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Synthesis, conclusions and recommendations for 

future research and management 

7.1 Introduction 

This thesis deals with the quantification of a full GHG balance of an abandoned peat 

meadow, the effects of water table manipulation as a management tool for GHG 

mitigation and innovation of measurement techniques. Furthermore, the variability of CH4 

and CO2 fluxes was investigated as well as the relative influence of environmental 

variables (vegetation and soil properties and climatic factors) on CH4 fluxes. 

Subsequently, small scale variability of net carbon balances and GHG balances and effects 

of changes in management and climate were assessed. This chapter contains an overview 

of the results of the research presented in this thesis ordered per research theme. Next, a 

point by point overview of the main conclusions from the research is given. Finally, the 

perspectives on future research are discussed and recommendations for GHG mitigation 

management of (previously) managed peat areas are given.  

7.2 Field conditions: eutrophication, land elements and vegetation patterns 

The research for this thesis was done at the Horstermeer site, which is located on former 

agricultural land in a drained natural lake in the central part of the Netherlands. The 

research site has been taken out of agricultural production more than 10 years ago, and has 

developed into semi-natural grassland. The two meter thick soil consisted of peat, overlain 

with organic-rich lake deposits and is overlying eolian sands of Pleistocene age. After the 

site was taken out of agricultural production, the ditch water table has been raised to 

approximately 10 cm below the land surface. Large parts of the Horstermeer polder are 

subject to strong groundwater seepage from surrounding lake areas and Pleistocene ice 

pushed ridges. At the measurement location seepage is largely reduced and even 

infiltration occurs as a result of the high water table. Despite the abandonment of the 

Horstermeer site almost 15 years ago, the soil conditions have remained eutrophic. In 

previous research, rewetting with natural unpolluted seepage water in similar areas was 

found leave nitrogen cycling unaffected, but raised decomposition rates and strongly 

increased phosphorus availability. The main cause of these effects was found to be a rise 

of soil pH to about 7 due to the hydrochemical composition of the soil pore water after 

rewetting, which reflects groundwater with high amounts of buffering ions. This effect, 

called internal eutrophication, overruled any reduction in process rates by lowered soil 

redox potential (Van Dijk et al., 2004). The continuing nutrient rich conditions generated 

high plant productivity and microbial activity, resulting in high carbon fluxes (both uptake 

and emission). Also, the eutrophic conditions ánd the mowing/grazing activities before the 

abandonment resulted in low species richness and diversity of vegetation. 
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Several land elements could be determined based on hydrological conditions. Three land 

elements were distinguished: ditches (10% of the area), land that was saturated 

permanently (10-20% of the area, mostly alongside the ditches) and relatively dry land 

with a fluctuating water table and an aerated top-layer (70-80% of the area). The relatively 

dry land element was later subdivided in areas with plants rooting below the water table 

(30-40% of the area) and areas with plants rooting in the aerobe top soil (30-40% of the 

area). The vegetation distribution was patchy and the area could also be divided in 

different vegetation types, which generally converged with the land elements defined by 

hydrological characteristics. Eutrophic wetland plants covered 36% of the area and 

occurred bordering the ditches and in other relatively wet areas. Grasses and forbs typical 

for eutrophic, moist conditions occurred at the dryer parts of the site and covered 64% of 

the area. Several of the plants species (e.g. Typha latifolia, Juncus effusus and Phragmites 

australis) were characteristic for disturbed, eutrophic ecosystems. 

7.3 Measurement techniques 

7.3.1 Flux chamber measurements 

With the flux chamber technique trace gas fluxes can de estimated at a small scale (~1 

m
2
). Although the flux chamber technique is the most widely used approach to measure 

CO2, CH4 and N2O fluxes from bare soil surfaces and surfaces with low-stature canopies, 

different types of instruments are used and differences between field set-ups occur. This 

might lead to over- or under estimations of the fluxes. To determine the reliability of the 

set-up used for this research, a comparison with other set-ups was done. During two days 

12 measurements were made with three techniques at the same location: (1) a ‘leaking’ 

chamber set-up with a tunable diode laser gas analyser; (2) a closed chamber set-up with a 

tunable diode laser gas analyser; (3) a closed chamber set-up with an Innova Photo 

Acoustic Field Gas-Monitor (used in this research). The observed CH4 fluxes and Reco did 

not show significant differences between the closed chamber set-ups, while the ‘leaking’ 

chamber set-up appeared to underestimate Reco and CH4 emissions and showed a relatively 

a large uncertainty for Reco (Fig. 7.1). 

Also, it was stated in literature that linear calculation methods, like those used in this 

research, might result in underestimations up to 60% compared to nonlinear regression 

models (Kutzbach et al., 2007; Kroon et al., 2008). In this research linear calculation 

methods were used, however the linearity of the data series of concentration 

measurements was verified before calculating the fluxes and a comparison with an 

exponential regression model for flux calculation was done. Due to the relatively high 

concentration of CO2 and CH4 in the soil, equilibrium between soil and air concentrations 

was virtually never reached within the measurement period of 10 minutes. This resulted in 

(nearly) linear regression lines for all CH4 and Reco flux measurements. The comparison 

between the linear flux calculation method and an exponential regression model did not 

result in significant differences. Also, the data were checked for outliers that may have 

resulted from instrument error, chamber leakage or ebullition events induced by pressure 

changes caused by the sampling. 
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In this research flux chamber measurements were used to determine spatial and temporal 

variability as well as to determine the total yearly CH4 emission from the peat meadow 

site using statistical models based on site data. The flux chamber data were most suitable 

for detection and analyses of spatial differences. To scale up over time, significant 

regression models for CH4 fluxes as well as continuous time series of the independent 

variables from the models (e.g. temperature and water table) were acquired. However, in 

the case of the Horstermeer site, model fits for CH4 fluxes were relatively poor and 

uncertainties relatively high.  

For the purpose of scaling up GHG fluxes over space with flux chamber data it was found 

to be important to take into account the spatial variability of soil and vegetation 

characteristics. The experimental set-up was therefore designed in a way that all land 

elements with differing soil water tables (dry land, saturated land and ditches) ánd all 

vegetation types were covered by flux chamber sites. When determining site averages of 

carbon fluxes for the Horstermeer site the land element or vegetation type surface area 

fractions were taken into account. 

N2O fluxes contained measurement errors of more than 70% on average and were 

negligible small compared to the fluxes of CO2 and CH4 (between -0.1 and 0.1 mg m
-2

 hr
-

1
). Therefore, the N2O flux measurements were not considered in further analyses. In order 

to properly detect and measure variability of N2O fluxes of this magnitude, other 

instruments should be used. Probably, tunable diode lasers and quantum cascade lasers 

have sufficient precision and accuracy for this purpose. 

  

0

200

400

600

800

1000

1200

1400

1600

1800

le
a

k
in

g
 c

h
a

m
b
e

r 
+

T
D

L

le
a
k
-f

re
e
 c

h
a
m

b
e
r 

+

T
D

L

le
a
k
-f

re
e
 c

h
a
m

b
e
r 

+

In
n

o
v
a

R
e
c
o
 (

m
g

 m
-2

 h
r-1

)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

le
a

k
in

g
 c

h
a

m
b

e
r 

+

T
D

L

le
a

k
-f

re
e

 c
h

a
m

b
e

r

+
 T

D
L

le
a

k
-f

re
e

 c
h

a
m

b
e

r

+
 I

n
n

o
v
a

C
H

4
 f

lu
x
 (

m
g
 m

-2
 h

r-1
)

          Figure 7.1: Results of the comparison between the different flux chamber set-ups. 
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7.3.2 Eddy covariance measurements 

For CO2, LE and H, the eddy covariance technique has been relatively well developed. For 

CH4 fluxes the eddy covariance technique is still under development. This is mainly due to 

the low abundance of CH4 in the atmosphere, which hampers adequate concentration 

measurements of this gas. Instruments with sufficiently high precision, accuracy and 

system stability as well as high sampling rates (> 10Hz) and short instrument response 

time (> 0.1 s) are rare. A set-up with a Fast Methane Analyzer (FMA), that uses off-axis 

integrated cavity output spectroscopy, combined with a scroll-pump generating high flow 

rates, was investigated for its applicability in an eddy covariance set-up for the first time 

in this thesis. The FMA proved to meet the requirements for employment in an eddy 

covariance set-up. Also, its maintenance was relatively user friendly and low in costs 

compared to previously developed eddy covariance set-ups using tunable diode lasers and 

quantum cascade lasers. Consequently, the eddy covariance set-up using the FMA as 

described in this thesis is currently implemented at an increasing number of research 

locations for landscape scale CH4 flux observations. However, drawbacks of the new 

technique were discovered too. In areas with a high degree of air pollution, the highly 

reflective mirrors inside the measurement cell were contaminated rapidly. Since these 

mirrors were required for the high precision and accuracy of detection of small CH4 

fluctuations, the contamination caused a strong decline of the performance of the 

instrument and consequently data gaps. Energy consumption of the set-up was high, but 

might be reduced by measuring without the scroll-pump in case of absence of main power 

supply. As a consequence however, measurement techniques with a lower sampling rate 

than eddy covariance have to be adopted. During an experiment with synthetic data, 

disjunct eddy covariance was found to be the most reliable substitute for 10Hz eddy 

covariance. However, it should be taken into account that this method requires a ‘snap 

sampling’ instrument, which will introduce additional artefacts that also require certain 

amounts of power. 

In this thesis a three-fold quality check for eddy covariance results was proposed, which 

consists of (1) checking the energy balance closure by combining eddy covariance data (H 

and LE) with radiation (SWin, SWout, LWin, LWout) and soil heat flux (G) measurements in 

the vicinity of the eddy covariance tower; (2) analysis of spectral and co-spectral 

fluctuations associated with turbulent transport; (3) comparison with flux chamber 

measurements in the footprint. Areas in temperate regions with a nearly flat topography, 

turbulent conditions and without trees are in general ideal for eddy covariance 

measurements. At the Horstermeer site, which has these characteristics and also had main 

power supply, the eddy covariance technique performed well and data-gaps were 

relatively small. 

7.3.3 Comparisons between techniques 

The flux chamber technique was compared with concentration gradients of CH4 in the 

soil. At a relatively dry location, the techniques were very well comparable. However, at 

locations with anaerobic soils and/or deep rooting plants the surface fluxes measured with 

the flux chamber technique were unrelated to the concentration gradients of CH4 in the 
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soil and were relatively high. This indicated that when diffusion was the main gas 

transport mechanism, surface fluxes were comparable with concentration gradients of CH4 

in the soil, while when other gas transport mechanisms (plant transport or ebullition) 

dominate they are not comparable.  

When comparing eddy covariance data and flux chamber data, taking into account the 

footprint of the eddy covariance tower is crucial. Flux chamber sites should be positioned 

in this footprint ánd flux chamber sites should cover the spatial variability in the footprint. 

In this research the comparability of the flux chamber measurements and the eddy 

covariance measurements was evaluated in three manners: (1) comparison of simultaneous 

eddy covariance and flux chamber measurements; (2) footprint analysis comparing the 

average fluxes from the three land elements; (3) comparison of eddy covariance data with 

a statistical model based on flux chamber measurements. All three methods showed high 

correspondence, indicating that both the eddy covariance technique as well as the flux 

chamber technique generated similar results.  

The comparison analyses also emphasized the advantages and disadvantages of both 

techniques. Since fluxes measured with eddy covariance originated from a footprint area 

of 100-1000 m
2
, small scale heterogeneities were averaged out and the total flux could be 

determined for longer periods for the whole ecosystem. However, spatial variability was 

not easily determined and knowledge of areas with high and low GHG emissions acquired 

with the flux chamber technique was indispensable for proper footprint analysis. Spatial 

variability was best observed with chamber measurements, but as described above scaling 

up might lead to relatively large uncertainties. Additionally, ebullition caused large 

variability both spatially and temporally. Using the eddy covariance method, a relatively 

reliable average of the fluxes, including ebullition events, of the whole ecosystem could be 

obtained. 

7.4 Full greenhouse gas balance 

The compilation of the full GHG balance and its uncertainties required considerable 

experimental effort. Not only the vertical losses and gains through atmosphere were 

estimated, but also vertical and lateral losses of dissolved gases through water and the 

different GWP’s were taken into account. From this research could be concluded that the 

abandoned peat meadow with ditch water tables approximately 10 cm below the land 

surface, acted as a considerable CO2 sink (-311 ± 58 g C m
-2

 yr
-1

), a  carbon sink (-262  ± 

86 g C m
-2

 yr
-1

) ánd a GHG sink (as CO2-equiv. of -71 ± 490 g m
-2

 yr
-1

 when considered 

as GWP). The uncertainty of the carbon and GHG balances were relatively high, which 

was mainly due to the large uncertainties inherent to up-scaling the CH4 fluxes based on 

the chamber method. Since the abandoning and water table rise, CO2 emissions have 

decreased significantly. However, due to the continued eutrophic conditions, both levels 

of photosynthesis and respiration remained high. CH4 emissions were considerable, and 

increased since the water table raise. N2O emissions were (nearly) absent, strongly 

restricting the net GHG balance compared to agriculturally managed peat meadow areas. 

Fluxes of carbon and CH4 through water are relatively small (<5%). In peat meadow 

areas, with flat topography, compact soils and controlled discharge, the water balance is 
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dominated by precipitation and evapotranspiration. As a result outflow or inflow of carbon 

and CH4 in discharging, infiltrating and seepaging water was limited, compared to hilly 

and mountainous peat areas for instance in Great Britain.  

When comparing full GHG balances of natural, managed and restoration peat areas, not 

only the natural fluxes described above should be considered. Also, GHG emissions 

resulting directly from anthropogenic activities should be taken into account, e.g. 

manuring (carbon and nitrogen sink), mowing and grazing (carbon source), slurry deposits 

and cows (CH4 sources) and high emissions of N2O due to manuring. All these GHG 

fluxes are absent in abandoned peat meadows, but dramatically increase net GHG 

emissions in agriculturally managed peat meadows. A first estimate based on data from an 

intensively managed peat meadow in the Netherlands showed that such areas are a large 

source of GHG’s as CO2-equiv. of approximately 4 to 5 kg m
-2

 yr
-1

 when considered as 

GWP (personal communication, E. M. Veenendaal and A. P. Schrier-Uijl). 

7.5 Spatial variability of CH4 fluxes: vegetation patterns and water table 

CH4 fluxes and Reco at the Horstermeer site showed high spatial variability. Within a small 

area (one hectare) four land elements with significantly different vegetation types and CH4 

fluxes were found. By far the highest fluxes were observed at the saturated land near the 

ditches with the Typha vegetation type. Intermediate fluxes were observed at the ditch 

water surface without vegetation. The dry land in the middle part of the area with the 

Urtica type, the Holcus type and the Phalaris type produced lowest fluxes. Somewhat 

higher fluxes were observed from sites with intermediate WLsoil and deep rooting plants 

(Glyceria type, Phragmites type and Juncus type). Average CH4 emissions over a 3.5 year 

measurement period were respectively 23.08 mg m
-2

 hr
-1

, 7.59 mg m
-2

 hr
-1

, 1.16 mg m
-2

 hr
-

1
 and 4.13 mg m

-2
 hr

-1
. This spatial variability of CH4 fluxes was mainly explained by root 

characteristics and water table, while water table and root characteristics were strongly 

related themselves too. Besides affecting production and oxidation of CH4, WLsoil in 

combination with high root depth and root mass enhanced the transport of CH4 through 

aerenchyma of vascular plants. As a result high CH4 emissions occurred at locations with 

high water tables and plants with deep and extensive roots. 

7.6 Temporal variability of CH4 fluxes 

High temporal variability was observed for the CH4 fluxes at different scales. CH4 fluxes 

showed a clear diurnal cycle during all seasons as well as significant day-to-day 

variability, seasonal variations and differences between years. Temporal variability of CH4 

fluxes was caused by interaction of soil and vegetation variables rather than by one single 

variable. 

Diurnal cycles were detected in the continuous eddy covariance data and showed high 

CH4 emissions during the day and low CH4 emissions during the night. Largest daytime 

amplitudes were observed in summer and lower, but comparable amplitudes in spring and 

autumn. The similarity with the diurnal cycles of SWin, NEE and LE and the dissimilarity 

with that of soil temperature, suggested that the diurnal pattern was due to plant stomatal 
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opening and convective throughflow. Several plant species that occurred in the area (e.g. 

Typha latifolia and Phragmites australis) have an outstanding capacity to vent 

underground tissue by pressurized throughflow. Nighttime emissions were rather stable 

over all periods (approximately 0.90 mg m
-2

 hr
-1

), which might be due to relative constant 

diffusion rates through the soil and water from deeper soil layers that were permanently 

saturated with CH4.  

Variations in daily average CH4 fluxes observed with the eddy covariance technique were 

best explained by a combination of soil temperature at 40 cm below the soil surface and 

soil water table. These environmental variables explained over 65% of the day-to-day 

variability in CH4 fluxes throughout the year. Soil water table was inversely correlated 

with CH4 fluxes and probably represented the magnitude of evapotranspiration and gas 

transport through plants. Soil temperature at 40 cm below the soil surface probably had a 

large influence on CH4 production and formation of gas bubbles in deeper, anaerobic 

layers of the soil. Day-to-day variability observed with the flux chamber technique was 

best explained by Reco combined with dead biomass amounts (explaining 57% of the 

variability) for all land sites, except those in the saturated area. Since Reco was strongly 

related to plant transport and reflected the amounts of soil carbon as well as temperature 

and moisture conditions, it was a good predictor of CH4 fluxes. Dead biomass probably 

formed an important source of easily decomposable organic matter for methanogens and 

was relatively independent from Reco. At the permanently saturated area, pH explained 

92% of the variance in the CH4 fluxes. Probably, the permanently saturated soil with its 

vegetation with good transport capacity, the magnitude of the CH4 emission was mainly 

determined by the production of CH4 in the soil. Since other factors related to CH4 

production (e.g. nutrient and carbon availability) did not create limitations, pH was the 

major constraining variable here. At the Horstermeer site, pH values of 6 and higher were 

observed and CH4 fluxes decreased with increasing pH. Despite the differences between 

the outcome of the eddy covariance technique and the flux chamber technique, both 

analyses indicated that day-to-day CH4 flux variability was determined by a combination 

of environmental variables rather than by one single variable. Both plant transport 

mechanisms ánd soil conditions were important determinants of small scale temporal 

variability of CH4 fluxes in the peat meadow. 

Both flux chamber measurements and eddy covariance measurements showed highest CH4 

emissions in summer, lowest emissions in autumn and winter and intermediate emissions 

during spring. These seasonal trends were comparable to a wealth of studies and resulted 

from seasonal changes in production and oxidation of methane in the rhizosphere and gas 

transport. With respect to the plant gas transport, length of day was also important factor 

at the seasonal scale: longer day-light time periods resulted in higher average emissions; 

thereby increasing average CH4 emissions at the end of spring and in summer. 

Finally, differences in CH4 fluxes were observed between a relatively warm and dry year 

and a relatively wet and cold year: in the relatively wet and cold year the average CH4 

emission was 37% higher. This difference was however mainly due to the higher CH4 

emission at the Typha vegetation type, while all other vegetation types showed relatively 

low CH4 emissions during the relatively wet and cold year. These findings suggested that 
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the total CH4 emission at the Horstermeer site might be even higher in years with both wet 

ánd warm conditions. 

7.7 Small scale variability of net carbon balance and GHG balance 

The areas with wetland vegetation (Typha type, Juncus type and Phragmites type) were 

net emitters of carbon and GHG’s despite the relative anaerobic soil conditions and large 

amounts of aboveground biomass. Other vegetation types showed net carbon uptake and 

negative GHG balances. Both the carbon balance and net GHG balances were closely 

related to the change of soil carbon over the growing season (∆CS). Carbon balance and 

GHG balance and ∆CS were best explained by root mass and root depth: areas with 

wetland vegetation types with deep roots and high root mass had relatively high carbon 

emissions. Root systems probably enhanced the transport of O2 into the anaerobic soil 

layers, thereby stimulating the oxidation of soil organic material. Also, the deep roots 

created a shortcut for transport of CH4 and CO2 to the atmosphere through the plant 

aerenchyma. 

Differences in carbon balance and GHG-balance were observed between a relatively dry 

and warm year and a relatively wet and cold year. Some vegetation types showed 

relatively high carbon and GHG emissions (or relatively low carbon uptake) during the 

wet and cold year, while other vegetation types showed relatively high carbon and GHG 

emissions (or relatively low carbon uptake) during the dry and warm year. Although in 

general it is assumed that net carbon uptake was reduced under warm and dry conditions 

(due to increased Reco and reduced photosynthetic uptake), certain vegetation types are 

probably retarded in growth by extremely high moisture contents through suffocation of 

the roots. As a result the carbon uptake of these vegetation types was reduced. 

Only a small portion of the total emitted carbon was emitted as CH4 (FCH4), while strong 

differences between vegetation types were observed. For shallow rooting plants, FCH4 was 

approximately 0.25%, while for deep rooting plants FCH4 up to 6.26% were observed. In 

areas with deep rooting wetland plants (e.g. Typha type, Glyceria type, Phragmites type) 

the amount of carbon emitted as CH4 was thus relatively high, suggesting that deep root 

systems enhanced CH4 emissions more than oxidation and Reco, thereby increasing the 

GHG balance. 

7.8 Effects of changes in management and climate 

The slightly negative GHG balance of the Horstermeer site is comparable to other restored 

peat areas and also to natural peat areas, while managed peat areas have been reported as 

net carbon and GHG sources. The abandonment of the Horstermeer site and raise of water 

tables has thus effectively reduced the net GHG emission. Ecosystem respiration at the 

Horstermeer site was however similar to managed eutrophic peat areas, which was a result 

of the continuing high microbial activity induced by the internal eutrophication. Due to the 

nutrient rich conditions high amounts of biomass are produced each growing season and 

the gross uptake of carbon in the area was high compared to natural peat areas too. A 

comparison with a previously conducted model exercise (Van Huissteden et al., 2006) 
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showed that when the site the Horstermeer would have a 20 cm lower water table than the 

present water table, peat decomposition rates more than doubled. CO2 emission from peat 

degradation was modeled at 330 g C m
-2

 yr
-1

 and CH4 emission from the land surface 

decreased by 60%. The net GHG emission may have been 180% higher with a 20 cm 

lower water table than under the current conditions. In this result the effect of carbon 

export by harvest under agricultural land use in the past, and carbon uptake by vegetation 

in the present situation was not included. This suggested that although the area is presently 

only a small GHG sink, it may have been a considerably larger net source before 

rewetting. It should be noted also that the effects of higher N2O emission at agricultural 

land use were not considered here. 

Due to the higher CH4 emissions from wetland plants ánd due to expansion of deep-

rooting wetland plants, CH4 and CO2 emissions probably increase in case of further 

rewetting of eutrophic peat areas like the Horstermeer site. As a result net the carbon 

balance and the net GHG balance will become positive (Table 7.1). In case rewetting is 

combined with climate warming, carbon balances and GHG balances will increase even 

more, due to increased microbial activity. On the other hand, warming without rewetting 

will lead to an increase of evaporation of 7-13% (Royal Dutch Meteorological Institute, 

2006) resulting in thick aerobic peat layers and thus high rates of Reco. Although CH4 

emissions will decrease in this scenario, the areas will turn into sources of carbon and 

GHG’s. This assessment also showed that short term climate or management changes 

might lead to counter-intuitive carbon fluxes: e.g. high water table leads to high CH4 

emissions solely in areas dominated by wetland plants, while at other vegetation types 

CH4 emissions are inhibited by the unfavourable conditions for plant growth. Only when 

the changes are persistent over multiple years and the vegetation has adapted to the new 

hydrological situation, their effect will be fully reflected by CH4 fluxes, carbon balance 

and GHG balance. An overview of the effects of changes in management and climate on 

net emissions of CO2 and CH4 on short terms, transient time scales and long terms is given 

in (Table 7.1). 

 

 

 

 

 

 

 

 

 

 

 

current 

management climate vegetation CO2 CH4 CO2 CH4 CO2 CH4

further rewetting no temperature rise wetland plants o o + + - ++

further rewetting no temperature rise non-wetland plants o o - - - ++

no rewetting temperature rise wetland plants + + + + ++ +

no rewetting temperature rise non-wetland plants + + + + ++ +

further rewetting temperature rise wetland plants + + + ++ + ++

further rewetting temperature rise non-wetland plants + + o + + ++

scenario short term transient long term

Table 7.1: Overview of the effects of rewetting due to management and temperature rise due to 

climate change on net CO2 and CH4 emissions, compared to the current situation at the 

abandoned peat meadow. Three scenario’s are presented for two types of current vegetation 

(wetland plants and non-wetland plants). Short term effects are effects within one year, transient 

effects are effects over 2 or 3 years, and long term effects are effects over a period of more than 5 

years when vegetation has adjusted to the new situation 
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7.9 Main conclusions 

The research described in this thesis resulted in several conclusions regarding GHG fluxes 

in peat areas. Below, the most important findings are listed: 

Characteristics of the peat meadow 

� Despite the abandonment of the Horstermeer site almost 15 years ago, the soil 

conditions remained eutrophic; 

� Land elements were distinguished in the peat meadow based on hydrological 

conditions: ditches (10% of the area), permanently saturated land (10-20% of the 

area), relatively dry land with a fluctuating water table (70-80% of the area); 

� Vegetation at the abandoned peat meadow was patchy and consisted of vascular plants 

types typical for eutrophic conditions and high water table or wetland soils (grasses, 

reeds and forbs).  

� The area could be subdivided in seven vegetation assemblages (types), which 

generally converged with the hydrologically defined land elements. 

Measurement techniques 

� Quantification of a full GHG balance was feasible, but required considerable 

experimental effort; 

� When quantifying total CO2 and CH4 fluxes from an area, fluxes from all different 

land elements (here: dry land, saturated land and ditches) and/or all vegetation types 

and their relative surface coverage should be taken into account; 

� A Fast Methane Analyzer, that uses off-axis integrated cavity output spectroscopy, 

proved applicable for the eddy covariance technique and was relatively user friendly. 

A serious drawback of the instrument was rapid contamination of the measurement 

cell when placed in areas suffering from air pollution; 

� A three-fold quality check for the performance of the eddy covariance set-up, 

consisting of an energy balance closure check, (co-)spectral analysis and comparison 

with flux chamber measurements in the footprint pointed out that eddy covariance 

measurements of CO2, CH4, LE and H had good quality; 

� When diffusion was the main gas transport mechanism, surface fluxes observed with 

the flux chamber technique were comparable with surface fluxes calculated from soil 

CH4 gradients; 

� The data from the flux chamber technique and the eddy covariance technique showed 

high correspondence, indicating that both techniques generated reliable data;  

� Spatial variability was best observed with chamber measurements, while the eddy 

covariance technique was most suitable for quantifying average fluxes for the whole 

ecosystem over longer periods and detection and analysis of temporal variability;  

� N2O fluxes were too small to be detected with the flux chamber set-up used in this 

research. 
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The full GHG balance of an abandoned peat meadow 

� The abandoned peat meadow with ditch water tables approximately 10 cm below the 

land surface, acted as a considerable carbon sink ánd a small GHG sink. Carbon 

accumulated during the growing season consisted mainly of carbon uptake in the soil 

profile;  

� NEE had decreased significantly since the water table rise. However, due to the 

continuing eutrophic conditions, both levels of photosynthesis and Reco remained high; 

� CH4 emissions in the abandoned peat meadow were considerable, and had increased 

since the water table raise; 

� N2O emissions were small, restricting the net GHG balance enormously compared to 

agriculturally managed peat meadow areas; 

� Fluxes of carbon and CH4 through water were relatively small (<5% of the full GHG 

balance), due the flat topography, compact soils and controlled discharge; 

� Only a small portion of the total emitted carbon was emitted as CH4: between 0.19% 

for shallow rooting plants and 6.26% for deep rooting wetland plants. 

Spatial variability of carbon fluxes 

� CH4 fluxes showed high spatial variability: mainly the ditches and the annually 

saturated parts of the area with wetland vegetation were (potential) large CH4 sources; 

� Net carbon uptake and Reco showed high spatial variability: the relatively dry land 

showed highest Reco, but was a net sink of carbon and had a negative GHG balance. 

Areas with deep rooting wetland vegetation showed intermediate Reco, but were net 

emitters of carbon  and had a positive GHG balance; 

� The spatial variability of CH4 fluxes, carbon balances and GHG balances on land was 

mainly explained by root characteristics and water table, while water table and root 

characteristics were strongly related too. 

Temporal variability of CH4 fluxes 

� CH4 fluxes showed temporal variability at many scales: a diurnal cycle with highest 

emissions during day-time, day-to-day variability, seasonal variations and differences 

between years; 

� The diurnal cycle of CH4 fluxes showed high emissions during day-time and low 

emissions during nighttime that probably resulted from plant stomatal opening and 

convective throughflow; 

� Day-to-day variability of CH4 fluxes was best explained by a combination of variables, 

representing CH4 production, CH4 oxidation, and plant gas transport;  

� The average CH4 emission of a relatively wet and cold year was 37% higher than that 

of a relatively dry and warm year; 

� For saturated conditions temporal variability of CH4 fluxes was almost entirely 

explained by pH. 
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Effects of future management and climate change 

� The abandonment of agricultural activities and raise of water tables at the Horstermeer 

site has effectively reduced the net GHG emission. However, the area remained a 

potential large source of carbon and GHG’s; 

� In case of further rewetting of the abandoned peat meadow, the carbon balance and the 

net GHG balance will probably become positive. In case rewetting occurs 

simultaneous with climate warming, carbon balances and GHG balances are likely to 

increase even more;  

� Climate warming without rewetting will lead to thick aerobic peat layers with high 

rates of Reco and the abandoned peat area will turn into a carbon and GHG source; 

� Nutrient reduction is indispensible for long term GHG mitigation management ánd for 

improvement of botanical values in (previously) managed peat areas. 

7.10 Research perspectives 

Measurement techniques and data processing 

Although comparisons are often made between GHG estimates obtained with chamber 

methods, relatively little uniformity consists in the field of this method (e.g. differing gas 

monitors, field set-ups, data processing). An increase in uniformity of the technique, will 

improve both the analyses of spatial variability of GHG fluxes as well as up-scaling work. 

The manual technique used in this research was relatively flexible, but also user-

unfriendly and required many hours of man power to obtain reliable estimates. The use of 

automated flux chamber set-ups is highly recommendable for more frequent or continuous 

observations over longer periods. Also, observing fluxes nighttime, winter periods and 

other extreme conditions is better feasible with these automated set-ups. 

Also, this research pointed out that quantifying average CH4 emissions over a longer 

period based on chamber measurements made during daytime might lead to significant 

and persistent overestimations if CH4 fluxes have strong diurnal cycles. Before up-scaling, 

the diurnal trends of CH4 fluxes should be investigated, and, if necessary, corrections 

should be made for nighttime periods. 

Currently, several other investigations of CH4 fluxes using the FMA in eddy covariance 

setup are being carried out or prepared. To ascertain the applicability of this new method, 

the performance of the instrument (high precision, accuracy, system stability and response 

time) and operation in eddy covariance, the set-up should be evaluated and compared for 

more FMA instruments and set-ups under various circumstances. Additionally, the 

disjunct eddy covariance and the relaxed accumulation techniques should be tested 

further. Comparisons based on synthetic data in this research, showed that these 

techniques could be alternatives for eddy covariance at locations without main power. 

However, before actual employment in remote areas, measurement quality and power 

requirements of the additional artefacts of real disjunct eddy covariance and relaxed 

accumulation set-ups need to be investigated. 
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The FMA eddy covariance set-up under investigation suffered from frequent and rapid 

contamination of measurement cell, inducing large data gaps. Hence, development of gap 

filling procedures for CH4 eddy covariance measurements is crucial for quantification of 

total CH4 fluxes over longer periods (e.g. growing season, year). Previous assessments of 

gap filling procedures for CO2 eddy covariance data sets (e.g. Falge et al., 2001; Moffat et 

al., 2007) demonstrated that the best methods for this gas were procedures based on 

artificial neural networks, non-linear regression techniques and look-up tables. For 

development of gap filling of CH4 data series, these techniques are to be investigated first. 

Variability, processes and modelling of CH4 fluxes 

The observations of CH4 fluxes with the eddy covariance technique in this research 

showed a pronounced diurnal cycle. During previous research in peat areas in some cases 

diurnal cycles were observed too, but never this clear. With further research both the 

nature of this phenomenon and the spatial variability of its occurrence can be investigated 

in detail. In the case of the Horstermeer site, the diurnal cycle of the CH4 flux was 

probably the result of fluctuations in plant gas transport. However, this assumption was 

based on similarity of CH4 flux variations with surface and atmospheric measurements 

(radiation, latent heat, CO2 fluxes and water table). Detailed investigations of periodicities 

in plant physiology, microbial activity and soil CH4 concentrations will provide new 

insights on the soil and plant processes that cause the diurnal cycle of CH4 fluxes. 

Additionally, (diurnal) changes in CH4 sources could be revealed with analyses of the 

isotopic composition of emitted CH4. For instance: does the CH4 source during daytime 

consist mainly of the freshly produced organic carbon in the root zone, and does the CH4 

source during nighttime consist of organic matter in deeper soil layers? 

An important finding of this research was the large effect of eutrophication on GHG 

fluxes, both through enhanced microbial activity as well as through vegetation types that 

occur on eutrophic soils and in shallow water. Further investigation of the effect of 

eutrophication and its legacies over time on GHG fluxes in (previously) managed peat 

areas is indispensable for the development of management practices as a tool for GHG 

mitigation. An assessment of GHG fluxes from peat areas over a gradient of 

eutrophication stages can considerably increase the insight on this topic.  

Modelling of CH4 fluxes for managed peat areas is still problematic. Although models for 

natural peat areas give relatively good estimates of CH4 fluxes (e.g. Petrescu et al., 2008), 

for managed sites like the Horstermeer area modelling appeared to be less straightforward 

(Van Huissteden et al., in prep.). The outcomes of this research clearly showed differences 

between natural and (previously) managed peat areas with respect to CH4 fluxes, e.g. the 

effect of eutrophic circumstances, the important role of vegetation, and the relatively small 

effect of water table fluctuations. These findings can be used for innovation of existing 

models towards better applicability for (previously) managed peat areas. 

Scaling up GHG balances of peat areas 

A detailed comparison should (and will) be made of GHG fluxes and balances in the 

abandoned peat meadow described in this thesis and other Dutch peat meadow areas under 

intensive or reduced agricultural management. To obtain a complete overview, not only 

the natural GHG fluxes have to be taken into account in this comparison but also the 
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sources and sinks of GHG’s due to management (e.g. mowing of plant biomass, manuring 

and slurry application, enteric fermentation and cattle). 

The findings in this research showed that vegetation types and characteristics can be good 

indicators of spatial variability of CH4 fluxes and GHG balances on the field scale. 

Besides the direct effect on CH4 and CO2 fluxes, vegetation reflects soil conditions, 

hydrology and climatic conditions of an ecosystem. In case this indicative effect of 

vegetation on CH4 fluxes exists also on a larger scale, the up-scaling of CH4 and CO2 

fluxes from peat areas can be improved considerably. An assessment of vegetation types 

and characteristics, and CH4 and CO2 fluxes at many different peat areas (e.g. temperate 

peat areas over Europe), could reveal whether vegetation characteristics are good 

indicators of CH4 and CO2 fluxes at larger spatial scales too. 

Another approach for improvement of the up-scaling of CH4 fluxes measured at the field 

scale is coupling of eddy covariance observations with satellite data. Although the spatial 

resolution of CH4 satellite observations is currently too low for proper comparison with 

field data, satellite observations containing information about vegetation and NEE with a 

higher spatial resolution (e.g. Modis data) might provide a link between bottom-up and 

top-down approaches. Recently, Yan et al. (2008) estimated CH4 emissions from wetlands 

by comparing Modis data and CO2 eddy covariance measurements in an innovative way. 

Comparing such estimations for peat meadow areas with CH4 eddy covariance 

measurements could verify the approach, and confirm its applicability for up-scaling.  

7.11 Recommendations for management 

This research has shown that abandonment of a managed peat area effectively lowers the 

net GHG balance from a source to a small sink. However, due to the continued nutrient 

rich conditions the area remains a potential (large) sources of GHG’s. In table 7.2 an 

overview of the effects of different types of restoration management of peat meadows is 

given. Successful and enduring (further) decrease of carbon fluxes and reduction of CH4 

emissions in peat areas can only be realized, when the nutrient level is reduced. In this 

manner plant productivity and microbial activity will be suppressed. Accordingly, 

restoration of diverse, species-rich vegetation types can be realized in abandoned peat 

areas (e.g. Carex associations (mesotroph) or Sphagnum associations (oligotroph)). Due to 

the anaerobic soil conditions (in case of further water level rise) and nutrient poor 

conditions, Reco will be strongly reduced. Increased anaerobic conditions will increase 

CH4 emissions, while nutrient poor conditions reduce the CH4 production. In case of 

succession to oligotrophic conditions with Sphagnum vegetation, CH4 emissions will also 

be inhibited due to very limited plant gas transport and oxidation of CH4. A succession 

towards such nutrient poor conditions is however very unlikely in these eutrophic peat 

meadows. 

Solely abandoning an area and raising water levels will not lead to nutrient reduction in 

peat areas due to processes of internal eutrophication. To reduce the nutrient level, more 

thorough management interventions are inevitable, like topsoil removal, prolonged 

mowing or grazing. Restoration of diverse, species-rich vegetation types by these practices 

is however questionable, because open patches are created which will be primarily 
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colonized by the botanically undesired eutrophic species like Juncus effusus, Typha 

latifolia and Phragmites australis. Additionally, mowing and grazing will not generate the 

required reduction of nutrients before many years of practice and the removed biomass 

should be considered as an emission of carbon from the area with respect to the GHG 

balance. Perhaps, the plant biomass harvested with the prolonged mowing can be used in 

bio-fuel production, thereby reducing GHG emissions from fossil fuel combustion. 

Finally, long periods of agricultural management might have depleted species diversity 

and seed banks over large areas. Artificial introduction of preferred species might 

accelerate the development towards a mesotrophic ecosystem with high species richness 

and diversity and (increased) net GHG uptake. It must however be noted that although 

eutrophic wetlands with plants species like Juncus effusus, Typha latifolia and Phragmites 

australis are botanically not interesting and probably enhance GHG emissions, these plant 

species are beneficial for the development of wetland bird reserves in former managed 

peat meadow areas. 

Water management probably provides only limited and temporary possibilities of reducing 

or stabilizing the GHG emissions from eutrophic peat areas. Due to the continued nutrient 

rich conditions resulting from the internal eutrophication, the area will remain a potential 

(big) source of GHG’s. Keeping water levels just below the soil surface like at the 

Horstermeer site, or more uniform and thorough measures like replacing ditches by 

belowground drainage systems, might repress extremely high CH4 emissions from deep-

rooted wetland plants and prevent the expansion of these vegetation types. However, the 

water level should be lowered carefully, because Reco will increase dramatically when 

water levels are lower than to -0.10 to -0.15 m below the surface, turning the area into a 

source of GHG’s.  

 

water table CO2 CH4

reed land high + ++

forest bog high - o

nutrient poor hay land intermediate-low + -

open water high -- ++

prolonged mowing intermediate-low first +, later - first o, later -

top soil removal low-high - -

nutrient reduction management

peat resoration management

 

Table 7.2: Overview of the effects of the effects various peat restoration practices 

on net CO2 and CH4 emissions, compared to the current situation at the abandoned 

peat meadow. Also, the characteristic water table for each restoration practice is 

given. 
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