils 
 
A schematic representation of important processes and pathways relevant for the carbon 
balance in the peat soil-plant-atmosphere system is shown in Figure 2. The most rapid 
degradation process of organic material (general formula CH2O) is oxidation by aerobic 
micro-organisms1 (reaction 1).  
 
(1) CH2O + O2 -----> H2O + CO2 (+ energy) 
 
In natural fens and bogs, high groundwater tables prevent penetration of O2 into all but the 
surface layer of the peat soil. Consequently, the degradation of the peat is slow and net peat 
formation can take place. In drained peat soils, the availability of O2 results in much higher 
degradation rates. The influx of O2 is mainly due to molecular diffusion and transport via 
roots of vascular plants, but may be enhanced through aeration by soil fauna (Conrad 
1996). The availability of O2 around the roots causes chemical and microbial oxidation in 
the rhizosphere. The rhizosphere is also an important source of organic substrate (dead 
roots and actively excreted exudates).  

Below the water table, the breakdown of peat is usually slow: anaerobic conditions 
prevail as O2 is depleted rapidly with distance from the water table or root surface, resulting 
in a redox stratification that is characterized by the dominance of the (alternative) electron 
acceptors NO3

–, Mn4+, Fe3+, SO4
2– and CO2. The largest energy yield is achieved during 

aerobic respiration, followed by denitrification, sulphate-reduction and finally 
methanogenesis (Middelbeek 1993). In addition to oxidation, CO2 production results also 
from many other degradation processes (e.g. sulphate reduction) within the peat soil, as 
well as from root respiration. 

 
Fig
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ure 2. The (aerobic/anaerobic) peat soil-plant-atmosphere system with different degradation processes and 
hways of gas transport and organic substrate. The aerobic rhizosphere/anaerobic peat-interface is enlarged. 

                                                    
or practical reasons the term soil micro-organisms is used here to include bacteria, fungi, algae, protozoa, and 
 micro-/mesofauna smaller than about 1 mm, e.g. rotifers, nematodes, acari, and collemboles (Conrad 1996). 
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CH4 production in a peat soil can occur only when the sulphate concentration is very low, 
under strict anaerobic circumstances (Atlas and Bartha 1993; Middelbeek 1993). Sulphate 
reduction (SO4

2– + 2H+ + CH2O  � 2CO2 + 2H2O + H2S) can be quite extensive, especially 
in peat soils that are influenced by sea water (Conrad 1996; Van Huissteden and van de 
Plassche 1998). Methanogenesis is carried out by Archae bacteria via several metabolic 
pathways. In a peat soil, the production of CH4 is dominated by acetate (CH3COOH) 
splitting (reaction 2) or reduction of CO2 (as HCO3

–, reaction 3) (Gottschalk 1979; 
Middelbeek 1993; Schlesinger 1997): 
 
(2) CH3COOH � CO2 + CH4  
(3) HCO3

– + H+ + 4H2 � CH4 + 3H2O  (H2 is produced by fermentation) 
 
In the aerobic topsoil, part of the CH4 released from the anoxic part of the peat layer, as 
well as atmospheric CH4, can be oxidized into CO2 by methylotrophic bacteria (reaction 4) 
(Middelbeek 1993; Schlesinger 1997). 
 
(4) CH4 + 2O2 � CO2 + 2H2O  
 
Three different pathways of CH4 transport from the soil to the atmosphere are: plant 
vascular transport, ebullition (bubble transport), and diffusion (Conrad 1989). The 
ebullition flux of CH4 is the least influenced by CH4-oxidizing bacteria (Conrad 1996). 
 
Drainage of the peatlands in the western Netherlands started about 1000 AD and resulted, 
through shrinkage and oxidation of the peat, in widespread surface lowering, provoking a 
continuous cycle of renewed (artificial) drainage and surface lowering. In today’s cultivated 
peat areas, groundwater levels are maintained rather elevated, but still several decimeters 
lower than in natural conditions. Natural groundwater levels are preserved or imitated only 
in some wetland reserves. In drained peat soils, O2 diffuses relatively deep into the profile 
and it is likely that this process has considerable influence on the CO2 and CH4 fluxes to the 
atmosphere. Possibly, moreover, the rate of anaerobic degradation of the peat is 
significantly affected by changes in the distribution of anaerobic oxidants (NO3

–, Mn4+, 
Fe3+ and SO4

2–) as a result of infiltration of acid rain and of eutrophic surface water with 
which some peat areas are flushed. 
 
Studying degradation processes in peat soils 
 
Soil-gas fluxes in the field result from a complex of processes. Incubation experiments are 
frequently used to determine the influence of individual factors on such systems. 
Temperature and soil aeration are important factors affecting the rate of organic matter 
decomposition in peat (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 
al. 1985; Walter et al. 1996). The influence of these factors on gas fluxes has been studied 
extensively, but results show much (unexplained) variation. Moreover, since most studies 
are concerned with peat-bog systems, it is uncertain to what extent these results apply to the 
situation in coastal fen-peat systems. 

A number of studies show different mineralization rates for different kinds of 
substrate (Bergman et al. 1999; Hendriks 1991; Moore and Dalva 1993; Nilsson and Bohlin 
1993; Reddy et al. 1986). It is plausible that also in the peatlands of the western 
Netherlands, botanical and chemical composition will influence the degradation rate of 
peat.  

Many incubation studies used homogenized slurries or sub-samples instead of 
intact cores (Bergman et al. 1999; Brown 1998; Dunfield et al. 1993; Kettunen et al. 1999; 
Leirós et al. 1999; McKenzie et al. 1998; Moore and Dalva 1997; Saarnio et al. 1997; 
Updegraff et al. 1998; Van den Pol-van Dasselaar and Oenema 1999; Van Ginkel et al. 
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2000; Van Hulzen et al. 1999; Watson et al. 1997), but it is questionable if the results 
obtained from slurries are suitable for the purpose of regional upscaling. Studies on soil 
slurries use a given weight of homogenized soil and the soil-gas fluxes from these 
experiments are expressed per unit of soil weight. Field fluxes, on the other hand, are 
expressed per unit area. Upscaling the results obtained from slurries from weight to area is 
not realistic; natural heterogeneity, which is absent in slurries, must impact the distribution 
of aerobic/anaerobic layers, the availability of oxygen, and the presence of micro-niches 
within the soil, and hence soil-gas fluxes. It is likely that degradation rates in undisturbed 
peat are much lower than those found in studies on slurries due to heterogeneous and less 
optimal conditions.  

Furthermore, it is hypothesized that a study with intact peat cores of different 
lengths will show that peat thickness is a less significant factor, since decomposition takes 
place mainly in the upper, active soil layer as a result of the availability of O2 and the 
presence of larger amounts of labile substrate (Bridgham and Richardson 1992; Conrad 
1996; Hogg et al. 1992; Pang and Cho 1984; Reddy et al. 1986; Updegraff et al. 1995). 
Several incubation studies used peat cores (Aerts and Ludwig 1997; Aerts and Toet 1997; 
Daulat and Clymo 1998; Funk et al. 1994; Lloyd et al. 1998; Macdonald et al. 1998; Moore 
and Dalva 1993), but the influence of peat thickness on gas fluxes still remains unknown, 
because in none of these studies core length was varied.  

In conclusion, in regional studies of GHG fluxes the use of intact peat cores is 
preferred above homogenized slurries to study peat decomposition processes, since the 
results are more representative of the field situation and hence enable more reliable 
upscaling. 
 
Study areas 
 
The incubation experiments reported in the present paper were performed on peat cores 
from the study areas Guisveld, Ransdorp and Kamerik (Figure 1b). Results of in situ gas-
flux measurements from these study areas are reported elsewhere (Van den Bos and Van de 
Plassche submitted). 
  The peat cores used in the first series of experiments came from the wetland-
nature area Guisveld (52o 28' N, 4o 47' E), situated in Polder Westzaan. It covers some 450 
ha of peatland divided into small areas, separated by wide and narrow ditches. This kind of 
landscape, which originated from the reclamation of the original peat bogs and fens and the 
past dredging of peat from the ditches, is typical for many of the peatlands in the western 
Netherlands. Groundwater in the area is brackish (Cl– ca. 300 mg l–1) as a result of past 
flooding with sea water, and the inlet of slightly brackish water during the summer in order 
to maintain water levels elevated. Brackish water (SO4

2–) can be of significance for both the 
process of sulphate reduction and the inhibition of methanogenesis. Present-day vegetation 
in Guisveld is mainly reed and grassland (several species), with orchids, sedges, mosses 
and other species. The grasslands are not, or only to a limited extent, fertilized and grazed. 
Fields which 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 (Figure 3), which is nowadays below sea level (“drowned”) and 
therefore in contact with eutrophic ground– and surface water. Average groundwater levels 
in this wetland-nature area are high (i.e. up to a few cm below the surface), with some 
fluctuation during the seasons. The area where the cores were taken is mainly covered with 
grass. 

In the second series of incubation experiments, peat cores were taken from 
Guisveld and the two other study areas, Ransdorp and Kamerik. Ransdorp (52o 24' N, 5o 00' 
E) is located in the southwestern part of the Waterland region, a national park of about 
11.500 ha of peatland, including ca. 25 % open water. The groundwater is generally 
brackish, but chloride concentrations range from 3 mg l–1 to 350 mg l–1, depending on local 
differences in water-table management. The soil in the eastern part of Waterland consists of 
both clay and peat, whereas soils in the western part are dominantly peaty. Clay is found in 
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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 with fen (reed and sedge) peat. Due to the artificial drainage 
regime the groundwater table of the study area (ca. 200 m long) shows a gradient in 
longitudinal direction, with average water-table depths ranging from about 30 cm below 
surface on one side to depths of ca. 70 cm below surface on the other side. The peat layer is 
approximately 4 m thick. It is covered by a surface layer (0–30 cm) of crumbly sandy clay 
with a high organic matter content (Figures 3 and 4). The study area is covered with 
Ryegrass (Lolium perenne), grazed alternately during the year by sheep, and mown and 
manured twice a year. 

The study area Kamerik (52o 09' N, 4o 52' E) is situated in the Polder Kamerik-
Teylingens. While the study area covers only 1 ha, it is representative for a much larger 
area (>11000 ha), characterized by the presence of a thick (max. 6 m) layer of eutrophic 
(wood and sedge) peat. The studied area, which is part of the recreation area "Oortjespad", 
is a hay pasture with different grass species and other plant species, like Rumex sp, 
Ranunculus sp and Taraxacum sp. The anthropogenic topsoil (0–30 cm) in the study area 
consists of solid sandy clay mixed with organic material (including peat) and some debris 
(bricks) (Figure 3). The pasture is grazed during only a short period of the year, mown once 
or twice a year, and not or moderately fertilized. The average water table is at ca. 40 cm 
below surface and chloride concentrations are <2.5 mg l–1. 
 

 
Figu
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2.3 Approach, methods and materials 
 
The study areas were selected for the purpose of obtaining maximum variation in 
conditions to facilitate separation of the influence of individual factors in both laboratory 
and field studies. Climate may be regarded uniform over the study areas (i.e. western 
Netherlands). Variability within and between study areas concerns such aspects as peat 
composition, peat thickness, water-table depth and water quality. 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. A minimum peat thickness (>1.5 m) 
and differences in botanical composition  were required for the purpose of separately studying 
the effects of peat thickness and peat composition on CO2 and CH4 emission (Figure 3). 
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 local variation in water tables. 

We carried out two series of incubation experiments. The purpose of the first 
series was to determine the effects of temperature (Series Ia) and water table (Series Ib) on 
the release of CH4 and CO2, and on O2 uptake. The purpose of Series II was to study the 
effect of differences in peat composition. Series I consisted of fifteen peat cores of different 
length (0.24 – 1.44 m) to also determine whether fluxes are dependent on peat thickness. As 
peat thickness turned out to be of negligible influence (see below), it proved unnecessary to 
vary core length in subsequent experiments. Series II consisted of twenty peat cores (0.43–
0.76 m long) from three study areas with different peat composition (see Figures 3 and 4). 
To simulate field conditions and to simplify the experimental setup, ambient water from each 
study area was used to saturate the cores in the temperature experiments. Thus, possible 
differences in soil-gas flux in Series II would not represent just peat composition, but the 
combined effect of differences in both peat and water composition. In the study area Kamerik, 
a firm, clayey top layer (upper 25–30 cm) had to be removed by spade before coring was 
possible. To ensure maximum comparability, the top layer in the two other study areas was 
also removed. Removal of this layer, which includes the rhizosphere, will affect total gas 
fluxes, but any differences in GHG emission due to differences in peat composition should 
still be noticeable. 

We used transparent PVC pipes (∅  87.2 mm; surface 59.7 cm2; lengths varying 
from 50 to 200 cm; sharpened at the bottom) and a manually operated piston corer (a 
wetted leather piston equipped with valve, and some simple soil drilling equipment to 
create a stable coring-construction) to obtain intact peat cores. The transparency of the PVC 
pipes enabled checking the collected cores in the field for hiatuses. The few cores found to 
be of insufficient quality were replaced. All cores were saturated with ambient water, and 
both ends of the pipes were sealed with a plastic cap before transportation. In total, we 
collected fifteen cores from Guisveld (lengths ranging from 24 cm to 144 cm; Series I), and 
twenty cores from Guisveld (4), Ransdorp (8), and Kamerik (8) (average length: 64 cm ± 
12 cm; Series II). 
 
Experimental setup  
 
The (empty) top of each core was sawn off flush with, or up to 2 cm beneath, the peat 
surface. The cores were insulated with aluminum foil against abrupt temperature changes 
and light, and placed vertically in a box. To measure gas fluxes, a 500 ml headspace was 
created by placing closed PVC chambers airtight on top of the cores. These chambers could 
be connected to the gas analyzer by two tubes (a short and a long one to optimize air 
circulation), each fitted with a valve. In between experiments, the chambers were left on the 
cores, with valves open to prevent the building up of gases. 

The Infra-Red Gas Analyzer (IRGA) used was a GA 94 A.2 (5 %) from 
Geotechnical Instruments Ltd. A strong internal pump draws the headspace gas from the 
chamber with 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 using infrared 
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light. Oxygen is measured by the Galvanic Cell Principle. Since also the outlet of the IRGA 
is connected to the chamber, the air is completely circulated. CO2 and CH4 can be measured 
from 0.00 % to 5.00 % (by volume) and O2 from 0.0 % vol 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; this range can be 
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. Thus, in contrast 
to CO2 fluxes, only large CH4 fluxes could be measured reliably with the IRGA. The 
atmospheric O2 concentration (about 20.9 % vol) is within the range of the IRGA and O2 
uptake fluxes could be measured. The accuracy of the O2 fluxes is, however, less than that 
of CO2, since O2 concentrations could only be measured in one decimal.  

Temperature experiments were performed in different climate-controlled rooms 
(Series I: 5, 10, 16 and 26 0C; Series II: 10, 16, 22 and 28 0C), on cores fully saturated with 
ambient water. During the course of these experiments the cores were checked regularly for 
dehydration and wetted when necessary. After moving the cores from one climate room to 
another, they were left undisturbed for two days to aclimatise and to 'recover' from the 
movement.  The successive order of the Series I temperature experiments was 16, 26, 5, and 
finally 10 0C. In Series II we increased the temperature stepwise. 

Drainage experiments were carried out in a climate room at constant temperature 
(16 0C). The drainage depth was lowered in steps of 10 cm by drilling eight holes (ø 4 mm) 
in the core wall at the desired drainage depth. After drilling, soil water was allowed to leak 
from the cores, which took 18–24 hrs. Before the start of the experiment the holes were 
resealed to prevent oxygen from entering the core. The different drainage experiments were 
performed in successive order (10, 20, 30, 40, 50, up to 60 cm drainage depth, depending 
on core length). For the shortest cores (14 and 15; length 36 cm and 24 cm, respectively) 
the maximum drainage depth was reached at a relatively early stage of the experiment, but 
gas-flux measurements from these cores continued.  

One disadvantage of using closed chambers in flux measurements is the increase 
in gas molecules in the headspace. This increase affects both the diffusion gradient and the 
pressure inside the chamber, and hence has a negative effect on the gas-exchange rate 
between soil and headspace. Saturation time of the gas within the chambers, which 
determined the maximum duration of single flux measurements, was found to be 
temperature dependent. As a result, the duration of individual flux measurements varied 
between 2 hours at 26 0C to up to over 24 hours at 5 0C.   

Prior to an experiment, the chambers were removed from the cores for one hour to 
allow free exchange between soil surface and atmosphere in the climate room. The first 
gas-concentration measurement was carried out 30 minutes after replacing the chamber, to 
exclude exceptionally high gas fluxes due to any shaking of the core. Gas fluxes were 
assumed to be linear after this delay and to remain so during the measurement time (see 
above). Per flux measurement, 4–6 gas-concentration readings were taken at regular (i.e. 
equal) time intervals.  

To correct for the volume of gas inside the IRGA and the tubes (60.85 ml), the 
IRGA was flushed with room air before each new concentration measurement. The 
resulting dilution of headspace concentrations was taken into account in the flux 
calculations. Corrected gas concentrations were plotted against time and a linear trendline 
was fitted. If the R2-value (regression coefficient) of this fit was >0.5, the slope of the 
trendline was used to calculate the flux (in mg m–2 hr–1), using the general gas law, volume 
of the chamber, surface of the core, air pressure, temperature and molar mass of the gas. 

In all cores (Series I and II), 4–6 flux measurements were performed for each 
temperature level  (except at 5 0C, at which temperature only 3 flux measurements were 
carried out); the same holds true for each drainage-depth value in the cores of Series I. 
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Water characteristics 
 
Each study area was sampled for both surface water (used to keep the cores saturated 
during the temperature experiments) and groundwater at different depths. The groundwater 
samples, taken from PVC well monitoring pipes (0–1 m beneath surface), were analyzed 
for several elements (Table 1), using an ICP-AES and a spectrophotometer. Results show 
clear differences in groundwater and surface-water qualities between and within the study 
areas. 
 

Table 1. Water characteristics of the study areas. Some major elements are represented as well as pH and Electric Conductivity; 
n.d. = not determined. 

  pH E.C. NO3
– NH4

+ SO4
2– PO4

3– Cl– 

   (µS cm–1) (mmol l–1) (mmol l–1) (mmol l–1) (mmol l–1) (mmol l–1) 

Surface water 7.40 702 0.003 0.017 0.623 0.006 2.43 
Kamerik 

Groundwater 6.71 1321 0.033 0.613 0.536 0.026 5.76 

Surface water 7.02 737 0.074 0.213 0.855 0.032 3.09 
Ransdorp 

Groundwater 6.54 1602 0.002 0.356 2.000 0.093 8.82 

Surface water 7.54 1441 0.003 0.036 0.993 0.003 8.68 
Guisveld 

Groundwater 6.50 1083 0.003 0.080 n.d. 0.003 7.25 
 
Soil characteristics 
 
At each study area one separate core (∅  8 cm) was collected, sub-sampled at 10 cm 
intervals, and analyzed for total carbon and nitrogen content, after drying for 48 hrs at 70 
°C, using a CNS-analyzer, and water content and bulk density were calculated. The results 
show clear within-core and between-area differences (Figure 4). 
 
 
 

 
Figure 4. Orga
study areas at
consists of car
the second ser
 

#

�#

�#

&#

'#

$##

$�#

# �# �# &# '# $##

�����������������������!�$��%�%"

�
�
�
�&
�!
�
�
��
��
 
�'
�
�
�
"

�
����


�����

��������

%#��������

#

�#

�#

&#

'#

$##

$�#

#�## #��# #��# #�&# #�'#

# (�������)�!�����*"

�
�
�
�&
�!
�
�
��
��
 
�'
�
�
�
"

�
����


�����

��������

%#��������
 19

nic matter (O.M.) content (D.W. = dry weight) and bulk density of soil samples taken from three 
 different depths. O.M. is calculated from total C content, assuming that 58 mass% of the O.M. 
bon (Locher and De Bakker 1990). The line at 30 cm depth is plotted to facilitate comparison with 
ies of experiments, in which the upper 25–30 cm of soil was removed. 
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2.4 Results 
 
Series Ia:  effect of core length and temperature  
 
Core length does not correlate with average CO2 fluxes (Figure 5), nor with average CH4 and 
O2 fluxes (not shown). In the drainage experiment, also no relationship is observed between 
core length and flux. 
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sis of the Series I data, the results from cores 10 and 13 will be treated 
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xes (reaction rates) increase exponentially with increasing incubation 
re 6). CH4 fluxes are much lower (<10 %) than CO2 and O2 fluxes. When 

ol m–2 hr–1, emission of CO2 and O2 uptake are rather well balanced, except 
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for the 5 °C experiment. This balance is illustrated with the respiratory quotient (RQ), which 
is the ratio between the (molar) fluxes of CO2 emission and O2 uptake (Table 2). The RQ 
values are close to 1, indicating that for the production of 1 molecule CO2 about 1 molecule 
O2 is consumed. 
 
We used the Arrhenius equation to quantify the influence of temperature on the gas fluxes:  
 

)/( RTEaAek −=                      (1) 
 
where k is reaction rate (in this study gas fluxes in mg m–2 hr–1), term A is the frequency factor 
(unit depends on k, here mg m–2 hr–1), Ea is activation energy for the reaction in J mol–1, T is 
absolute (i.e. Kelvin) temperature, R is gas constant 8.3145 J K–1 mol–1. Linear regression of 
the natural logarithm of the gas fluxes against the reciprocal of the absolute temperature 
should give a straight line, according to: 
 

)ln(1*)ln( A
TR

Eak +�
�

�
�
�

�−=                                  (2) 

 
The slope of this line will be equal to (–Ea/R) and the y intercept will be ln(A). When the gas 
fluxes are modelled by the Arrhenius equation, linear fits result in high regression coefficients 
(R2 = 0.73–0.96; Figure 7).  
 

 

Table 2. Average CO2 and O2 fluxes and respiratory quotients (moles CO2 emitted / moles O2 consumed) at 
four incubation temperatures. 

Temperature 
(°C) 

CO2 
(mmol m–2 hr–1) 

O2 
(mmol m–2 hr–1) 

Respiratory quotient 
(CO2/O2) 

5 0.4  ±  0.2 0.2  ±  0.3 1.7 

10 0.8  ±  0.4 0.6  ±  0.3 1.3 

16 3.2  ±  0.8 3.1  ±  1.2 1.0 

26 6.3  ±  1.5 6.0  ±  1.8 1.1 
 21

 
Fitted lines of  data from cores 10 and 13 are situated above the average lines for the other 
thirteen cores, reflecting higher fluxes at each temperature. The activation energy for cores 10 
and 13 is, however, comparable to average values, as indicated by the slope of the lines (see 
also Table 3). 
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 of the Arrhenius equation (eq. 2) commonly used to describe biological 
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11*
TT

a                    (3) 

1 is the Q10 value of the reaction when T2 = T1 + 10 °C. A Q10 value of 2 means 
e reaction rate at a temperature increase of 10 degrees. Q10 depends on the value 
the temperature (increasing the temperature decreases k2/k1); it is, therefore, not 
ue. 

equation 3 gives an equation for calculating the Q10 value: 

�
�

�
�
�

� −
+=�

�

� 1011

11*

)

)10 TTR
Ea

e                    (4) 

e Ea values calculated from the Arrhenius plots (Figure 7), Q10 values for each 
an be computed (Table 3). If only measured values from the 16 °C and 26 °C 
re used, however, then Ea and Q10 values (calculated for the range 5–26 °C) are 
Table 3). As stated earlier, CH4 fluxes are much lower than CO2 and O2 fluxes 
lthough a clear increase in CH4 flux with increasing temperature can be 
dard deviations (i.e. variation between cores and within replicas) are quite large. 
rtly to the high detection limit of the IRGA for CH4. The larger CH4 fluxes and 
 and Q10 values (found at 16 °C and 26 °C) are, therefore, more reliable. 
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Table 3. Activation energies (Ea) and Q10 values for CO2 and CH4 emission, and O2 uptake (average fluxes of 
thirteen cores) calculated either from Arrhenius plots (Figure 7) or by using only measured values at 16 °C and  
26 °C. Between brackets Ea values of cores 10 and 13, respectively. 

  CO2 O2 CH4 

Arrhenius plots 90 (93/98) 114 (102/119) 241 (252/210)* 

Ea (KJ mol–1) 
values 16 and 26 °C 50 47 116 

Arrhenius plots 3.2–3.9 4.4–5.5 23–37.3* 

Q10  (range 5–26 °C) 
values 16 and 26 °C 1.9–2.1 1.8–2.0 4.5–5.7 

* values less reliable, see text 
 
Series Ib: effect of drainage 
 
The results of the drainage experiments are based on the combined data of all fifteen cores 
(the emissions from cores 10 and 13 did not deviate significantly from those of the other 
cores). No CH4 emission was observed in these experiments (any CH4 produced was probably 
oxidized in the top of the cores); only the emission of CO2 and the uptake of O2 are discussed 
(Figure 8). 
#

$##

�##

%##

�##

4##

# $# �# %# �# 4# &#

���������!������ �'���"

'
 
+
�!
�
�
��

��
&
��


"

���

#

$##

�##

%##

�##

4##

# $# �# %# �# 4# &#

���������!������ �'���"

'
 
+
�!
�
�
��

��
�&
��


"

��
 23

 
Figure 8. Average CO2 (emission) and O2 (uptake) fluxes (n = 52–65) from fifteen peat cores versus drainage depth 
(cm – surface). Fluxes were measured at constant temperature (16 °C). Datapoint for zero drainage is taken from the 
temperature experiment (16 °C). Symbols represent averaged fluxes. Error bars indicate standard deviations. Lines 
were fitted to data by linear regression.  
  
The CO2 fluxes at 50 cm and 60 cm drainage depth do not differ much. A linear relationship 
between increasing drainage depth and CO2 and O2 fluxes can, however, be concluded from 
Figure 8 (R2 = 0.98 and 0.97, respectively). The regression models derived from the linear fits 
are: 
 
y (CO2) = 3.41x + 133 and y (O2) = 5.26x + 79 
 
where y is gas flux (mg m–2 hr–1), x is drainage depth (cm – surface), 133 and 79 are 
calculated CO2 and O2 fluxes, respectively, for T = 16 °C at zero drainage. 
 
Although Figure 8 shows that CO2 and O2 fluxes both increase, RQ values decrease linearly 
with increasing drainage depth (Figure 9). This indicates that CO2 emission and O2 uptake 
are no longer in balance. 
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ximum drainage depth (30 cm and 20 cm, respectively) was reached in the short 
 and 15, fluxes from these cores were continued to be measured until the drainage 
nts on all cores were completed. A plot of the CO2 fluxes from cores 14 and 15 

he number of days after reaching maximum drainage depth shows a (linear) decline 
x (i.e. peat decomposition) with time (Figure 10). Over the measurement period of 

 days, the CO2 fluxes from cores 14 and 15 decreased 1.5–2.2 (mg m–2 hr–1) per day. 
, on the other hand, remained more or less constant, i.e. RQ values also decreased.  
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Series II: effect of temperature 
 
No reliable CO2-flux data are available for the 10 °C experiment due to problems with the 
IRGA. The average CO2 fluxes per study area increase exponentially with temperature, but 
there is no significant (p = 0.682) difference in CO2 flux between the three study areas (Figure 
11). Even at 28 °C CO2 fluxes are quite low (<80 mg m–2 hr–1) and much lower than in Series 
I. 
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 Arrhenius plot (Figure 12), Ea and Q10 values were calculated for the CO2 fluxes 
peat cores for each of the three study areas (Table 4). Values for Kamerik and 
are lower than for Ransdorp, but the range is comparable with Ea and Q10 values of 

s II experiment did not yield any data on CH4 and O2 fluxes because most CH4 
tions were below the detection limit of the IRGA and changes in O2 concentrations 
small for reliable calculation of fluxes. 
 
Table 4. Ea and Q10 values for CO2 emission calculated from Arrhenius plot (Figure 12) using 
average CO2 fluxes from peat cores from the three study areas. 

 Ea (KJ mol–1) Q10 (range 5–28 °C) 

Kamerik 47 1.8–2.0 

Ransdorp 76 2.7–3.1 

Guisveld 39 1.7–1.8 
 25
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2.5 Discussion and conclusions 
 
This study quantifies the influence of temperature, water-table depth, peat thickness and peat 
composition on the emission of CO2 and CH4 and the uptake of O2 by peat in incubation 
experiments with undisturbed cores. Before discussing the results, it is reiterated that in Series 
Ia (temperature) CH4 fluxes are much lower than CO2 and O2 fluxes (Figure 6). Although the 
CH4 flux increases with increasing temperature, standard deviations are quite large (partly due 
to the high detection limit of the IRGA for CH4). The higher CH4 fluxes (at 16 °C and 26 °C) 
are therefore considered to be the more reliable. Also, O2 fluxes from the 5 °C experiment 
were very small and need to be interpreted with care. The low fluxes in Series II explain why 
no CH4 and O2 flux values have been presented. 
 
Influence of core length on gas fluxes 
 
The length of the peat cores varied from 24 cm to 144 cm (Series I), but no effect was found 
on gas fluxes. Apparently, peat thickness does not significantly influence the total amount of 
decomposition. This implies that the processes responsible for the degradation of peat (and 
other organic matter), and for the resultant gas fluxes, are largely restricted to the top layer of 
the peat profile. This conclusion is corroborated by the results from Series II (top 25–30 cm 
removed), which show that CO2 fluxes are about 80 % lower than those in Series I. The 
present study shows that a core length of 20–30 cm (from the surface) suffices to include all 
effects of peat-degradation processes as expressed in CO2, CH4 and O2 fluxes. Longer cores 
are needed only for studying the effect of increasing drainage depths. 
 
Influence of temperature on gas fluxes 
 
Both series of incubation experiments show that increasing temperatures result in an 
exponential increase of gas fluxes. In Series Ia, average CO2 fluxes increase from 18 mg m–2 
hr–1 at 5 °C to 278 mg m–2 hr–1 at 26 °C.  In Series II, CO2 fluxes (max. <80 mg m–2 hr–1) are 
about 80 % lower than those in Series Ia (Figure 13). This large difference is attributed to the 
fact that in Series II the surface layer was removed before coring. 
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 other studies show that peat from a given depth below the surface, when incubated 
robic or anaerobic conditions, respires more slowly than peat which is situated at or 
 surface (Hogg 1993; McKenzie et al. 1998; Nadelhoffer et al. 1991; Waddington et 
). It is plausible that differences in microbial populations, substrate availability, and 
lability of suitable electron acceptors exist between the top layer and the deeper part 
eat profile. Fresh, and therefore more labile, plant remains are found in the top 
eeper, the peat tends to contain less labile organic material, since it has been 
 longer to decomposition processes. This leads, deeper in the peat, to a relative 
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enrichment of components unfavourable to microbiological breakdown, such as lignins and 
phenolic or humic substances (Bridgham and Richardson 1992; Hogg et al. 1992; 
Updegraff et al. 1995). In the top of the Series I cores, on the other hand, the presence of 
roots can have stimulated fluxes (i.e. CO2 production and O2 uptake) because of root 
respiration, availability of root exudates and fresh organic substrate from decomposing 
roots, and presence of an aerobic rhizosphere (Hogg 1993; Reddy et al. 1989; Thomas et al. 
1996) (see Figure 2). It was not possible, however, to quantify the contribution of root 
respiration to the total fluxes. The significantly higher fluxes from cores 10 and 13 (Series 
I) do not correlate with the amount of root biomass in the cores. Possibly, these higher 
fluxes are related to the presence of a (thin) root mat, which was observed in these 
particular cores. The significance of the contribution of roots, and of living plant material in 
general, to CO2 and O2 fluxes is also illustrated by the fact that measured field fluxes (CO2 
flux up to about 2000 mg m–2 hr–1, (Van den Bos and Van de Plassche submitted) exceeded 
those of the incubation experiments discussed here. The absence of living plant material in 
our experimental setup is a noteable disadvantage. 

Q10 values and the Arrhenius equation serve to quantify the effect of temperature on 
decomposition rates. Calculated over the temperature range 5–26 (28) °C, the Q10 values 
found in this study vary from 1.7 to 3.9 for CO2, from 1.8 to 5.5 for O2, and from 4.5 to 5.7 
(or less reliably 37.3) for CH4. Calculated only over the temperature range 16–26 °C, the 
values are Q10-CO2 1.7–3.1, Q10-O2 1.8–2.0, and Q10-CH4 4.5–5.7. These latter figures 
correspond to published data (Bridgham and Richardson 1992; Bubier et al. 1998; Chapman 
and Thurlow 1996; Crill et al. 1991; Dunfield et al. 1993; Silvola et al. 1996; Updegraff et al. 
1995; Valentine et al. 1994). Q10 values for CH4 are usually larger than those for CO2 and O2, 
indicating that CH4 production is more sensitive to changes in temperature. The fact that Q10 
values are larger when fluxes from the 5 °C and 10 °C experiment are included in the 
calculation, indicates that at low temperatures peat decomposition rates are more strongly 
influenced by small temperature changes than at higher temperatures. This effect has been 
reported in other studies as well (Chapman and Thurlow 1998; Raich and Schlesinger 1992; 
Waddington et al. 2001). 
 
Influence of drainage on gas fluxes 
 
In the Series Ib experiments, CH4 emission became undetectable (not measurable) when 
cores were drained from fully saturated to the first drainage depth (10 cm below surface); it 
is likely that any produced CH4 is oxidized in the aerobic top 10 cm and it is even possible 
that uptake of some atmospheric CH4 occurred.  

Increase of drainage depth resulted in a linear increase in CO2 and O2 fluxes (3.4 and 
5.3 mg m–2 hr–1 per cm drainage, respectively), but the CO2 flux decreased again after the 
water table is held constant (Figure 10). Since other variables were kept constant during the 
experiment, this decrease is probably caused by a depletion of labile organic compounds in 
the peat. A decrease in alternative electron acceptors (oxidants) is a less likely explanation, 
since O2 fluxes remained essentially unchanged. In fact, indications for the same effect were 
observed in those cores in which drainage depth was not kept constant (Figure 8); a final 
increase in drainage depth from 50 cm to 60 cm, some 50 days after the start of the drainage 
experiment, had almost no effect on CO2 fluxes, whereas O2 uptake clearly increased.  

When fluxes are expressed as mmol m–2 hr–1, it is clear that CO2 and O2 fluxes are 
not balanced; more molecules O2 are consumed than molecules CO2 are emitted (Figure 9). 
This implies that part of the O2 is used for reactions, like CH4 oxidation (see introduction, 
reaction 4), for which more O2 is needed and less CO2 is produced. When substrates 
equivalent to the composition of glucose are completely mineralized (according to the 
equation CnH2nOn + nO2 � nCO2 + nH2O), then the respiratory quotient (RQ) will equal 1. 
The RQ is smaller than 1 when predominantly aliphatic organic compounds, amino acids or 
refractory compounds with low oxygen content are mineralized. When organic acids 
derived from root exudates or other organic substances with a relatively high oxygen 
content are extensively decomposed, the ratio should be greater than 1. RQ values may be 
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greater than 1 also under anaerobic conditions, in which alternative electron acceptors (such 
as NO3

– and SO4
2–) are involved in the degradation of organic substances (Dilly 2001). The 

decrease in CO2 flux at constant drainage depth (cores 14 and 15, Figure 10) and the decrease 
in RQ with lower groundwater tables (Figure 9), probably indicates a shift in utilization of 
labile compounds to more recalcitrant organic compounds (Table 5, Chapman and Thurlow 
1998).  
Table 5. Composition and degradability of plant residues with some RQ values (Aon et al. 2001; Dilly 2001; 
Grant and Long 1981). 

Sugars (RQ = 1), amino acids (RQ = 0.8) 
Proteins (RQ = 0.8) 
Hemicellulose 
Cellulose 
Fat (RQ = 0.7), waxes 
Lignin, phenolics (including tannins) 

 
Easy to decompose 

 
 
 
 

Hard to decompose 
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It is likely that the available amount of labile substrate was strongly influenced by the 
duration of the incubation experiments (the Series I temperature and drainage experiments 
took two months each, while the Series II experiment required one month). Perhaps, the 
relatively high values of the 16 °C CO2- and O2-data (Figure 6) indicate that in Series I  part 
of the labile substrate was already depleted in this first (16 °C) experiment. In studying the 
quantitative relationships of temperature and water-table depth on peat degradation, the long 
duration of the experiments is therefore considered a disadvantage, especially since the same 
cores were used in all experiments (per Series). For a comparison with the field situation the 
long duration of the experiments can be an advantage, since it illustrates what happens with 
the peat substrate over time. Under natural conditions it is likely, however, that a certain 
amount of labile substrate is continuously replenished due to the presence of living 
vegetation. 

The ‘aging’ effect of the peat used in the incubation experiments implies that 
increased drainage in the field might result also in just a temporary increase of CO2 flux. This 
additional flux is the result of the rapid utilization of the (limited amount of) labile organic 
compounds in those parts of the peat profile that are, through increased drainage, newly 
exposed to aerobic conditions. The experiments indicate that the additional flux will last only 
for weeks or months. Thereafter, only more recalcitrant compounds remain in the newly 
exposed part of the peat profile and hence the overall decomposition rate decreases strongly. 
Thus, the long-term net decomposition of peat soils is hardly affected by drainage depth. It 
should be stressed that this conclusion applies only to peatlands which are drained to some 
extent; even with only a thin aerobic surface layer, there will always exist an active upper 
decomposition zone which largely determines the total peat degradation that is taking place, 
whereas there is hardly any contribution from the deeper part of the profile, whether it be 
drained or not.  

Furthermore, decomposition processes in drained peatlands will, in combination 
with compaction and shrinkage, contribute to surface lowering, which is sometimes 
irreversible and probably also diminishes the rate of gas exchange (Schothorst 1982). With 
local water levels kept constant this lowering would ultimately lead to completely water 
saturated conditions and essentially restrict further decomposition. The drainage depth 
determines the amount of peat that will disappear before waterlogged conditions are restored. 
In the cultivation history of coastal peatlands in the Netherlands since the initial reclamation 
in the Middle Ages, surface lowering effects have always been countered by man through 
further water-table lowering; as a result, waterlogged conditions have hardly ever been 
restored. In this respect, the above conclusion that the net decomposition of peat soils is 
hardly affected by drainage depth is of particular relevance; under current drainage regimes 
all peat in the western Netherlands will disappear ultimately, unless man restores the peat 
forming conditions. 
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No CH4 emission was found in the drainage experiment. Aerobic conditions in (the top of) the 
cores during this experiment apparently led to a combination of decreased CH4 production 
and increased CH4 oxidation, resulting in a negligible flux (Nedwell and Watson 1995; 
Priemé 1994). Under water saturated conditions (temperature experiment Series Ia), CH4 
emission did take place in the same cores (Figure 6). Under these conditions RQ values are 
just2 above 1 (Table 2), indicating that, apart from the aerobic decomposition of substrates 
equivalent to the composition of glucose, also organic material is being mineralized under 
anaerobic conditions.  RQ values smaller than 1 (Figure 9) illustrate that no anaerobic 
decomposition took place under the more aerobic conditions of the drainage experiment. In 
contrast to the above-mentioned correlation between drainage depth and the breakdown of 
more recalcitrant organic compounds, no correlation was found between temperature and the 
utilization of such compounds.  

We did not examine the effect of rising water tables on gas fluxes, but some data is 
available from the literature. Moore and Dalva (1993) studied peat cores under conditions of 
rising and falling water levels. They report no differences in emission rates for CO2, but CH4 
fluxes were found to be smaller with rising than with falling water levels. Moore and Dalva 
also report that part of the CO2 and CH4 which is stored in the peat profile, can be instantly 
released and emitted in response to a falling water table, probably as a result of increased gas 
diffusivity or reduction in atmospheric pressure. This result illustrates the importance of 
environmental dynamics on gas emissions. 

The present study did not examine the effect of simultaneously changing both 
temperature and water table. Silvola et al. (1996) report that the effect of temperature on CO2 
fluxes is dependent on the water-table depth: the average Q10 value being 2.9 for water 
tables <20 cm and 2.0 for water tables >20 cm. Moore and Dalva (1993), on the other hand, 
found equal temperature effects (Q10 = 2) in both saturated peat soils and peat soils with a 
water-table depth of 40 cm. 
 
A summary of CO2 and CH4 flux values for different combinations of water-table and 
temperature conditions, as reported in several studies (all using peat cores), is presented in 
Table 6. For better comparison of our results with the literature data, some fluxes were 
calculated. For this purpose, we assumed that the linear relationship between flux and 
drainage depth, as derived from the drainage experiment at a constant temperature of 16 °C 
(Series Ib), is valid at other temperatures as well, and that this relationship can be combined 
with the exponential relationship between flux and temperature (Series Ia). The table shows 
clear similarities in the results of different studies, although a large variation in flux values 
exists. CO2 emission generally increases with higher temperatures and decreasing water 
tables. CH4 emission is small at low temperatures and low water tables, but several orders 
of magnitude higher under saturated conditions at high temperatures. Only the results 
reported by Aerts and Ludwig (1997) deviate from this general trend; they find the opposite 
effect of a decreasing water table on CO2 fluxes. Also the fluxes found by Aerts and 
Ludwig (1997) are rather high compared to others. The flux values as established in the 
present study agree best with those found by Moore and Dalva (1993) for fen and swamp 
peat. Moore and Dalva (1993) used peat cores (65 cm long, 10 cm diameter) with the top 0–
25 cm of the peat profile intact, while the lower part of the cores was filled with bulk peat 
material retrieved from 30–60 cm depth.  
 
Influence of peat composition on gas fluxes 
 
The purpose of the Series II experiments was to study the influence of peat composition and 
water quality on gas fluxes. The upper 20–30 cm was removed from all cores which were 
kept fully saturated. We found no significant differences in CO2 emission between cores, 
suggesting that differences in peat composition and water quality have no noticeable effect 

                                                        
2  Except for the 5 oC experiment, where O2 flux measurements were found to be less reliable. 



Chapter 2 

on peat degradation. However, we cannot rule out completely that measured fluxes have 
been influenced by factors other than peat composition and water quality (e.g. fertilization).  

 

Table 6. Summary of CO2 and CH4 emission data from peat soils for different combinations of water-table depth and temperature as 
reported in different incubation studies, using peat cores. 

Study Peat type / study area 
Water table 

(cm – surface) 
Temperature 

(°C) 
CO2 emission 
(mg m–2 hr–1) 

CH4 emission 
(mg m–2 hr–1) 

this study coastal peat, Guisveld 0 10 36 0.1 

(Moore and Dalva 1993) fen 0 10 26 0.8 

(Moore and Dalva 1993) swamp 0 10 40 1 

(Macdonald et al. 1998) pool 0 10 - 1.2 

(Freeman et al. 1993) fen 0 11 33 9.6 

      

(Aerts and Ludwig 1997) eutrophic fen 0 20 546 80 

(Aerts and Ludwig 1997) mesotrophic fen 0 20 633 60 

this study coastal peat, Guisveld 0 22.6 216a 16.5a 

(Moore and Dalva 1993) fen 0 22.6 93 23.1 

(Moore and Dalva 1993) swamp 0 22.6 70 3.4 

this study coastal peat, Guisveld 0 26 278 24.3 

      

(Daulat and Clymo 1998) lawn 3 10 - 0.3 

(Daulat and Clymo 1998) lawn 3 26 - 2.9 

(Macdonald et al. 1998) lawn 5 10 - 1.6 

this study coastal peat, Guisveld 10 20 108b - 

(Aerts and Ludwig 1997) eutrophic fen 10 20 521 10 

(Aerts and Ludwig 1997) mesotrophic fen 10 20 358 10 

(Macdonald et al. 1998) hummock 15 10 - 0.2 

this study coastal peat, Guisveld 20 10 187b - 

(Freeman et al. 1993) fen 20 11 67 1.9 

      

this study coastal peat, Guisveld 40 10 177b - 

(Moore and Dalva 1993) fen 40 10 164 2.8 

(Moore and Dalva 1993) swamp 40 10 223 1.1 

      

this study coastal peat, Guisveld 40 16 273 0 

this study coastal peat, Guisveld 40 22.6 352b - 

(Moore and Dalva 1993) fen 40 22.6 520 2.6 

(Moore and Dalva 1993) swamp 40 22.6 331 1.4 

      

this study coastal peat, Guisveld 60 16 325 0 

      

- Not determined. 
a Calculated using exponential fit CO2 and CH4. 
b Calculated using both exponential fit CO2 and slope drainage experiment: 
calculated CO2 flux = 10.7 * e0.13 * T + 3.41 * WT  ; T = temperature (°C), WT = water table (cm-surface). 
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In any case, field experiments in the same study areas also show little variation in CO2 
fluxes, notwithstanding significant differences in environmental conditions between the 
study areas (Van den Bos and Van de Plassche submitted). Moore and Dalva (1993) found 
almost no differences in CO2 fluxes between fen and swamp peat cores, but fluxes from 
bog peat (not shown) appeared to be higher. 
 
Extrapolation of results 
 
This study shows the importance of using undisturbed cores rather than homogenized slurries 
to study gas fluxes associated with peat decomposition, because of the combination and 
interaction of effects and processes. Obviously, the field situation is even more complex, with 
soil-plant-atmosphere interactions and other (unspecified) influences playing a role. 
Relationships derived from incubation studies with intact peat cores provide, in spite of 
certain limitations and uncertainties as presented in this study, a useful basis for the analysis 
of field situations and should hence be preferred in upscaling exercises with spatial models. 
Nevertheless, it is not possible to simply extrapolate absolute values of CO2 and CH4 fluxes 
found in this study to present-day field situations, since not all variables involved are known. 
A simple (regression-based) model to calculate CO2 emissions can, however, be obtained 
from this study, assuming that relationships can be combined (Series Ia temperature + Series 
Ib drainage), and that the effect of “aging” (see Figure 10 and text) does not occur: 
 
CO2 flux (mg m–2 hr–1) = relationship 10.7 * e0.13 * T + 3.41 * WT,  
with T= temperature (°C) and WT = water table (cm – surface) 
 
Global temperatures are expected to rise this century (IPCC 2001). The present study shows 
that CO2 emission from peat soils can be expected to increase too and, being more sensitive to 
temperature increase (higher Q10 values), related CH4 emission will increase even more. In 
most peat areas of the western Netherlands, water tables are strongly influenced by man. 
Increasing or deeper drainage is expected to lead to diminished CH4 emission (due to more 
aerobic conditions), but to increased CO2 emission. This increase will end after rapid 
oxidation of labile compounds, and CO2 emission  is expected to return to its original level. 
The combined effect of a higher temperature and (increased) drainage on the carbon balance 
of peatlands is, however, difficult to estimate, because the carbon flux towards the peat will 
probably also increase, due to increased primary production of the vegetation on the peat 
(Silvola et al. 1996).  

This study demonstrates that there is little difference in rate of degradation 
between different coastal peat types and that degradation processes and GHG emissions are 
largely concentrated in the upper 30 cm of the peat soil. Both for model development and 
management of peatlands (and other high organic soils) this is a pertinent conclusion, 
which is further enhanced by the observation that the positive influence of drainage on CO2 
emission declines after some time. In view of upscaling, the results from these incubation 
experiments have been used to develop a process-based simulation model, which is 
validated against field measurements, to accurately quantify CO2 and CH4 fluxes from 
coastal peatlands for different climate and management scenarios (Van Huissteden and Van 
den Bos submitted).  
 
Conclusions and recommendations 
 
The processes which cause degradation of peat (i.e. organic matter) and associated GHG 
emission are largely confined to the upper 0–30 cm of the peat soil, due to plant-root 
activity and the greater abundance of labile substrate compared to deeper layers. CO2 fluxes 
from this upper layer were found to be about 400% higher than from deeper in the peat. No 
correlation was found between peat composition and CO2 emission. Degradation processes 
in peat intensify with increasing temperatures and, temporarily, with decreasing water 
tables. Over the temperature range 5–26 °C, CO2 fluxes increased exponentially from 18 
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mg m–2 hr–1 to 278 mg m–2 hr–1. Q10 values for CH4 are usually larger than those for CO2 and 
O2, implying that CH4 emission is more strongly influenced by a small increase of 
temperature.  

CO2 fluxes increased linearly from 139 mg m–2 hr–1 with 3.4 mg m–2 hr–1 per cm 
drainage over a drainage range from 0 cm to 60 cm (constant temperature 16 °C), but this 
increase lasted for a limited time only, probably as a result of the depletion of labile 
compounds (decreasing RQ values). Drainage of peat soils results in lower CH4 emission, 
probably as a result of increased CH4 oxidation and prevailing aerobic degradation 
processes. Altogether, it would appear that if peat soils are kept drained, the net long-term 
decomposition of the peat profile is hardly affected by drainage depth.  

The presence of (living) roots is important for microbial degradation processes and 
for soil-atmosphere gas exchange. The setup of the present incubation experiments, 
however, did not permit to include living plants and also was hardly suited for 
quantitatively separating root effects from substrate effects; for future work an improved 
experimental setup is recommended.  
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