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Chapter 1

1.1. Background

It has been recognised for at least a decade timamhs have become a global geophysical
force in nature. For example, human activities sashagriculture, industry and biomass
burning have raised the concentrations of the dreese gases carbon dioxide (§.0
methane (Cl) and nitrous oxide (pO) by 70% between 1970 and 2004 (IPCC 2007) and
therefore have influenced global climate changedddrthe Kyoto Protocol, which was an
important first step in combating human affectéchate change, most developed countries
have to reduce their greenhouse gas emission$ydtieerlands is committed to reduce its
annual greenhouse gas (GHG) emissions by an averfageo below the level of 1990
between 2008 and 2012. The Kyoto commitments hagewraged countries to investigate
the possibilities for reducing emissions in varigastors.

In the Netherlands, by far the largest contributtirsthe total C@ emissions are the
industry and transport sectors, while the highebt, @nd NO emissions are due to
agriculture (Maas et al.,, 2008). Emissions orignwatfrom agriculture account for a
considerable part of the national GHG emission,ctvhig why it is important to quantify
these fluxes and to understand the mechanismsomatol them in order to find ways of
reducing these emissions. Contrary to other emissisuch as those from industry, the
terrestrial emissions depend on many uncertairabbas, such as climate, management and
water table. Because the influence of these vasabh emissions and underlying processes
is largely unknown, estimates of GHG emission ameently mostly based on global trends
which is uncertain and often not applicable to fjeareas.

Among the specific areas which play an importate io the terrestrial carbon cycle, but
which are not well understood in terms of emissicei® temperate peat areas. These
peatland systems are vulnerable to changes and theetast centuries, anthropogenic
pressure for land in Europe has resulted in thiameation of large areas of peat swamps to
make them suitable for agriculture or other landsusThe required drainage to reclaim
peatlands results in subsidence, degradation of gabs and release of carbon to the
atmosphere. In the Netherlands peat areas makdmgsta7% of the land, but this is
decreasing as a result of the transformation odmirgsoils into mineral soils due to peat
oxidation. Typical peat subsidence rates in Eurapge from a few millimetres to as much
as 3 cm/year depending on drainage and climatic {emperature) conditions (Kasimir-
Klemedtsson et al., 1997). Estimates of emissioms fpeat areas including GACH, and
N,O are scarce and emissions of water bodies haver neeen included in regional
greenhouse gas budgets. At present, approxima®y020 ha of the Netherlands consists
of peat land, defined as soils with an organic ematontent of more than 50 % in the upper
80 cm (Hendriks, 1991). The peat areas in the Netheés are situated in the west (Groene
Hart) and east (provinces of Friesland and Ovelijssf the country. These landscapes
typically consist of land, drainage ditches angdashallow fresh water bodies. Most of the
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General introduction

peat soils have been drained and are used as fadome(grassland). As a result of the
lowering of the water table in the past, Dutch fieeadow ecosystems have for long been a
strong net source of Gecause of the increased peat oxidation (Langeatedd., 1997).
High oxidation rates cause subsidence of soilsiaingls been estimated that in the past 30-
40 years 20% of our peat soils have transformem antnineral soil (Kempen et al., 2009).
Yet reliable estimates of emissions of £ahd especially of CHand NO are still lacking.
Burgerhart (2001) suggests that peat areas couidrito sinks of C@if water levels were
raised.

The research described in this thesis was patteofarger BSIK-KvR ME-1 project and of
the CarboEurope-IP programme (www.klimaatvoorruimiteand www.carboeurope.org).
The BSIK-KVR ME-1 project focussed on integratedsedvations and modelling of
greenhouse gas budgets at the ecosystem level an Nitherlands, whereas the
CarboEurope programme focussed on understandingantifying the present terrestrial
carbon balances of Europe and the associated aint&ss at local, regional and continental
scales. All the research was funded by the ProvioteNorth Holland, BSIK and
CarboEurope and was conducted in collaboration wébkearch groups at the Vrije
Universiteit, Energy research Centre of the Nettmett and Wageningen University.

1.2. Research objectives

Regional greenhouse gas estimates are uncertainttengprocesses that control the
greenhouse gas budgets are poorly understood. ér magstion is: does the restoration of
peat areas convert them from greenhouse gas soimtegreenhouse gas sinks? In
addition, the spatial and temporal variability ofiesions is high, and therefore there is a
need for suitable methods to measure fluxes ang-&cale them to the landscape scale.

My objectives were:

e to quantify the emission of greenhouse gases,(C8,, N,O) that are produced at
small-scale (1mx1m), plot scale (ha scale) and deamge scale (whole polder
scale) in Dutch fen meadows;

« to determine the spatial and temporal variabilitfluxes at different scales;

e to develop a system for upscaling GHG emission feoemall-scale to landscape
scale and to provide predictions based on regmssiodels relating emissions
with measured explanatory variables;

e to answer the question: can restoration of fen meadurn these areas into sinks
when the greenhouse gases,COH, and NO are included in the emission
balance?

13



Chapter 1

1.3. Contents of thesis

This thesis comprises 8 chapters including theothiction (Chapter 1). In Chapter 2 an
overview is given of the scientific background loistresearch and of past research. Chapter
3 discusses the methane budgets of intensively geahaand extensively managed
peatlands on the basis of chamber measurementserais$ions are compared with the
emissions of an unmanaged peatland. Chapter 4 aatdsthe reliability of different
measurement methods and the comparison of smadl-sitax measurements and
landscape-scale flux measurements. Methods ars-gedislated by comparing spatially
up-scaled small-scale chamber measurements witegrated landscape-scale eddy
covariance measurements. Chapter 5 focuses on meetimal nitrous oxide emissions from
an intensively managed area, estimated from comtiseddy covariance measurements. In
Chapter 6, greenhouse gas emissions from lakesdeidage ditches in peat areas are
discussed in detail. Chapter 7 comprises an intedgrgeneral synthesis of the research
performed within the ME 1 project. It gives thelfgieenhouse gas balances of three peat
areas and includes a discussion of the influenceestoration on the greenhouse gas
balance. Additionally, future land use change sdesaare discussed and management
options to reduce emissions are suggested. Chaystemmarizes all the research presented
in this thesis and based on the insights gaindtiisnresearch conclusions per chapter are
given and mitigation options are discussed.

1.4. References
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Chapter 2

2.1. Humans, climate change and peatlands

The human imprint on the Earth’s ecosystems hasiitapt effects on the Earth’s climate,
and anthropogenic changes to ecosystems are edfeatentinue at a fast pace in the near
future. The enormous growth of the world’s popwatiand industrialisation have led to
rapid increases in the use of fossil fuel, biomasgsing, agricultural activities and land use
changes, resulting in enhanced emissions of aeromotl greenhouse gases into the
atmosphere. Changes in the biogeochemical cycldsradstrial ecosystems, such as the
carbon and nitrogen cycles and their influence ba tlynamics of the atmosphere,
influence the climate in terms of temperature artipitation. In Melbourne, Australia, for
example, people had few concerns about water supmiy a decade ago. But after ten
years of drought, probably an impact of climatengea Melbourne is now facing a severe
water shortage. And in arid and semi-arid Africaourttries, the changing climate and
increased human activities have led to land degmadand desertification (IPCC 2007).
Another example is that of the Amazon region, whalservations suggest that the soil
surface temperature has increased, the wet seadmyinning at a later date and droughts
have become more severe over the last few dec&lelsal climate models suggest that
temperature increase in the Arctic will be consitidy stronger than in the rest of the
world; this warming can result in permafrost thagveind ice melting. The main projected
biophysical effects in polar regions are reductionshickness and extent of glaciers, ice
sheets and sea ice, and changes in natural ecosysiéth detrimental effects on many
organisms — including migratory birds, mammals d&righer predators. Besides the
anthropogenic influences on the Earth’s climatdeontmajor factors that also probably
influence the climate on larger temporal scalesvarging solar activity, volcanic activity,
and changes in the ocean currents and atmosplirettation.

Greenhouse gases play a role in preventing heatt éiscaping from the Earth’s surface and
thus changes in greenhouse gas concentrations ititosphere will have a strong impact
on climate; without greenhouse gases, scientisim&® that the average temperature on
Earth would be approximately 30 degrees CelsiugecoBut if the concentrations increase,
so does absorption of thermal radiation, followsdrising tropospheric and soil surface
temperatures. The key greenhouse gases of conoercasbon dioxide (C£), methane
(CH,) and nitrous oxide (pD) (IPCC 2007). The global warming potentials (GW#)
these gases over a 100-year time horizon are L@y 25 for CH, and 298 for NO
(Forster et al., 2007). The GWP takes account®fatmospheric life-times of the different
gases. Anthropogenic sources of {@clude: the combustion of fossil fuels to generat
energy; industry; and land use changes that aatel@rganic matter oxidation (IPCC
2007). The main sources of GHnhclude the burning of fossil fuels and agricudtur
practices, whereas the main source gDNks agriculture (IPCC 2007) (sé&g 2.1 for an
overview of greenhouse gas sources).
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Fig 2.1 Greenhouse gas emissions (Mton,Q) in 1970 and 2005 for eleven regions in the @vorl
(http://edgar.jrc.ec.europe.eu/, 2009).

Natural sources also add to the total emission.ofkpgarison of observed global-scale
changes in surface temperature with results simalaly climate models using natural or
natural plus anthropogenic forcing is showirig 2.2.

Peatlands contribute considerably to the globatmneuse gas budget (Blodau and Moore,
2003). These ecosystems occupy 6% of the worldfesel and function as GG&inks and
CH, sources if not drained. Human activity such asndge has turned these areas into
CO, sources. However, quantitative estimates of €Qissions and of total greenhouse gas
balances (including CHand NO) are uncertain, while aquatic ecosystems such as
freshwater ditches and lakes in peat landscapes denerally been neglected. But given
the wide interest in restoring peatlands, it iseatial that management prescriptions are
based on proper quantification of fluxes and urtdeding of processes.
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Fig 2.2. Global changes in surface temperature derived faimate models and observations. Dark
shaded bands show the 5 to 95% range for 19 sinomiafrom five climate models using only the
natural forcings due to solar activity and volcasokight shaded bands show the 5 to 95% range for
58 simulations from 14 climate models using botturz and anthropogenic forcing (IPCC 2007).

2.2. History of Dutch peatlands

The peat areas in the Netherlands have developed large peat bogs created from peat
accumulating after the last ice age when the seal i the North Sea rose rapidly
(Zagwijn, 1991). When the rate of sea level riselided, a system of barrier beaches and
islands developed, situated approximately along ghesent western and northern
coastlines. With a sufficient supply of sedimerg tidal basins behind the barrier coasts
filled in until the tidal inlets could be closed ave action and deposition of sediments. In
the former tidal basins, marsh vegetation developddch gradually changed into
ombrotrophic raised peat bogs, which receive alltlodir water and nutrients from
precipitation, rather than from streams or spridgdarger tidal amplitudes and/or in areas
with a smaller supply of sediment, the coastling dot close and estuarine conditions
persisted. Here, extensive areas of saline anckisramarshes developed, merging into a
belt of freshwater marshes and peat bogs at tlievanml side in the west and north-east of
the country. In the same period, ombrothophic tadgs developed in depressions inland.

Later, the North Sea started to erode the coastd again, which caused increased
drainage of the coastal moors. Over large areas, gilepped accumulating. During the

Roman occupation, the human settlements were estatllon dune ridges and other sandy
outcrops in these areas. The new colonists cuttivétte peat land and other wetland soils.
In the 10th century reclamation and cultivationr@ased and to create conditions suitable
for crop growth, drainage ditches were dug andettisting drainage canals were enlarged
to dewater the large peat bogs (Edelman, 1974).dfai@age ditches were usually dug at
right-angles to the natural watercourses, therebgyring the typical rectangular patterns

of fields and ditchegHig 2.3).
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Fig 2.3. 'I'-Ypical rectangular patterns of fiel

The consequence of this dewatering was that ddalltog water tables the peat dried out
and shrank; this, combined with peat removal, tedthe soil subsidising (de Bont, 2009).
The process of drainage continued and in additientop layer of the peat was burned to
provide extra nutrients for agriculture. Also, teetraction of peat for fuel started. This
combination of drainage, peat cutting and burniedy o the disappearance of the coastal
ombrothophic peat ecosystems. In the late MiddlesAthe land subsided rapidly, to below
sea level, and during periods of high water, dikeske, large areas were flooded and a
large part of the peat was removed by the sea. Soeas became permanently inundated.

In the 16" century, the newly gained independence of the @tkthds stimulated the
economic and technological development of the aguitew inventions such as windmills
were used to drain and reclaim many shallow fresbwand brackish lakes (van Veen,
1962), to make dairy farming possible, causingréhér acceleration of the processes that
induce land subsidence. However, not all the fredbilakes are reclaimed and today a
large part of the peat area still consists of marshand water bodies.

Peat extraction for fuel became more and more itapband peat was cut on a large scale,

sometimes until the mineral subsoil was exposede Ppkat cutting was carried out
systematically, and the size and form of the digénditches and fields were agreed on
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beforehand. The process peaked in the 19th certutyn some places continued until well
into the 20th century (Stol et al., 1986). Curngnd large part of the peat area is mainly
used for dairy farming. After World War II, dairgfiming was modernised and the drainage
of fields and application of fertiliser and manwrere intensified, to boost yields. It has
now been realised that such intensive managementdasequences for the vulnerable
peat marshes and that if deep drainage is contimutee future, the peat will oxidise and
disappear as COnto the atmosphere until no peat is left. There therefore plans to
restore peat areas in the Netherlands and to doageicultural peatland back into less
intensively managed peatland or wetland-naturéhfempurpose of ecological improvement,
peat conservation and water storage (Van den B083)2 This being the case, it is
important to know whether the implementation ofsthg@lans will have consequences for
carbon storage in the peatlands and for the to&gdhouse gas balances of these areas.

2.3. Greenhouse gases and peatlands

CO, fluxes between the atmosphere and ecosystems rararity controlled by the
photosynthesi§ and respiration of vegetation, animals and soil and by decompmsiti
processes. The balance between the production eswhposition of organic compounds
determines whether a system is a sink (uptake)souece (release) of G@QValentini et al.,
2000). Peatlands generally act as sources gfdi@ing the night (respiration only) and act
as sinks for C@during the day (when photosynthesis exceeds mapi). In wetland soils,
the decomposition of organic material is slow beeashallow water tables prevent f@m
penetrating deeply into the soil. Consequently,dbgradation of the peat is slow and net
peat formation can take place (Alm, 1997). Areap@dt are commonly seen as overall
sinks for CQ. When the peat areas are drained, however, thatisih is different. The
availability of O, results in much faster degradation rates, and alsaddition the
application of fertilizer and manure, liming angeated ploughing influence carbon and
nitrogen cycling (e.g. Pessi, 1996).

CH, (methane) is emitted to the atmosphere as a resytoduction, consumption and
transport through the soil or through water. Ipisduced througimethanogenesisinder
anaerobic conditions in soil, water bodies andestananure, and by enteric fermentation.
Methane production is a microbiological processicvitan occur when organic matter is
degraded anaerobically and when most alternatirrait@l electron acceptors §ONOs,
Fe® and S@”) are depleted by the microbial community (ZehnfleBtumm, 1988). The
factors that affect how much of the ¢Hroduced is consumed by oxidation on its way
through the oxygen-rich soil before it reachesatmosphere include the residence time of
CH, within a biologically active environment, the oxygstatus of the transport route and

“processes in bold are explairEable 2.1.
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the biological activity of that environment. Wetths including peatlands, are considered
the largest single source of atmospherig, IPenman et al., 2007). Methane emission from
wetlands shows large spatial and temporal vartgbilihe main factors determining this
variability are management, land use history, nmoéstconditions and environmental
conditions such as temperature (Moore & Knowleg§91 Bridgeham & Richardson, 1992;
Roulet, 1993; Dise, 1993; Segers, 1998; Van den-Ra@n Dasselaar et al., 1998ab; Arah
& Stephen, 1998; Van de Pol — van Dasselaar €1299; Bazhin, 2003).

N,O is primarily emitted from agricultural and natuecosystems as a by-product of
nitrification anddenitrification (e.g. Rogers and Whiteman, 1991). Natural wetlamitts
high water tables do not necessarily produg® KNykanen et al., 2002) but may consume
small amounts of PO in denitrification, when atmospheric,® is reduced to N(Schiller
and Hastie, 1994; Regina et al., 1996). Howeveaicalgural soils are significant sources of
N,O (Mosier, 1991; Kroeze et al., 1999), and diregDMmissions from agricultural soils
are believed to contribute about one-third of taf@bal emissions (Mosier et al., 1991).
N,O fluxes also have a high spatial and temporalabdiiy, and are therefore difficult to
predict (Denmead, 1979; Groffmann et al., 2000thadlet al., 1996).

Table 2.1. Explanation of the processes given in bold intéx¢ above.

Process Process description Pathway

Photosynthesis Conversion of CO; into sugars, using the GCOZ + 6HZO R CsH 1206 + 602
energy from sunlight

Respiration Breakdown of organic material into COp, 6CO, +6H,0 — CH,,0, +60,
using O,

Methanogenesis Form of anaerobic respiration: on the right, C02 +4H , - CH4 + 2H20
the best described pathway is shown

Nitrification Biological oxidation of ammonia (NH4") into NH. +20. NO; +H*+H.0
ammonium (NHs) into nitrate (NO3) by 3 2 2
bacteria. This process has N,O as a by-
product.

Denitrification Conversion of NO3 under anaerobic NO3_ N NOZ_ - NO - N20 N N2

conditions with N, and N,O as by-products

Integrated greenhouse gas balances in wetlandsnairdy dependent on land use (and
landuse change) and management practices. Haleqgiedatland in Europe is used in some
way or other, and often this use involves drain@lysten and Clarke, 2002). Drainage
allows G to penetrate deeper into the soils, causing rapir rates to increase, followed
by release of C®and thus subsidence of soils. Because methandgeisea form of
anaerobic respiration, the emission of OMIl decrease when water tables fall. Nitrous
oxide emissions, which are mainly dependent onaihyaication of fertiliser and manure,
will decrease if management becomes less intenRigstoration of drained peatlands will
cause a change in the total carbon balance anl gstanhouse gas balance, but the
estimates are uncertain and the underlying prosesselargely unknown.
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2.4. Previous research in peatlands

Peat areas make up almost 7% of the land aresedfi¢itherlands and occur mainly in the
west of the country. These peat areas have a typindscape of narrow fields, surrounded
by large ditches and lakeBig 2.4. shows some of the areas in which research has been
done. Most of the fields in the peat areas are fisegrass production and grazing and
therefore in about 85% of the Dutch peatland theemable has been lowered.

Most of the previous research on greenhouse gassiemifrom soils in the Netherlands has
been done since the early 1990s as part of thehDu&tional Research Programme on
Global Air Pollution and Climate Change (NOP). Viiththis programme, Hensen et al.
(1999) measured GQluxes in grassland on clay-on-peat soils (Cabaamg found a net
emission of 0.005 — 1.2 kg G@ 2 yr™ for the period 1993 — 1995.

Fig 2.4. Typical peat landscapes. The research areas shavn Ieft Horstermeer polder
(52.14N,5.04E), middle) Oukoop (52.0R,4.78E) and Stein (52.0R,4.7PE) polders and lake
Reeuwijk (52.0%,4.75E) and right) Lake Nieuwkod{2.15N,4.79E).

It was also found that the G@luxes from a site with a shallow water table (36 below
field level) and from a site with a deep water ¢af@80 cm below field level), both on peat
soils, were not significantly different.

Night-time CQ emission (plant plus soil respiration) correlatukitively with seasonal
temperature and ranged from 0 to about 800 mg @®hr* at Zegveld, and up to about
1500 mg CQ m? hr' at Cabauw. Veenendaal et al. (2007) studieg @@xes in two
agricultural peat ecosystems, one intensively matiagDukoop) and one extensively
managed (Stein), and Hendriks et al. (2007) studiedture reserve in a peat area. Over the
year 2005 the extensively managed site was esiihtatée a sink of -62.4 g GG m?,

the intensively managed site was estimated to $muece of 157 g COC m? yr* and the
natural site was estimated to be a sink of -311@®J5 m. The researchers concluded that
the differences in net ecosystem exchange (NEE)e wbe result of differences in
management. Methane fluxes angONfluxes were not studied at that time and thegefor
not included in the total greenhouse gas balance.
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In 1992, the integrated GHyrassland project (described by Segers and Varselzxs,
1995) was set up. At the start of the project, [sedls were considered as a substantial
source of CH, with an average emission of about 2.5 mghm* contributing about 5 % to
the Dutch CH emissions (Van Amstel et al., 1993). However, disveéoon discovered that
CH, emissions from drained peat soils in Europe (mwater table 30 cm below field
level) are low (<0.01 mg thhr?) or even negative (Mosier et al., 1991; Van deh-®&m
Dasselaar et al., 1998ab; Martikainen et al., 199®3; Roulet et al., 1993; Glenn et al.,
1993). In more natural fens, however, GHnissions may be in the order of 1.7 mg,@i
hrt yrt or 3t CQ eq hd yr’; these rates are similar to wet mire emissions(den Pol—
Van Dasselaar et al. 1999). Other researchers dlawefound that in Indonesia raising the
groundwater level in peat soils caused a signifiaarease of Cliemission: from 0.004 to
0.175 mg nif hr’. Lowering the water table from a depth of 20 cnatdepth of 30 cm in
some areas led to the ¢Emission decreasing by 25 % (Furukawa, 2005).

The effects of manure and chemical fertiliser on,@dm fen meadows are not yet well
known. Van de Pol-van Dasselaar found that, Erission from manure treatments were
significantly higher than those from the mineratifiser treatments. She suggested that the
higher emission from the manured sites were prgheblsed by the combination of wet
soil, the application of easily decomposable organaterial and anaerobic conditions in
the manure itself (Van de Pol-van Dasselaar efl@09). In situ studies have shown that
the incorporation of organic matter markedly inse=saCH emission (Kanno et al., 1997 in
Le Mer, 2001). Grazing and mowing may affect Qliptake through differences in the
annual supply of C and N to the soil; however, leaceffects of grazing or mowing have
yet been found, except for greater spatial vaiigbdf emissions in grazed sites compared
with sites that are only mown (Van Dasselaar andtihga, 1995). Few studies have been
done on the CHemissions from fen meadow systems, and the uiciesin the spatial
and temporal variability of the data presented hast systems are large (Smemo and
Yavitt, 2006).

Previous studies onJ® emissions suggest that 90% of alNemission originates from
biological processes in soils (e.g. Bouwman, 1990 factors controlling PO emission
are soil conditions such as soil moisture, soilgerature and the availability of ammonium
and nitrate. Natural wetlands with high water tabio not necessarily produce;ON
(Nykénen et al., 2002) but may consume small ansooht\,O in denitrification, when
atmospheric BD is reduced to N (Schiller and Hastie, 1994; Regina et al., 1996).
However, drained agricultural wetlands are knowhaoNO emitters when grasslands are
fertilised (Schothorst, 1977; Langeveld et al., 2;99enema et al., 1997). Velthof et al.
(1996) reported a large difference between unigetll and fertilised soils, with emissions
of 0.05-1.29 g N M yr! and 0.73-4.2 g N thyr?, respectively. Flechard et al. (2005)
measured BD fluxes from soil over three growing seasons tensively and extensively
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managed systems in Central Switzerland. Emissippgared to be largest following the
application of mineral (NENOs) fertiliser, but there were also substantial eriss
following cattle slurry application, after grasstc@nd during the thawing of frozen soil.
Pihlatie et al. (2004) did an experiment at fodfedent soil moisture conditions (40, 60, 80
and 100% WFPS) but similar N contents in the sbHe highest BO emission was
measured at 100% WFPS. Others (e.g. Dobbie anchS2ti01) also found an increase of
N,O emission with increasing WFPS. In addition, Besen et al. (1994) found that
denitrification rates did not differ between drydamet peat soils from year to year, but did
differ from season to season.

The three greenhouse gases of concern aie KB and CQ. Because of the large spatial

and temporal variability of the emission of thelseeé gases it is difficult to predict larger-

scale (e.g. site scale, landscape scale or regggaé) emission from up-scaled point

measurements. The driving processes are not fullywk and therefore model-based

predictions are still uncertain. In order to obtili greenhouse gas balances over larger
areas, multiple year measurements of all threesgase needed, to cover the variability.

There are three major challenges when upscaling$ldrom small-scale measurements to
the landscape scale: 1) selecting the correct starsyvariables, 2) developing robust

predictive relationships (Groffman et al., 2000)d &) using long-term datasets. Various
measurement techniques have been developed int eeades to provide accurate long-
term datasets.

2.5. Methodology

The two main methods of measuring greenhouse gé&siens are (1) the static chamber
method (e.g. van Huissteden et al., 2005y (2.5) and (2) the eddy covariance method
(e.g. Veenendaal et al., 200Bid 2.6). Combining these two "field” methods and also
coupling the measured emissions with driving vdeslis useful for upscaling emissions to
landscape scale and for gaining insights into tbwils of the processes. In the last ten
years, numerous synthesis papers have been publishegreenhouse gas emissions
measured by different methods: the emission estisnadver a broad range of ecosystems.
In addition, detailed studies have been done omaadelogical aspects related to missing
data or gap-filling and energy balance closure. elav, there are large uncertainties in
emission estimates, GHind NO eddy covariance data are sparse because thi®anisth
still being developed, and there is a lack of comgpas of different measurement
techniques.

To achieve the aim of the research described mttigsis, long-term combined data sets

were needed and therefore we used both static draamtn eddy covariance methods to
measure emissions from fields and water surfagastie chamber measurements on water
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we used floating chambers, and on land we used frsgrted in the soil at fixed places, on
which the chamber was placed. The two methodseserithed below.

Fig 25. The chamber measurement technique as used in etk dkperiments. Example of an
enclosure for flux chamber measurements, whicbrsiected to a gas analyser.

Chamber-based methods are often used to determimeesand sink distributions in non-
uniform landscapes and are used to quantify smalkesspatial differences in GON,O
and CH fluxes (e.g. Christensen et al., 1995; Hutchinand Livingston, 2002; Hendriks
et al., 2007). The enclosures function by restricthe volume of available air for exchange
across the covered surface, so that any net emsssioimmission of the enclosed gases
can be measured as a concentration change (Lieimgstd Hutchinson, 1995). Usually,
multiple gas concentration measurements are peefbahfixed time intervals of e.g. 1 or 2
minutes, to calculate the flux. Chamber-based nuthare highly accurate when used
properly (Denmead, 2008) and are the most widedd wpproach for measuring fluxes of
CO,, CH,; and NO from bare soil surfaces and surfaces with shegetation. Because the
spatial integration of measurements is complicatesl chamber-based method is not often
used for large-scale estimates of greenhouse géssiem (Flechard et al., 2007). The
method is often criticised because of the uncef&sincaused by pressure artefacts,
temperature effects (e.g. Hutchinson and Livings®002; Rochette and Eriksen-Hamel,
2008), and temporal discontinuity of measuremeMsasurements have to be done
manually and therefore day-time measurements hawually been performed, and the
possibility of diurnal variability has been negkdt Although most of the chamber effects
have been eliminated from recent set-ups, the pnoldf neglecting the influence of wind
remains (Denmead, 2008). The drawback of taking/ aldy-time measurements also
remains, unless automatic logging instruments aeel wluring the night. In our research we
used a Photo Acoustic Field Gas Monitor (INNOVA 241n, LumaSenseTM
Technologies, Ballerup, Denmark). The chamber systdich was used in this research is
compared to other chamber-based-systems and ibbiligf of the measurement systems
was evaluated. For the comparability-test of tHeedint chamber set-ups 12 simultaneous
measurements were performed by the three groupgnvite project (ECN, VU and WUR)
during a two day-measurement campaign with thréerdnt techniques: 1) a ‘leaking’
chamber set-up with a tunable diode gas analyzarck®)sed chamber set-up with a tunable
diode gas analyzer and 3) two closed chamber setith an Innova Photo Acoustic Field
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Gas Monitor (one of the set-ups is used in thigaesh). The results showed that the
observed Chland Ecosystem respiratioRe{) were reliable and did not show significant
differences between the closed-chamber-systems. Toaking’ chamber-system
underestimated the emissions (results not publjshed

Fig 2.6. Eddy covariance measurements in the field. (lice®@ Irga with a Campbell Scientific Csat
Sonic anemometer and standard meteorological eqeripnaccording To the CarboEurope protocol)

Eddy covariance (EC) techniques have been usedntinaously quantify landscape-scale
temporal variability of C@ and, to a lesser extent, of Cke.g. Baldocchi et al., 2001;
Aubinet et al., 2000; Veenendaal et al., 2007; Higndet al., 2007; Kroon et al., 2007).
The EC method is based on measuring turbulent dswerand descending wind fields,
temperature, and gas concentrations at high frexyuana certain measurement point (e.g.
Baldocchi, 2003). The advantage of this methodh# it does not disturb the soil/air
environment, integrates over larger areas and hesntinuous time coverage. An eddy
covariance output flux represents the integratedflog from the landscape upwind from
the measurement point. The extent of the upwind &@m which the flux originates, the
so-called footprint area (in this researct 1® 10¢' m?), depends on atmospheric stability
and surface roughness (e.g. Grelle and LindrotBg1Bormann and Meixner, 2001; Neftel
et al., 2007). EC measurements are based on aseumptich as horizontal homogeneity,
flat terrain and negligible mean vertical wind w@tes over the averaging period.
Uncertainties arise for reasons that include oniatgampling and the lack of low and high
frequency responses (e.g. Moore, 1986; Aubinet.e2@00; Kroon et al., 2007). In this
research, data were logged with an open-path eddgriance system for GGCR5000,
Campbell Scientific, USA). The system for ¢lkonsisted of a three-dimensional sonic
anemometer (model R3, Gill Instruments, Lymingtti) and a quantum cascade laser
(QCL) spectrometer (model QCL-TILDAS-76, AerodynedRarch Inc., Billerica MA,
USA).
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2.6. Contents of the thesis

Peatlands cover 7% of the Netherlands and are demesl as important greenhouse gas
emitters. Currently, peat degradation in the Né#imels is still going on, mainly as a result
of drainage for agricultureé={g 2.7). Continued drainage in the future will resultr@lease

of the peat as CQOin the atmosphere until no peat is left. There therefore plans to
restore peat areas in the Netherlands and to doageicultural peatland back into less
intensively managed peatland or wetland-naturéhfempurpose of ecological improvement,
peat conservation and water storage (van den B#3)2Burgerhart (2001) suggests that
possibly intensively managed peat areas can beduimto CQ sinks if water levels are
increased. They based their suggestions on a cisopabetween managed sites in the
Netherlands versus natural ecosystems in more etorttegions. Hence the need was felt
for a large landscape scale experiment that ingobléernative land-use scenarios and a
comprehensive analysis of the major greenhouseega3sis experiment was funded by
Wageningen University, The Province of North HotlatCarboEurope IP and the Dutch
National Research Programme Climate Changes (B&iK)orms the basis of this thesis.

Fig 2.7. An example of the subsidence of a peat soilénatbstern peat area of the Netherlands. The
building is a remaining from the second world war.

To determine the effect of different land-use amsigmanagement reduction and ground
water level increase) on the greenhouse gas bakmtéhe carbon balance, a landscape-
scale experiment was started at the end of 200de€eTieat sites were included, each with a
different management intensity and ground wateell@vig 2.8). Two of the sites, Oukoop
and Stein, were under the aegis of Wageningen Ukitye the third, Horstermeer, was
under the aegis of Amsterdam Vrije Universiteit fidgks et al., 2007).
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Intensive Dairy farming — low water table

~ | Meadow bird reserve — dynamic water table

Former agricultural peatland - high water table

Fig 2.8. Three experimental peat sites each with a differeanagement intensity and ground water
level

Due to the high spatial and temporal variability grfenhouse gas emissions, reliable
estimates of Cg) CH, and NO are lacking and most large-scale estimates danchtde
emissions from aquatic environments (e.g. saturated, ditches and lakes). However, it is
relevant to include all possible emission souraas sinks and to reduce uncertainties in
measurements. The reduction of uncertainty is ehigimportance for generating more
reliable model predictions of the emission of gtemrse gases from fen meadows. We
therefore set out to quantify greenhouse gasessamis (CQ, CH,;, N,O) at different
scales in Dutch peatlands and to determine thea$@atd temporal variability of fluxes.
We aimed to develop a technique for upscaling dreese gas emission from small-scale
to landscape scale. Therefore, we aimed to quardbfyst predictive relationships on the
basis of long-term (2005-2008) sets of measuremei@missions from water bodies were
also included in this study. We ascertained,CCH, and NO uptake and release from
soils and water from direct flux measurements. &€oshambers (Alm et al., 1997) and
micrometeorological systems (Moncrieff et al., 1p@@re used at different temporal scales
in heterogeneous landscapes of fields and watdesod

The static chamber method was used to study smwealk-sspatial variability within
landscapes and to up-scale fluxes from square reettle to landscape scale. Fluxes from
water bodies were measured by using a floating beansonnected to a gas analyser.
Simultaneously with the flux measurements we alseasured variables such as soil
temperature, water temperature, soil moisture, mtatde, Electrical Conductivity and pH,
to study the dependency of emissions on theseblasiaEach flux measurement consisted
of five concentration measurements taken at onedmimtervals from which @dt was
calculated wheré€ is the concentration of GOCH, or N,O in the air of the measuring
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chamber and is the time. Regression models were developecasoribe fluxes and to fill
gaps in the dataset. Final emissions were calcllayesurface area weighting factors for
each contributing source or sink; uncertainties evbased on temperature-dependent
uncertainties of the parameters in the regressiafyses.

The eddy covariance method was used for integratadinuous measurements over larger
areas. Temporal variability could be studied amdahppropriateness for measuring Giid
CO, could be tested by comparing up-scaled chambersumements with the EC
measurements. Net ecosystem exchange gfv@B determined directly from the EC flux
measurements; respiration was determined using-tigh NEE values. Soil respiration is
described as a function of soil variables and thiesetions were used for gap fill
procedures. Methane and,® fluxes were determined directly from the EC flux
measurements, and different gap-filling methodseveempared.

The results of this study are published in sevBciéntific Journals. Chapter 3 is published
in Plant & Soil (2010, doi 10.1007/s11104-009-01180-chapter 4 is published in
Agricultural and Forest Meteorology (2010, doi X.&/j.agrformet.2009.11.007), chapter
5 is published in the European Journal of Soil Sme(2010, vol 61), chapter 6 is published
in Biogeochemistry (2010, doi 10.1007/s10533-01804) and chapter 7 will be
submitted to Global Change Biology. Chapter 8 sunmaa and discusses the results of the
preceding chapters and presents conclusions abelitriplications of the results for peat
area management.
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Chapter 3

Methane emissions in two drained peat agro-
ecosystems with high and low agricultural
intensity

Methane (CH) emissions were compared for an intensively annsively managed
agricultural area on peat soils in the Netherlantts evaluate the effect of reduced
management on the Ghbalance. Chamber measurements (photoacoustic chsttor
CH, were performed for a period of three years in toatributing landscape elements in
the research sites. Various factors influencing ;Cémissions were evaluated and
temperature of water and soil was found to be thérdriver in both sites. For upscaling
of CH, fluxes to landscape scale, regression models wazd which were specific for each
of the contributing landforms. Ditches and bordegriadges were emission hotspots and
emitted together between 60% and 70% of the taakstrial CH, emissions. Annual
terrestrial CH, fluxes were estimated to be 203 (48%), 162 (6G¥) 146 (#60%) kg
CH, ha' and 157 (#63%), 180 (¥54%) and 163 (¥59%) kg £Ha’ in the intensively
managed site and extensively managed site, for,280®/ and 2008 respectively. About
70% of the Ciwas emitted in the summer period. Farm based @nssaused per year
an additional 257 kg CiHha' and 172 kg Cliha® for the intensively managed site and
extensively managed site, respectively. To furtivaiuate the effect of agricultural activity
on the CH balance, the annual CHIuxes of the two managed sites were also compared
the emissions of a natural peat site with no mansgg and high ground water levels. By
comparing the terrestrial and additional farm basemissions of the three sites, we finally
concluded that transformation of intensively marhgagricultural land to nature
development will lead to an increase in terresti@l, emission, but will not by definition
lead to a significant increase in Gldmission when farm based emissions are included.

Based on: A.P. Schrier-Uijl, P.S. Kroon, P.A. Lédf, J.C. van
Huissteden, F. Berendse and E.M. Veenendaal
Plant and Soil, Volume 329, Numbers 1-2 (2010):-500
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3.1. Introduction

The assessment of the contribution of the tracengethane (Ch) to the greenhouse gas
effect and the related global warming is of greapartance. Northern peatlands are
significant sources of CHand are estimated to emit between 20 and 50 TqMikaloff
Fletcher et al., 20044, b). In northern oligotrapdind eutrophic managed peatland systems,
net uptake and emission rates of Qtdve been found to depend on groundwater leviél, so
moisture content, temperature, and grassland marege(Van den Pol-van Dasselaar et
al., 1998a; Hargreaves and Fowler, 1998; Christereteal., 2003; Blodau and Moore,
2003; Hendriks et al., 2007; Pelletier et al., 20@H, emissions are difficult to estimate
because of their large spatial and temporal vdifahje.g. Smemo and Yavitt, 2006).
Therefore there are two major challenges when lipgcaf CH, fluxes from small-scale to
landscape scale: 1) selecting the correct ecosysi@mables for stratification and 2)
developing robust predictive relationships (Groffne al., 2000).

The majority of fen meadow areas in Atlantic Eurape intensively managed. In the
Netherlands, eutrophic peatlands have been drdarecenturies and in the last 50 years
peatlands have been drained even more deeply te makern agriculture possible. These
peatlands are therefore major carbon sources of @Da result of peat oxidation
(Langeveld et al., 1997; Veenendaal et al., 20Bd)gerhart (2001) has suggested that peat
oxidation can be reduced if agricultural peatlands transformed into wetland nature by
raising the water table and by reducing agricultiméensity. These measures alter the
carbon cycle and probably turn carbon sourcesdatbon sinks. Large uncertainties exist,
however, of such measures on the ,G¥dlance. Hendriks et al., 2007 studied a nature
restoration site with no agricultural practicescsirl997. They found that a sink of 71 g
CO,-equiv i yr* had developed and they attributed this to a deeréa CQ emissions
from fields and an increase in GHmissions from ditches and waterlogged soil after
stopping agricultural activity. However, in thisseathe previous situation for Gldmission

in the time that this area was used for intensavening is unknown.

The objective of this study is 1) to find empirica&lationships that describe the £H
emissions from the different landscape elementstamutovide a spatially integrated flux
for the intensively managed and extensively managezh and 2) to investigate the
influence of agricultural activity on the GHbalance. Firstly, terrestrial methane fluxes
were studied in an intensively managed area, wheneure and fertiliser are applied and
frequent mowing is practiced. These fluxes are amagbto terrestrial CfHluxes measured
in an extensively managed area with reduced agui@ilactivity. Secondly, farm based
methane fluxes were estimated using an emissianigrfapproach. Methane fluxes of the
two managed sites were compared to methane flaxagdrmer agricultural site which was
converted to a nature reserve 15 years ago byismpmtensive dairy farming, raising the
water table (> 20 cm below field level for mosttloé year) (Hendriks et al., 2007).
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3.2. Experimental sites and methodology

3.2.1. Experimental sites

The experimental areas Oukoop, an intensively meghadairy farm and Stein, an
extensively managed area are located in a poldéndrwestern part of the Netherlands
52°02'01"N” 04°46"E” and 52°01'07"N" 04°46"E", resgrtively (Fig 3.1). The climate is
temperate and humid, with mean annual precipitatfoabout 800 mm and an annual long-
term mean temperature of 9.8 °C. Nol et al. (2@&8)mated that 21% of the polder is open
water (ditches and small permanent pools), 6%t&hdidges (waterlogged land bordering
the ditches) and 73% is drier land with a fluctngtiwater table. The soils consist of a
clayey peat or peaty clay top layer of about 25asmrlying 12 m eutrophic peat deposits.
The polder is between 1.6 and 1.8 m below sea.lé&iched water tables occur after
heavy rains, when the soil impedes water infilmatiBoth sites have been described in
more detail by Veenendaal et al. (2007) and Schiigiet al. (2010b).
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Fig 3.1. The location of the managed experimental areaberNetherlands (right) and a close up
(left) of the intensively managed area (Oukoop)cWishows the characteristic parcellation of the
polder landscape.
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The Oukoop experimental area is situated on amsitely managed dairy farm. The
management regime varies, but on average consistewing three to four times a year,
whereas applications of manure and/or fertilis@ktplace 5 to 6 times a yedrolium
perennes the most dominant species @k trivialisis co-dominant with no plants in the
drainage ditches. On average the water table igldept at 50 cm below the surface with
perching water tables after heavy rain. Main chargstics of the Oukoop site are given in
Table 3.1.

The management in Stein has been changed fronsiugeto extensive some 20 years ago
and the area has been turned into a bird resehe.rdsearch area was used as hayfield
without application of manure and fertiliser durithgg measurement period and was mown
three times each year after June 15 (2006, 200728688). The water table was adjusted
since 2006, with a high water table (15-20 cm belbevsurface) in winter and a low water
table in summer (50 cm below the surface). In Steolium perennes also dominant,
often withPoa trivialis co-dominant and no plants are present in the agaimitches. Over
time, Holcus lanatus Anthoxanthum odoraturand Rumex acetos&ave become more

abundant. Characteristics of the Stein site arergimTable 3.1.

Table 3.1. Main characteristics of the Oukoop and Stein sitthe Netherlands

Soil class, Human influence Parent material Drainage
topography and
landscape element
Oukoop  Fibric rheic eutric 0-23 cm: anthropogenic 0-23 cm: Poorly drained
Histosol topsoil anthropogenic
Flat, (alluvial) plain  Peat from ditches on edges 23-50 cm: Saturated for long
clayey peat periods during winter
as a result of
compaction
Application of fertiliser: > 50 cm: peat, Mean highest WT: ca.
370, 350 and 260 kg ha-1 in 70% discernible 35 cm Mean lowest
2006, 2007 and 2008, resp. remnants of WT: ca. 60 cm
Application of cow manure: wood and reed
55,57 and 90 m3 ha-1in
2006, 2007 and 2008, resp
Stein Fibric rheic eutric 0-23 cm: anthropogenic 0-29 cm: Poorly drained since
Histosol topsoil anthropogenic 2005
Flat, (alluvial) plain  Peat from ditches on edges 29-50 cm: Saturated for long
clayey peat periods every year
No application of fertiliser or > 50 cm: peat, Mean highest WT: ca.
cow manure few 25 cm Mean lowest
recognizable WT: ca. 50 cm
plant remnants
3.2.2. Methodology
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3.2.2.1. Measurements

Terrestrial emissions of CHvere determined using a closed chamber methodt(iHgon
and Mosier, 1981). Methane concentrations were aredsusing a Photo Acoustic Field
Gas Monitor (INNOVA 1412 sn, 710-113, ENMO servicBglgium) connected by Teflon
tubes to a PVC chamber (e.g. van Huissteden e2@05). Samples were taken from the
headspace of a closed cylindrical, dark chamberc(80iameter, 25 cm height) that was
placed on a collar. A small fan was installed ia thamber to homogenize the inside air
and a water lock was placed to control inside pres<On land we used water between the
chamber and the collar to seal the chamber fromathlkient air during the measurement.
For the ditches we used floaters and a lever systegently lower the chamber onto the
water surface, carefully avoiding the effect ofgmare differences and the disturbance of
the water surface. We used external silica gel soih lime filters to minimize cross-
interference of C@and water vapour when Gliwas measured at high @@oncentrations.
The gas analyser was annually calibrated and tdstedrift at the NMI (The Netherlands
Institution of Standards, Delft, the Netherland$y. addition, the equipment was
occasionally cross-checked for drift with a staddacalibration gas. During the
measurement period however, the equipment was awtdf to drift. All measurements
were taken during the day, between 9 am and 4 @oh Hux measurement consisted of
five point-measurements taken at one-minute interfvam which «C/dt was calculated.

At the beginning of January 2005, 6 PVC collarsugatter 30 cm) were installed randomly
in the footprint area of the eddy covariance systamboth experimental sites, so that gas
emissions could be sampled. The measurements vaered out from January 2005 to
November 2008 once a month up to twice a month orenduring intensive field
campaigns.

From February 2006 until November 2008, 19 add#@icampling points, distributed over
the experimental sites, were sampled every montlotht research locations to study spatial
variability. At both locations three landscape edets were distinguished with different
soil/water temperatures and soil moisture conditiorhey were: permanently water-filled
ditches, ditch edges, and the field area with atdlating water table. Acreage of the
landforms was determined by measurements in the (idol et al., 2008), the use of GIS
maps and use of aerial photographs. In each ofwbefields, four sample points were
located on the water surface of the ditches, fauintg on the ditch edges and 11 to 14
sample points in the fields. In total over 1200 sugaments were taken.

In addition to each flux measurement, soil or waemperature was measured at 5 cm
depth and soil moisture content was determinetiértdp 5 cm of soil at the sample points,
using a HH2 Delta-T device (Delta T Devices, Llamttod Wells, USA) calibrated for the
soil type. Soil and water temperatures were medsevery half hour by sensors installed at
a depth of 4 cm (Campbell scientific, USA and e+nsse L-50, Eijkelkamp, the
Netherlands, respectively). Water table depth vem®nded hourly with pressure sensors
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installed in a steel frame to a depth of 70 cm thi® soil at one or two places in the field
(e+ sensor L-50, Eijkelkamp Agrisearch Equipment, Biesbeek, the Netherlands). In the
ditch water of both experimental sites, electricahductivity €C) (Multi 350i, Fisher
Scientific, the Netherlands) apdH (Cond340i-SET, Fisher Scientific, the Netherlandak
measured in 2008. In Stein, water tables were wéted during each field CH
measurement in 2008 at the location of the measemem

wind speed, air temperature and water vapour pressere measured with an eddy
covariance system consisting of a Campbell Csat S©Bic anemometer (Campbell
Scientific, Logan, Utah, USA) directed into the maind direction and a Licor 7500 open
path Infrared gas analyser (LI-COR Lincoln, NE, JSFhe height of the mast was 305 cm
and was located in the middle of the field samplengs in both areas (Veenendaal et al.,
2007; Schrier-Uijl et al., accepted AFM). For comtbus measurements of Clhh the
intensively managed site, we used the eddy coveeidataset of Kroon et al. (2007) where
CH, concentrations were measured with a system corgief a three-dimensional sonic
anemometer and a QCL spectrometer (model QCL-TILIDASAerodyne Research Inc.,
Billerica MA, USA).

3.2.2.2. Calculations and statistical analyses

Each flux measurement consisted of five points na&eone-minute intervals. The slope
dC/dt of the gas concentration curve at tits® s was estimated using linear regression and
the slope-intercept method as described by Kroat. €2007). The average flux values for
CH, estimated by the slope intercept method were igmiifeantly different from those
estimated by the linear method and therefore, tinegression was used to calculate,CH
fluxes. The short measurement period of 240 secdhdsejection of the last point in the
case of levelling, and additional measures takqrregent leakage, mixing and temperature
artefacts made it possible to use linear regreq8ohrier-Uijl et al., accepted AFM). First,
the data quality was assessed: outliers resultiam fdisturbances, chamber leakage or
instrument failures were removed from the dataAehual mean net CHemissions were
estimated by linear regression models of naturgddiithm transformed CHdata using
Tsoil Twater @S €Xxplanatory variables (model-based approagh,Hargreaves and Fowler,
1998). The reliability of this model based approdwas been tested previously for the
Oukoop experimental site by performing a comparisoih the chamber method
measurements with eddy covariance measurementsipf e methods agreed well and
the difference in cumulative emissions was 17% evdmee months period (Schrier-Uijl et
al. 2010b).

The statistical significance of differences betwdandscape elements within sites was
calculated with one-way ANOVA. Analysis of covaria with temperature as covariate,
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was used to ascertain the statistical significavfcdifferences in the emissions from the
landscape elements of the two sites. CorrelatiGiasden natural-logarithm transformed
CH, emissions and independent variables were calcllageng step-wise multiple linear
regression analysis (case-wise elimination of \deis). Paired T-tests were used to
calculate the statistical difference in emissiotwaen sites at the same day. Uncertainties
per landscape element were estimated with a temyperdependent approach and were
weighted for the proportion of each landscape efgne the total landscape. Statistical
analyses were carried out with SPSS. For the alouks of the contribution of animals and
manure in the total CjHbalance, we used the method as described by Hehnse#n(2006)
which uses simple emission factors for dairy colesfers, calves, manure and farmyard
manure.

3.3. Results

3.3.1. Landscape elements

.
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Fig 3.2. Monthly averaged water temperatures (triangles)l anil temperatures (dots) at 4 cm depth
in Stein (upper graph) and water table depths (logeaph) for the intensively managed (squares)
and extensively managed (dots) areas from mondlardu@ry 2006) to month 36 (December 2008).

We compared the landscape elements for the pgraidneasurements of emissions from

all landscape elements ran parallel (January 200Beicember 2008). The average water
table depth, water temperature and soil temperaluriag this period are shown kg 3.2.
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Because temperatures of the two experimental am@asimilar (within 0.5C) for most of
the time, only Stein is shown.

At both sites, the CHemissions from the ditches (21% of the area) aruth @dges (6% of
the area) were significantly higher than those fithin fields P<0.01) and Cl emissions
from ditches were significantly higher that thosenfi edges F<0.01). Ditches showed
sometimes episodic, exceptionally high emissionuesl For example in 2006 on
September 27 and 28 emissions were 366 (n=6) aid(i24) mg nt hr' for the
intensively managed and extensively managed areapgctively versus 5 mg rhr!
averaged for the whole summer. During these extremaasurements wind velocity was
high and turbulent water surface conditions werseobed visually. Field fluxes in Stein
were slightly higher compared to field fluxes inlk@op, with maximum values of 22 and
19 mg n? hr?, respectively. Field emission rates were highestiarch, April, May and
June in Oukoop and in May, June and July in Steild fluxes were found to be increased
by about 4% after manure application, which mayseathe slightly higher emissions in
March and April in Oukoop compared to Stein. Ditslaad ditch edges together emit 60%
and 68% of the total terrestrial emission in Std Oukoop, respectivelfig 3.3).

800 4

600 -

| Oukoop
m Stein

CH, flux (mg m 2 yr?)
N
S

edge+ditch field

Fig 3.3. CH, emissions from the different landforms for Oukgogy and Stein black averaged over
2006, 2007 and 2008.

3.3.2. Driving variables

Methane emission was found to be correlated witlersé parametersTé@ble 3.2), with
temperature being to be the most important drisercfH, emission in all three landscape
elements for both Oukoop and Stein. When poolingewvgemperatures into classes, In-
transformed Cklemissions (In(Cl)) and water temperature in ditches showed a strong
positive correlation in both sites' & 0.996; P < 0.01; and £ 0.947; P < 0.01 for Oukoop
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Table 3.2. Matrix of Pearson correlations (r) of In transfoed methane emissions and related
parameters for the different landscape elementsOmkoop (intensively managed) and Stein

(extensively managed) measured by chambers (fedtpddy covariance (right).

Tsoil Tair Moist. WT Twater pH EC Tsoil WT U
Oukoop chamber measurements Oukoop EC measurements
Field 0.265** 0.545** -0.235* 0.266° 0.481** -0.081°  0.063*°
(n=195) (n=134) (n=119) (n=40) (n=2540) (n=77) (n=2545)
Edge 0.397** 0.350** -0.237*
(n=80) (n=74) (n=73)
Ditch 0.422%* 0.478** 0.173! 0.503*3
(n=90) (n=97) (n=30) (n=26)
Stein chamber measurements Stein EC measurements
Field 0.474** 0.279* -0.166* 0.177°
(n=186) (n=190) (n=146) (n=36)
Edge 0.500** 0.473** 0.05
(n=64) (n=60) (n=59)
Ditch 0.424* 0.496* 0.035% -0.072*
(n=59) (n=76) (n=30) (n=30)

Tsoil: soil temperature; Tair: air temperature; Mg soil moisture; WT: water table; U: wind
velocity.

* or ** statistically significant at P<0.05 and P<01, respectively.

1. range 6.6-7.5; 2. range 6.6-7.4; 3. range 430:64 range 140-346.

5. Corrected for temperature

and Stein, respectivelfig 3.4). The In(CH) emission in fields was strongly correlated
with soil temperature {r= 0.939; P<0.01; and = 0.865; P<0.01, for Oukoop and Stein
respectively;Fig 3.4). For ditch edges thé was 0.941 (P<0.01) and 0.861 (P<0.01) for
Oukoop and Stein, respectively.

Average flux values were not significantly diffetdretween Oukoop and Stein. In the ditch
edges highest maximum values were observed inghegsperiod in Oukoop and in the
summer period in Stein (365 and 118 m{q Ii*, respectively), the difference between the
average edge fluxes of the sites was not signific&nboth sites in 2006, 2007 and 2008
ditch emission rates were highest in June, Julygust and September with average
summer fluxes of 25 and 31 mg?hr™ for Oukoop and Stein, respectively. Emission rates
varied greatly depending on the time of the yeat about 70% of the total annual ¢H
emissions were observed in summer. Plant coverposition and biomass in both areas
were mostly similar, and field fluxes appearedinfitenced by differences in vegetation.
Correlation of field CH emissions with soil moisture were significaR&(.05) in both the
intensively and the extensively managed sif€able 3.2), but when using non-linear
multiple regression with temperature as explanataasgiable, adding moisture did not
significantly improve the predictive power of tregression equation. However, comparing
monthly datasets revealed an exception for Apr2@86 and 2007, when soil moisture was
a stronger predictor than soil temperature for l)Cat both sites. The water table did not
show a correlation with In(CHl neither measured by eddy covariance in Oukoop nor
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measured by chambers in Steliable 3.2). Eddy covariance measurements show that after
temperature correction variability in fluxes ovérettotal area seem to be significantly
correlated to wind velocity Table 3.2). However, because fluxes measured by eddy
covariance are integrated over a large area ibticlear if this dependence on turbulence
appears in fields, edges, ditches or in a comlmnatif these landscape elements. Ditch
water temperature and electrical conductiviBC) in Oukoop were positively correlated
with In(CH,) fluxes andpH was not Table 3.2). Correlation statistics of chamber
measurements (over three years) and eddy covariaeresurements (over three months)
are given inTable 3.2.

Oukoop ditch Stein ditch
5.0 5.0
«; 40 ™12 :E* 40 n=83
T 30 T 30
£ 20 2 20
% 1.0 % 1.0 35
£ 00 T . : : T ! £ 00 : : : T !
g .1_(;%0 5.0 10.0 15.0 20.0 25.0 g 4.0%0}_{_{/@ 10.0 15.0 20.0 25.0
= 20 = 20
Twater (°C) Twater (°C)
Oukoop field Stein field

5.0
4.0
3.0

20

oo et

0.0 : e al : ‘ ‘
1.0 nﬁo%m.o 150 200 250

-2.0

n=203

Mean INCH4 (mg m 2 hr)
Mean InCH4 (mg m 2 hr?)

Tsoil (°C)

Fig 3.4. The dependency of In transformed [Jhixes (mg M hr') on temperatureC) in ditches
and fields in Oukoop (left) and Stein (right). Targiures are pooled. The x-error bars represent the
standard deviation of the temperature per class #hredy-error bars represent the standard deviation
of the In(CH) flux.

Water temperature was the main driving variable @i, emission in ditches and soil
temperature in soils and therefore, water andteaiperature based regressions were used
to estimate annual CHbalances.

3.3.3. Annual terrestrial methane balances

To estimate annual terrestrial ¢Hbalances over 2006 — 2008, we used non-linear
regression with temperature as explanatory variable
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— [atbT
Fen, =€ 3.1.

as described by Schrier et al. (2010b) wheyg 5 the CH flux (mg mi? hr') measured by
the chamberT is the temperature of soil or watéC) anda andb are the coefficients
which were derived for each landscape element usiagneasured temperatures and,CH
fluxes. Uncertainties in the chamber based regrasswere temperature dependent and
were different for Oukoop and Stein and for eactufarm. Average daily uncertainty was
about +60% of the average flux. To further evaluat reliability of the use of day-time
measurements for upscaling to 24-hour fluxes, diuvariation of CH fluxes was tested
using an independent continuous eddy covarianaesdabf Kroon et al. (2007). Residual
fluxes INFred (in mg m? hr') were determined after GHluxes as measured by eddy
covariance IfEzc) (in mg m? hr') were corrected for temperature dependency using

IN(Fres) :In(FEc)_(a"'bT ) 3.2.

soil
with a = -1.8,b = 0.17 andTs,; = soil temperature®°C). The residual In-fluxes were
normally distributed (data not shown) and did niffed significantly between day and night
(Fig 3.5).

1.5 +
o 19
£ 05
‘\.‘
g 01 )
o g5l 26-10-06 | night
£ 1] day
& -15 -
£ 2
2.5 4

Date

Fig 3.5. Day/night dynamics of CHluxes represented by the residual fluxes kajffter correction
for temperature by In(k9 = In(Fec )— (a + bTg,; ) for October 2006 based on eddy covariance flux
measurements given in Kroon et al. (2007). Errarskehow the uncertainty in the mean residual,CH

flux given byzgm(F ) /Jﬁ with ¢ the standard deviation.

Half hourly soil temperature and water temperataéa and equation 3.1 were used to
estimate half hourly CHfluxes for Oukoop and Stein. Because fluxes wégaificantly
different between the landforms, daily emissionsenestimated per landscape element and
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multiplied by the area occupied by the landscapmameht, thus providing a spatially
integrated daily fluxKig 3.6). Total terrestrial modelled fluxes ranged fron8Z848%) to
146 (+60%) kg ha yr* for Oukoop and from 180 (+54%) to 157 (+63%) kg Qtd* yr

for Stein. Methane fluxes did not differ signifitgnbetween Oukoop and Stein and did not
differ significantly between years. Estimates ofnciative fluxes per site and per year are
given inTable 3.3

8 8

6

l-l-fDDG 20-7-2006 5-2-2007 24-8-2007  11-3-2008  27-9-2008 1-1-p006 20-7-2006 5-2-2007 24-8-2007 '11-3-2008  27-9-2008
2

CHa flux (mg m2 hr)
CHq flux (mg m2 hr)

-2
Date Date

Fig 3.6. Time series of up-scaled daily spatially integcateH, fluxes in Oukoop (left) and Stein
(right) during the period 1 January 2006 to 31 Dexdeer 2008. The temperature dependent
uncertainty band around the dotted line represepitss and minus one standard error for mean
prediction, based on the regression analyses, afclitated for each day.

3.4. Discussion and Conclusions

The objective of this research was to investighie influence of reduced agricultural
activity on the CH balance in two distinct areas. Therefore, the, @rhission from a
drained, intensively managed peat area was compard@ CH emission from a drained,
extensively managed peat area.

First, the spatial and temporal variation of fluxess investigated and a regression based
approach was used to get spatially integrated dn@tly emissions. Both areas were
stratified into fields, ditches and ditch edges antoth sites the permanently water-filled,
30-60 cm deep ditches and ditch edges turned obet&€H, hotspots that together emit
60% and 68% of the total terrestrial emission ireitstand Oukoop, respectively.
Apparently, in the procedure of upscaling of tharober based fluxes to landscape scale it
is of great importance to determine the flux assed with each landscape element because
they contribute significantly different to the ¢halance.
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Table 3.3. Mean soil temperatures, water temperatur®sS) (and temperature based estimates of
annual terrestrial methane emissions (kg i) for the intensively (Oukoop) and extensively
(Stein) managed areas.

2006 2007 2008
Tsoll 10.5 10.5 10.4
Twater 10.9 12.6 12.6
Terrestrial CH, emission Oukoop 203 (+48%) 162 (+60%) 146 (£60%)
Terrestrial CH, emission Stein 157 (£63%) 180 (+54%) 163 (£59%)

The edges of the ditches were saturated for motheof/ear, with soil moisture contents
>60%. These conditions can give rise to a diffdyevigetation than in the drier fields and
in some placesris pseudacorusand Typha angustifolisare present. These aerenchymatic
plants may cause additional emissions in the ebbgeause Cdiffuses rapidly through
their stems (e.g. Chanton et al., 1995; Hendriled.e2007).

The CH, emission rates from all three landscape elemeaty easonally. In the
extensively managed site, high £Emissions were concentrated in the summer period,
while in the intensively managed site they werecemtrated in early spring and summer,
partly associated with field applications of sluran den Pol-van Dasselaar et al. (1999)
also reported higher CHemissions after manure application suggestingtimbination of
higher temperatures in summer, wet soil, the appitio of easily decomposable organic
material and the anaerobic conditions in the sluasy the reason for enhanced CH
production. In both sites, over 70% of the totatdstrial CH flux is emitted in summer.
The exceptionally high emission peaks from ditchgsto 800 mg M hr' in the summer)
may have resulted from ebullition events, duringolCH, quickly passes through the top
layer in the water column. These events mainly oeclwhen both the water temperature
and the wind velocity were high. Ebullition can ylan important role during turbulent
conditions when bubbles are triggered to escapm fiftte ditch bottom and also low air
pressure can cause an increase in ebullition (Hendst al., 2008). Besides, during
turbulent conditions the aquatic boundary layeckhess is decreased and the potential
diffusion rate increases (Kremer et al., 2003a;KWinen and Laine, 2006).

Because an integration-based approach may leadaesiimation due to exceptionally
high emissions eg. in the summer months, a regmesBased approach was used to
calculate annual CHluxes (eg. Mikkela et al., 1995; Chanton et 4895). Therefore, we
aimed to find empirical relationships that describe CH, emissions from the landscape
elements of the two drained peat areas and we ftemgerature to be the main driver.
Except for temperature, no other measured variathiéscontribute significantly to the
predictive power of the chamber based regressilattiical conductivity was significantly
correlated to Cllemission from ditches, but to less data was availto include this in the
regression. The only month for which we found arslr significant correlation between
volume fraction of water in the soil and gemission rates was April — the period when the
field begins to dry out after being waterloggedvinter and when air temperature may rise
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rapidly from 10 to 25C. Water table did not influence Glemissions significantly, but the

highest emissions occurred at intermediate and towe high water tables. In the study
areas the water table fluctuated seasonally anHinvieasons also due to rainfall and
polder level regulation by the Dutch water boardhvhigh (-15 cm) average water table
depths in winter and low (-50 cm) in summer in Btén Oukoop water tables depths were
low (-65 cm) in summer and high (-20 cm) in wintand in the winter period perched
water tables occurred after heavy rains. Most gtroorrelations between water table and
CH, emission in other studies have been found at wabdes between 0 and 20 cm below
field level (eg. Furukawa et al., 2005; Hargreaaad Fowler, 1998; Strack et al., 2004).
The mostly lower water table (>20 cm below fiel#td§ in our site could be the cause for
the lack of correlation between water table and Emdission.

Eddy covariance measurements showed that no signifdifferences in CHlux occurred
between day and night after correction for tempeeatThus, empirical relations based on
temperature can be used to predict 24-hour fluXe€Hy per landscape element. The
predictions of monthly to annual Glmission have found to be in good agreement with
values as measured by eddy covariance (Schriel; @080b). However, considering the
daily variability in CH, fluxes a better understanding of the influencearfables such as
wind, precipitation, air pressure and applicatibmanure and fertiliser on GHemission is
needed.

The measurements showed that both areas in thly are a net terrestrial source of CH
with annual regression-based means ranging fromtd 283 kg ha for Oukoop and from
156 to 180 kg ha for Stein. These values are compared to emissiomsd in other
managed and unmanaged peatland ecosysfEatde(3.4). Van den Pol-van Dasselaar et
al. (1998a) studied CHemissions in peat soils in a nature reserve elsgwin the
Netherlands and reported also a large spatial bititiga Though the emission values in
fields were quite similar to ours, the emissioresathey found in saturated land were
higher.

The field fluxes found in this study (water tabté20 to 60 cm below field level) are lower
compared to fluxes found in some other eutrophstesys with water tables between 0 and
20 cm below field level for most of the year (eliBario et al., 1999; Hendriks et al.,
2007; Furukawa et al., 2005; Hargreaves and Fovlle®8; Strack et al., 2004). The
extremely high emission rates from ditches foundwigkkinen and Laine (2006) and by
Bubier et al. (1993) were similar to the extremduga we found at turbulent water
conditions in summer, but average summer fluxek8o72 mg i hr' were higher.

The total ecosystem GHemissions for both areas includes besides thesteial emissions
also emissions from the farm itself. We estimatezltbtal farm emission®)j for the farm
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located in the Oukoop area using a general accegteskion factor approach as described
by Hensen et al. (2006) by

Q = NDairyEd +N E 3.3

Heifer —y

+ NCaIveEc + ArnanureEm +A Ef

farmyardmaiure
with N the number of animals and with emission factorsdairy cows Eg), heifer g),
calves E;), manure E,) and farmyard manureE(): 274, 170, 48, 53 and 40 g ¢Hay"
animal® or m?® for farm yard manure, respectively (Sneath et2406; van Amstel et al.,
2003).

Table 3.4. Comparison between the ¢lémission rates in this study and the éinission rates
reported in other studies on peatland ecosystenemrMCH emission rates are in mg GHh2 hrt
and the three last columns represent the landsedgraents.

References ecosystem field edge/saturated land  ditch/pond
Minkkinen and Laine (2006) Boreal fen -0.04-0.04 - 15.72 up to 25 in summer
Hendriks et al. (2007) Eutrophic fen 1.6 15.3 5.6
abandoned
agriculture
Bubier et al. (1993) Boreal fen 0.0-1.0 - 5.8 up to 38.2 in summer
Bellisario et al. (1999) Less eutrophic fen 1.0-10.0 - -
Pelletier et al. (2007) Boreal fen 0.1-0.9 1.2-8.2 -
Liblik et al. (1997) Boreal fen - 2.0-9.2 -
Van den Pol-van Dasselaar  Less eutrophic fen 0.9-2.3 11.8 -
et al. (1998b)
Waddington and Day Less eutrophic fen - - 29
(2007)
Adrian et al. (1994) Eutrophic aquifer 0.0-8.0 -
Huttunen et al., (2003) Boreal fen - - up to 8.0
Hamilton et al. (1994) Less eutrophic fen - - 46-75
Chanton et al. (1993) Less eutrophic fen - 5.3-12.4 -
(aerenchym plants)
Schrier et al. (this study) Eutrophic fen 0.7-0.8 4.8-6.0 45-7.0
(intensively
managed)
Schrier et al. (this study) Eutrophic fen 0.8-0.9 2.7-4.4 4553

(extensively
managed)

The Oukoop farm owned during the measurement p&tolda land with 65 adult cows, 20
heifer, 10 calves and had a storage of 76Glrry and no other farm yard manure. The
total farm emissions were estimated at 429 kg 6&* yr'. In addition, this farm used
about 20 ha extra land in the Stein area for guasduction. The grass is being removed to
feed cows in the Oukoop area, and thus the estimat@l farm emissions have to be
distributed by approximately 0.4 and 0.6 over thgéemsively managed area and the
intensively managed area, respectively. The metah @H, emissions (terrestrial + farm
based) for Oukoop and Stein are giveifable 3.5.
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Table 3.5. Estimates of annual terrestrial and annual totérfestrial + farm based) methane
emissions (kg hY for the intensively (Oukoop) and extensivelyi($tmanaged areas.

2006 2007 2008
Terrestrial CH, emission Oukoop 203 (+48%) 162 (+60%) 146 (£60%)
Total CH4 emission Oukoop 460 (+48%) 419 (+60%) 403 (+60%)
Terrestrial CH4 emission Stein 157 (+63%) 180 (+54%) 163 (59%)
Total CH4 emission Stein 329 (+63%) 352 (+54%) 335 (+59%)

To investigate the influence of agricultural adtvon the CH balance, Chfluxes of our
two managed sites were also compared to a formecudtgral peat site which was
converted to a nature reserve 11 years ago bygaike water table (> 20 cm below field
level for most of the year) and cessation of anycaiural management (Hendriks et al.,
2007). Without farm based emissions, the intengivelanaged area and extensively
managed area are a net source of Hging from 146 to 203 kg Haand from 156 to 180
kg ha', respectively and the natural site is a largerc®wf 417 kg ha When we took
account of the farm-based emissions, the estimatabannual Ciiflux was 427 kg hain
the intensively managed site and 339 kg mathe extensively managed site averaged over
the three years compared to 417 kg iathe natural site of Hendriks et al (2007). This
suggests that transformation of intensively managagticultural land to nature
development will lead to an increase in terrestdiel, emission, but not by definition lead
to a significant increase in Gl¢mission when farm based emissions are included.
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Chapter 4

Comparison of chamber and eddy covariance
based CQ and CH, emission estimates in a
heterogeneous grass ecosystem on peat

Fluxes of methane (CjHand carbon dioxide (C£ estimated by empirical models based
on small-scale chamber measurements were compaiadge scale eddy covariance (EC)
measurements. For GHlirect EC measurements were used and foy £&@ombination of
EC measurements and EC based models were useéxpbemental area was a flat peat
meadow in the Netherlands with heterogeneous sosh@ngths for both greenhouse
gases. Two scenarios were used to assess the anperbf stratifying the landscape into
landscape elements before up-scaling the fluxesuned by chambers to landscape scale:
one took the main landscape elements into accdietd,(ditch edge ditch), the other took
only the field into account. Non-linear regressiomdels were used to up-scale the
chamber measurements to field emission estimat€s.CBE, respiration consisted of
measured nighttime EC fluxes and modeled daytioxedl using the Arrhenius model. EC
CH;, flux estimate was based on daily averages andeimaining data gaps were filled by
linear interpolation. The EC and chamber basednestes agreed well when the three
landscape elements were taken into account witb%6and 13.0% difference for GO
respiration and Clj, respectively. However, both methods differed @lahd 55.1% for
CO, respiration and ChH when only field emissions were taken into accaumén up-
scaling chamber measurements to landscape scais. efhphasizes the importance of
stratifying the landscape into landscape elemerfitse conclusion is that small-scale
chamber measurements can be used to estimate 86x¥3 and CH, at landscape scale if
fluxes are scaled by different landscape elements.

Based on: A.P. Schrier-Uijl, P.S. Kroon, A. Hensen,
P. A. Leffelaar, F. Berendse and E.M. Veenendaal
Agricultural and Forest Meteorology (2010) (doi 1l 6/j.agrformet.2009.11.007)
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4.1. Introduction

Net emission of greenhouse gases in an ecosystameisult of uptake and emission and
will change depending on variables such as temperamoisture conditions, soil physics,
topography, management practices and vegetatiopercf@g. Riutta et al., 2007). The
greenhouse gases carbon dioxide {/Gd methane (CHl have a significant impact on the
greenhouse gas balance and account for over 609%0adf global warming, respectively
(IPCC, 2007a). Variables that define greenhouse grasluction and consumption in
ecosystems vary spatially and temporally. In oriedetermine the origin of fluxes, to
properly extrapolate fluxes to the ecosystem saalk to ascertain possible management
interventions in heterogeneous landscapes, it essary to combine small-scale gas
measurement techniques and large-scale measurdeshmtiques. Comparison of the
different scale techniques can also give indepenidéormation about the reliability of the
methods. Three widely used and totally independeeathods for determining fluxes at
different spatial scales are chamber-based metmidspmeteorological towers (e.g. eddy
covariance systems), and calculations based ontiegsidor diffusion at the soil/air and
water/air interfaces (Denmead et al., 2008).

In this study, the first two methods are compaddO, respiration and ClHemissions in

a peat meadow and estimates of cumulative emisgsimngjiven over one year and three
months, respectively. With the chamber-based metth@demissions are up-scaled to field
scale using a temperature regression model whiastato account the heterogeneity of
the ecosystem. Three regression models are detinfor the three main landscape
elements (field, ditch edges and ditches) basedhamber flux measurements. The up-
scaled chamber fluxes are compared to EG @Spiration and CHfluxes which were
measured at the same site. Q6spiration fluxes are based on measured night finxes
and modelled daytime fluxes using the Arrhenius ehoBC CH, fluxes are based on daily
averages and the remaining data gaps are filldohégr interpolation.

Chamber-based methods are often used to determimeesand sink distributions in non-
uniform landscapes and are used to quantify smalksspatial differences in G@nd CH
fluxes (e.g. Christensen et al., 1995, 2000; Husgbm and Livingston, 2002; Kutzbach et
al., 2004; Hendriks et al., 2007; Schrier-Uijl et &009). Because of the large increase in
gas concentration in the headspace, chamber-bastibais are highly sensitive (Denmead,
2008). However, this methodology is often criticisbecause of uncertainties due to
pressure artefacts, temperature effects (e.g. hsoh and Livingston, 2002; Rochette and
Eriksen-Hamel, 2008), discontinuity of measuremeaitsl lack of spatial integration
(Flechard et al., 2007a). Although in recent set-nqost of the direct chamber effects have
been eliminated, the problem of neglecting theusfice of wind remains (Denmead, 2008).
In this study closed static chambers were usedyhich the air is circulated between the
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headspace of a dark chamber and a gas analysesuMeavere taken to minimise pressure
artefacts, cross interference and mixing artefacts.

Eddy covariance (EC) techniques have been usedcdmtinuous quantification of
landscape-scale temporal variability of £&hd CH (e.g. Baldocchi et al., 2001; Aubinet
et al., 2000; Veenendaal et al., 2007; Hendrikalgt2007; Kroon et al., 2007). This
technique has been used to measurg fiR@es, and many studies have been published in
which CG, EC fluxes are discussed; However, only a few imséints are available for EC
measurements of GHand until recently only a few studies have testedappropriateness
of EC measurements of Gie.g. Kroon et al., 2007; Hendriks, 2008; Kroorak2009a).
The EC method is based on sensing turbulent wirddsj temperature, and gas
concentrations at high frequency at a certain nreasent point (e.g. Baldocchi, 2003). The
advantage of this method is that it does not disthe soil/air environment, and integrates
over larger areas and has continuous time coveE@dluxes represent the integrated net
fluxes from the landscape upwind from the measurtmeint. The extent of the upwind
area from which the flux originates, the footpinéa, depends on atmospheric stability and
surface roughness (e.g. Grelle and Lindroth, 18@8mann and Meixner, 2001; Neftel et
al., 2007). However, EC measurements are basedssumgptions, such as horizontal
homogeneity, flat terrain and negligible mean waitiwind velocities over the averaging
period. Furthermore, they are beset by uncertainteenong others due to one-point
sampling and the lack of low and high frequencyoeses (e.g. Moore, 1986; Aubinet et
al., 2000; Kroon et al., 2009a; Kroon et al., 2009b

In this study, the cumulative GQespiration and CHemissions are estimated over one
year (2006) and three months (August - Novembe6R0@spectively. The experimental
area is a flat peat meadow in the Netherlands héterogeneous GCand CH source
strengths. The objective is to compare the cunudatield emissions derived based on
chamber measurements with the cumulative emisdiased on EC flux measurements.
Two emission scenarios are compared: the firstasg@mook only fields into account, the
second scenario took the three main landscape eter(fields, ditches, ditch edges) into
account when up-scaling the chamber measuremelssdecape scale.

4.2. Experimental site and climatic conditions

The experimental site Oukoop, is an intensively agaa dairy farm area in a polder in the
west of the Netherlands (52°02'11.22"N” 04°46 ‘4¥'R"). The site is divided into three
landscape elements according to micro topographyg anil moisture condition:
permanently water-filled ditches, almost saturadédh edges and the relatively dry field
area with fluctuating water tabl€i¢ 4.1). Ditches, ditch edges and fields account for 16%,
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5% and 79% of the average footprint area of the dy§tem, as estimated from areal
photographs.

Legend
[ | Grassland [ Deciduous forest
[ oiten [ | Other land cover
s filometors M Ditch bank [ Urban
0 025 05 1 I nature area Dam
' Road

Fig 4.1. The Oukoop experimental site. The inset is a dgsef the managed peat area around the
measurement set-ups, showing the characteristid fiattern of the polder landscape (Nol et al.,
2008). The black dot is the location of the ECayst and the white area is the area where chamber
measurements were performed.

The soil consists of a clayey peat layer of 0.5varlying 12 m eutrophic peat deposits.
Table 4.1 gives more details on the site properties.

The climate is temperate and humid, with an anmedn precipitation of 807 mm and an
annual mean temperature of 11.2 °C in 2006. Theagtmn of the polder is between 1.6 and
1.8 m below sea level. The depth of the groundwedges from 0.65 to 0.20 m below field
level and perched water tables occur after heawuy, nahen the soil impedes water
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infiltration. Manure and artificial fertiliser arapplied about five times a year from
February to September. The application rates ir6206re 55 mha' (253 kg N hd yr?)
for cow manure and 320 kg h#84 kg N hd yr?) for artificial fertiliser. The ecosystem is
eutrophic and in terms of vegetation the area imdgeneous, with Rye graskofium
perenng the dominant grass species, and Blue giasa (rivialis) the co-dominant species
(Veenendaal et al., 2007). The grass height rafiged 0.05 — 0.35 m and is harvested
about four times a year. Based on farmers data feehdl measurements, the yield is
estimated at 6.5x£(kg dry matter ha y™. Grazing removed an additional 2- 3%1@ dry
matter hd y* giving a total dry matter offtake in the order®fl®® kg dry matter hay*
(Veenendaal et al., 2007). The area is a sourcée@®fand CH (Veenendaal et al., 2007;
Kroon et al., 2007; Schrier-Uijl et al., 2010a).a8al variability of CQ and CH is known
to be high (Schrier-Uijl et al., 2010a).

Table 4.1. Main characteristics of the Oukoop site in the Netherlands

Soil class, topography Human influence Parent material Drainage
and landscape element
Fibric rheic eutric 0-23 cm anthropogenic 0-23 cm: anthropogenic Poorly drained
topsoil
Histosol Peat from ditches on 23-50 cm: clayey peat Saturated for long
edges periods during winter as
a result of compaction
Flat (alluvial) plain >50 com: peat, 70% Mean highest WT: ca.

discernible remnants of 35cm
wood and reed
Application of fertiliser Mean lowest WT: ca. 50
cm

4.3. Instrumentation and methodology

4.3.1. Chamber based emission estimates methodology
43.1.1. Chamber measurements

CO, and CH fluxes from the field, ditches and ditch edgesewvereasured using a static
chamber method (Hutchinson and Mosier, 1981). At®Maoustic Field Gas Monitor
(INNOVA 1412 sn, LumaSenseTM Technologies, BallerDpnmark) was connected by
Teflon tubes to a dark PVC chamber with a surfaea af 0.072 fand a height of 0.20
m. This methodology is often criticised becauseuatertainties due to pressure and
temperature effects (e.g. Hutchinson and Livings®002; Rochette and Eriksen-Hamel,
2008), discontinuity of measurements and lack afiapintegration (Flechard et al., 2007a)
and therefore measures are taken to avoid thesfae". A small fan was installed in the
chamber to homogenize the inside air; a small watge on top of the chamber adapted
inside pressure to air pressure. In the field antieaditch edges the chamber was put into a
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water-filled groove on a 0.15 m high collar insdrteto the soil to prevent leakage. At the
ditches, floaters and a lever system were usedwerl the chamber onto the water surface
gently, to avoid the effect of pressure differenc&sce the gas monitor software does not
compensate fully for cross-interference of &dd water vapour at high concentrations, air
was lead through silica gel and soda lime filledsgl tubes before it entered the gas
analyzer. The soda lime filter was not applied ionths with low CQ concentrations
(fluxes ranging from 0-600 mg rhrY). The gas analyzer was annually calibrated and
tested for drift at the NMI (Nederlands Meet Ingtit Delft, The Institution of Standards,
the Netherlands). Detection limits of the gas aralywere 1.5 ppm for CQand 0.1 ppm
for CH..

To estimate the quality of the measurement set@psed the Rochette and Eriksen-Hamel
(2008) method, which defines the quality of diffetrehamber systems on a scale of 1 (very
poor) to 4 (high), basing the overall confidencethe flux measurement on the weakest
factors in each study. The quality of the measurgnset-up used in this study was
estimated to be 4.

To study the spatial variability of GGnd CH emissions we measured the fluxes at 21
locations: 4 on the ditches, 4 on the ditch edges E3 on the field. The measurements
were performed between 9 am and 3 pm at bi-weekgrvals in spring and summer and
four-weekly intervals in autumn and winter. For thegression analyses we used 300
measurements of Gbtained in 2006 and 600 measurements of Qifained over the
period 2005-2008.

Each flux measurement consisted of five points nadkeone-minute intervals to estimate
the slope @/dt at timet=0. Concentration profiles were visually analyzedliaearity; the
first or last measurement point was rejected ifspuee artifacts were visible after the
chamber had been positioned or when leveling oedudue to leakage. This left 85% of
the CQ data and 65% of CHdata for analysis. The slop&€fdt of the gas concentration
curve at timet=0 s was estimated using linear regression andltdpe-intercept method
(Kroon et al., 2008). The average flux values f@,@&nd CH estimated by the slope
intercept method were about 3.5% and 4.0% highan ttnose estimated by the linear
method. This small difference between the two mashds a result of the short
measurement period of 240 seconds, the rejectidheofast point in the case of leveling,
and by additional measures taken to prevent leakagegng and temperature artifacts (e.g.
water seal around the chambers, small fan and Watk). Because the difference was not
significant, the linear method was used to caleulaé flux

F,=v|dC 4.1
Al dT |,
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whereF., is the flux measured by the chambeéris the volume of the chamber YA is

the surface of the chamber JnC is the gas concentration in the chamber at ambient
temperature and pressure (mg)randt is the length of the measurement period (s). Since
the output of the gas analyser is in pp&/dii is calculated by

9C _ ypagPM &€ 4.2
dt RT dt

whereP is the air pressure (Pa)C,is the gas concentration (ppn®,the universal gas
constant (8.314 J.mdK™), T the absolute temperature during the measureméniV{ithe
molecule weight and 0.036 is a conversion factotifoe.

4.3.2. Empirical models based on chamber data

The empirical model for COrespiration was based on a modified Arrhenius gooa
which is given by (Lloyd and Taylor, 1994)

1 1
Rees = Ry eEO((28315—T0) - (T—To)] 4.3

in which Rsesis the respiration measured by the chamherm( m? s, Eyis the activation
energy (K), To= 227.13 K, T is the soil or water temperature aRg, is the ecosystem
respiration at 16C. TheRy,and E, were determined for each landscape element using th
measured C@ respiration and the measured soil and water testyers during the
respiration measurement (e.g. Reichstein et ad5R0

Methane emission was found to be correlated witrers¢ parameters, with temperature
being the most important driver (Schrier-Uijl et £010a). The dependence on temperature
followed an exponential function which differed gandscape element; this finding was in
line with earlier studies (e.g. Hargreaves et2001; Hendriks et al., 2007). The effect of
soil moisture or water table did not enhance thediotive power of the regression,
probably because the water levels in the fielddqlalgr) are controlled by the water board.
We used an empirical model for GHvhich was based on a non-linear regression with
temperature as only explanatory variable

Fen, = T 4.4

whereFcp,sis the CH flux measured by the chambérjs the temperature of soil or water
anda andb are the coefficientsvhich were derived for each landscape element usiag
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measured temperatures and ,CHuxes. This resulted in three landform-dependent
empirical relationships.

Half-hourly soil and water temperatures were useddlculate half-hourly emissions for
CGO, and CH for each landscape element using equations 4.3 dndespectively. Because
soil and water temperatures were measured by difténstruments, the temperatures were
corrected for the offset between the average testyer derived from the manual sensor
used at each chamber measurement and the serstafiechin the soil at 4 cm depth and in
the water. The final emission was calculated by wheaght-factors for each landscape
element within the average footprint of the EC egs. The uncertainties around the,CO
and CH lines were based on temperature-dependent una#gtapf the parameters in the
regression analyses and were calculated for each da

4.3.3. Eddy covariance emission estimates methodology
4.3.3.1. Eddy covariance measurements

EC fluxes of CQ and CH were both measured at a height of 3.05 m in thadimiof the
field, 5 m apart from each other. The footprine&imated each half hour by the model of
Kormann and Meixner (Kormann and Meixner, 2001;tdledt al., 2007). Monthly average
length of the 1%-ellips varied between 300 and ®@fers and monthly average half width
of the 1%-ellips varied from 20 to 90 meters in geFiod August — December 2006. The
1%-ellips is the area where the footprint functieaches 1% of its maximum value. Under
the predominant wind direction (W/SW) the propartioof field, ditch and ditch edge
within the footprint remained approximately 79%%d&nd 5%, respectively. When the
wind shifted to N/NW, which occurred in 8.5% of theasurement moments in 2006, then
the proportion of ditch in the footprint was 16—19%

The terrain around both towers was flat and fre®ldtruction for at least 600 m in all
directions, except for the container in which instents were placed. The g@®nast
consisted of a Campbell Csat C3 Sonic anemometempBell Scientific, Logan, Utah,
USA) oriented towards the predominant wind direttamd a Licor 7500 open path Infrared
gas analyzer (LI-COR Lincoln, NE, USA). The €@as analyzer was calibrated annually
using CQ concentrations of 370 and 400 ppm. Data were lkbggi#h a data logger
(CR5000, Campbell Scientific, USA).

Night time EC fluxes of C®were integrated as half-hourly means with the EBDYX
software (O. Kolle MPI-BGC Jena following Carbo-Bpe protocols: Aubinet et al.,
2000). Data were filtered for spikes and linearaetfeding was used. A Webb correction for
density fluctuations was applied (Webb et 4880). Quality control criteria according to
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Foken and Wichura (1996) were used to reject béal dia addition, we also removed bad
quality data due to temporary frost and dew, orstomé formation on the open path gas
analyzer sensor head and we removed the data fichwéspiration values were reduced
below a certain friction velocity (u*). From themnaining data set, which varied from 42%
data coverage in July to 55% data coverage in Dbeenstorage fluxes were calculated
from the CQ measurements and added to the EC flux for eaahiB(eriod according to
Hollinger et al. (1994). For a detailed descriptminthe CQ meteorological system, see
Veenendaal et al. (2007).

Up to recently, it was not possible to obtain EGxfimeasurements of GHHowever,
instrumentation that meets the requirements foticoous measurements of Clis now
becoming available (e.g. Laurila et al., 2005; Rimt al., 2007). One of these systems is
that of Kroon et al (2007) which measured EC flue¢sCH, in the same field where
chamber measurements of CMere performed from August — September 2006. The
system consisted of a three-dimensional sonic ametey (model R3, Gill Instruments,
Lymington, UK) and a quantum cascade laser (QCerspmeter (model QCL-TILDAS-
76, Aerodyne Research Inc., Billerica MA, USA). TQEL spectrometer was calibrated at
least once a week using mixtures i@ of CH, concentrations of 1700 and 5100 ppb
(Scott specialty gases, the Netherlands). The samemometer data and the QCL
spectrometer output were logged and processed adilaga acquisition program developed
at ECN, following the procedures of McMillen (1988)

The CH, fluxes were measured according to Kroon et al0{20and were calculated
according to Kroon et al. (2009a,b). The EC fluxese corrected for changing calibration,
frequency response losses and density fluctuatibims.net CH exchange was calculated
by adding the storage change term to the EC flax.t&'he data was flagged using the
instationarity tests of Foken and Wichura (1996) aas rejected when the flag was larger
than 2. In addition, the fetch was checked by Kammand Meixner footprint model
(Kormann and Meixner, 2001) and the flux value wermoved when less than 70% of the
flux came from the dairy farm site. Ng-filtering was applied on this data set since the
CH, was probably partly stored in the soil during pds of lowu* and escaped to the
atmosphere during periods of highvalues (i.e. pumping effects) (e.g. Gu et al.020
Flechard et al., 2007b; Kroon et al., submittedg Wged daily CHfluxes to minimize the
uncertainty in the used estimates. Daily valuesvderived when 12 or more 30 min fluxes
were available during a day (Kroon et al., subrdjttehich occurred in 84% of the days
and the remaining gaps were filled by an lineagripplation procedure.

The uncertainty in a single 30 min EC flux measwrehtonsists of several uncertainties
either linked to the correction algorithm of thestmatic errors or linked to processes for
which no corrections could be made. All uncertaisitare random and decrease with
increasing independent realizations (Kroon et20Q9a). The uncertainty in a 30 min EC
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flux can be even larger than 100% and is mainlsedwby the one-point uncertainty (e.g.,
Businger et al., 1986; Kroon et al., 2009a). Howetle uncertainty in emission estimates
over longer time spans, like a day, month or yedtbe much smaller. Annual uncertainty
in the CQ and CH measurements are in the order of 15% for bothrunwsntal set-ups
(Veenendaal et al., 2007; Hendriks et al., 200Td@&=chi et al., 2001).

4.3.3.2. Model based on eddy covariance data

Net eco-system exchange of COIEE) was determined directly from the eddy coaace
flux measurements and is considered to be the dutheogross eco-system production
(GEP) and ecosystem respiratidt.(). The respiration was determined using nightly NEE
values, when photosynthetic active radiation (PAR), assuming that photosynthesis is
absent and the NEE consists only Rf, Next, the soil respiration is described as a
function of the half hourly soil temperatures=(2710) by using the Arrhenius relation
(equation 4.3) (eg. Béziat et al., 2009) and patersevere estimated from the one year
dataset (2006). In some months there was too lssadailable for calculating monthiRy,
andE, values and therefore yearly parameters were esttm@ahe missing night- and day
time CQ respiration data (PAR>0) were estimated with thadel (e.g. Béziat et al., 2009;
Veenendaal et al., 2007; Hendriks et al., 2007 ¢lein et al., 2005). The data gaps in
CH, flux measurements were filled using a linear ipddation.

4.3.4. Additional measurements

Soil temperature, water temperature, air tempegat@md soil moisture content were
recorded during each chamber measurement and figagd was determined every month.
The mast was equipped with micrometeorological @ent measure short and long wave
radiation (CRN1 Kipp & zonen, Delft, the Netherlahdphotosynthetic photon flux density
(Parlite, Kipp & zonen, the Netherlands), air tengpere and humidity (HMP 45a, Vaisala,
Finland) and air pressure (Druck CS115, Campbe#riific, USA). Soil heat flux plates
(HPFO1, Campbell Scientific, USA) were installedtie field to estimate the soil heat flux
at depths of 0.02, 0.04, 0.08, 0.16, and 0.32 nil.t&mperature sensors were installed at
depths of 0.02, 0.04, 0.08, 0.16, and 0.32 m (Cath@eientific, USA). Precipitation rates
were measured with a tipping bucket rain gauge (gouraverse City Michigan, USA).
Water level was measured with pressure transdudBikelkamp, Giesbeek, the
Netherlands).
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4.4. Results and discussion

4.4.1. Parameter estimation

Night time CQ respiration measurements by EC were performed 2086. Fluxes were
found to be reduced below# of 0.16 m & and therefore those fluxes were eliminated from
the dataset. To accurately calculate ecosysteniratisp at 10°C and the activation energy
in equation 4.3 Ry and Ey), night time fluxes over 2006 were analyzed and-lear
regression was applied. Yearly parameters were, ugkidh were estimated at 4pinol
CO, m? s* (95% confidence interval 3.9-4.8mol CO, m? s and 306 K (95%
confidence interval 277-335 K), respectively. Mdwnthestimated parameters would
improve the temporal variation component of the etedbut there was too less data
available for some months.

Empirical models derived from the chamber data viereed on measured respiration and
the corresponding soil temperature and water teatper. They were different for the three
landscape elements within the average footprind afethe masts: CQOrespiration rates
were highest in the field and lowest in the ditches

The parameter®};y and E, for each landscape element and their uncertaintiese
determined by non-linear regression using equatiBnseerable 4.2.

Table 4.2. The three landscape elements with their proportioc@erage within the footprint,
average R10, a and b values and uncertainties (956&6 confidence intervals.

CO; respiration CHj emission
Coverage | Rio 95% Cl Eo 95% Cl|a u(a) b u (b)
(R1o) (Eo)
Ditch  0.16 0.56 0.4-0.7 269 142-356 -0.75 0.48 0.19 0.03
Edge 0.05 466 3.9-6.1 306  208-421 0.37 0.38 0.12 0.03
Field 0.79 6.26 6.0-7.1 335  300-375 -1.03 0.19 0.07 0.02

Large-scale CEflux measurements by EC were performed over aethrenth period in
2006; they are described in Kroon et al. (2007). W¥ed this data set to compare large-
scale measurements with up-scaled small-scale merasats.

At the small-scale, CHfluxes were based on the chamber measurement80&-2008.
Temperature was found to be significantly relatedrnission of Ciiand was used to fit an
exponential function using equation 4.4. The patam@ andb and their uncertainties are
given inTable 4.2.The magnitude of the fluxes depended on the lamselement: CH
emissions were highest from the ditches and lofvest the fields.
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4.4.2. Comparison of EC and empirical models over larganporal
scales

The CQ respiration model and the GHmodel were compared using two different
scenarios. The first scenario is based on the nthdelconsiders the field only and in the
second scenario fluxes are weighted with fixed cage fractions for the three main
landscape elements within the average footprird afethe mastsTable 4.2). The CQ
respiration rates and estimates of ,fHixes from the peat meadow obtained using the
weighted non-linear models based on chamber datmifsl scenario) agreed well with the
EC fluxes Fig 4.2.andFig 4.3, respectively) over one year and three monthperi/ely,
while respiration rate estimates based on the mitdelconsiders the field (first scenario)
did not. This emphasizes the importance of sthatifythe landscape into landscape
elements that contribute differently to the grearg®gas emission.
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Fig 4.2. Comparison of a model based on chamber measurerfuasgised line) and respiration rates
derived by EC (solid line) for 2006. The uncertgibind around the dotted line represents plus and
minus one standard error calculated for for meaadiction, based on the regression analysis, and
each day. Arrows indicate manure events (large) mogving events (small).

In the first scenario the difference between cutivdavalues for C@respiration measured
by EC and chamber based values was 31.0%, ane isettond scenario the model for CO
respiration estimated 16.5% higher cumulative eimisscompared to EC measurements:
188x10° mmol m? CO, versus 157x1® mmol m? CO,, respectively Eig 4.4). In the
second scenario, the largest differences occurrésligust, September and October 2006:
20.8%, 24.4%, 21.9%, respectively, with lower flsxaeasured by EG{g 4.2), while the
respiration rates in spring, early summer and wintenths agreed well (within 10%).

In the first scenario, cumulative GHuxes over the three-month period estimated lgy th
model were 55.1% lower compared to the EC fluxesiarthe second scenario fluxes were
13.0% lower measured by EC: the estimates weres2# 205.2 mg frfor chambers and
EC, respectivelyKig 4.4).
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line represents plus and minus one standard eroorriean prediction, based on the regression
analyses, and calculated for each day. The barsessmt days on which wind velocity exceeded 5 m
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Higher emission rates for Gased on chamber data compared with emissionsuneehs
by EC have been reported earlier in the literaferg. Norman et al., 1997; Jansen et al.,
2001; Davidson et al., 2002; Reth et al., 2005). &@ample: Kabwe et al. (2005) found
12% higher fluxes measured by chambers in the suniméne et al. (2000) tested 9 EC
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Fig 4.4. Cumulative CQrespiration (left) and Cklemission (right) over one year and three months,

respectively. The blue dashed line is the modetdbas chamber measurements and weighted for the
landscape elements (scenario 2), the red solid $inews the EC results and the green dotted lines
show the cumulative values based on upscaling fielcthmeasurements (scenario 1).

systems for C@and showed that surface fluxes measured by ECttebd underestimated
for a number of reasons, including mismatched ssurmf latent heat fluxed E) and
sensible heat fluxesH], inhomogeneous surface cover and soil charatitesisflux
divergence or dispersion, non-stationarity of tleavf lack of a fully developed turbulent
surface layer, flow distortion, sensor separatiopography and instrument error. In our
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case, the energy balance was not fully closed (deeamal et al., 2007). This discrepancy is
not unusual for EC measurements (e.g. Corradi,e2@0D5; Nieveen et al., 2005) and might
lead to underestimation of the actual fluxes (Twaeal., 2000). Further inter-comparison
studies at different sites are needed.

4.4.3. Comparison of EC and empirical models on a dailgiba

The daily averaged EC fluxes were compared withddity averaged fluxes estimated by
the empirical model, to validate the response totenrelogical conditions and
management. The temporal variation of the EC awatatnily fluxes was large, whereas
the emission rates as estimated by the empiricalein@ere smoothed. The difference in
fluxes between the two methods was especially ndaitkgoeriods of manure application:
the chamber method did not follow the variationd®, and CH as measured by the EC
systems (see also e.g. Reth et al., 2005). Nedierthe chamber method capture the
change in CQrespiration rates after mowing, whereas the E@ayslid.

Furthermore, the EC system sometimes measuredasenteCH (Fig 4.3) and CQ
emissions at high wind velocity followed by a shpdriod of reduced emissions. We
corrected the EC fluxes for temperature and we doarsignificant positive correlation
between these EC emission values of both gaseswamdl velocity at three meters
(P<0.01). Other researchers (Sachs et al., 2008 ailid &Y al., 2008) have recently also
reported a correlation between horizontal wind dpmed CH fluxes and they suggested a
possible underestimation by chambers. They stdiat higher CH fluxes from water
bodies at high wind velocity may be due to turbaieinduced ebullition and indicate a
possible threshold of wind speed for the triggefghis process. Ebullition in water could
also be triggered by changes of air pressure (Frgldnd Crill, 1994). Besides, increased
turbulence could flush out the Gistored in the surface layer at non-turbulent pisriat
night (Hargreaves et al., 2001), but the total@ffmuld perhaps be neglected over longer
time spans because flushing and storage of gaste imegetation layer or in the upper
water layer could be in balance. More researcheidad, especially in water bodies, to
capture this flux variability and to also determthe influence oti* on CH, fluxes from
water bodies and soil.

4.4.4. Conclusion
Two independent methods for measuring,@Ad CQ at large scale (EC) and small-scale
(chambers) have been tested at different tempoedés in a heterogeneous landscape of

fields and ditches. When only the field emissiore iacluded, the difference between EC
and up-scaled chamber-based cumulative emissioBk.@86 for CQ and 55.1% for CH
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However, when the representative landscape elemeétits the ecosystem are taken into
account and a regression model is created for iffereht components, the EC and up-
scaled chamber- based cumulative emissions agriéevitie 16.5% difference for C@and
13.0% difference for CH This difference can become even smaller if thgrassion
models will be refined by e.g. management influsnde® conclude, small-scale chamber
measurements can thus certainly be used to estiifnats of CQ and CH at landscape
scale when all different landscape elements aentako account.
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Chapter 5

Annual balances of CH and N,O from a
managed fen meadow using eddy covariance
flux measurements

Annual terrestrial balances of methane (§ldnd nitrous oxide (pD) are presented for a
managed fen meadow in the Netherlands for 20067 20@ 2008 using eddy covariance
(EC) flux measurements. Annual emissions derivexth flifferent methods are compared.
The most accurate annual Glux is achieved by gap filling EC fluxes with empirical
multivariate regression model with soil temperataed mean wind velocity as driving
variables. This model explains about 60% of thaalality in observed daily Chifluxes.
Annual NO emissions can be separated into background emnissand event emissions
due to fertilization. The background emission isnested using a multivariate regression
model also based on EC flux data with soil tempesaand mean wind velocity as driving
variables. The event emissions are estimated wsmnigsion factors. The minimum direct
emission factor is derived for six fertilizationeews with subtracting the background
emission and the IPCC default emission factor of i$%used for the other events. In
addition, the maximum direct emission factors ae¢edmined for the six events without
subtracting the background emission. The averagectiemission factor ranges from 1.2
to 2.8% which is larger than the IPCC default valdeinally, the total terrestrial
greenhouse gas balance is estimated at 16 Mg Wear’ in CO-equivalents with
contributions of 30%, 25% and 45% by £QH, and NO, respectively.

Based on P. S. Kroon, A. P. Schrier-Uijl, A.HendenM. Veenendaal en H. J. J. Jonker
European Journal of Soil Science (2010), Vol 61.
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5.1. Introduction

Peatland ecosystems cover approximately 3% of lifteayland surface and have evolved
as globally important sinks of atmospheric carbimxide (CQ,) since the last ice age. This
is the result of their ability to accumulate morganic matter through photosynthesis than
is released through respiration, mainly as a resfilhigh water tables and therefore
anaerobic conditions. The carbon (C) accumulatgeeatlands is equivalent to almost half
the total atmospheric content (Drosletr al, 2008). Peatlands have helped to remove
significant amounts of COfrom the atmosphere over the last 10,000 yearsveder,
peatlands are not just acting as a sink fop.d@e wet and anaerobic conditions can lead to
formation of the important greenhouse gas meth@hhg)(

Over the last few centuries, many peatland areas been converted into agricultural land
by artificially lowering the water table. As a rétspeatlands have become a strong source
of CO, and nitrous oxide (PD) due to an increase in peat oxidation and feetili
application (Schothorst, 1977; Langeveldal, 1997). Peatland restoration by elevating the
water level and decreasing the agricultural intgnsiay return peatland areas to a sink of
CO, and also modify the emissions of £and NO (e.g., Van den Bost al, 2003). All
three greenhouse gases should thus be taken inturicto assess the total effect of
restoration on the greenhouse gas (GHG) balance.

In order to compile the full GHG balance and to enstaind the processes that affect this
balance long term (multiple year) measurementsnaexded covering all three species.
There are only a few studies published with anmeabrds of C@ CH, and NO in
peatlands drained for agriculture (e.g., Maljareal, 2003; Reginat al, 2004; Reginat

al., 2007; Veenendael al, 2007). Most studies only assess annual emissib@©, (e.g.,
Veenendaalet al, 2007), and the published annual estimates of, @l NO have
uncertainties that can exceed 50% (e.g., Fleclerdl, 2007a). The relatively large
uncertainties in CiHand NO are due to a combination of complexity of therseui.e.
spatial and temporal variation), limitations in thmeeasurement equipment and the
methodology used to quantify the emissions. Higlyfiency micrometeorological methods
are a good candidate to determine integrated esnigstimates on a hectare scale that also
have continuous time coverage. Instrumentationrbesntly been proven to be suitable for
CH, and NO eddy covariance (EC) flux measurements (e.g.steuet al, 2007; Kroonet

al., 2007; Neftekt al, 2007; Hendriket al, 2008).

The main objective of this study is to obtain arnaeestrial CH and NO balances from
an intensively managed site on peat grasslanceiiN#therlands over 2006, 2007 and 2008
using EC flux measurements. The terrestrial emisgistimates include emissions from
field, ditch and ditch edges. Different methods ammpared to estimate the annual
emissions. The magnitude and the uncertainty in aheual terrestrial CHemission
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measured by EC are compared to the annual emissamed on static chamber
measurements (Schrier-Ugt al, 2009a). In addition, the direct emission factéy Eatio

of emitted NO-N to applied nitrogen (N)) is compared with trefailt IPCC value of 1%
(IPCC, 2006). Finally, a first estimate of the tdtarestrial GHG balance is made using the
CH, and NO balances derived in this study and the,Cnual balance given in
Veenendaaét al. (2007). This GHG balance is compared to the teiad$SHG emissions
measured at other peatlands.

5.2. Experimental site and climatic conditions

The measurements were performed at an intensivehaged dairy farm area. This farm is
located at Oukoop near the town of Reeuwijk inNtetherlands (52° 02’ 11" N, 4° 46’ 49"
E). The site has peat soil with a clayey peat @typelay surface layer of about 0.25 m on
12 m eutrophic peat deposits. Average C and N obritethe top 0.20 m of the soils are
24% and 2.4%, respectively (Veenendeihl, 2007). Rye grasd.¢lium perenngis the
most dominant grass species with often co-domirmangh bluegrassPa trivialis)
(Veenendaaét al, 2007). The site consists of three main landsed@ments according to
micro topography and soil moisture conditions: pemently water-filled ditches, almost
saturated ditch edges and the relatively dry figtda. Ditches, ditch edges and fields
account for 16%, 5% and 79% to the average fodtariga of the EC flux system (Schrier-
Uijl, et al, 2009b). The contribution over the three differémhdscape elements is
approximately equal for all wind directions. Theaneelevation of the polder is between
1.6 and 1.8 m below sea level (ASL). The ditch wédeel in the polder is being kept at -
2.39 in winter and -2.31 m ASL in summer (Veenehd#aal, 2007). The groundwater
depth varies from 0.70 to 0.15 m below field lemeld perched water tables occur after
heavy rain.

Table5.1. Climatic and management characteristics of Ouksitgin the Netherlands

2006 2007 2008
Mean annual temperature at 10 m /°C” 11.1 11.1 10.6
Mean WFPS® at 10 cm depth /% 83 91 88
Mean WFPS® at 30 cm depth /% 97 98 99
Annual precipitation /mm® 767 1087 736
Cow manure application /kg N ha™ 253 262 4142
Artificial fertilizer application /kg N ha™ 100 95 70

3Farmer stopped the agricultural activites and efegt slurry storage.’Temperature and
precipitation data were made available by KNMWFPS means water-filled pore space.

Cow manure and artificial fertilizer were applidabat two to six times a year in the period

from February to October. There were four harvestnes each year. In 2008 the
fertilization protocol was adapted from Octobercsirthe farmer stopped the agricultural
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activities at this peatland. A summary of the maimatic and management characteristics
of the site is given iffable 5.1.

5.3. Instrumentation and methodology

5.3.1. Instrumentation

Two separate EC systems were used, one was use@Qprand latent heat fluxes
(Veenendaaét al, 2007), and the other one with a quantum cascskr (QCL) for CH
and NO fluxes (Kroonet al, 2007). Both masts of 3 m height were positionedua5 m
apart in the middle of the field. Terrain around towers was flat and free of obstruction
for at least 600 m in all directions, except foe 8x2x2 m container positioned downwind
in which the QCL spectrometer was placed.,@@d latent heat fluxes were derived from
an EC system consisting of a Campbell SCAT C3 sanemometer (Campbell Scientific.
Logan. Utah., USA) and a Licor 7500 open path heflagas analyzer (LICOR Lincoln,
NE, USA). Wind speed, air temperature, ihd NO concentrations were measured with
a system consisting of a three-dimensional son&memmeter and a QCL spectrometer
(model QCL-TILDAS-76, Aerodyne Research Inc., Bilta MA, USA).

Two sonic anemometer types were used, a WMPRO (@truments, Lymington, UK)
from 26 October 2007 to 9 July 2008 and duringrés of the measurement period an R3
(Gill Instruments, Lymington, UK). The sonic anemeter data and the QCL spectrometer
output were logged using the RS232 output and geszkusing a data acquisition program
developed at ECN, following the procedures of Md&fil (1988). A more detailed
explanation of this measurement set-up can be fouKdoonet al. (2007).

Soil measurement sensors included soil heat flatepl (HPFO1, Campbell Scientific,
USA), soil temperature sensors at depths of 0.02,®.08, 0.16 and 0.32 m (Campbell
Scientific, USA) and soil moisture probes by voluatedepths of 0.10, 0.20 and 0.30 m
(Theta probes ML 2x; Delta T devices Burwell, UK3dditional micrometeorological
observations were used from the Cabauw site wisidhcated about 14 km from Oukoop.
These data were made available by the Royal Nettdsl Micrometeorological Institute
(KNMLI).
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5.3.2. Methodology
5.3.2.1. Emission measurements

The expression for the net ecosystem exchange of(Edl,) and NO (Fnoo) is derived
from the tracer conservation equation (e.g., Aubiteal, 2000). Assuming horizontal
homogeneity and a flat terrain within the averadinge of 30 minutes, the net ecosystem
exchanged,. consists of two contributions, the storage terga@tl the eddy covariance
flux term EG,, and is given by

h _
Ci —Ci1

[ sdz= h+wc'|, 5.1
0 av —
T T ECc

whereh is the measurement height in &, the source/sink term in ppb'sc the gas
concentration in pph,the flux numberT,, the averaging time in s andthe vertical wind
velocity in m & We calculate the storage term 8sing the average values of Cahd
N,O at 3 m height over each 30 minutes period.

We determine the EC flux Egby

ECWC = A/caIA/resECvrr\/]cea,S + Xcal)(Webb 5.2

With ECT the measured EC flux in ppb nf,sx.a the calibration correctiony.es the

frequency response correction aqgl, the Webb-correction. More information about the
correction process is given in Kroehal. (2009a, b).

5.3.2.2. Annual terrestrial balances

The annual terrestrial emission of £y, in kg CH, ha' year” is given by

16 1x10* &
Eca = (].ZJEJXNHJ.Z; Fena Tay 5.3

whereFc. is the emission in ng Cfrs?, the factor (16/12) is the conversion from kg C to
kg CH;, the factor 1x1bis used for the conversion fromno ha', the factor 1x1% for
the conversion from ng to kg ahtdrepresents the amount of time slots within a yagch
equals tolyea/Tay

Below we distinguish three methods to deal withadgdps in Chlflux data. Method 1 is
based on the average €HC flux where the average flux is extrapolatedatoannual
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value, in other words the data gaps are filled \hih average emission. Method 2 uses all
available EC flux measurements and the remainirtg daps are filled by an empirical
multivariate regression. Method 3 is totally basedthe empirical regression. We derive
this regression using the statistical method ANOVA.

The annual terrestrial emission ofMIEx.o in kg N;O ha' year' consists of a background
emission level on which emission peaks are supesegh. These peaks are related to
manure and fertilizer application (direct agricudtiu soil emission). The background
emission level derived from the EC data includesamponent that is caused by
atmospheric N deposition. Outside the measurengtch findirect NO emission is caused
by nitrogen emitted from the field as Nidr N leached to the ditches-lakes-rivers and
finally to the sea. These two processes shouldakentinto account in the full terrestrial
N,O balance.

Consequently, the annual emission eONEy.o in kg N,O ha' yeaf* is given by
Eneo =Eec t B +Ey 5.4.

with Egc the emissions measured by the EC flux techniEpehe indirect emissions due to

leaching and runoff andE, the indirect emissions due to deposition. The rioution E,
is estimated using the IPCC methodology (IPCC, 2006

EI = (‘zlgj(Nsynth + Ncow)FraCfeachEFS 55

where the factor (44/28) is used for the conversiom kg N to kg NO andNgyn, the
annual amount of synthetic fertilizer in kg N'hgear', N, the annual amount of applied
cow manure in kg N hayear, Frag.a.=0.3 and EE=0.75%. The contributiof is partly
based on the IPCC methodology (IPCC, 2006)

: ﬁ_ Nevent 3 = 56
Ed - (28]([ mzlefertm (1 km)J NdJEFAl

with Nevent the number of fertilization eventsl,; the amount of applied fertilizer in kg N

ha', k is equal to 0.9 for synthetic fertilizer or 0.8 farganic fertilizer (IPCC, 2006)N gis
the average annual N deposition in the Netherlavtiish equals to 30.8 kg N Hayear*
(Ruiteret al, 2006) and EFE1% (IPCC, 2006).

The annual emission of ,® Egc can be derived in a similar way as the annual
emission of Cwhen no data gaps are available. The annual emissthen given by
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44\ a0t &
EEC = (28](])(1012)2:11 FNZO,Tav 5.7

whereFy,ois the NO emission in ng N ihs™.

However, the data coverage is hardly ever 100%thbt case, we distinguish two
contributions in the annual ® emissionEgc, the background emissiorggg and the
emissions due to fertilizer applicati@a. The background emission is defined as th® N
emission which occurs when no fertilizer is appli#de estimate the background fluxes
Fogna USiNg & multivariate regression model based orE@lifluxes excluding EC fluxes
measured around a management event. This backgemission is probably larger than
the true background emission (unmanaged situasomwe it will include emissions from
the accumulated N in the soil due to previouslfegtion events. The background emission
level also includes the emission due to atmospideposition on the field. Therefore, we
use an adapted direct emission factof"EFor estimating the direct emissions due to
fertilizing application. This factor is calculatbg

N
Z( N20 - bgnd, )Tav

ER™ :(MO”J i~ XL00% 5.8

kaen

with N the amount of time slots within a fertilizationeax which equals tOcven{Tav Niert
the amount of applied fertilizer in kg N handk is equal to 0.9 for synthetic fertilizer or
0.8 for organic fertilizer (IPCC, 2006). The factois used for adjusting to account for the
amount of N that volatilizes as Nind NQ (IPCC, 2001a; IPCC, 2006). The total annual
N,O emissiorEgc is then derived from

EEC = (Mj(Ebgnd + Efert)

28 5.9

where the factor (44/28) is used for the conversiom kg N to kg NO.The background
emissionEygaqin kg N ha' year is

Epgna = [1)(1 012]2 oand T 5.10

whereN represents the amount of time slots within a yelsich equals tdlye./ T,y and the
fertilizer emissiorE, in kg N ha year is
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Nevenl

Efert = Edirect = ZEFl:mkmeertm 5.11
m=1

whereEge indicates the direct XD emissions due to fertilizing amd}eniS the number of
fertilization events.

However, we realize that the emission factor, HEed in the inventory reports is higher
than EF™ because the real background emission is betweag 0! m® s* and the
measured background emission. To check the rétialbit the IPCC default value of 1%,
we compare this default value with an emissiondiacange which is set from EFE to

ER™, whereggm>is determined by

N
z FNZO‘ Tav
0’ ) i=1 x100% 5.12

ax —
s
with N the amount of time slots within a fertilizationea which equals t®eyen{Tay
In this study, we use three methods to derive theual terrestrial BD emissionEyo.
Method 1 uses the average measure® Rux over the available EC fluxes within a year
and this value is extrapolated to an anritia] value and the indirect annual emissidhs
andE, are added. In method 2, we first determine fohedy number, i.e. from number 1

to 365, the average,® emissionF v, over the three years, while the data gaps aesfill
by the last available daily average. The annualssiom Ecc is then calculated using
equation 5.7, and the contributioBsandE4 are again added. Method 3 uses equation 5.9
for Ezc where we determine the emission factorEFfor each available measured
fertilization event with equation 5.8 and we useeamission factor of 1% for the remaining
fertilization events. The total terrestriaj® emission is again obtained by addig to E,

and Eg. In addition, we compare the direct emission fetm the 1% factor to check
whether it is reasonable to use this value foretrents which are not available.

We finally derive the total terrestrial GHG emissiBgyc in kg CO-equivalents hayear*
by

Eche = Ecoa T 256, + 2980 5.13

with Eco, the annual terrestrial G@mission in kg Coha' yeafl. The factor 25 and 298
are the global warming potential of ¢Hand NO over a 100 year time horizon,
respectively, in relation to CQIPCC, 2007).
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5.4. Results and discussion

5.4.1. Data coverage

The EC flux measurement set-up was installed fa week in February 2006, and from
April 2006 to October 2008. The data coverage i%4®ver the measurement periods
(N=20,957 30 minutes EC fluxes); data losses occunedng others due to problems with
the QCL (28%), computer (9%), automatic liquid ogen filling system (6%) and sonic
anemometer (2%). The relatively high data lossab@QCL were due to the development
stage of the QCL at the beginning of the measurémerod. The footprint check and non
steady state tests result in data rejection of 9% 23% for Ch and NO, respectively.
We correct the EC fluxes for systematic errors gigguation 5.2. The total GHnd NO
flux F,. are determined by adding the storage term to Befléx for each 30 minutes
period (Eg. 5.1).
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Fig 5.1. Average CH fluxes (left) and bD fluxes (right) as function of friction velocity. . Data is

split into night- and daytime, and in two temperatglasses. The data is pooled into groups of 50
fluxes each. Error bars show the uncertainty in iverage CH and NO flux given by the standard

error SE=20/+/N .
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It is often stated that the measured total flux loarunderestimated under conditions of low
turbulence. A common procedure for £fuxes is to investigate the effect of the frictio
velocity u* on the measured nighttime G@uxes. CQ fluxes are then rejected below a
thresholdu* for which the average fluxes decrease signifiga(e.g., Nieveeret al, 2005;
Wohlfahrt et al, 2005; Veenendaatt al, 2007). All these studies were focused on
nighttime fluxes.

In order to compare the night- and daytiofedependence of CHand NO fluxes, we
select the data with shortwave radiation of 0 ¥ for nighttime and shortwave radiation
larger than 50 W thfor daytime. The fluxes are additionally divideda groups, with air
temperature between 0 and 10 °C, and 10 and ZDH&Cfluxes in each group are sorted by
u* and pooled into groups of 50 fluxes each. Thaleto a similar behavior for night- and
daytimeu*-dependence of CHand NO (Fig 5.1). The fluxes show a marked decrease for
u*< 0.07 m § which is comparable with the thresheit:0.1 m s of CO, fluxes measured
at the same site (Veenendaahl, 2007). Fou*> 0.45 m §', the average CHand NO EC
fluxes show a small increase which is not causedidlyer temperatures.

When dividing the fluxes into air temperature cés®f 2 °C and three soil moisture
classes, always a similar pattern is found for Whiwe fluxes decrease far< 0.07 m &'
and increase far*> 0.45 m §'. Gu et al. (2005) suggested that there are twestmids for
CO2 nighttime fluxesy*, andu*y delimiting three zones in thef-range, with a decrease
of flux below u*, and an increase abow&,. Fluxes belowu*, would be lower due to
storage increase and fluxes abowg are higher due to pressure pumping effects (G et
2005; Flechard et al., 2007b). Flechard et al. ()@lso showed that the addition of soil
storage change to the flux removed a large fraatibthe u*-dependence which suggests
that nou*-filtering should be applied to avoid possible 8te+counting. Therefore no*-
filtering is applied on the EC flux data set inststudy.

Another point of concern is related to the uncettain a 30 minutes CjHand NO EC flux
which can be larger than the flux itself (Kroehal, 2009a). This uncertainty is mainly
caused by the random one-point uncertainty (e.gisirjjer, 1986). To reduce the
uncertainty, averages over longer time span thamiB@ites can be used since the random
uncertainty decreases with the number of 30 minEtedluxes. Therefore, we assess the
suitability of using daily average emissions indted 30 minutes-,,. values. It is justified

to use daily average emissions when the data cgeesal00%, when there is no diurnal
variation or when the number of night and day feikalances.

Several studies investigated the diurnal cycle |f, @hd NO emissions e.g., Mikkelét

al., 1995; Duaret al, 2005; Hendriket al, 2008 for CH and e.g., Skibat al, 1996; Crill

et al, 2000; Maljaneret al, 2002 for NO. For both gases some studies have observed a
diurnal cycle and some studies have not. Foy, G diurnal pattern is maybe dependent
on the vegetation type (e.g., Mikkedd al, 1995; Duanet al, 2005). In this study, we
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check the diurnal cycles using the whole data(Beet 5.2). A diurnal pattern is observed
for CH,, with larger CH fluxes in the late afternoon, while no clear paites found for
N,O. Consequently, we evaluate further the diurnalatian of N;O for days with high
emissions or high temperatures; however, we dtlllribt observe a clear diurnal pattern.
The average soil temperature Fig 5.2, shows the same diurnal pattern as, Gtpporting
that soil temperature is an important driver for Jhixes which is also found in other
studies (e.g., Hendrikat al, 2007). The absence of a clear diurnal patteriN{@ allows
for the use of daily average values foyONfor further analyses. For GHhowever, daily
averages can only be used when balanced numbedgsyofand night observations are
available, which is valid in this study.
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Fig 5.2. Diurnal pattern of CH fluxes and soil temperature (left) andNfluxes (right) at a peat
area in the Netherlands. Each point representsatferage of about N=320 30 minutes EC fluxes for
CH, and NO, and the average of about N=1000 30 minutgg Vlalues. The error bars indicate the

uncertainty in the average given by the standardre8E = 20 /+/N .

Consequently, we calculate daily averages for dags more than 12 30 minutes EC
fluxes balanced over day and night which lead t8, 1D6 and 188 daily CHluxes and
117, 102 and 186 for J® in 2006, 2007 and 2008, respectively. The avedagg CH, and
N,O flux and standard deviation are 368 and 251 ng“G*, and 42 and 52 ng N fis™,
respectively. The fluxes of both gases are apprateiy lognormally distributed~ig 5.3).

The geometric average and geometric standard dmviate defined byigeo= €' anddgeo =

€” with x and ¢ the mean and standard deviation of the logaritfirthe observed flux
values which resembles a normal distribution. Theongetric average indicates the
emission that occurred most often. When omittirsgnall number of negative values (<1%)
from the data set, the geometric average fluxakenlognormal distribution are 291 ng C
m?s*and 26 ng N ms* for CH, and NO, respectively. In all further analyses, we do not
omit the negative numbers since uptake fluxes of &tdl NO could really occur.
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Fig 5.3. Distribution of daily average CH(left) and NO fluxes (right) with the lognormal
distribution. The insert shows the shape of th&ibistion on a linear scale.

5.4.2. Annual terrestrial CH balance

A regression model is often used to fill the deapgyand to derive annual balances. Several
studies have used a regression with temperatuomlgsdriving variable explaining about
90% of the variation (Hargreaves al. 2001) or more commonly lower values of about
30% (Hendrikset al, 2007). The uncertainty in annual emissions basethese models is
sometimes even larger than 50%.

In this study, we perform a step-wise multivarieggression analysis using the daily £H
values for which data is available for all possibégression parameterdl£265). The
correlation ofFchs and InFchg) is tested for air temperaturé,f), soil temperatureTg,),
rain intensity R), wind velocity (), air pressureRy,) and soil moistured). We do not
include water table information since Schrier-Uafl al. (2010a) showed that the GH
emissions did not correlate with the (actively nged) water table at our study site. The
Pearson correlations)(appear to be somewhat more significant foFpg) thanFcp, with
the different variablesT@ble 5.2). Significant correlationsR<0.05) are found for If{cy.)
with Tar, Tsoi, Pair , @ @andR. In these casesvalues are larger than thoderived from static
chamber measurements at the same site (Schrieetflfjl, 2010a). The best regression is
found by including T,y and U; while adding other variables does not improve the
regression. The regression of Hgf,) versusTs, and U explains about 60% of the
variability in the observed daily GHalues R?=0.63;P<0.001). Adding soil moisture does
not improve the regression which is a remarkabkulte However, the reason can be
explained by the fact that the effect of temperatum CH fluxes is larger than the effect of
soil moisture. In addition, the parameters soil shale and temperature are significantly
anti-correlatedr(for soil moisture at 30 cm depth aifigl; is -0.82 and®<0.001). In other
words, the CH fluxes are higher for higher soil temperatureg, diuthe same time higher
soil temperatures lead to lower soil moisture cotste
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Table 5.2. Pearson correlations (r) of CHfluxes and BO background fluxes in Oukoop in the
Netherlands. Fluxes have been measured by EC #aknique and are correlated with soil
temperature (J; at 4 cm depth), air temperature.(J, atmospheric pressure {B, windspeed (U),
volumetric soil moisture conterft &t 10 cm depth) and daily rainfall (R).

N Tsoil Tair Pair U 010 cm R

/- foC °C /hPa /ms? /m®m3 /mm day™*
Ln(CHy) 265 0.749° 0.688°% -0.280°% 0.050 -0.510% 0.193°
CH4 265 0.714% 0.648% -0.1892 -0.065 -0.553?% 0.142°
Ln(N;0) 252 0.526% 0.456° .0.141°  -0.031 0401° 0112
N.O 252 0.394° 0.3412 -0.165% -0.057 -0.367 0.130°

3Correlation is significant at the 0.01 lev&Correlation is significant at the 0.05 level.

A correlation between CHfluxes andU has also recently reported by e.g., Wileal,
2008 and Schrier-Uijet al, 2010b. They stated that higher £Huxes occur from water
bodies at high wind velocities. These emissionsnaagbe due to the turbulence induced
ebullition. In addition, Frolking and Crill (1994ndicated that ebullition could be triggered
by changes of air pressure. This could explainctiveelation between air pressure and,CH
fluxes. Next to the enhanced emissions from watehanced fluxes from field could occur
at higher mean wind velocities due to the soilegereffect discussed in this study.

The empirical regression &t,againstTs, andU is given by

Fens = exp(3796+ 0105)+ 0136+ 0006)T, , + 0114+ 0016U) 5.14

oil
with Fcpain ng C m’ s, Tei at 4 cm depth in °C ard at 3 m in m 3. In further research,
the regression could possibly be improved by addimgnagement information. For
example Krooret al. (2007) and Schrier-Uijgt al. (2010a) showed that GHmissions are
larger after cow manure application. The regresdiased emission&cys and their
uncertainties are represented together with thdy daieasured emissions and their
uncertainties irfFig 5.4.
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Fig 5.4. Measured and modeled CH4 emissions in Oukoo®@@6,22007 and 2008. The model is a
multivariate regression based on EC flux measurémefEmissions are given together with their
uncertainty where the gray surface represents tieertainty range of the empirical regression.

The three methods to estimate the annua] kkiances (see methodology section) result in
average annual emissions over the period 2006 @8 20 157 (+33%), 165 (£17%) and
164 (+21%) kg CH ha' year* for method 1, 2 and 3, respectivelyaple 5.3). The terms
within brackets denote the relative uncertaintigsiclv are calculated by the methods
described in the appendix. The three estimates aempell, and these annual estimates are
in good agreement with the annual estimate of ¥32%6) kg CH ha' year determined by
Schrier-Uijl et al. (2009a) using static chamber measurements aathe site. The estimate
by method 2 has the smallest uncertainty and haefttre been used in the rest of this
study. The uncertainty in the estimate by methasl uch smaller than the uncertainty in
the estimate by static chamber measurements. liti@agdmuch more accurate estimates
can be derived from EC flux measurements for measent sets with larger data coverage.
If a data coverage above 80% is attained, the taiogy in the annual balances could be
even smaller than 10% (based on Kreb@l, 2009a).

This agricultural peatland is thus a serious sotdioceCH, emissions in contrast to other
published studies which indicate a small sourceyiifiteet al, 2007) or even a sink (Van
den Pol-van Dasselaat al.,1999). The difference can be explained mainly tey ability

of the EC flux method to include the gEmission from the ditches and ditch edges at our
site. Schrier-Uijlet al, (2010a) indicated that about 70% of the emissaescaused by the
ditches and ditch edges at our site. This mearisathig about 50 kg Ciha' yeaf* is
emitted by the field. The remaining difference betw the northern peat grassland
emissions given in Reginet al, (2007) can be explained by the temperature diffee.
Van den Pol-van Dasselaat al, (1999) indicated an uptake, however, their eroissi
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values are only based on field emissions. Conseéfyyenis important that emissions of
ditch and ditch edges are taken into account whey occur within the investigated area.

Table 5.3. Annual terrestrial CH emission in kg CiHha! year! and its relative uncertainty in
Oukoop in the Netherlands.

2006 2007 2008 Average
Method 1% 194(+54%) 140(+63%) 138(+53%) 157(+33%)
Method 2° 176 (+30%) 169(+31%) 149(+26%) 165(+17%)
Method 3° 172(+37%) 166(+37%) 155(+37%) 164(+21%)
Method 4¢ 203 (+48%) 162(+60%) 146(+60%) 170(£32%)

aAverage EC flux is extrapolatetBased on EC flux measurements where the remairdtay ghps
are filled by a multivariate regression mod&8ased on multivariate regression model derived from
EC flux measurements onf/Based on multivariate regression model derived fstatic chamber
measurements only (Schrier-Uijl et al., 2009a).

5.4.3. Annual terrestrial NO balance

The annual terrestrial J® emissionEy,o and its relative uncertainty is derived from three
methods (see methodology section and appendix).egtienate an average annualCN
emissionEgc of 21 (+36%) kg NO ha' year" with method 1 and of 18 (+21%) kg® ha®
yeai® with method 2. The average annualONemissiorE, andEg are both estimated at 1
(#50%) kg NO ha' year'. This leads to an average annual terrestrj@ BmissiorEy,o of
23 (+31%) kg NO ha' yeaf* and 20 (¥19%) kg BD ha' year* with method 1 and 2,
respectively. For method 3, we first determinetibekground fluxe&,4,q and the emission
factors EF™ (see Eq. 5.9). The background fluxes are detemmnirsing a multivariate
regression model based on EC flux data excludied=@ fluxes around fertilization events.
We select the PO EC fluxes for which all possible driving variablare availableN=252).
The correlations oFy,0 and InEy,o ) are tested for air temperaturk,), soil temperature
(Tsoi)), rain intensity R), wind velocity {J), air pressureRy;) and soil moistured) (Table
5.2). The best linear regression is found by includiiyg andU (R*=0.29 andP<0.001)
and is given by

Fogna = €xp(1777( 0200)+ 0122+ 0012)T,,, + 0063+ 0030V ) 5.15

oil
with Fypgngin Ng N m?s?, T the soil temperature at 4 cm depth in °C dnthe mean wind
velocity at 3 m in m & The annual background emissiokg;g and their relative
uncertainties are then estimated at 18 (+71%)+T1%) and 17 (+71%) kg JD ha' year
for 2006, 2007 and 2008, respectively, correspandinan average backgroundQNflux
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Fogna Of about 35 ng N fhs'. These values are larger than the background Emiss
previously reported in Velthadt al. (1997) for peat soils in the Netherlands (5.3 2 I&g
N,O ha'year'). This is explainable since they derived the estés from unfertilized and
non-grazed cut grassland sites.

We determine the emission factors ®For six fertilization events using equation 5.eT
factor range is from 0.2 to 2.2% with an average standard deviation of 1.2 and 0.8%,
respectively, which is close to the IPCC defaultgaof 1%. The IPCC default EFalue is
therefore used for fertilization events for which data is available. This leads to 5.2
(#50%), 5.3 (¥50%) and 4.8 (¥50%) kg.® ha' year' for 2006, 2007 and 2008,
respectively. The total annual terrestriajONemission estimated by method 3 is then
derived from adding the fertilization event emissk, to the background emissidignq
the indirect emissions due to leachlBagnd depositiofey (Eq. 5.4, 5.5, 5.6 and 5.9).

Table 5.4. Annual terrestrial NO emission in kg )0 ha' year® and its relative uncertainty in
Oukoop in the Netherlands.

2006 2007 2008 Average
Method 17 30(¢58%) 20(x57%)  19(x47%) 23(x31%)
Method 2° 20(+19%)
Method 3° 25(+52%) 24(+51%)  24(+x50%) 24(+28%)

aAverage EC flux is extrapolated and the indirectssions are addedIntegrating over average EC
flux over the three years of each day number fican number 1 to 365, the data gaps are filled by
the last available daily average. The indirect esitias are added‘Background emission is
determined by a multivariate regression model basedEC flux data and the emissions due to
fertilizing, leaching and deposition are added.

This results in annual terrestriaL,® emissionsEy,o of 25 (£52%), 24 (¥51%) and 24
(#50%) kg NO ha' year' for 2006, 2007 and 2008, respectively. The ternighim
brackets denote the relative uncertainty in theuahi,O emission (Kroon et al., 2010,
online version). The average emission of methosl @dse to the average annual terrestrial
N,O emission of method 1 and Zable 5.4) and the average terrestriaf emission is
comparable to reported annual terrestrial emissafnsther peat soils in the Netherlands
(Langeveldet al, 1997). A representation of the background emisdioe annual average
emissionEgc and the EC flux data is shownhig 5.5.
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Fig 5.5. Measured DO emissions and modeled backgroung®Mmissions in Oukoop in 2006, 2007
and 2008. The model is a multivariate regressiondoaon EC flux measurements. They are given
together with their uncertainty where the gray agd represents the uncertainty range of the
empirical regression. In addition, the average maad EC flux over each year is indicated.

We can not compare the annual terrestrigD Nmission estimates derived from EC flux
measurement to static chamber measurements sy@e=Missions were mostly too small
to detect with the static chamber method used byi&eUijl et al. (2010a, b). They used a
closed dark chamber of 25 cm height from whichsaimples were taken at one-minute
intervals. Each flux measurement consisted of fipeint-measurements and the
concentrations were analyzed by a Photo AcousgidRbas Monitor (INNOVA 1412 sn,
71-113, ENMO services, Belgium). The minimum detectimit of this static chamber
system was 39 ng N s and for the EC flux system 6 ng N°gT (Kroon et al, 2007).
Thus, the use of this EC flux set-up was a big $tep/ard in obtaining more accurate
emission estimates. In addition, more accuratenestis can be obtained when the data
coverage increases (Kroenal, 2009a).

After estimating the annual balances, we investigatmore detail the emission factor,EF
which is used in the IPCC guidelines for estimatiig direct NO emissions from
agricultural soils. In this study, we calculate thessible EF ranges for six fertilization
events ranging from ER" to EF™ The minimum EF has already been determined and
ranges from 0.2 tot 2.2% with an average and stand&viation of 1.2 and 0.8%,
respectively. The maximum ERs estimated using equation 5.12 and ranges fr@md
4.6% with an average and standard deviation ohBB1.9%. Thus, the average;E&nge
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is from 1.2 to 2.8% which is larger than the IPC&adilt ER value of 1% (IPCC, 2006).
Kuikman et al. (2006) has also reported a larger;BRan 1% for peat soils in the
Netherlands, respectively, an £5f 0.55%, 1.24% and 3% for sand, clay and pe#s.soi
This emphasizes the fact that separate paramdterigashould be derived for each soil

type.

In addition, the emission factors EBhould be determined more accurately since the
uncertainty in the direct X0 emission from agricultural soils is a main cdmitbr to the
uncertainty in the total national GHG emission restie (Maaset al, 2008). The
uncertainty is large due to large uncertaintiegth@ measured XD emissionsFy,o, the
background emissions,g,q and thek factor. We recommend performing simultaneously
continuous terrestrial measurements gbNind NH at representative non agricultural and
a managed sites at national and international sddlese measurements could be done
using micrometeorological techniques, like the H& technique. An overview is given of
ER™", ER™ and the micrometeorological properties of thefsitilization events ifTable
5.5.

Table 5.5. Emission factor range of six fertilization everdé one month in Oukoop in the
Netherlands.

Date Cow manure Artificial fertilizer Ts0il 4 ¢m WFPS 10 cm® R EF""" b _ EEmax¢
Fertilizing /kg N ha* /kg N ha* /°C 1% /mm month . % !
14-09-06 55 - 16 85 47 1.9-46
15-09-07 46 - 14 91 68 22-46
05-02-08 138 - 3 96 32 0.6-1.0
03-04-08 46 43 8 95 29 0.2-0.9
19-05-08 83 27 15 77 48 05-1.2
30-06-08 46 - 16 60 104 1.7-4.2

# WFPS means water-filled pore spaEEFlmi” is the factor for direct PO emissions where the
background emission derived from EC flux measureim'er:;ubtracteoc.E|:1max is the factor for direct
N,O emission where the background emission is s@npN nf s*.
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5.4.4. Annual terrestrial GHG balance

The total terrestrial GHG balance is estimated gyagion 5.13. We use the annual £H
emission derived from method 2 and the anny& Bmissions derived from method 3. The
average annual CHemission is 165 kg Ctha'year and the average annuallis 24 kg
N,O ha' yeaf'. The annual terrestrial G@mission, net ecosystem exchange (NEE), is
taken from Veenendaadt al. (2007), who calculated a value of 134 g C year® for
October 2004 to October 2005 which equals to 493 @®, ha' year'. This leads to an
average total terrestrial GHG emission of 16 (+138g) ha' year'in CO,-equivalents with
30%, 25% and 45% from GOCH, and NO, respectivelyKig 5.6). This means that the
agricultural peatland is an important source fbttake greenhouse gases.

1
=3
i

—
LA

Terrestrial emission Mg COx-eq ha'! year
=

il

Greanhouse gas
Fig 5.6. Annual terrestrial emissions of GOCH, and NO and the sum of the emissions of these
three gases in Cequivalents hd year® with their uncertainty measured at a managed peaa in
the Netherlands.

To put this into the right perspective, it is imfzott to realize that there are substantial
additional sources due to the full range of agtigal activities on this peatland. If GO
emissions due to biomass removal (i.e. grass hraad CH farm emissions (i.e. enteric
fermentation by dairy cows) are included, the tetaission will increase by 10.5x%1Rg
CO, ha' year' (Veenendaatt al.,2007) and 5911 kg Gha'year* (257 kg CH ha' year

) (Schrier-Uijl et al, 2010a), respectively. The total balance will thnsrease by even
more than 250%, which emphasizes the importandertifer research in which all GHG
components will be taken into account.
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We also compared the total field GHG emissionshid site (Oukoop) to the GHG
emissions in a former agricultural site (Horstermeghich was converted to a nature
reserve 15 years ago by stopping intensive farramgjraising the water table (Hendrids

al., 2007). The terrestrial GODCH, and NO emissions at the Horstermeer site are -11403
kg CQ, ha' year', 417 kg CH ha' year' and negligible (Hendriket al, 2007). This leads

to a total GHG uptake of -2 Mg hayeai' in CO-equivalents. Consequently, a
transformation of an intensively agricultural dibea nature reserve will probably lead to a
decrease in total GHG emission since the Oukoeyisi strong source of 16 Mg hgpear

Yin COx-equivalents. The COand NO emissions are thus much larger at the intensively
managed Oukoop site than at the restored Horstersitee In addition, if we also include
the farm based emissions to the (Hhissions, the total GHemissions at Oukoop will be
also larger than the GHmissions at the Horstermeer site (e.g., Schigretal, 2010a).

5.5. Conclusions

The annual ChH and NO terrestrial balances were derived from a daimynfaon peat
grassland in the Netherlands over 2006, 2007 ad@ 28ing EC flux measurements. The
average terrestrial CHbalance was 165 kg GHha' year' and the average terrestria)®l
balance 24 kg MD ha' year'. The CH estimate was more accurate than the estimate by
static chambers and the® estimate was a step forward since the backgréiurds could

not be detected by static chamber measurementg asphoto acoustic instrument at the
same site.

Furthermore, we investigated the direct emissiatofaER from agricultural soils which is
used in the IPCC guidelines. We calculated the iples€R range for six fertilization
events ranging from ER" to EF™ since the real background emission was not known.
The minimum Ek was determined by subtracting the background éomisand the
maximum EFR without subtracting the background emission. Therage EF™" was 1.2%
and the average EF*2.8%. Both values are larger than the IPCC defagltvalue of 1%.
Finally, the total terrestrial GHG balance was reated at 16 Mg hayear' in CO-
equivalents averaged over 2006, 2007 and 2008 aeititributions of 30%, 25% and 45%
by CO,, CH, and NO. This agricultural peatland was thus a seriougcfor all three
greenhouse gases. The total emission would belakger since the farm emissions and the
biomass removal were not taken into account.
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Chapter 6

Release of CQand CH, from lakes and
drainage ditches in temperate wetlands

Shallow fresh water bodies in peat areas are imgdrtcontributors to greenhouse gas
fluxes to the atmosphere. In this study we detexdhihe magnitude of GHind CQ fluxes
from 12 water bodies in Dutch wetlands during thenmer season and studied the factors
that might regulate emissions of ¢hnd CQ from these lakes and ditches. The lakes and
ditches acted as C&nd CH, sources of emissions to the atmosphere; the flfires the
ditches were significantly larger than the fluxesnfi the lakes. The mean greenhouse gas
flux from ditches and lakes amounted to 129.1 #f&an + SE) and 61.5 +7.1 mgrhr*

for CO, and 33.7 + 9.3 and 3.9 + 1.6 mg™nhr™ for CH,, respectively. In most water
bodies CH was the dominant greenhouse gas in terms of warpdtential. Trophic status

of the water and the sediment was an importantofaptgulating emissions. By using
multiple linear regression 87% of the variation ®H, could be explained by R
concentration in the sediment and’Eeoncentration in the water, and 89% of the GI0x
could be explained by depth, EC and pH of the wdlecreasing the nutrient loads and
input of organic substrates to ditches and lakesfdryexample reducing application of
fertilizers and manure within the catchments andrelasing upward seepage of nutrient
rich water from the surrounding area will likelydece summer emissions of £&hd CH,
from these water bodies.

Based on A.P. Schrier-Uijl, A.J. Veraart, P. A. feddiar, F. Berendse and E.M. Veenendaal
Biogeochemistry (2010), (doi 10.1007/s10533-010604%
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6.1. Introduction

Freshwater bodies such as ditches, streams, wetland lakes contribute appreciably to
the processing of carbon and its transport to theosphere (e.g Bastviken et al. 2004;
Walter et al. 2006; Wang et al. 2006). It has bestimated that lakes annually emit 8-48
Tg methane (CkJ, which is 6-16% of the global natural ¢ldmissions (Bastviken et al.
2004; St. Louis et al. 2000), and 513 Tg C carhioxide (CQ) (Cole et al. 1994). Saarnio
et al. (2009) have estimated that large lakes abmwunt for 24% of all wetland GH
emissions in Europe. It has been shown that snakmbodies also significantly contribute
to the landscape-scale ¢Hbudgets in wetland regions (eg. Schrier-Uijl et 2009;
Juutinen et al. 2009; Repo et al. 2007; WalterleR@07; Roulet et Moore, 1995). Yet
though it is likely that both lakes with organictii sediment and also eutrophic ditches
contribute especially significantly to regional gnbouse gas balances, they are poorly
studied and little is known about their underlylsiggeochemical processes (Saarnio et al.
2009).

coz CH4

photosynthesis

= J 77.“7.“-CH4
FespIraton
T ” I

Methanogenesis

. /
7l

Organic matter decomposition

Fig 6.1. Simplified illustration of C@and CH, dynamics in water bodies, with OM= organic matter.
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CO, is produced by respiration in sediments and thinoug the water column and can also
be a product of biological processes in the sedirfieig 6.1). As CQ is highly soluble,
high concentrations can accumulate near the sediwspr interface, which results in
oversaturation and release to the atmosphere.sitbban suggested that the transport of
dissolved organic carbon (DOC) from terrestrial ismvments is an important source of
carbon in aquatic environments. If this is the c¢dakes in organic-rich peatlands have
larger CQ fluxes than lakes in mineral catchments (Rantakad Krotelaines, 2005;
Huttunen et al. 2002).

CH, emission is the balance of two counteracting pses: methanogenesis in anoxic
conditions and the oxidation of the generated, Q#inkkinen et al. 2006; Bastviken et al.
2002), Fig 6.1). CH, is a major product of carbon metabolism in lakés;production
depends on the availability of alternative electamteptors such as,ONO;, F€* and
S04 (van Bodegom and Scholten, 2001). After thesetrlrcacceptors have been used
up, CH, production becomes the dominating degradationgqe®of organic matter and is
the terminal microbial process in the anaerobicraidgtion of organic matter. The ¢H
travels from the sediment through the water columthe atmosphere and on the way it
can be oxidised into CO(Whiting and Chanton, 1993). Most of the Cthat remains
unoxidised will be emitted by diffusive flux to tlmosphere.

The underlying microbial processes affecting,GDd CH production and emission are

regulated by variables such as sediment and wattguerature, oxygen availability, organic

matter availability and composition, sediment aratexn chemistry, the presence of electron
acceptors (redox conditions), pH, electrical conigitg (EC) and factors such as water

depth and lake size (e.g. Stadmark and Leonar@@iig; Juutinen et al. 2009; Repo et al.
2007; Frei et al. 2006; Loeb et al. 2007; Caspait.€2003).

Most of the freshwater lakes in the Netherlandsimqgeat areas, are very shallow (<2 m),
and were created by large-scale dredging and relnobyeeat during the early 17th century

(Gulati and van Donk, 2002). They vary in area,tdepydrology and physico-chemical

characteristics, but most of them are eutrophie thuthe application of fertilisers and

manure within their catchments, the oxidation cditpend the upward seepage of nutrient-
rich water from the surrounding area. Drainageesithe Middle Ages has resulted in the
typical landscape of narrow fields separated byndige ditchesKig 6.2).

Shallow fresh water bodies are not well understooderms of their greenhouse gas
emissions and have not been incorporated in previegional or global greenhouse gas
budgets. The emission from these water bodiesoginly high and poses an international
rather than a domestic problem because in manyatwiviegions of Europe agriculture
continues to contribute appreciably to the nutrieading of lakes and ditches (Gulati and
van Donk, 2002; Lamers et al.1998).
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Fig 6.2. The typical Dutch peat area landscape of lakes aadow fields separated by drainage
ditches (Nol et al. personal communication).

About 16% of the total area (41 864 %nof the Netherlands is covered by water, mostly
classified as wetland (Gulati and van Donk, 200d) with over 300,000 km of drainage
ditches. Much of this wetland is in peat areasislimportant to quantify how these
wetlands contribute to the greenhouse gas balamtevhich factors regulate the emission.
In this study we focus on the high-emitting temperakes and drainage ditches in peat
areas in the Netherlands and on many variablec#ratlter the emission of Gldnd CQ.
The two aims of this study were (1) to quantify Gihd CQfluxes from shallow lakes and
drainage ditches in the Netherlands during a tlweek period in the summer season and
(2) to identify the factors that regulate the emoiss of CH, and CQ from lakes and
ditches.

6.2. Materials and methods

6.2.1. Study sites

Measurements were performed in a three-week péeoadeen June f6and July & in the
summer of 2009 in 5 shallow fresh water lakes afidifhinage ditches at 7 locations in
peat areas in the Netherlan@$y(6.3).
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Fig 6.3. Geographical distribution of the 5 sampled lakie$ € L5) and 14 sampled drainage ditches
(at 7 locations) (D1 — D7) in peat areas in the iNgtands.

The 5 lakes are located in peat areas in the Natids and differ in trophic status (de Haan
et al. 1993) and deptfTéble 6.1). L4 and L5 are located in the east of the Ne#mel$
where the subsoil consists of mesotrophic to olaatiic sedge-peat overlying sand. The
other lakes are located in the southwest of théhéttnds where the subsoil consists of
eutrophic to mesotrophic reed—-sedge peat and eddepeat (Rienks and Gerritsen, 2005).
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Table 6.1. Characteristics of the lakes sampled.

Lake Abbreviation  Trophic status Lake size (ha) Average depth
(m)

Reeuwijkse plas L1 eutrophic 927 2.1

Vinkeveense L2 eutrophic 1079 2.4

plas

Nieuwkoopse L3 eutrohpic 676 25

plas

Belterwiede L4 mesotrophic to 613 1.8
eutrophic

Schutsloterwiede L5 mesotrophic to 141 1.2
eutrophic

Drainage ditches at 7 locations in different peaaa in the Netherlands were sampled.
They differed in trophic status and water depthlfle 6.2). At each location 2 connected

ditches were sampled and because there were ndicagh differences between them

related to water quality they were treated as Atioo in the analyses. All the drainage
ditches sampled contained some aquatic vegetation.

Table 6.2. Characteristics of the drainage ditches.

Drainage ditch Abbreviation  Trophic status Ditch width (m) Mean water depth (m)
Oukoop D1 eutrophic 8 0.25
Stein D2 mesotrophic 6 0.28
Horstermeer D3 eutrophic 3 0.90
Drie berken D4 mesotrophic 3 0.87
Koole D5 mesotrophic 3 0.80
Sint Jans D6 eutrophic 2 0.28
Doosje D7 mesotrohpic 6 0.43

6.2.2. Measurements
6.2.2.1. Flux measurements and calculation of fluxes

Detailed measurements of ¢ldmission and COemission were performed with floating
chambers from a dinghy at different locations ie flakes and drainage ditches. We
measured the emissions from each lake on two diffeddays. On each of these days we
measured at three different locations per lake, r@peated the measurements 5 times at
each location. This yielded 30 measurements per. lBkch ditch was sampled on one day
in the three-week period, with 8 replicates pechditThis yielded 16 measurements per
location in the two connected ditches. All measwgsta were performed between 10.30 h
and 14.30 h. Data quality was assessed and outkedting from disturbances were
removed from the dataset. Emissions of;0EI0, and NO were determined using a closed
dark chamber method and a Photo Acoustic Field I@asitor (INNOVA 1412 sn, 710-
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113, ENMO services, Belgium) connected to a PVQrdfer by Teflon tubing (e.g. van
Huissteden et al. 2005; Hendriks et al. 2007). &urf NO appeared to be too low to
detect with the gas analyzer, therefore th® Klux measurements were not included in the
analyses. Samples were taken from the headspaitésaflosed cylindrical dark chamber
(30 cm diameter, 25 cm height). Gas samples wémntavery minute during a 5-minute
period and every single measurements was checkéidearity of the build up of the gas
concentration in the chamber. This check eliminatedut 30% of the measurements. The
slope dC/dt of the gas concentration curve at tim@ewas estimated using linear regression
(e.g. van Huissteden et al. 2005; Schrier-UijlleR@10b). A small fan was installed in the
chamber to homogenise the inside air and a watdérwas used to control pressure in the
chamber. We used a floater to place the chambertoetwater surface, carefully avoiding
the effect of pressure differences and the dishabaf the water surface (for details, see
Schrier-Uijl et al. 2010a). Since the gas monitoftvwsare does not compensate fully for
cross-interference of GQand water vapour at high concentrations, air veas through
glass tubes filled with silica gel and soda liméobe it entered the gas analyser, to remove
water vapour. To cross-validate the chamber-bassasarements, we also performed eddy
covariance measurements on L1 at the same timéaation and compared these with the
chamber measurements within the footprint of thetesy. The eddy covariance system was
located along a boardwalk in L1 and the footprinthe mast was on the lake. Within this
footprint chamber measurements were performed erake during a period of 4 hours.
The two independent methods had previously beerpaced at different temporal scales in
a heterogeneous landscape of fields and ditchdi€sdJijl et al 2010b; Kroon et al.
2007).

6.2.2.2. Variables measured

At each lake and drainage ditch we measured wateperature and pH at two depths (10
and 30 cm and at 25 cm depth in D1 and D2), digsbbxygen at 10 cm intervals from the
water surface to the sediment surface, and thetHO am depth. Oxygen, pH, temperature
and EC were measured with an HQ multiprobe witbhnaihescent dissolved oxygen sensor
(Hach Company, Loveland, Colorado, USA). The vdealnvestigated in the ditches were
the dissolved Ckconcentrations at the water surface, the middihefwater column and
in the water immediately above the sediment. Sasnfoledissolved methane analysis were
taken using an airtight 20ml glass syringe at thdepths in the water column: at the
sediment surface, at the water surface, and atp#éh dmalf-way in between. The water
samples were transferred into airtight glass Eretai® (Labco, high Wycombe, UK)
containing 12@l ZnCl, to halt biological processes; to prevent air bablileing trapped in
these vials they were filled to overflowing befdreing capped. The samples were stored in
water at 20°C until analysis. Dissolved methane wassured by membrane inlet mass
spectrometry (MIMS) (Lloyd & Scott 1983) using am@iStarTM Gas Analysis System
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(Pfeiffer Vacuum, Asslar, Germany), equipped withqgaadrupole QMS 200 mass
spectrometer with a Channeltron detector (Burleustides). The MS was operated by
Quadstar 32-bit software for data acquisition. $ample was pumped through a water bath
at 20°C before passing through silicon membraneguim which gases were released to
the MS. An inlet as described by Kana (1994) waslder the analysis, but without using a
cryotrap, as this would have frozen out the methhrstead, to prevent confounding effects
of water vapour, the inlet at the MS side was he#abe180°C. Methane was measured at
mass to charge ration (m/z) of 15, as a pre-cdidraexperiment had shown that this gave
the most reliable results. Concentrations of methaare calculated by comparing the ion
current at m/z 15 of the sample to the ion curag¢mh/z 15 of air-saturated water at 20°C.

The water in each lake was sampled at three latatiwith 3 replicates (mixed sample).
The water in each ditch was sampled at two locatiwith 3 replicates (mixed sample).
Undisturbed sediment samples were taken from themsmst top layer (upper 10 cm) by
means of a plastic cup perforated with holes 2 partaat the end of a length-adjustable

pipe.

Two of the three water samples were filtered immatdy with a Whatman 0.45um
cellulose membrane filter (Whatman Internationatl,LMaidstone, England); the third
sample was not filtered. All samples were transgbih coolers and stored frozen (2D
until analyses. The unfiltered water samples wemalyged for organic matter (OM)
content, %C, %N, Chlorophyll-a content, total N aothl P; the filtered samples were
analysed for Ng+NO,, NH,", SQ?, Fe' and PQ* using a SANplus autoanalyzer (Skalar
Analytical, Breda, the Netherlands). Dissolved aigacarbon (DOC) and dissolved
inorganic carbon (DIC) were measured in filterethgkes using a carbon analyser. Total N
and total P were measured using a SANplus auto/seralith laser destructor. All these
samples were measured in duplicate. Chlorophytiaent in unfiltered samples from the
microcosms was measured using a phytoPAM fluoronteteinz Waltz GmbH, Effeltrich,
Germany). For the sediment samples a ga&Riraction was used to obtain the available
POs-P, NH-N and NQ-N, and an ammonium oxalate extraction was usedbtain the
active form of Fe.
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6.2.3. Data analysis

Correlations between the measured variables arddlaf CQand CH, were first tested by
using Pearson correlation analysis. Data were dekie normality. We used stepwise,
multiple linear regression analyses to quantify thitionships between environmental
variables and fluxes of Gnd CH (SPSS 15.0). The variables that significantly ecea
the emissions of COand CH were selected and were used to build regressiotelso
Differences in the fluxes and variables between witlin lakes and ditches were tested
using one-way ANOVA (SPSS 15.0).

6.3. Results

6.3.1. Climatic variables

During the sampling period the mean day air tentpeea ranged from 15 to &, the
average temperature at the surface of the watdedastudied ranged from 19°€ to 25.4
°C and the wind speed at 3 m above water level chfrgen 2.1 to 4.5 m'5(Table 6.3).

Table 6.3. Average (mean + SD) water temperatures at 10 epthd(T,o in °C), at 30 cm depth ¢Fin
°C) and average wind speed (U in i) sluring the measurement. For the location codesEsble
6.1. and Table 6.2

Mean Tyo Mean Tzg Mean U
D1 20.1(x0.1) 19.5 (x0.9) 4.1
D2 25.4 (+2.5) 25.2 (x2.4) 3.0
D3 19.2 (£ 0.6) 18.4 (+0.4) 2.7
D4 25 (+0.5) 25.8(x0.3) 3.0
D5 22.3(x0.3) 22 (x0.1) 4.6
D6 20.2 (x0.7) 19.1 (x1.4) 21
D7 22.8(x0.2) 21.8(x1.2) 3.9
L1 23.6 (+3.0) 23.7(x0.5) 3.0
L2 21.4 (x1.1) 20.3(x0.5) 3.6
L3 23.3(x1.1) 23.2(x1.1) 3.0
L4 23.2 (+1.4) 22.7(x1.2 3.9
L5 25(x1.2) 24.9 (£ 0.6) 3.9
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6.3.2. Characteristics of lakes and drainage ditches

The lakes and drainage ditches were humic, shadiodvnutrient-rich. The sediment in D6
and D7 had the lowest organic matter content becthese two ditches are located in an
area with shallow peat on sand. The EC in all #k@$ and ditches sampled ranged from
269 — 866:S cm'; the pH ranged from 6.8 — 9.0, with the highest®s in the lakesTable
6.4).

Table 6.4. General characteristics of the lakes and ditchasgled, with standard deviations for
lake/ditch depth, EC, pH and percentage organictemndh the sediment. Lake area was determined
from ToplOvector maps: TDN (2006).

Site Lake size Sediment Mean depth Mean EC Mean pH Organic
(ha) type (cm) ('S cm'l) matter
or sediment (%
Ditch width dry weight)
(m)
L1 927 Peat 209.2 (+42) 508.7 (£53) 9.0 (£0.3) 46.63 (9. 5)
L2 1079 Peat 240.0 (+42) 866.0 (£13) 8.4 (£0.1) 36.89 (£12.9)
L3 676 Peat 253.3 (x71) 392.5 (+2) 8.2 (£0.1) 63.08 (£14.1)
L4 613 Peatonsand 178.0 (x27) 398.0 (£9) 8.4 (x0.1) 58.72 (£3.4)
L5 141 Peatonsand  120.0 (+21) 393.0 (15) 8.4 (£0.2) 59.81 (£5.8)
D1 8 Peat 25.0 (¢3) 523.0 (£38) 9.0 (£0.0) 55.94 (£3.0)
D2 6 Peat 27.5 (£9) 269.3 (+46) 6.8 (£0.3) 57.37 (£7.9)
D3 3 Peat 90.0 (x14) 662.0 (+48) 7.0 (20.4) 37.77 (£3.7)
D4 3 Peat 86.7 (£8) 386.7 (£2) 7.2 (£0.3) 74.22 (+0.8)
D5 3 Peat 80.0 (+17) 387.0 (+2) 7.7 (0.1) 73.89 (£0.8)
D6 2 Peatonsand  27.5(3) 350.3 (£26) 7.2 (£0.3) 9.53 (+3.1)
D7 6 Peatonsand  42.5 (+3) 395.5 (16) 8.1 (0.3) 2.65 (+2.4)

6.3.3. Emissions to the atmosphere

Lakes and drainage ditches studied acted as soofc€®, and CH emissions to the
atmosphere Kig 6.4. and Fig 6.5), except for L1 where a small uptake of L®as
measured. The mean release of both gases to tlosEitere was significantly higher from
the ditches than from the lakes (P<0.001).
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Fig 6.4. Mean CQ fluxes (mg M hrl) and their standard deviations in the samplingiperfor the
ditches (D1 — D7) and lakes (L1 — L5) at differk@ations in peat areas in the Netherlands. Positiv
flux values indicate release from the water toahmosphere.

The contribution of C®emission compared to Glemission in terms of warming potential
is given inFig 6.6, where CH4 fluxes have been transformed tg €Quivalents (Chlis
23 times as potent as GO
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Fig 6.5. Mean CH4 fluxes (mg fhr?) with their standard deviations for the ditchesl(B D7) and
lakes (L1 — L5) at different locations in peat asen the Netherlands. Ditches were sampled on one
day (n=16 per location) in the period 16 June —8yJ2009; Lakes were sampled during 2 days in
the same period (n=24 per location). Positive feadues indicate release from the water to the
atmosphere.

115



Chapter 6

1200 -

1000 -

CO,-eq (mg m 2 hr)
B D o]
o o o
o o o

N
o
o

Je B o i an B BBl s

L1 L2 L3 L4 L5 D1 D2 D3 D4 D5 D6 D7

Mean greenhouse gas emission in

-200 A ,
Location

Fig 6.6. Contribution to greenhouse warming of £€mission (dark grey) compared to £émission
(light grey) in lakes and ditches, given in £é&juivalents.

Lakes

The emission of COfrom the lakes (n=93) ranged from -6.0 to 123.9mAdhr* and CH
emission (n=96) ranged from 1.4 — 18.1 m§ li*. The CQ fluxes from L1 were
significantly lower than those from the other lakB<0.01); the C®fluxes from L2 were
significantly higher than those from L3, L1 and [8<0.05). The highest GHemission
was measured from L5 and the lowest from L2, betdifferences were not significant.
The lakes acted as sources of emissions of bosgagcept for L1 that acted as a very
small sink for CQ. In terms of warming potential, in 3 lakes the dwemt emitted
greenhouse gas was ¢éhd in 2 lakes it was GQFig 6.6).

Ditches

The emission of COfrom the drainage ditches (n=80) ranged from &8d nf hr' to
199.0 mg r hr'* and CH emission (n=79) ranged from 1.2 to 39.3 mghrit. The CQ
emission from D3 was significantly higher than thexes from D7, D1 and D5. The
highest CH emission was measured from D4 and the lowest fDdimbut the CH fluxes
did not differ significantly because there was greariability among the ditches. In all
ditches except D6 and D7, the dominant greenhoaseamgterms of warming potential was
CH,. All ditches acted as sources of emissions of gages.

Cross-validation

Large-scale CH flux measurements by eddy covariance were perfdrore one of the
lakes (L1) to cross-validate flux values from th@anogeneous landscape on a diurnal base.
A cross-validation of chamber based Lahd CQ values and eddy covariance based
values is also performed earlier for a more hetemegus peat area (Schrier-Uijl et al,
2010b). Details for the used eddy covariance insénts have been reported in Veenendaal
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et al., 2007 and Kroon et al., 2007. In this studM, fluxes within the footprint of the eddy
covariance system were 5.8 £ 3.26 (mean + SD, na®fsured by chambers compared to
4.6 + 1.3 measured by eddy covariance over a four period. It would be of great interest
in the future to also use eddy covariance to capteimporal variability of greenhouse gas
fluxes (CH, and CQ) from water bodies and to explain more of the mesd variability.

6.3.4. Dissolved oxygen and dissolved £H

Typical vertical profiles of oxygen saturation chgithe measurements are showrFig
6.7.

On average, the lakes had a highgrs@uration than ditches. In both types of wateybod
oxygen saturation decreased only slightly at thedbthe water column, which suggests
that there was hardly any respiration by aquati@anisms. Deeper in the water column the
oxygen saturation fell rapidly to values close % fust above the sediment. Of the lakes,
L2 had the highest LOsaturation throughout the profile, and of the tiite D3 and D6 had
the lowest Q saturation.

150
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5 - g —a—13
S - < ——L1
53 oy 15
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——12

-300 -
Oxygen saturation (%) Oxygen saturation (%)

Fig 6.7. Oxygen saturation (%) in the water columns okkkright) and drainage ditches (left) at
different depths in the water column at the timthefmeasurements.

Dissolved CH concentrations were measured at three deptheedbp and middle of the

water column and just above the ditch sedimentsallirthe ditches the dissolved ¢H
concentrations increased with depfig(6.8).
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Fig 6.8. Concentrations of dissolved Gilig I'') in the water of ditches at the top, middle anttdra
of the water column. The y-axis shows the depth. (cm

D1 and D3 had a high dissolved gttncentration and also a high £émission Fig 6.5).
None of the following variables correlated sigrafitly with the dissolved CHn the ditch
water immediately above the sediment or with th#erBnce between dissolved CH4
concentration at the water surface and at the sadirurface: nutrient content (NO
NH,", Fe, PQ%); sediment oxygen demand (SOD); €aturation of the water, organic
matter content (% organic matter, %N, %C); amourgreen algae and plants. We did not
find any significant correlation between dissolveH, concentration at the water surface
and CH release to the atmosphere. The oxygen saturatiothea sediment surface
correlated negatively with GfHemission to the atmosphere (P=0.065).

6.3.5. The variables measured and their correlation with,&nd CQ
emission

Climate, depth, EC and pH

Climatic conditions in the three-week sampling pdriwere stable. No significant
correlation was found between the £é&hd CH fluxes and the temperature or the wind
velocity. Neither the depth of water in the ditcHesnge 0.28 — 0.90 m) or the depth of
water in the lakes (range 1.20 m — 2.53 m) coredlaignificantly with CQor CH, release

to the atmosphere, although the deepest lakes detwddave the lowest CHand CQ
emissions. A positive correlation was found betw&#h and CQ flux and a significant
negative correlation was found between,@&mission and the pH of the water (r=-0.81;
p=0.001). Though the correlation between,@&rhission and pH was also negative, it was
not significant (r=-0.23; p=0.41).

Nutrients and organic matter in water and sediment

The percentage of N measured in the lake sedimeagssignificantly positively correlated
with the release of CQO(P<0.01); in ditches, the %N and the %OM meastunrethe
sediments were significantly positively correlateith the release of CH(p=0.02 and
p=0.05, respectively). The lowest organic mattanteots of the sediments were found in
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D6, D7 and L2 Table 6.4), which had the lowest CHfluxes Fig 6.5). In this study
neither the DIC nor the DOC correlated significgmtith the CQ flux or the CH flux.

The ammonium (NH9 concentration in the water ranged from 0.1 t0.878& NH,-N I
the highest concentrations were found in D3, D6 &2d Ammonium concentration
correlated positively with COemission (r=0.67; P<0.05). The NQ@oncentration in the
water was around 0 mg N I except for L2 and L4, where the mean concenimativere
0.43 and 0.12 mg N| respectively. In the sediment of the lakes artdhéis the N
concentrations ranged from 12.3 to 478.1 mg' kdry weight with the highest
concentrations in D4 (324.2 mg kairy weight) and D5 (478.1 mg Rgdry weight). The
NOs-N concentration ranged from 0.0 to 3.55 mg'kdry weight, with the highest
concentration in D4 and the lowest in L4. The olalie with high NQ concentrations in
the water and sediment was L2: it was also the kg where measurable® emissions
were observed (0.163 mgThr', n=23). Sedable 6.5for the concentrations of Nffand
Table 6.6 for the concentrations of NEN.

Table 6.5. Chemical composition of the water of lakes andhgis with means for sulphate (&)
iron (F€?*), phosphate (P&), ammonium (Nil), nitrate (NQ) and total P. For location codes see
Table 6.1. and Table 6.2.

Location SO, Fe*" PO~ NH4* NO3 Ptot
(mg 1Y) (Mgl (ugPIh (MgNT?)  (mgNT7) (g P
D1 47.1 3243 98 13.8 0.00 153.4
D2 16.6 864.5 33 0.1 0.00 66.3
D3 3.4 1032.0 291 478.6 0.00 515.7
D4 21.6 58.5 11 8.8 0.00 18.3
D5 22.1 26.7 24 9.2 0.00 15.0
D6 7.1 4705 240 166.4 0.00 201.0
D7 19.2 146.7 45 3.8 0.00 15.8
L1 34.8 48 53 12.2 0.00 11.3
L2 53.4 59.7 11 76 0.42 14.0
L3 21.0 31.7 25 11.5 0.00 10.3
L4 18.2 113.5 10 15.8 0.12 12.6
L5 16.9 640.0 18 6.1 0.00 25.4

A weak negative correlation was found between thg*Sconcentrations in lake water
(range 17.8 — 53.4 m@) and ditch water (range 3.4-47.1 mtj &nd CQ and CH fluxes
(r=-0.43, p=0.16; r=-0.1, p=0.81). The water of B the lowest S{ concentrations of
all the lakes and ditches sampled; this ditch hddgh Fe concentration in its water and
sediment Table 6.6), which suggests the binding of $Oto iron. Overall, the Sg&
concentrations did not significantly differ betwe#re ditches and lakes. The Pearson
correlations between GOCH, and Fé" in the water were weakly positive; the’Fe
concentrations we measured ranged from 3®8" to 1032ug I'*, with an average of
301.6 pg I'. Methane emission correlated significantly posiyv with the PG
concentration of the sediments of the lakes andhdi (r=0.77, p=0.81). The FO
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concentration of the sediments correlated positibelth with the Fe concentration and the
SO concentration of water. The total P concentratiothe water correlated positively

with CO2 emission, indicating the high availabiliof organic substrates. The nutrient
concentrations are given Trable 6.5andTable 6.6.

Table 6.6. Means for Fe, PQP, NH,-N, NO;-N in the top10 cm of the bottom sediments of the
sampled lakes and drainage ditches.

Location Fe PO,-P NH4-N NOs-N
(mg kg™ (mg kg™ (mg kg™ (mg kg™

D1 2.7 8.6 154.9 0.4
D2 3.0 0.6 215.4 0.7
D3 7.0 0.3 187.8 0.9
D4 6.0 20.7 478.1 3.6
D5 3.1 8.8 323.6 0.5
D6 2.0 0.2 51.9 0.2
D7 0.8 0.1 12.3 0.1
L1 15 2.6 106.0 0.4
L2 17 3.3 8.0 1.2
L3 0.5 5.2 123.7 0.3
L4 5.7 0.5 86.7 0
L5 na na na na

6.3.6. Multiple regression analyses

Multiple regressions with stepwise elimination @riables showed that for summer CH
fluxes the P@" concentrations in the sediment and thé" Bencentrations in the water
explained 87% of the variation when Eq. 6.1 wagluse

Fo., = - 3482+ 2183P04]. o + 22116FE], ., 6.1

sediment
Where Ry, is the CH flux (mg m? hrh), [POysedimentiS the PQ-P concentration in the
sediment (mg kg-1) and [FE] is the concentration of Eein the water (mg™). Table
6.7. presents statistical details of the moég 6.9. shows the measured ¢Huxes versus
the CH, fluxes in the sampled lakes and ditches, modédlietheans of Eq. 6.1.

120



Release of C&and CH from lakes and drainage ditches in temperate wela

e I

L= 5 o T o R S I T o I e |

L L L L L L
£

Modeled CH, flux {mg m' hr')

i

=

0 5 10 15 20 25 30 35 40 45

Measured CHy flux (mg m™? hr'')

Fig 6.9. Measured Chifluxes versus modeled GHluxes (mg i hr') based on a multiple regression
model with P@-P concentration in the sediment and?Feoncentration in the water as explanatory
variables.

By performing regression analyses with ditches potiig fit of the regression improved to
R*=0.94.

For CQ, a regression model with mean depth of lake arhditater and the EC and pH of
the water as independent variables explained 0% of the variation in summer GO
emission at the water—atmosphere interface whe® Rgvas used:

Feop = 477359 0213eptht 017IEC - 544 pH 6.2

WhereFco, is the CQ flux, depth is the mean depth of the water in shenpled lake or
ditch (cm), EC is the mean electrical conductivatyd pH is the mean pH in the sampled
lakes and ditche$:ig 6.10.shows the measured g@uxes in lakes and ditches versus the
modelled CQ fluxes by means of Eq. 6.d.able 6.7.presents statistical details of the
model.
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Fig 6.10. Measured C@flux versus modeled G@lux (mg nf hrl) based on a multiple regression
model with mean depth of water, EC and pH as exgitay variables.

Regression analyses on the data from the ditcHgsmproved the predictive power of the
regression to = 0.91.

Table 6.7. Statistical details of the GHand the CQ@ multiple regression models with RO
concentration in the sediment, Fe concentratiorthia water, depth, EC and pH as explanatory
variables: R square of the model, significancehef inodel, Pearson correlations and significance of
the separate variables.

R? model P model Pearson corr. P parameter
POusediment Fewater POusediment Fewater
CH,4 model 0.87 0.000 0.77 0.19 0.000 0.003
Depth EC pH Depth EC pH
CO2 model 0.89 0.000 -0.62 0.17 -0.81 0.06 0.004 0.001

6.4. Discussion

In this study we determined the magnitude of,@Hd CQ fluxes from 12 water bodies in
Dutch wetlands during a three weeks period in tiareer season and studied the factors
that might regulate emissions of ¢Hnd CQ from these lakes and ditches. During this
period the lakes and ditches acted as @@l CH sources of emissions to the atmosphere;
the fluxes from the ditches were significantly kargOne lake (L1) was in equilibrium with
the atmosphere in terms of g@®mission. Kosten et al, 2010 found that <10% &ksa
worldwide are in equilibrium with the atmospheretémms ofpCO,, and they found that
most other lakes are GGsources. Compared with other studies, the lakessaris
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founding our study were in the intermediate to highge (sedable 6.8.for CH, fluxes).

For example, Rantakari (2008) found Cfluxes in the range 7.48-11.5 mg?rhr? in 37
boreal Finnish lakes. The average &hission from our drainage ditches was higher than
the lake fluxes found in other studiegable 6.8). As the CH emissions measured by the
gas analyser within the footprint area of an edadyaciance system at location L2 agreed
within the uncertainty limits with the EC systemeare confident that our measurement
technique provided reliable flux estimates that applicable to larger areas (Kroon et al.
2007; Schrier-Uijl et al. 2010b).

Table 6.8. Comparison between the Glemission rates in this study and the Céinission rates
reported in other studies. Mean Gldmission rates are in mg G2 hr'. The period of sampling
and the location are given.

Reference System Location Sampling period Flux CH4
(mg m?2hr?)
Guerin et al. 2007 Tropical Lake French Guiana late spring 4+4.7
Juutinen et al. 2009 30 Eutrophic Finland all seasons Median of 0.137
Boreal Lakes
Stadmark and 3 Ponds South Sweden summer 10
Leonardson., 2005
Huttunen et al. Boreal lakes Finland summer 1.0
2002
Bastviken et al. 11 lakes North America summer 2000 Range 0.15-3.2
2004
Repo et al. 2007 3 boreal lakes Siberia Summer 0.34
Present research 5 temperate lakes  Netherlands early summer 2009 1.4-18.1, mean 5.0
Present research 7 drainage Netherlands early summer 2009 1.2-39.3, mean 18.8
ditches

For units: mg CH m* hr refer to mg CH emitted per mof water area per hour.

The temporal variability of emissions of ¢End CQ from water bodies is normally found
to be related to temperature and wind velocity winerasuring over longer time spans (e.g.
Stadmark et al. 2005; Frei et al. 2006; Hendrikale2007; Repo et al. 2007; Schrier-Uijl et
al. 2010a,b; Kroon et al, in press). However, gdgpart of the variability of fluxes cannot
be explained by temperature or wind velocity orBur results refer to data collected
during summer, a period in which around 70% ofdhaual ditch emissions are generated
(Schrier-Uijl et al, 2010). The study did not l&stg enough to include seasonal patterns of
CH,4 and CQ production and emission. Diurnal stratificatiordamixing due to day—night
temperature differences may bias flux estimatethef only measurements available are
from the daytime (Repo et al. 2007). In Schrier-@tjal. (2010b) the diurnal variation of
CH, fluxes over an area with fields and ditches wasett in October/November 2006.
After correction for temperature dependency, theission of CH did not differ
significantly between day and night. Nevertheléssre could be diurnal variation of fluxes
from water bodies, because less oxygen will be yeed at night, which will result in a
lower redox potential and higher ¢droduction. In addition, less Gvill be taken up by
aquatic plants at night, because then they arpmtosynthesising. These effects should be
considered when estimating annual fluxes from watedies by using continuous
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measurements such as eddy covariance. In our stadydiffusive fluxes of C@and CH
were measured; however, ebullition can also coutigitho the emission of CHrom water
bodies (Walter et al. 2006; Walter et al. 2007).i/Isampling ditches D5 and D4, we
observed ebullition, so it is possible that we usdemated the release of CHuxes. In a
summer study done by Repo et al. (2007) in Sibesiater bodies, ebullition was observed
in two of the three lakes sampled (depth < 1.5 ma) @&counted for 19-37% and 11-40% of
the total CH emissions from these two lakes.

The fact that the lakes and ditches acted as sdoreCH, and CQ indicates that C©
production exceeded GQuptake during photosynthesis by plants (Rieral.e1299) and
that CH, production exceeded GHbxidation. Our observation that the deeper, mdstg
eutrophic lakes with low EC had the smallest fluagsees with findings reported for lakes
in the boreal zone in Finland (depth range 3.8 -5 26) (Juutinen et al. 2009). Deeper
water bodies usually have less degradable orgaattemand more oxidation of GHhan
shallow lakes, because the transport pathway igelo(e.g. Borges et al. 2004). The EC,
which is an indicator of trophic status in freshtevdakes, and the depth of the water body
were two of the three significant predictors in thgression analyses for g@Quxes.

The pH correlated negatively with emissions fronthbgases, yet at lower pH values (pH <
7) the correlations are usually positive (e.g. mhi et al. 2005). COenters the water as a
result of the biological processes of organic cartdegradation and respiration by plants. In
our ecosystems it is likely that through uptakeGf®, by plants during the day in the
growing season, HCQis transformed to C§€ causing the HC® concentration to decline
and diminishing the buffering effect. This redudmdfering effect can result in pH values
above 9.0 and in a negative relation between @@ and pH. Incorporating pH in the
regression equation for G@ignificantly improved the equation’s predictivewer. In peat
soils in temperate areas the optimum pH for metpanesis is between 5.5 and 7.0, which
explains the slightly negative correlation we folretween Chlemission and pH (Le Mer
and Roger, 2001).

Water turbulence due to wind can increase mixingxyigen in the water. This is illustrated
by the higher oxygen concentration throughout ttaew column of L2, which had been
subjected to high wind speeds on the day beforepksagn The high @ saturation in L2
corresponded with higher G@luxes and very low CHifluxes, illustrating the oxidation of
CH, to CQ.. The opposite can be seen in D3, D6 and L5, wiere@xygen concentrations
at the water surface were low and the,@lHxes were high, illustrating the low turnover of
CH, carbon to CQ The fast decrease in dissolved £ffbm the sediments to the water
surface in D3 and D1 indicates that most of theali®d CH is oxidised during transport
or passes through the water column and escapée tatmosphere very quickly. As found
in other studies, dissolved GHpoorly predicted the diffusive fluxes at the watsr
interface (e.g. Huttunen et al. 2006; Juutinenl.eR@09). The factors responsible for this
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finding could be variation in duration of storagelease of Cklto the atmosphere and
complex processes during transport of,Ghtough the water column (e.g. Kankaala et al.
2007).

The input of organic matter as a substrate indke br drainage ditch system increases the
availability of substrates and this can increaseptoduction of C®and CH (e.g. Casper

et al. 1992) and increases the possibility of mising the competition for electron donors
between methanogenesis and other anaerobic pred&sdmlten et al. 2002; Scheid et al.
2003). As long as Preaches the sediments, it will act as the prinmagigant of organic
matter.

Permanently anaerobic conditions in the sedimeny heamper nitrification of NE to
NOs, but stimulate denitrification of NOto N, by microorganisms, leading to a high NH
to NO; ratio, as was found in this study. Also, the geeatvailability of NH" compared to
NO; suggests the occurrence of dissimilatory reductibNO; to NH," (DNRA) under
anaerobic conditions in these ditches. DNRA isljike occur in the organic sediments that
we sampled, as this process usually occurs at ¢éghon inputs (Burgin, 2007). As our
ditch systems did not contain much aquatic plaoimaiss, it is unlikely that the NO
uptake by plants and algae was influential in titehes. Other possible sources of Nk
the water could be cation exchange of adsorbeg Wi Fe" (but this only occurs at very
high Fe* concentrations: Loeb et al. 2007), and leachinguyh groundwater from
surrounding, managed agricultural areas.,Nidhibits methanotrophy and therefore may
reduce CH oxidation and increase its emission (Conrad anthfess, 1991), which may
explain the positive correlation between the,N&hd CH fluxes in our study. The positive
correlation of NH" with CO, emission is in line with the findings of other dies (e.g.
Cicerone and Shetter, 1988).

Our finding is that the two most significant pradis of CH, fluxes were the P{
concentration in the sediment of lakes and ditemesthe F& concentration in the water of
lakes and ditches. In anaerobic sediments; Wil be reduced to Fé&. At the sediment—
water interface some of the ¥avill be oxidized to F& (how much depends on the oxygen
concentration just above the sediment) and somthisfwill be released into the water.
Thus a high concentration of #dn the water is related to anaerobic conditionsthBFe
concentration and SO concentration correlate with Bbavailability at the sediment—
water interface. The P® in sediments is bound to ¥eand when the Béis reduced to
Fe*, PQ¥ will be released to the water (e.g. Smolders eR@06; Smolder and Roelofs,
1993).

Overall, a higher trophic status was positivelyretated with summer emissions of €0

and CH, while the depth of the water and the pH were lis@ly correlated with CO
emission. It is therefore likely that decreasing ithputs of organic matter and nutrients (for
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example, by changing the management of the suriograteas) will reduce emissions and
that this effect will be strongest in drainage liés.

Much of the uncertainty in flux estimates is dueteémporal variation. So, also diurnal,

seasonal, annual and inter annual variability resstudied in more detail to get insight in
climatic responses, extreme drought/rainfall evenis the influence of management in the
surrounding catchments. In this respect, there imead for long-term, continuous

measurements of emissions (e.g. by eddy covariance)

6.5. Conclusion

The current study focused on emissions from temegeshallow lakes (n=5) and drainage
ditches (n=14) in agricultural peat areas in thehBedands. It was found that in general,
both these types of waterbodies are important esuoé CQ and CH. The ditches had
significantly higher C@ and CH fluxes than the lakes. Trophic status was an itapor
indicator of the magnitude of fluxes. 87% of theaiaion in the summer fluxes of GH
could be explained by P®in the sediment and Feconcentration in the water, and 89%
of the CQ flux could be explained by water depth, EC and @dr results can be used to
refine greenhouse gas emission inventories andder&in possible ways of reducing the
release of C@and CH from water bodies to the atmosphere. Decreasiagtitrient loads
and input of organic substrates to ditches andslak# likely reduce summer emissions of
CO, and CH from these water bodies.
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Chapter 7

Agricultural peat lands; towards a greenhouse
gas sink — a synthesis

We examined how mitigation through the reductiommainagement and rewetting may
affect the greenhouse gas (GHG) emission and theooabalance of intensively managed
agricultural peatlands. Balances were determinedtfoee peatlands in the Netherlands
from 2005 to 2008 by taking into account the lagec elements that contributed
differently. One area (Oukoop) is an intensivelynaged peatland, including a dairy farm,
with the average water table at an average deptf.85 m. The second area (Stein) is an
extensively managed peatland with a dynamic waieletat an average depth of 0.45 m,
and the third area is an (since 15 years) abandofoecher agricultural peatland with the
average water table at a depth of 0.2 m. The mashggatlands acted as terrestrial GHG
sources: 1.4 kg Ceq ¥ yr for the intensively managed area and 1.0 kg-@®n? yr*

for the extensively managed area; the unmanaged acted as a GHG sink of 0.7 kg €O
eq m? yr'. Adding the farm-based G@nd CH, emissions increased the source strength
for the managed sites to 2.7 kg £y m yr* for Oukoop and 2.1 C@eq m? yr’ for
Stein. Shifting from intensively managed to extetgimanaged grass-on-peat reduced
GHG emissions mainly becausgONemission and farm-based ¢lmissions decreased.
Both agriculturally managed sites acted as carbonrses but the former agricultural
peatland acted as a carbon sink. An additional gtidsummer showed that water bodies
contribute significantly to the GHG balance and ttheeduction of anthropogenic
disturbances, such as eutrophication, in the cammnareas of these water bodies will
probably reduce summer emissions. Overall, thiglstuggests that intensively managed
peatlands are large sources of GHG and carbon, htappropriate measures are
taken, fen meadow ecosystems can be turned barlGHHG and carbon sinks within 15
years of abandonment.

A.P. Schrier-Uijl, D.M.D. Hendriks, P.S. Kroon, Mensen, J. van Huissteden, P. A.
Leffelaar, L. Nol, E.M. Veenendaal and F. Berendse
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7.1. Introduction

As a result of human activities, the global mearfesi® temperature rose by about 0.6 £ 0.2
°C (IPCC 2007) during the 20century, primarily due to increased atmospheric
concentrations of the key greenhouse gases (GH@bdie dioxide (C¢), methane (Ch)
and nitrous oxide (pD). The proportion of greenhouse gas (GHG) emisstaused by
agriculture is estimated at 13.5% worldwide (IPAD?2). Compared to other sectors, such
as energy supply (25.9%) industry (19.4%) foregfty.4%) and transport (13.1%), the
agricultural contribution to climate change is dfigant. Carbon dioxide can be
sequestered by storage in stable organic carbads pothe soil, while commonly used crop
production practices generate £&ahd NO. Many studies have investigated the potential of
agricultural management to improve the sink functad agricultural land for CO(e.g.
Soussana et al., 2004).

Although peatlands cover only 6% of the earth’sfane, they play a central role in the
global carbon cycle. Natural peatlands capture arards CQ, with a long-term average
uptake rate of 25 g C fnyr* (Borren et al., 2006). However, the wet soil coiodis in
peatlands lead to methanogenesis and significapte@tissions. The balance between,CO
uptake and CHlrelease is dependent on moisture conditions, teatyre, vegetation
composition, availability of degradable substraed microbial activity (e.g. Hendriks et
al., 2009). Generally, JD does not play a significant role in the GHG budg# natural
peatlands.

While natural peatlands act as sinks of carbonicalgural peatlands act as sources of
carbon and GHGs. In agricultural peatlandsONcontributes to the GHG balance;
generally, these peatlands also releasg. €Or instance in Europe, 50% of all peatlands
are subjected to various sorts of agricultural ficas (Joosten and Clarke, 2002), often
associated with drainage. Anthropogenic alterationgeatlands have led to dramatic
changes in the water balance and to the oxidatiopeat and release of GQo the
atmosphere. The oxidation of peat in combinatioth woil settling leads to soil subsidence.
Besides, high inputs of nutrients from chemicaliliser and manure alter the GHG balance
and have led to increased, emissions. Recently, efforts have been made tiarmre
intensively used, drained peatland areas into nearal areas, in order to reduce
emissions and to stop peat subsidence. Burger®@®tLj stated that drained peatlands can
be transformed into sinks of G@hen groundwater levels are raised and manageisient
reduced. So far, little research has been carrigdon the effects of decreasing the
management intensity, or on the source and siekgths of CQ CH, and NO.

In the Netherlands about 270 000 ha (7 % of thd knface) is peatland, of which around
11,000 ha comprises the water surfaces of drairthiphes (Nol et al., 2008). Large
shallow freshwater lakes are also part of thislpadt Since the industrial period, the peat



Agricultural peat lands; towards a greenhouse gak s

soils have been intensively drained and fertilisedl have become carbon sources (e.g.
Langeveld et al., 1997; Veenendaal et al., 2007ndrlks et al., 2007). Current peat
subsidence rates in the Netherlands are up to 1@mmnd in the last 30 years alone, 20%
of the peat soils have disappeared, transformediteral soil due to intensive drainage
(Kempen et al.,, 2009). Recent research shows tlérwbodies also contribute very
importantly to the GHG balance in agricultural peats and therefore have to be
considered when calculating regional GHG budgetshi(8r-Uijl et al., 2010abc).
Emissions from wetlands like Horstermeer and froater bodies are not yet included in
national emission inventories (Maas et al., 2008)e emissions from grassland are only
partly included in emission inventories and undatias of quantifications are high (Maas
et al., 2008).

In order to test the hypothesis of Burgerhart (305l mentioned earlier, a landscape-scale
experiment was performed in peatlands under differeanagement regimes. To obtain

spatially and temporally explicit GHG budgets ofusmes and sinks, simultaneous

measurements were carried out for four years #réifit spatial scales on the entire suite of
key biogenic GHGs (C{ CH, and NO). For full accounting of the carbon and GHG

balance, the import and export of carbon resultirmgqm management practices was

considered. The sites were an intensively managedutural peatland (average water

table -0.55 m), an extensively managed agricultpedtland (dynamic water table with

high water tables in winter and low water tablesummer, average -0.45 m) and a former
agricultural peatland (average water table -0.2 whjere 14 years ago agricultural

management ceased and the water table has beed. rais

The main goal of this research was to analyse ffieeteof reducing the management and
raising the water table in intensively managed adpiral peatlands on the GHG and
carbon balances.

7.2. Materials and methods

At three lowland peat sites in the mid west of Netherlands, the exchange of £QH,

and NO between the soil-plant system and the atmospivase measured in detail at
various scales, using different measurement teclesigThe three research sites (Oukoop,
Stein and Horstermeer) lie below sea level and leatemperate climate. In this article, a
general description of materials and methods usethgl the project is given; for more
details on specific sites, specific measurementhous or data analyses the reader is
referred to other publications (Schrier-Uijl et, @010abc; Kroon et al., 2010; Kroon et al.,
2009; Nol et al., 2008; Hendriks et al., 2007; Krazt al., 2007; Veenendaal et al., 2007).
Tables 1a and b give an overview of peat deptliseape elements, land use, management
practices, soil and water characteristics, andonmeteorological conditions per site.
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7.2.1. Measurement sites

The Oukoop site (Ou) is an intensively managedsimasl polder on peat in the west of the
Netherlands (lat. 5202'N, long. 4 47’E, altitude -1.8 m a.s.l.). The grassland §iten
which biomass is regularly removed for fodder isamnintensive dairy farm. Manure and
fertilisers are applied four or five times a yeamh February to September. The area has a
clayey peat or peaty clay top layer of about 0.2%hiokness on a 12 m thick peat layer.
Sixteen percent of the total polder is open wateaifage ditches or small ponds), 5% is
bordering (waterlogged) edges and the remaining quarsists of relatively dry fields with
fluctuating water tables at an average depth o Orb The dominant grass species are
Lolium perennendPoa trivialis.

The Stein site (St) is an extensively managed @raggolder on peat, 4 km south-west of
the Oukoop site. The area has been managed as dowdxrd reserve since 2001: no
manure or artificial fertilisers have been applsatte then and that the only management is
the removal of aboveground biomass three timesaa. y®efore it gradually became a
meadow bird reserve, the polder was intensively dsegrass production in the same way
as the Oukoop polder. The area has the same sohdikeristics as the Oukoop site and its
landuse history prior to being taken out of prothrctvas similar. The water table has been
dynamic since 2006: water tables are high in wiated low in summer and the average
depth of the water table is 0.45 m. The proportiohspen water, waterlogged edges and
drier fields are approximately the same as at tbkoOp site. The dominant plant species
are Lolium perenneand Poa trivialis, but over timeAnthoxanthum odoraturand Rumex
acetosahave become more abundant.

The Horstermeer site (Ho) is a grassland/wetlaridguoon peat in a formerly intensively
farmed dairying area in the centre of the Netheldafhat 52 02'N, 5° 04’E, altitude -2.2 m
below sea level). The site was abandoned in 1998hais not been farmed since. After
abandonment, the ditch water table was raised proapnately 0.10 m below the land
surface and the vegetation has developed towardsi-regural grassland. Above
Pleistocene cover sands is a 2-meter thick peatrlayerlain by organic-rich lake
sediments. Five percent of the area is open watéches), 10% is permanently
waterlogged soil (mostly along the ditches), 25%ratatively wet soils and 60% is
relatively dry land with a water table fluctuatibgtween 0 — 0.40 m depth) and an aerated
top-layer. No management takes place, except foulagion of the ditch water table.
Dominant species andolcus lanatus, Phalaris arundinacea, Glyceria fhnis reeds and
high forbs.
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Table 7.1. Site descriptions, land use and management pergitea

Loc. Peat
thickne
SS
(m)
ou! 12
st 12
Ho® 2.1

Landscape elements Land use Grazing®

Dry Wet  waterlogged  Water

land land land
% % % %
79 5 16 intensively managed grassland 2005 and 2006 by some cows
79 5 16 extensively managed hayfield young cattle few days per year
60 25 10 5 former managed area under restoration None

Biomass
Removal?

(ton hatyr?)
12

10

0

Cow manure
Applied?

(kg N ha™yr?)
300

0

0

Fertiliser
Applied?

(kg N hat yr)
88

*Ou= Oukoop, St= Stein, Ho= Horstermeer.
2/alues related to management are averaged oveyehes 2006, 2007 and 2008.

Table 7.2. Soil and micrometeorological characteristics perpsite.

Loc. Mean annual Elevation Soil type Org. carbon pH-KCL Mean WT*  pH KCL
(a.m.s.l.3) weight (%) soil (m below ditch water
Ar_temp.  Rainfal (0-0.2 m) (0-0.2m)  surface)
oy’ (mm)?
ou' 938 797 -1.8 Fibric Eutric 24 6.2 0.55 7.9
Histosol
st 9.8 797 -1.7 Fibric Eutric 15 5.7 0.45 7.5
Histosol
Ho' 9.8 797 -2.2 Eutric Histosol 39 5.0 0.20 7.1

1 Ou= Oukoop, St= Stein, Ho= HorstermeérAveraged over 10 years (data from KNMig.m.s.l. = above mean sea leVBIVT = water table
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7.2.2. Instrumentation and methodology to quantify temakemissions

Measurement techniques of GHG fluxes comprise maim chamber method and the
micrometeorological eddy covariance (EC) techni¢@aristensen et al, 2003). The two
techniques cover different scales both in time spakce: the chamber method covers up to
1 nt spatially and measurements are discontinuousewdddy covariance covers 100 —
1000 nf and measurements are continuous over time (Hendkal., 2009). The EC
technique is best suited for determining averagegGEhixes at the landscape scale and
capturing temporal variability. However, EC techugg for CH and NO are currently still

in development and were not available at all tisiées. The chamber technique is best
suited for capturing spatial variability, but calscabe used to determine average GHG
fluxes at the landscape scale (Hendriks et al.920@ our study, the landscape elements
that contributed differently to the GHG balance eveaken into account proportionally (see
Table 7.1). The aim was to measure terrestrial emissiora(ffields, ditches and ditch
edges). Under stable conditions, at low wind véjogometimes also farm related
emissions were captured by the eddy covariancemgstThese farm-based emissions were
excluded from the datasets by using the footprialyses of Kormann and Meixner (2001).

To capture temporal variability of fluxes, all tkresites were equipped with eddy
covariance (EC) systems for @€ince the end of 2004 for four years (for detafishe
systems see Veenendaal et al., 2007 and Hendrisks, €2007). In addition, Oukoop was
equipped with an EC system for €BEnd NO since the beginning of 2006 for three years
(details in Kroon et al., 2007, 2009). In April ZB)the Horstermeer site was equipped with
an EC system for CHHendriks et al., 2008, 2009). Small-scale charnmbeasurements of
CO,, CH,; and NO were performed at all three sites to captureiaperiability of fluxes
within the research sites. At the Oukoop and Ss#i@es measurements were performed
from January 2006 to December 2008 in the OukoapStein polders (Schrier-Uijl et al
2010a,b) and at the Horstermeer polder from Jan2@d% to December 2008 (Hendriks et
al., 2007). In addition to EC devices and chambeeasaorements, towers with
meteorological instruments were installed at eathwhich provided 30-minute averages
of global radiation R,), net radiation R.e), air temperatureTg;), vapour pressureP(yp),
wind speed ), wind direction D) and precipitation ). Soil measurement sensors
included soil heat flux plates (HPFO1, Campbelle8tfic, USA), soil temperature sensors
at depths of 0.02, 0.04, 0.08, 0.16 and 0.32 m (kesth Scientific, USA) and soil moisture
probes to measure volumetric moisture contentepthd of 0.10, 0.20 and 0.30 m (Theta
probes ML 2x; Delta T devices Burwell, UK). Thegstems provided 30 minute values for
soil heat fluxes, soil temperature, soil moistund aater table.

Comparable measurement procedures, flux calculatiethods, gap filling techniques and
up-scaling methods were used to calculate annual Gldxes. An overview of the
measurement periods, used instruments and temgmsdaling methods are givenTable
7.3.and the procedures to calculate annual fluxegigen inTable 7.4 These methods are
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explained in paragraph 7.2.3. For spatial up-sgalof chamber measurements, the
landscape elements that contributed differentitheoGHG balance were taken into account

proportionally.

Table 7.3. Measurement periods, techniques and temporal apipgcmethods per GHG per site.

Gas Measurement methods

Static chamber

Ou St
CO, 2006 2006

2007 2007

2008 2008

CH4 2006 2006

2007 2007
2008 2008
N.O 2006 2006
2007 2007
2008 2008

Ho

2005
2006
2007
2008

2005
2006
2007
2008
2005
2006
2007
2008

Eddy covariance

Ou St

2005 2005
2006 2006
2007 2007
2008 2008
2006 2006
2007 2007
2008 2008
2006 2006
2007 2007
2008 2008

Ho

2005
2006
2007
2008

April
2007

NA**

Temporal up-scaling methods

Static chamber
All locations

T regression*

T regression*

NA**

Eddy covariance
All locations

night time measurements and multiple
regression for data gaps, with monthly
Eo and Ry values.

measured values and multiple
regression with T (soil temperature
and U (wind velocity) for data gaps

The used method separates
background emission and event
emission due to manure application

* Regression based on temperature.
** not available, the detection limit of the gasadyzer was too low for the used chamber design.
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Table 7.4. Emission calculation methods per site per greenhouse gas.

Site GHG  Method Calculations of emissions Ref. Abbreviations
Qu, St, Ho CO, Eddy covariance Annual NEEco; =GPP-Re 1,2, 3 NEE= net ecosystem exchange

Annual NEE is calculated from 30 minute night fluxes GPP= gross primary production

Re — Rl eXpEQ((11283.15T0 YUT-T,) Re = ecos_ystgm respiration

0 Ri0= respiration at 10 T
R10 and Eo are estimated per month To= fixed T at 227.13 K Eo= activation energy
and 30 minute day fluxes p _ @-PPFDS | F.= ecosystem flux
¢ a.PPFDH PPFD= Photosynthetic photon flux density

Ou, St, Ho CO; Dark chamber Annual Reis calculated from a regression based on three years of chamber 4 o, B and y are parameters

measurement given by
— (U283.15T, ¥ UT-T, )
R. = Roexp™ o

Ou, Ho CHg4 Eddy covariance N 5 NEEchs= annual emissions of CH,4
NEEc,, = Foug T Fera= 30 minute flux of CH,
i=1 Tav = averaging time
with Fcrs 30 minute measured eddy covariance flux or the gap filled flux given by T= 30 minute soil temperature
= +bT+cU U —=30 minute wind velocit
Fen, =exp’ y
a, b and c are factors in the regression
Ou, St, Ho CHg4 Dark chamber N 6
NEECH4 = Z FCH4Tav
i=1
with Fo,, = expt™’
a and b are factors in the regression and are different per site and per landform
Ou N,O Eddy covariance NEE, , =E .+ E+E, 5 NEEn20= annual emissions of N,O
’ Eec = emission measured by eddy covariance
with Eg. = Ebgnd+ Eien E, = indirect emission due to leaching and run-
off

Eq = indirect emission due to deposition

Epgna = background emission

Etert = direct emission due to fertilizing events
St N,O Literature 7
Ho N.O Literature

1 Lloyd and Taylor (1994), 2 Veenendaal et al. P08 Falge et al. (2001), 4 Schrier-Uijl et alOQ{0b), 5 Schrier-Uijl et al. (2010a), 6 Kroon et aR010), 7 Velthof et
al. (2007).
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7.2.2.1. Small-scale flux measurements

To study the spatial variability of GHG fluxes, dhsxale flux measurements were
performed on fields and open water for C&hd CH using a Photo Acoustic Field Gas
Monitor (type 1412, Innova AirTech Instruments, Balp, Denmark) connected with
Teflon tubes to closed opaque chambers (heightnQ @iameter 0.3 m). A fan was installed
in the chamber to homogenise the inside air and éwternal filters were added: a soda
lime filter for CO, (when measuring Chland a silica gel filter for water vapour. To avoi
disturbances, vegetation was not removed prioh¢oflux measurements (Hendriks et al.,
2007; Schrier-Uijl et al., 2010a,b). The rate afrgase over time of the gas concentration in
the headspace of the chamber provides a direcha@stiof the gas exchange flux between
the soil and the atmosphere. Concentrations wessuned every minute for 5-15 minutes
at one minute intervals, and the slog&adi of the gas concentration curve was estimated by
linear regression. Because the relations with ewgitay variables were non-linear,
multiple non-linear regression was used to caleutatnual emissions, and the landscape
elements (ditches, waterlogged ditch edges andisfiethat contributed significantly
differently to the GHG balance were taking into @aoat by using a weighting factor. As
measurements were available for each separateilngitig landscape element, emission
scenarios with a changing landscape in terms ofedsing or increasing the amount of
open water could be modelled. In the summer of 2008dditional measurement campaign
was performed on 6 large shallow lakes and 14 dgainditches in peatlands.
Measurements of COand CH were performed using floating chambers. Crossicheé
emission values were performed by comparing eddyarance measurements with
upscaled chamber measurements within the footminthe eddy covariance systems
(Schrier-Uijl 2010bc).

7.2.2.2. Landscape scale flux measurements

Landscape scale flux measurements o%,GCH, and NO were performed using the EC
flux technique. Footprints of all EC flux towers mgeover the entire landscape, including
fields, ditches and ditches edges but excludinm$alEC flux systems for Gt the three
sites consisted of a sonic anemometer and a fappmee C@H,O analyzer. Open path
infrared gas analyzers (LI-COR Lincoln, NE, USA) reraused 4.3 meter above the soil
surface in Horstermeer and 3.05 meter above thewdace in Oukoop and Stein. Oukoop
was also equipped with an EC flux system for,Githd NO in the period 2006-2008
consisting of a sonic anemometer and a Quantunadadaser spectrometer (model QCL-
TILDAS-76, Aerodyne Research Inc., Billerica MA, B In April 2007 the Horstermeer
site was also equipped with an EC flux system fét,,Gconsisting of a DLT-100 Fast
Methane Analyzer (FMA) from Los Gatos Research Uid.all three sites additional
micrometeorological measurements were performechuah fluxes were calculated by
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using measured 30 minute values and data gapsfiledewith a multi variate regression
(Kroon et al., 2010).

7.2.2.3. Additional measurements

At the beginning and the end of the experiment®%28nhd 2008), C and N content, organic
matter, NQ, NH,", PQ® and pH. Water from drainage ditches was sampled fo
measurements of pH, dissolved organic C (not forstéomeer), dissolved organic N
content (not for Horstermeer), organic matter, ;N®IH,", PQ*, SQ%, F&*, dissolved
CH,, oxygen saturation and electrical conductivity. IMg&rred samples of slurry manure
were sampled just before manure application inQh&oop site and were analyzed for dry
matter and C content.o estimate the aboveground biomass and biomass removal,
vegetation height was measured every three to four weeks ttma&t® the above ground
biomass and biomass removal using the relatiorstyween vegetation height and biomass
weight discussed in Veenendaal et al. (2007). Bgsrsamples were taken at 4—8 week
intervals for each of 5 — 8 parcels in the mairtfioiat of the mast. Bulk samples consisted
of 20 subsamples of 5—10 leaves sampled randaanty the grass canopy.

7.2.3. Estimates of GHG balances and carbon balances

The total GHG balance of the managed polders asuleadd in this study consists of 1)
terrestrial sinks and sources (including fluxesrfrbelds, waterlogged land and drainage
ditches, together further refered to as field apdigks and sources related to the way farm
animals exploit the net primary production (NPP)ewhhey are not present in the meadow
(a typical situation in modern dairy farming). Thaaclude emissions from livestock and
emissions from manure storage. The latter aregdfer as farm emissions.

The terrestrial GHG balance of each experimental wias calculated for three years by
summation of the net ecosystem exchange of, @B, and NO using the global warming
potential (GWP) of each gas at the 100 years tiarezdn (IPCC, 2007).

NEEgns = NEEco2 + 25NERy, + 298NER ;0
where 25 and 298 are the global warming potent&l§H, and NO for a 100-year time
horizon. The GWP is a measure of how much a givessmof GHG is estimated to

contribute to global warming as compared to,@tbBus for CQ, the GWP is by definition
1).
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The total emissions from the unmanaged polder sttsionly of terrestrial emissions.

However at the managed sites, besides the teele&HG sources and sinks from fields
and ditches, also the emissions due to farm-bastdties have to be added to the total
GHG balance. For example, GGCH, and NO are released from a farm through enteric
fermentation by cattle and manure deposits (Soasstnal., 2008). Biomass that is

produced and removed in Stein is consumed withinQ@lakoop farm, therefore emission
calculations from the farm are attributet in agadi2 to Oukoop and Stein, respectively
(see further Veenendaal et al 2007). An overviewhef GHG fluxes considered in the

calculation of balances in this study is givenrifrig 7.1.

[ —— 5o
[ m——o ¥\
—— 0 10}

Farm

200y

<= 702ddD

200d

< 700ddD

O =
[
E O

Oukoop Stein Horstermeer

Cm— pHD
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B> 700Y
<= 702ddD
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Fig 7.1. Terrestrial and farm GHG fluxes (G@espiration (RCGQ), CO, gross ecosystem production
or photosynthesis (GEPGY) CH, and NO) and carbon fluxes (CSC, CH-C, manure and
fertiliser-C, biomass-C) that were considered ia turrent study for Oukoop, Stein and Horstermeer.
White arrows are farm-based fluxes and dark grapwas are terrestrial fluxes External inputs from
imported feeds end outputs to milk and meat arkided from this balance as are dissolved organic
carbon losses ( DOC ).

Appendix A gives an overview of all carbon flows time intensively managed peat area
Oukoop. The outside boundaries of the total poldgstem are given and also the
boundaries of the carbon balance considered irstbdy (from the field point-of-view) are
given. For the carbon balance of the three sitel] €0,-C, field CH,-C, manure-C input,
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fertiliser-C input and export of biomass-C have rbeecluded. External inputs from
imported feeds and outputs through milk and meaibes 12 and 13 in Appendix A) are
excluded from this balance and dissolved organibara losses are considered to be
negligable ( DOC; arrow 14 of Appendix A). The exi@ C source from imported animal
feeds can vary between 10 to 20% of total feed ywrtion (lepema et al., 2005).

For the total GHG balance terrestrial and farm-aseurces and sinks were included.
Farm-based CHfluxes consist of emissions due to enteric fermgéon by animals and
manure management. Farm-based, @&thissions from the cattle and the stable were
estimated following the simple emission factor aygwh described by Hensen et al. (2006)

FCH4farm = Ndairy + NheiferEy + NCaIveJEc + Amanurgm + AFYM Ef

with N the number of animals, A the amount of manar farmyard manure @nand with
emission factors for dairy cowgd), heifers E,), calves E;), manure in storage&{) and
farmyard manureH;). The emission parameters were 274 g, @dy* animal* for cows
170 g CH day* animal* for heifers, 48 g Ckiday" animal® for calves, 53 g CiHday* m*
for fertiliser and 40 g Cldday® m™ for farmyard manure — all +50% (Sneath et al.,800
van Amstel et al., 2003).

Farm-based COemissions were estimated from the amount of bigs@asnported into the

farm subtracted by the amount of manure-C addedhenfields and the amount of C
emitted as Ci A production efficienty of 7% for large mammass accounted for (van
Raamsdonk et al., 2007; Nieveen et al., 2005; Guifidament et al., 2007).

The farm-based DO source strength was estimated by using the fagasarements of
Hensen et al. (2005). The terrestrigN\fluxes which are shown igig 7.1.were measured

in the Oukoop site, whereas for the Stein and ldomster sites these components have
been estimated from literature, because at thesesites nitrous oxide emissions were too
small to detect with the used gas analyzer. Forctiresidered fluxes in the Horstermeer
site, the reader is referred to Hendriks et alQ720ndirect emissions due to leaching and
run-off were measured in the Horstermeer site, bete not directly measured in the
Oukoop and Stein site. In Kroon et al (2010) afnede of leaching and runoff based on
the annual amount of synthetic fertilizer and tmawal amount of applied cow manure
(IPCC 2006) is given for the Oukoop site.

Emissions from large water bodies were measurethénsummer season, and thus no
annual values have been presented for these eeps/sh this paper. Summer emissions
from water bodies in peatlands and emissions freatland were therefore compared using
June and July data only. These summer fluxes repremound 70% of the annual ¢H
emission from drainage ditches (Schrier-Uijl et 2010a).
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7.2.4. Up-scaling of fluxes to regional scale

To be able to scale up from the measurement gitdhe western peatland area of the
Netherlands, a detailed inventory of the distribntof landscape elements is needed. This
peatland area covers about 115,000 ha. A detaidbdse was compiled using the
topographic vector-based Topl0Vector database (TZDN6), a field inventory (Nol et al.,
2008), and databases of Dutch natural peatlandsufiaonumenten, Staatsbosbeheer,
Provinciale landschappen). The resulting databastnguishes between intensively and
extensively managed peatland, ditches and ditclesdiging this database, the areas of
these landscape elements were estimated and ugethdo with the emissions from the
landscape elements to estimate the total GHG ewmnifsbm the peatland area under the
assumption that fluxes measured in the intensivebnaged area and the extensively
managed area in this study were representativehforwestern peatland arebable 7.5
shows the areas of the landscape elements.

Table 7.5 Areas (ha) of landscape elements/land use in thtelDpeatlands.

Landscape element/land use Area (ha) Area (%)

Grassland: intensively managed 78,375 68%
Grassland: extensively managed 8,786 8%
Water 6,717 6%
Urban area (incl. greenhouses) 983 1%
Roads 4,490 4%
Forest 2,716 2%
Cropland 1,818 2%
Other land use 11,258 10%
Total 115,142 100%

Kadaster, 2010. Product information TOP21O0vector [mtch). Topografische Dienst Kadaster,
Emmen, the Netherlands. Availablehétp://www.tdn.nl/ (verified 3 May 2010).

7.2.5. Future scenario for an increase in water storage

Simple scenarios for the peatlands were construdiedy were primarily based on the
proposed mitigation option of enlarging the areamén water to increase the water storage
capacity. Open water emissions were measured depafeom the field emissions and
waterlogged land emissions in the three sites &edetore by changing the weighting
factor for each landscape element in the regressiemissions could be estimated for
different percentages of open water. Because at@inOukoop act similarly in relation to
emissions from open water and field, only Stein dlwistermeer were considered in the
different scenarios. Future climate change in tesfrtemperature rise and changing rainfall
patterns were not accounted for, nor were hydroklgihanges (e.g. water table changes)
emanating from changes in field size in the scesari
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7.3. Results

7.3.1. Carbon dioxide balance

Temporal variability of the annual net ecosystenchaxige (NEE) was high (diurnal,
seasonal, annual), but NEE of €@ the three areas showed a clear difference lestee
managed (net release) and the unmanaged (net ygiakdands Table 7.6., Fig 7.3.
Over a four-year period the unmanaged peatlandsteioneer) had an average LOEE
uptake of 1.4 kg COm? yr, while the two managed peatlands (Stein and Oukbag an
average release of 0.4 kg €872 yr’. Inter-annual variability was high: for exampleet
intensively managed area appeared to be a mar@@alsink in 2007, which was a
relatively wet and cold year, but a €®ource in the other three years. Carbon dioxide
estimates folR., (derived from night-time measurements (Veenenéaall., 2007)) and
gross ecosystem productivity (GEP) (calculatedhasdifference betweeR..,, and NEE)
are also shown. The NEE of shallow lakes was medsur the summer of 2009 (in the
months June and July in which high emissions ocaung) therefore no annual values are
shown inTable 7.6.

Table 7.6. Terrestrial carbon dioxide flux estimates (kg {8%) measured by eddy covariance in the
period 2005-2008 for the intensively managed préidacgrassland on peat (Ou), the extensively
managed hayfield on peat (St) and the unmanagededioagricultural peatland (Ho). Fluxes from
shallow lakes were measured in the summer of 260%es from removed biomass were not
included.

Site Carbon dioxide flux per year Av.
(kg CO; m2yr flux
2005 2006 2007 2008
Reco GEP NE | Reo GEP NEE | R GEP NEE | Reo GEP NEE | NEE!
1 1 El 1 1 1 1 1 1 1 1 1
Ou 5.7 -53 04 |55 -4.7 0.7 5.7 59 -02 | 46 -4.0 0.7 0.4
St 5.6 5.7 - 5.8 -5.0 0.8 5.4 51 03 54 -46 0.8 0.4
0.0
9
Ho - -1.0 -1.9 -15 | -14
1.0
Lake 0.5%

'Rec= Respiration, GEP= Gross Ecosystem Production, NE&Et Ecosystem Exchange
2 Fluxes were measured in the summer (June/July)0682n 5 large shallow lakes located in
peatlands.

Fig 7.2.shows the NEE for COmeasured daily for all three sites for the pe2685-2008
and the cumulative NEE for each year. The unmanagedppeared to be a €€ink in all
years (range -1034 to -1939 g £@®7 yr?), with periods of a small net release in late
winter/early spring periods and with net uptakeha rest of the year. Daytime variability
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showed uptake during daytime and release duringttigne. The managed sites appeared
to be sources of COn all years, except for Oukoop, which was a maabsink for CQ in
2007 and Stein, which was a marginal sink of, @02005 (range -173 to +747 g €@

yr'! for Oukoop and -88 to +790 g G@i? yr” for Stein).
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Fig 7.2. The NEE CQ@for the Oukoop (intensively managed), Stein (extehs managed) and
Horstermeer (unmanaged) peatlands measured bydtyg eovariance flux technique. The black line
represents the cumulative NEE for each year seplraly-axis on the right) and the grey line
represents the temporal variability of NEE on thmet scale of a day (y-axis on the left). The x-axis
represents the day number since 1 January 2005.

Monthly CO, NEE values showHig 7.3) that the difference between the managed areas
with low water tables and the unmanaged area wigh kvater table is largest in the
growing season. In this season, the Horstermeer,fahmer agricultural peatland with
unmanaged vegetation is a large sink, while Oulayap Stein are only minor sinks.
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NEE (gCQ m2 day?)

Month

Fig 7.3. Monthly NEE CQ values for the three experimental sites Oukoop),(@tein (St) and
Horstermeer (Ho). The CONEE is given on the y-axes in g £@2 d* and the month numbers are
given from 2006-2008 on the x-axes.

Total farm-based COemissions (arrows 1 + 3 in Appendix A) were cadted from the
biomass-C produced on the farm and fed to theecattiOukoop (value 400 g C fand
420 g C rif for Oukoop and Stein, respectively; arrow 10 inpApdix A) a production
efficiency of 5% for large mammals (production oiflkrand meat from assimilated feed)
was assumed (personal comment Veenendaal), 14§ @ exported as manure to the
fields in Oukoop (measured; arrow 15 in Appendixakd a farm based GH:mission of
57 g C nf yr* (arrow 2 in Appendix AJThe farm based CQelease of NPP is estimated at
0.7 kg CQ m? yr! (arrow 1 Appendix A). This brings the total (testigal + farm; arrows
1+3+5-6+8 in Appendix A) CQemission to 1.1, 1.1 and -1.4 kg £@? yr* for Oukoop,
Stein and Horstermeer, respectively.

7.3.2. Methane balance

In all three sites, temperatures of soil and watere the most significant predictors of £H
emissions and they were therefore used in the in@a# regression. At the Horstermeer site
clear diurnal cycles were found in ¢iluxes during all seasons synchronous to incoming
radiation. This diurnal variation is in agreemernthwother wetland sites with similar
vegetation and is probably caused by stomatal ogeand/or pressurized convective gas
transport through the vascular plants with higleesissions in the late afternoon and lowest
emissions during the night (Hendriks et al. 20@3)sed on Hendriks et al. (2009) annual
emissions were calculated by using a correctiondfarnal variation and by upscaling of
emissions from four instead of three contributingdscape elements: relatively dry land
(60%), relatively wet land (25%), water saturatadd for most of the year (10%) and
ditches (5%) Table 7.1). For the Oukoop and Stein site, after correctiortemperature no
difference between average day and night flux veasd for CQ, CH, and NO (Schrier-
Uijl et al., 2010b; Kroon et al., 2010); no cortieatwas applied (Schrier-Uijl et al., 2010b).
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Annual emissions of the three sites for 2006, 2@dd 2008 and for 2005 for the
Horstermeer site are givenTrable 7.7.

Table 7.7. Yearly and average methane fluxes (g,@f yr®) measured by the chamber method and
for Oukoop also measured by the eddy covariancéhadetFor spatial upscaling of chamber
measurements landscape element weighted prediefi@onships are used. Farm-based emissions
are not included in this table.
Ecosystem Annual methane fluxes Average

(g CHs m2yr emission

(g CHym2yr?)

Spatially weighted for contribution of fields, ditches and 2005 2006 2007 2008 Average

edges

Ou (chamber method) NA! 203 16.2 146 170
Ou (eddy covariance method) NA! 17.2 166 155 164
St (chamber method) NA! 157 180 16.3 16.7
Ho (chamber method) 19.1 205 198 17.6 19.2

*NA means not available.

Fig 7.4.shows the temporal variability (daily values) dhd cumulative NEE for terrestrial
CH, (including fields, waterlogged land and open watefer three years for all three sites.
For the Oukoop site three years of eddy covarianeasurements are also shown. The
modelled emissions based on chamber measuremeatssraoother than the eddy
covariance measurements because only temperatuse uged as predictive variable.
Cumulative CH values are on average over three years similaDfdwoop and Stein but
are higher for the Horstermeer site. The ,GHhnissions varied widely with the season,
peaking during summer.

Oueddy
—0u
- — -8t

—— Ou_cum
—  Stcum

Ho_cum

cum CHe flux (g m2d?)
E3

Daynr since 1-1-2006

Fig 7.4. Temporal variability of terrestrial methane fluxies the three experimental sites(Ou, St, Ho)
modelled by predictive relationships based on chemmbeasurements and additionally for Oukoop
measured by continuous eddy covariance (oueddy).ribht-hand y-axis represents the cumulative
CH, flux over the three years and the left-hand y-agjsresents the CH4 emissions in mg .
Fluxes are weighted by the contribution of eactdkmape element.
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Spatial variability had been found to be high be&twdandscape elements within an
ecosystem (Schrier-Uijl et al., 2010; Hendriks let 2007, 2009) and between ecosystems
(this study).

Summer CH emissions from the three peatlands were comparedhissions from 5 large
shallow freshwater lakes located in peatlarkdg 7.5).

Summer emissions from the lakes were significahtgher than the emissions from the

managed ecosystems (fields, ditches and ditch §ddé® unmanaged peatland had
significantly lower summer emissions than the esiegly managed systems and the large
shallow lakes. In an earlier study (Schrier-Uijl @t 2010c) the emission from lakes

appeared to be smaller than the emission from agairditches within the managed and
unmanaged ecosystems.

Ecosystem Cldemission includes both terrestrial emissions amisgions from the farm
itself (arrows 2, 4 and 7 in Appendix A). Schrieijlet al. (2010a) reported additional
farm-based emissions of 17 and 26 g,®#f yr’ for Stein and Oukoop, respectively. The
estimates were based on the size of the farm, raastorage and the number of livestock
(Hensen et al., 2006; van Amstel et al., 2003; 8nea al., 2006). The grass in Stein is
removed to feed cows in the Oukoop area, and thegstimated total farm emissions had
to be distributed by approximately 0.4 over theeastvely managed area and 0.6 over the
intensively managed area. The sum of terrestrial, €idissions and farm-based €H
emissions was 43.0 g G2 yr for Oukoop, 33.7 g CHm? yr* for Stein and 19.2 g GH
m? yr* for Horstermeer.
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Fig 7.5. Comparison of summer (June/July) Chluxes between different ecosystems in peatlands.
Fluxes are averaged over three years for the Ouk@infensive), the Stein (extensive) and the
Horstermeer (unmanaged) polders. The lake fluxesmaeasured in one summer (June/July, n=97)
season and are averaged over 5 large shallow lakesir bars represent the standard deviation of
the mean.

7.3.3. Carbon balances

To obtain a more comprehensive overview of thewayts of carbon at the different sites,
the carbon pools of the ecosystems were assessbows inFig 7.1and Appendix AThe
carbon dioxide source estimates of 0.4 kg, ® averaged over four years for Oukoop
and Stein result in an average carbon source stremig1091 kg C Ha yr. For the
Horstermeer site the sink strength of 1.4 kg,®@T yr™ results in an average carbon sink
strength of 3818 kg C Hayr®. The earlier reported sink strength of -57 kg C ka" for
Stein in Veenendaal et al. 2007 was found in 200@52 This was the only year that Stein
appeared to be a sinki¢ 7.6). The average CHestimates of 17.0 for Oukoop, 16.7 g C
m? for Stein and 19.2 g C fifor Horstermeer result in an corresponding aveayéon
source strength of 127.5, 125.3 and 144.0 kg €yid, respectively. At the Horstermeer
site also vertical and lateral losses of dissolgades through water and the different
GWP’s were taken into account. Fluxes of carbon @hl through water were relatively
small (<5% of the full GHG balance), due the flapagraphy, compact soils and low
discharge (Hendriks et al., 2007).
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For a complete terrestrial C balance (seen fronfigié point-of-view) manure inputs and
biomass removal have to be included (see for baigslaf the considered system in this
study Appendix A). On the basis of a C content®#2+ 1.8 g C kg slurry manure (mean
+1 SD) and a specific weight of the slurry manufd ®8 + 0.01 kg T (determined from
the first slurry application) the average annuaiital of C through manure into the field

H ou B8 CHA-C._field
CO2-C field
IF @ Manure-C
J 0O Biomass-C
i St m Total-C

Ho

-10 -5 0 5 10

Annual release (+) and uptake (-) of carbon (Mg C ha yr?)

Fig 7.6. Summary of carbon fluxes considered in the re¢eareas Horstermeer (Ho), Stein (St) and
Oukoop (Ou) averaged over 2005, 2006, 2007 and .20068 annual carbon balance is presented in
Mg C ha' yr?, (+) is release and (-) is uptake, and consistslofes due to GHG emissions (field-
NEE CQ and field-NEE CH) and fluxes due to management (manure applicatiod biomass
removal).

was estimated at 142 g C%nyr* in Oukoop Table 7.8). The final calculation of the
average C source strength was based on the ye@8s2207; in 2008 the farmer disposed
of his stored manure on his fields because he mowethother farm. In 2006-2008 very
little manure was directly deposited by cattle lve ffield because there were only a few
days of grazing. So, whereas an additional amofiiday C n¥ yrl from grazing cattle
was included in 2005 by cattle grazing in 2005 (wedaal et al., 2007) in 2006-2008 no
carbon flux through direct manure deposition wakemainto account. In Stein and
Horstermeer no fertilisers were applied.
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Table 7.8. Cow manure and fertiliser application and in Ooko

Oukoop manure manure manure fertilizer
m® ha! kg N ha' tonCha®  kgNha'

2005 56 NA! 1.42 NA!

2006 55 253 1.43 100

2007 57 262 1.48 95

2008 90 414 2.34 70

*NA means not available

Removal of biomass in Oukoop was estimated at @y matter hd for 2005, 6.2 t dry
matter hd for 2006 and 9.0 t dry matter h&or 2008, which is an average loss of 400 g C
m? yr’. In Stein, carbon loss by biomass removal wasmeséid at 420 g C fayr
(Veenendaal et al., 200ig 7.6.shows the carbon balance taking into accountitid f
GHG emissions (arrows 5, 6, 7 and 8 Appendix A)nuana application and biomass export
(arrows 15 and 10 Appendix A). The total terrest@arelease in Oukoop and Stein is 3.8
and 5.4 Mg C hayr?, respectively; the total C-uptake in Horstermeet.# Mg C ha yr.

7.3.4. Nitrous oxide balances

Measured cumulative NEE ,® over a three-year period in the intensively madagite
(Oukoop) were separated in fertiliser related elmissor event emissions and background
emissions. Nitrous oxide emission values are etaduim Kroon et al. (2010) and are given
in Table 7.9.N,O emissions in the extensively managed site (Staiig) unmanaged peat
marsh (Horstermeer) are taken from the literatWedthof et al., 1997).
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Table 7.9. Nitrous oxide flux estimates (kg®ha® yr') and their uncertainties (u) for the intensively
managed site (Oukoop), extensively managed si#2ind the unmanaged peatland (Horstermeer).

Site Source N,O emissions Reference Total emission

(kg N2O hat yr?) (kg N2O hat yr)
Oukoop Background emission * 17 (+17%) Kroon et al., 2010 24 (£28%)
Emissions due to 5 (¥50%) Kroon et al., 2010
fertilisers®
Indirect emission due 1 (x50%) Kroon et al., 2010; IPCC,
to leaching and run-off 2006
Indirect emission due 1 (¥50%) Kroon et al., 2010; IPCC,
to deposition 2006
Stein Total emission 8 (£100%) Velthof et al., 1997; IPCC, 8 (+ 100%)
2006
Horstermeer | Total emission 8 (+100%) Velthof et al., 1997; IPCC, 8 (+ 100%)
2006

*Background emissions were determined by a multiteniegression model based on EC flux data
excluding EC fluxes measured around a management.ev

2 Emissions due to fertilizer application have beestednined by subtraction the background
emission from the total measuregONemission around fertiliser application. The IP@€fault value

of 1% is used for the missing fertilising events.

In Oukoop farm-based 0 emissions from manure storages must also be addéd total
N,O balance. Using the estimates of Hensen et aQ6Rand a GWP of 298 for @ we
estimated DO emissions from the manure storage in Oukoop &tl0? g N,O m? yr,

which did not contribute significantly to the totdO balance. FronTable 7.9 it can be
seen that the total measuregCNemission for Oukoop was 21 kg N2O'ha™, whereas
for Stein and Horstermeer the estimate@Nmissions were the same: 8 kghha' yr.

7.3.5. Total GHG balance

All incoming and outgoing GHG fluxes shownhig 7.1.were available for the three sites
for the period 2006 — 2008. Leaching to groundwated runoff were not measured in
Oukoop and Stein but release gfN\through leaching was estimated for Oukoop in Kroo
et al. (2010). Significant differences in GHG eruss had been found earlier between the
sites and within the sites between landscape elesmemissions from drainage ditches and
waterlogged soil edges along ditches were sigmiflgahigher than the fluxes from the
relatively dry land (Schrier et al., 2010a; Hendrét al., 2007). When calculating fluxes on
landscape scale, both the proportion of each lamiselement in the landscape and the
farm-based emissions were taken into account. THed®@mponent in the GHG balance in
the ecosystems studied consists of outgoing fluxely and NO emission from the
intensively managed site consists of emissionsiratogng from fertiliser events and from
background emissiorkig 7.7. shows the total GHG balance of the three siteerims of
warming potential.
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Fig 7.7. The GHG balances including GOCH, and NO for the three sites: intensive (Oukoop),
extensive (Stein) and unmanaged (Horstermeer). l@nleft, excluding farm-based @tnd CQ
emissions and on the right, including farm-based,@hld CQ emissions, averaged over 2006, 2007
and 2008 (fluxes are given in warming potentiats JOs-equivalents i yr?).

The managed peatlands acted as terrestrial GH@e®of 1.4 and 1.0 kg G@q m? yr?,
respectively for Oukoop and Stein and the unmanagedacted as a GHG sink of 0.8 kg
COreq m? yr'. Nitrous oxide emissions were dominant in the risteely managed
peatland when no farm based emissions were acabdate Carbon dioxide and CH
dominated the terrestrial GHG balance in the extehs managed peatland. In the
unmanaged peatland G@as the most contributing GHG. Accounting for fhem-based
CH4 and CQ emissions decreased the relative importance,6f iN the total GHG balance
of the intensively managed peatland. The differeinceotal source strength between the
intensively managed peatland and the extensivelyhaged peatland was mainly
attributable to the higher & emission and the higher farm-based,@rhissions from the
intensively managed site.

7.3.6. Upscaling

In the Netherlands, extensive peatlands developethé Holocene. The western and
northeastern peatlands are threatened by humantsfiste and oxidation due to drainage.
Currently, 270,000 ha of the Netherlands, mainlyhie western part of the country, consist
of peatland, but the area is decreasing becausgegfadation (Kempen et al., 2009;
Stouthamer et al., 2008). In the western peat &8% is intensively managed grassland,
8% is extensively managed grassland or unmanagesslgnd, 6% is wateméble 7.5.and
Table 7.10. and the remaining part is road, farm or has ofdaed use. Using the emission
values found in this study for intensively and esigely managed peatland and the total
area for both of these land uses under the assomitat the sites measured in this study
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were representative for the western peat area,sems were estimates for the total
intensively managed grassland and extensively nefiagmanaged grasslands in the
western peatland. The total terrestrial emissioot taking into account farm-based
emissions, estimated using a time-horizon of 108ry€GWP CH = 25 and NO = 298)
from the western peatland is approximately 121008g-eq (=kton CG-eq) yr.

Table 7.10.Estimated area and annual GHG release for the aoéantensively managed and
extensively managed (mown only) or unmanaged gradslon peat within the total western peatland
region of the Netherlands. Farm-based emissionshaténcluded.

Ecosystem type Area in western Total Total Total
peatland N,O emission CH, emission CO; emission
0,
(ha) (% of 10°kg Oy 10°kg CHeyr* 10 kg CO, yr

total)
Intensively managed

78,375  68% 1881 12853 313498
grassland
Extensively managed/ 8,786 8% 70 1577 35145
unmanaged grassland
Shallow water bodies 87 6% unknown unknown 33583!

*An annual emission of 0.5 kg €®* yr~* was assumed (Table 7.6.).

7.3.7. Future scenario for an increase in water storage

An increase in the percentage of surface wateth@ landscape will increase the total
terrestrial CH emissions to the atmosphere. In addition to thieeati situation (scenario 1),
two other simple scenarios with different perceatagf open water and dry land in the
landscape were investigated for the Stein site €ffexct for Oukoop is comparable) and the
Horstermeer site Table 7.11), under the simple assumption that the proceskat t
determine the emissions do not change within tmel lalements or in time. In Stein,
scenario 1 represents 16% water in the landscalpiehvis the actual situation, scenario 2
represents 26% water in the landscape and sceBaniepresents 36% water in the
landscape. In Horstermeer, the percentage of velgtidry land has been changed from
60% (scenario 1, current situation) to 55% (scen&@) and 45% (scenario 3) and the
contributions of open water and waterlogged landewehanged Table 7.11). The
emissions of Cklwere spatially weighted for the contribution ottlkdandform (dry and
wet fields, ditches and waterlogged field) in taedscape. The estimated Cémissions
are based on the assumption that the NEE fromefiteharound OFig 7.8. shows that in
scenarios 2 and 3 for Stein, Chill be the dominant GHG in terms of warming pdtah
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Table 7.11. Mitigation scenario’s used for the calculations Fig 7.8. Scenario 1 is the current
situation in the Stein site and the Horstermees.sBcenario’s 2 and 3 describe possible situatibns
water levels are raised and ditches are enlarged.

Scenario 1 (%) Scenario 2 (%) Scenario 3 (%)
Stein Dry field 79 69 59
Waterlogged edge 5 5 5
Open water 16 26 36
Horstermeer Dry field 60 55 45
Wet field 25 25 30
Waterlogged field 10 10 15
Open water 5 10 10
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Fig 7.8. Scenarios 1, 2 and 3 for Stein (left-hand figumedl Horstermeer (right-hand figure) with the
emissions of ClH(dotted bars) and CQwhite bars) in C@eq (g n? yr?).

7.4. Discussion

7.4.1. Balances
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Long-term emission values of the GHGs and carboreB8 were compared for peatlands
under different management: a drained intensiveénaged peatland with application of
fertiliser and biomass export, a drained extengivednaged peatland with biomass export
only and a shallow drained former agricultural peat. Significant differences in GHG
emissions have previously been reported betweedstape elements within the three
areas: emissions from drainage ditches and watggbbgoil were significantly higher than
the fluxes from the relatively dry land (Schrieragt 2010a; Hendriks et al., 2007). Fluxes
originating from the operating farm in the interediv managed peat were found to be
important contributors to the GHG balance and ® ¢arbon balance (Schrier-Uijl et al.,
2010a; Veenendaal et al., 2007) and thereforeediial as well as farm-based emissions
have been included as is shownFig 7.1.Fluxes through machinery and import through
cow feed except grass is not accounted for (Appeddi Strictly speaking, external C
sources from external cow feeds account for roudbBst of C input of the total amount of
cow feed (van Raamsdonk et al., 2007).

Both managed experimental grass-on-peat-areas,dpukiod Stein, acted as €8ources
of on average 0.4 kg GOn? yr' (Table 7.6). The variation in NEE C©in Oukoop and
Stein was mainly a result of management. Oukooptlmasnost variable NEE which is a
result of the very high frequency of mowing, gragimnd manure applicatiorFi 7.2).
Sharp decreases in NEE are a direct result of ngpwirents (eg. days 853 and 090 in
2007) in Oukoop. In Stein management, and theredargability in NEE, showed less
variability with the first biomass removal on 15n&uand the second biomass removal in
September of each year. Both areas had a commtaryhia terms of management, and
only during the past 20 years has the Stein saeuglly become a meadow bird reserve.
This change has not resulted in a significant diffiee of annual NEE compared to the
intensive site. The unmanaged site, Horstermeé&edaas a C@sink of on average -1.4 kg
CO, m? (Table 7.6). The cumulative NEE shows a stable pattern, igih uptake rates in
spring and summer. The Horstermeer site is stillenrrestoration and despite agriculture
being abandoned here 15 years ago, soil conditimge remained eutrophic. The
continuing nutrient-rich conditions generate hidganp productivity and microbial activity,
resulting in high carbon fluxes (both uptake andssimns) and more peat accumulating
than is oxidised (Hendriks et al., submitted totgavology). Under eutrophic conditions
vegetation succession may move this system towardsre natural peat vegetation such as
an alder carr forest. Sink strength may remairaftong time but at present little is known
about the carbon balance under these conditiof®wever nutients are removed from the
system by e.g. mowing or top soil removal the systmay develop a nutrient poor
Spaghnum bog and NEE will decrease.

All three sites, Oukoop, Stein and Horstermeeraeis sources for GHterrestrial source

strengths, averaged over four years of measurenaits.4, 16.7 and 19.2 g Gih? yr?).
Temporal variability was high at all three sitesl @&H, emissions in the Oukoop en Stein
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site varied between days, between seasons anddetyears, but no diurnal cycles were
observed after correction for temperature (Schuigret al., 2010b). In the Horstermeer
site clear diurnal cycles have been found durings@hsons, synchronous with incoming
radiation (Hendriks et al. 2009). Hendriks and eglles attribute this to the stomatal
opening and/or pressurized convective gas transipodugh the vascular plants with
highest emissions in the late afternoon and lowesissions during the night, as is also
reported for other swamp areas (e.g. Whiting andn@mn, 1993; Hirota et al., 2004).
Differences in terrestrial CHemissions between the three sites were not Signifi Farm
practices in Oukoop and Stein caused estimatediawlai CH, emissions of 26 and 17 g
CH, m?. The total source strength (terrestrial + farmesagmissions) decreases when
management intensity decreases.

The Horstermeer is a polder under restorationtheiend stage of restoration will depend
on the management intensity of the surrounding aféecting groundwater supply and
nutrient input. Even if the influx of nutrient-riclvater from surrounding areas and the
atmospheric nutrient deposition stop it may eveméeessary to remove the very eutrophic
top layer of soil to allow succession to reach armatural system as studied by Van den
Pol-van Dasselaar et al. (1999). Van den Pol-vassBlaar et al. (1999) studied the
emission of CH over two years in three near-natural peatlands Dutch nature preserve
with narrow plots of grasslands (mown once a ye&®d beds, fields and ditches and a
water table at a depth of 18 cm. The soils wereparyable to the soils in this study. The
average field-Chifluxes were 13.3, 20.4 and 7.9 g £i? yr* and the ditch fluxes were
11.3 g n? yr' on average. After weighting the contributions o thater and land, GH
emissions were on average lower than the emissimasured in this study. The reported
CH, emissions from undisturbed peatlands are highisalsee. For example a natural
peatland in Quebec, Canada showed, €Hissions of 9.8 g fnyr* (Moore and Knowles,
1990), and Nykanen et al (1995) reported ,GHhissions of 34.7 g CHm? yr* for
Scandinavian undisturbed peat lands.

Comparing ‘polder emissions’ with emissions fromgk shallow fresh water lakes reveals
that water bodies contribute importantly to the ;,Gtdlance. The calculation of the total
CH, polder balances for the three sites is based enctirrent classification of the
landscape with 16% open water in Oukoop and Staih586 in Horstermeer. Changing the
contribution of water and/or waterlogged land i andscape by reclassification will
cause large changes in the Lbhlance because these landscape elements together
responsible for over 50% of the total flux. In clusion, large scale spatial differences in
CH,4 emission depend on the combination of managemehinater table and the presence
or absence of water bodies. Drainage ditches, lsingow lakes and waterlogged land are
CH, hotspots and therefore spatial differences gredgiyend on the proportion of these
landscape elements in the landscape. The tempar&bility within sites was largely
driven by temperature.
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The terrestrial carbon balance (from the field poifiview) considered in this study
consisted of field C®C, field CH,-C, biomass removal and manure and fertiliser
application. The two managed sites acted as C-eswand the unmanaged site acted as a
C-sink. In the two managed sites, the LCé&nission (farm-based + terrestrial) and the
biomass removal accounted for the largest pati@®fd-release. Because in Oukoop carbon
was added through manure and fertilizer applicatiba total C-release was smaller than
from to Stein. In the unmanaged site Horstermdwer, G-balance was dominated by the
uptake of C@-C. Except for the small release of C through,Chb other C-sources or
sinks were involved in this undisturbed system.eBe¢ of C from ditch water was minor
(Hendriks et al., 2007). Measurements at the thostrasting sites show that an intensively
managed fen meadow area can change from a carlbocesmwards a carbon sink when
the water table is raised to close to the surfackvehen management is reduced to zero

Measurements of XD emission were performed at the Oukoop site fogettyears, but in
the Stein and Horstermeer sites the emissions tweremall to be detected by the methods
applied in this study. The background emissionStain and Horstermeer are estimated at 8
+ 8 kg NO ha' yr! by Velthof et al. (2007), who defined these baokmd values for
Dutch unfertilised but mown grassland sites. Th® Nn these types of ecosystems is
produced during the nitrification and/or denitrétoon of NG'. This nitrate is produced by
oxidation of ammonium. Leaching is considered tonkgligible, but in this study this is
not measured. Continuous measurements in Oukoowesh@ typical pattern of long
periods with low emissions (background emissiord)ofved by short periods of high
emissions (peak-emissions) around manure applicéiiooon et al., 2010). Emissions due
to manure application accounted for 25% of thel tmt@ual NO emissions in Oukoop. The
average annual terrestriab® emission in Oukoop was 24 kg® ha' yr* which was
comparable to DD emission values of 17 kg N har® found in an earlier study in non-
fertilized managed Dutch peatland (Berendse et 1#193). The probable reason why
background emission was higher in Oukoop than &inSis the accumulation of easily
decomposable organic materials in the soil as@treBmanure application 5 times a year.
In Stein, this application ceased almost 20 ye@s. &lensen et al. (2006) show that
manure based emissions from storages around timecfan cause an additional emission of
14.8 mg NO n? manure &. With the 700 i slurry stored on the Oukoop farm this would
result in an extra (marginal) emission of 3.8 k€dN/r* over 50 ha or 0.08 kgJ® ha' yr

. Around 30% of the temporal variability in,® background emission could be explained
by a non-linear relationship with temperature aneamwind velocity. Emission factors
around manure application were calculated by satiig the background emission from
the total emissions measured by the EC system.ehtigsion factor ranged from 1.2 to
2.8% which is larger than the IPCC default emisdamor of 1% (Kroon et al., 2010).
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Combining all incoming and outgoing GHG fluxes sisatlvat Oukoop is the largest GHG
source in terms of warming potential. In OukoopONdominated the emissions and £O
and CH, contributed equally. In Stein,,® was the least contributing GHG and the total
emission was lower than in Oukoop. The Horsternaggreared to be a GHG sink with a
release of Chland NO from the system, but uptake of €@as large. Changing the
management from intensive to extensive and theantnanaged changes the total GHG
balance from release to uptake. When summer emssof CQ and CH were
investigated, it was found that water bodies wargd contributors to the greenhouse gas
balance (Schrier-Uijl et al., 2010a,c).

7.4.2. Potential ways for mitigation

Agricultural peatlands in the Netherlands are nyod#n meadow ecosystems. The
mitigation of CQ, CH, and NO of these areas is of concern for two reason& fjaintain
this fen meadow landscape, it is important to steat soils degrading to mineral soils and
2) GHG emissions from peatlands have to be redbeeduse the international community
is committed to the reduction of GHG emissionsat®gies to reduce GHG emissions from
these areas and to increase carbon uptake mawb#irg intensively cultivated peatlands,
reducing farm-based fluxes and decreasing managéniensity.

In this study we found that the rewetting of agitictal peatland can turn areas of carbon
release into areas of carbon uptake and changeSHia balance from GHG sources into
GHG sinks. Peat soils without clay layers are ewaly vulnerable to oxidation
(Schothorst, 1977) and also strongly vulnerablesubsidence. Therefore, on these soils,
intensive management practices are not sustaingbih dynamic water tables in the
extensively managed polder (high water tables imaviand low water tables in summer),
only a small reduction in GHG emission is attainEde lower total emission is mainly due
to a decrease in farm-based Ldimissions and a reduction i@ emissions because no
fertiliser is applied. High water tables in summelt likely reduce emissions of C{from
extensively managed areas and reduce subsidermrgitt the direct effects (other than
reduced intensity of farming) remain uncertain (&lpyd et al., 2006; Parmentier et al.,
2008). Inverse drainage systems may for the purpbsebtaining high water levels in
summer be applied. The sink strength in the unmechgmplder may decline in the long
term (timescale of centuries) due to a decreasatiient availability (Limpens et al., 2008)
or remain under nutrient rich conditions (e.g. alckr forest).

We did not study farm-based emissions separateynger et al. (2009) studied farm-
based emissions in Sweden, Denmark, France anddtal found that shortening the on-
farm manure storage and lowering the storage teamtyrers reduced GHG emissions from
manure by 0-40% depending on current managementlandtic conditions. Large GHG
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reductions were obtained when slurry was sepatiateda liquid component and a solid,
organic component and the liquid fraction was aggb&arlier than the solid fraction.

Looking at the sum of COand CH emissions, the summer emission from large shallow
lakes are higher than the emissions from the iitelysand extensively managed polders
when considering the sum of g@nd CH emissions, but lower than the emissions from
drainage ditches within the polders. Reducing tipuis of organic material and nutrients
from the surroundings will probably reduce emissifnom these water bodies (Schrier-Uijl
et al., 2010c). This suggests there is a strorighatween emissions from ditches and the
intensity of the management in the polders withim ¢tatchment area.

7.4.3. Gaps in knowledge

Little is known about the emissions from open wdiedies, as this has scarcely been
studied and so is poorly understood. It has beewshhat summer emissions of methane
from water bodies can contribute significantly ke tsummer release in the fen meadow
area (Schrier-Uijl et al., 2010a, c; Kankaala et 2007) and they may play an important
role in the total annual GHG balance of the Duteh fneadow areaFig 7.5). When
establishing emission factors for the peatlandsefi@ndscape elements should be included
in the inventories.

The estimates in this study refer to the landscapde. Factors that play a major role in the
control of emissions have been indentified. Logalssions, from differently contributing
landscape elements have been extrapolated to Epelscale emissions. Large variability
in time has been captured by using recently deeel@mntinuous measurement techniques.
Although measurement techniques for quantifying fjases have improved considerably,
large uncertainties remain in the national and aegli budgets. This study shows that
because of the large temporal variability (dailgasonal, annual and inter-annual),
continuous measurement systems are needed to eapisrtemporal variability and to
study the underlying processes that drive the damiss

The effect of a changing climate in the near fuiareerms of temperature rise and changes
in rainfall patterns has not been studied. Thelresported here, that all emissions were
temperature related (the higher the temperatueehtbher the emission) implies that the
predicted future temperature rise will be accompary increased peat oxidation. Peat
subsidence will therefore increase, and so it kelyi that the peatlands will be more
vulnerable to the anticipated more frequent extreaiefall events in terms of flooding
risks. However, the GHG balance for a scenarionofdasing the area of open water in
peatlands, which is both a mitigation and an adeptameasure, was estimate@iaple
7.11and Fig 7.8). An increase in the area of open water increahedCH, emissions,
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decreased the GCemissions and had in total a negative effect @ &HG balance.
Differences in soil conditions (e.g. peat origirdagepth, C content of the peat) and past
land management (e.g. drainage, nutrient input) mndlyence present mitigation. For
instance differences in organic content betweensites may have lead to a conservative
estimate of GHG reduction for the management optibthe Horstermeer, which has a
higher C content in the topsoil and therefore pmesably a high GHG potential.

7.4.4. Conclusions

The global community has agreed on the need tocee®HG emissions, including GO

CH, and NO. In this study, attention focused on the quasdifon of emissions from

peatlands under different management, the assetsiferious GHG mitigation strategies
and on finding effective options to reduce emission

Table 7.12.gives an overview of the expected effects of rawgttand management
reduction on the GHG balance.

Table 7.12. Overview of the expected effects of differentgatibn strategies on the total GHG
balance (including emissions due to managementg @ffiect on the GHG balance has been
determined for the three research sites Oukoog((isively managed), Stein (extensively managed)
and Horstermeer (unmanaged) and does not incluéeetkpected future temperature rise. (-) =
decrease in emission, (+) = increase in emissio) A neutral effect, (?) = effect unknown, (x) =tno
relevant.

Rewetting+management Management reduction Increase in % open water
reduction towards
extensively managed

CO; CH4 N.O CO; CH4 N2O CO; CH. N2O
Intensive - - - 0 - - - + -
management
Extensive - - - X X X - + ?
management
Unmanaged X X X X X X - + ?
Open water - - - - - - X X X

This study provides evidence that intensively madaggricultural peat soils are large
sources of GHG and carbon. However, if appropmag¢@asures are taken such as rewetting
the peat soils and reducing the management injeriiése peat soils can be turned back
into GHG sinks and carbon sinks again. In additismen implementing mitigation
strategies to reduce emissions from one source, @m(Ssions from other sources might
also be reduced. For example, reducing the inpututfient-rich water or groundwatér
lakes and drainage ditches by reducing managemetitei surrounding catchments, will
probably also reduce emissions from water bodiezhange in landuse from intensive
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agriculture to nature restoration indeed influenaesumber of interconnected processes
and leads to large changes in the greenhouse gasbaf fen meadow areas.
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8.1. Introduction.

Peatlands, which cover 3% (4,000,000°kof the world’s land area and between 6 and 7%
(273,000 ha) of the Dutch land area, are the narkion-dense ecosystems of the terrestrial
biosphere. Worldwide they store about 550 Gtonasbaen. This huge stock of carbon can
exist only under very wet conditions. When peattaate drained, e.g. for agricultural use,
large amounts of carbon are released as. T@e degradation of peatlands is a major and
growing source of anthropogenic greenhouse gas (Gdissions, and small changes in
the management of peatlands can lead to drastigelsan GHG emissions and changes in
carbon storage and in the past have indeed dor@HG. emissions from peatlands and the
subsidence of peat soils can both probably be deete by rewetting peatland and by
restoring peatland by reducing the intensity ofi@dtural land use on peat soils. It might
even be possible for these agricultural peatlande\ert to being sinks of GHGs.

To test whether agricultural peat areas can bestbinto GHG sinks and carbon sinks if
they are restored and whether GHG emissions caleast be reduced by reducing
management intensity and rewetting, a landscape-segperiment measuring GHG
emissions and carbon releases was started in Fogl. experiments were set up and data
was collected in peat areas under different managemegimes in the west of the
Netherlands. In an additional experiment, emissioo drainage ditches and lakes were
studied in detail. The research objectives were:

¢ to quantify the emission of greenhouse gases,(C8,, N,O) that are produced at
small-scale (1mx1m), plot scale (ha scale) and deaple scale (whole polder
scale) in Dutch fen meadows;

* to determine the spatial and temporal variabilitfiuxes at different scales;

¢ to develop a system for upscaling GHG emission feoamall-scale to landscape
scale and to provide predictions based on regnessiodels relating emissions
with measured explanatory variables;

« to answer the question: can restoration of fen me&adurn these areas into sinks
when the greenhouse gases,COH, and NO are included in the emission
balance?

8.2. Summary of research

The research focused on quantifying the full GH@&ibees (including C& CH, and NO)

of two agricultural peat areas in the Netherlanas: intensively managed dairy farm
peatland with application of manure and fertilissend an intensive mowing regime
(Oukoop polder) and a peatland managed extensiaglly mowing): Stein polder. The
GHG balances and carbon balances of the two agrialllsites (Oukoop and Stein) were
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compared with those of an abandoned former agu@llpeatland under restoration, which
was studied in detail by Hendriks (2009b). To #msl, all GHG fluxes (uptake and release)
and possible explanatory variables were measurddeoexperimental sites.

Fluxes of the major GHGs vary spatially as weltexaporally and therefore there are large
uncertainties in regional and local GHG budgets dra emission of non-COGHGSs is
particularly poorly understood. The research pitojberefore had to use an integrated
approach which entailed using different measurertemtiniques for different spatial and/or
temporal scales. The spatial and temporal vartghili fluxes at small scale was studied in
detail by performing small-scale chamber measurésrarfields (on dry, wet and saturated
parts), drainage ditches and lakes. Spatial vdit\alait large scale (between ecosystems)
was studied by using all data available and by @ring the total balances of the GHGs
(CO,, CH, and NO). Temporal variability was studied by using chambased data for
seasonal to inter-annual variation and continuoata,dcollected by eddy covariance
systems, for daily to inter-annual variation. THember-based method typically enables
measurements at the scale of a few’ é&md is the approach most commonly applied to
capture small-scale variability of GOCH, and NO fluxes. The eddy covariance technique
is commonly used for assessing GHG fluxes oversaocdaa few ha and is the approach
most commonly applied to capture temporal varigbif CO, fluxes. The eddy covariance
technique has recently become available fog @kl NO; the data used in this thesis were
from a new system which has been evaluated inldstddroon (2010b).

Two different measurement techniques i.e. chambsed and eddy covariance-based,
were used to upscale fluxes temporally and spgti@ltiving variables (e.g. temperature,
water table and wind velocity) that may explain GH@es were measured for periods of
up to four years and their relationships with einiss quantified by using multiple linear or
nonlinear regression analyses. Temporal upscaling done by using the statistically
significant regression models. The continuous tisegies of the independent driving
variables could then be used to estimate complatnbes. Chamber-based data was most
suitable for spatially upscaling from fluxes withgites. The experimental set-up of the
chamber experiment was designed so that all caning landscape elements (dry/wet
fields, saturated ditch edges and drainage ditcives® proportionally sampled for GHGs
and other variables. Because the drainage ditchéeiexperimental peatlands appeared to
be emission hot-spots, in the summer of 2009 aitiaddl experiment was performed on
shallow lakes and drainage ditches in peat areti®invest and east of the Netherlands, to
obtain a first impression of emissions from thes®lscape elements.

Different flux measurement techniques should giveilar results even if they measure at
different scales. The comparability of the chamberhnique and the eddy covariance
technique was tested by comparing year-round edggr@ance data for CQand a three-
month period of eddy covariance data for ,Gkith statistical regression models for €O
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and CH based on chamber measurements and explanatoaphesi Additionally, a direct
comparison experiment of simultaneous measurenientSH, was performed on a large
shallow lake in the west of the Netherlands. Thandber data were collected within the
footprint area of the eddy covariance systems; Isscale heterogeneities were accounted
for by using weighting factors for the areas of r@dscape elements that contributed to the
GHG balance.

In summary, full GHG balances and carbon balancexe wuantified in two agricultural
peatlands with high and low agricultural intensityd these were compared with the full
GHG balance and the carbon balance of an abandonmeér agricultural peatland. Spatial
variability was accounted for by taking into accbuhe different landscape elements
(dry/wet field, saturated soil and drainage dit¢iveishin a peatland area, whereas temporal
variability was captured by using regression models upscaling and by using eddy
covariance techniques. To quantify the total GH@hees and carbon balances of the two
agricultural systems, fluxes related to managemsanh as the application of manure and
fertiliser, mowing and grazing and farm-related &sitns such as emissions from manure
storages and enteric fermentation by dairy cateewalso included. In this study these
management-related fluxes were not measured bug derived from research by others.
Because open water bodies form part of the total aeea in the Netherlands, an additional
experiment was performed in which emissions wer@asueed on 6 large lakes and 12
drainage ditches in the western and eastern peas.ar

8.3. Conclusions

Chapter three of this thesis reports on the infteéeof reduced agricultural activity on the
CH, balance of the two peat areas (managed intensiaety extensively) peat areas.
Chamber measurements were performed in the difféaedscape elements and potential
explanatory variables were monitored during threary. The main conclusions were:

« Temporal variability of CH{ emissions was high, with high fluxes concentrated
summer and spring, partly associated with apptcatiof slurry.

e Spatial variability of CH emissions was high; drainage ditches and adjatitaft
edges were emission hot spots in the landscapeuatiog for over 60% of the
total annual Chlemission in both peatlands.

¢« A non-linear, upscaling approach based on expaalerggressions proved more
reliable than a linear interpolation approach, ainc the linear interpolation
approach exceptionally high emissions led to anrestemation of annual
emissions.

«  With the exception of temperature, no measuredabéas contributed significantly
to the predictive power of the chamber-based noeali regressions.
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« Both areas were a net terrestrial source of, Qidnge 146 to 203 kg Hafor
intensively managed soils and 156 to 180 kg fax extensively managed soils)
and there was no significant difference betweenititensively and extensively
managed peatlands.

e Taking into account the farm-based £éissions, the source strength increased
to 427 kg ha for the intensively managed area and 339 kifbathe extensively
managed area.

In order to establish an independent validatiorC& and CH balances, data from two
large-scale eddy covariance measurement set-upsomgsared with data from small-scale
chamber measurement set-ups (chapter 4). The chdrabed data was upscaled in a
heterogeneous landscape that comprised fielddy dilges and ditches. Two alternative
ways of upscaling were tested: the first considenelg the field, and in the second, fluxes
were weighted with fixed coverage fractions for theee main landscape elements within
the average footprint area of the mast. The reshttsv that:

« In the procedure of spatial upscaling it is verypariant to determine the fluxes
associated with all relevant landscape elementesdach contributes differently
to the CH balance. When only fields were included, the difece between eddy
covariance and upscaled chamber-based cumulatiigsiems was 31% for CO
(higher fluxes measured by chambers) and 55% for (Bigher fluxes measured
by eddy covariance). When all landscape elements wi@&ken into account,
cumulative emissions agreed: the difference was%@or CQ and 13% for Chj
and the emission values obtained from the chamased method were higher
than those obtained from the eddy covariance method

e The temporal variation of COand CH fluxes as measured by eddy covariance
was large, whereas the emission rates estimatethdyempirical model were
smooth. The models based on chamber measuremddtramiibe used to capture
daily variation in emission.

* Small-scale chamber measurements can be useditmatstluxes of CQ@ and
CH, at landscape scale if measurements are performethe quantitatively
significantly contributing landscape elements.

e The results demonstrate that chamber measurermamis eddy covariance
measurements can be used individually or in cotjondo assess terrestrial GHG
emissions.

The fifth chapter deals with the GHG balance ofititensively managed agricultural peat

area. Measurements were performed for almost tywaes with a very recently validated
eddy covariance system for ¢end NO. The main findings include:
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« The average annual GHmission was 165 kg GHha® yr' and the average annual
N,O emission during the study period was 24 k@Na' yr™.

¢ The agricultural peatland was an important soufcalldhree gases, contributing 30%
CO,, 25% CH and 45% MO in the total balance.

e« The estimates of annual GHemission measured by eddy covariance were less
uncertain than the annual ¢Hemission estimates obtained from chamber
measurements.

« Emissions due to fertiliser events amounted up @6 3of the total annual JO
emission (background emission plus event emissientd manure application).

In the sixth chapter, the magnitude of £&hd CQ fluxes from 12 water bodies in

Dutch peatlands in the summer of 2009 is determivgd studied the factors that
might regulate emissions from these lakes and dgairditches. The main conclusions
from this short study were:

« Lakes and drainage ditches acted as sources paaDCH.

e Per unit of area, the fluxes from drainage ditcivese significantly larger than those
from large shallow lakes.

« A higher trophic status was positively correlateithvsummer emissions of G@nd
CH,, whereas the depth of the water and the pH werersely correlated with CO
emission.

¢ Reducing the nutrient loads and input of organiostiates to ditches and lakes will
probably reduce summer emissions of,@@d CH, from these water bodies.

Chapter 7 provides an overview of all data colldcite the period 2005 — 2009 in the

peatland landscape-scale experiment in order tb ttes hypothesis that agricultural

peatlands can be turned into sinks of GHGs andocarbhree peatlands with different

management were compared: 1) an intensively managgdultural peatland, 2) an

extensively managed agricultural peatland and Bgatland where as part of restoration
management the agricultural exploitation ceasegetss ago (around 1995). We integrated
the effects of reducing the agricultural managenpeattices and allowing the water table
to rise in the currently and formerly intensivelyanmaged agricultural peat areas on the
GHG balance and the carbon balance of lowland greats. The main conclusions were:

« Both managed sites acted as sources foy: @@ source strength was 0.4 kg G0’
yr'* averaged over four years of eddy covariance measents.

« The unmanaged site acted as a sink fop: @i sink strength was 1.4 kg €@ yr
averaged over four years of eddy covariance meamsunes.

e Variation in net ecosystem exchange of @®the agricultural peatlands was mainly a
result of management; farm-based emissions wemmatsd at 0.7 kg COmM? yr™ for
both sites.
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Summary

Net ecosystem exchange of €@ the unmanaged site showed high uptakes ingprin
and summer.

The two managed sites and the unmanaged sitetatl as sources of GHwith source
strengths of 16.4, 16.7 and 19.2 g Chi? yr', averaged over three years of
measurements.

Changing the proportion of water and/or waterlogdedd in the landscape will
probably result in large changes in £Emission since these landscapes together
contribute over 60% of the total annual £hission.

Large-scale spatial differences in glmission depend on the combination of
management and water table and the presence arcabskwater bodies and saturated
land.

The two managed sites acted as carbon sourcesotiiee strength was 3.8 ton C'ha
yr'! for the intensively managed peatland and 5.4 toma€yr™ for the extensively
managed peatland.

The unmanaged peatland acted as carbon sink:rtketsength was 4.4 kg C har™.
Around 30% of the temporal variability of backgrauremissions of BD was
attributable to a non-linear relationship with tesrgture and wind velocity.
Farm-based MD emissions from manure storage can result in &adx5 1¢ g NO
m?yr' (based on Hensen et al., 2006).

Combining all incoming and outgoing GHG fluxes slkeowthat the intensively
managed peatland is the largest source in terms&ohing potential.

Release of BD dominated the GHG emissions in the intensivelynagad peatland,
release of C® and CH dominated the emissions from the extensively medag
peatland, and uptake of G@ominated in the unmanaged peatland.

The intensively managed peatland is a large GHGcsoand a large carbon source,
but, if appropriate measures are taken, these quilat can be turned back into GHG
sinks and carbon sinks within 15 years of abandoinmiEhe exact length of time
needed to switch from a GHG source to a GHG sirgkilisuncertain.

The sink strength in the unmanaged polder may medti the long term (timescale of
centuries) due to a decrease in nutrient avaitgb#ind development towards a
Spaghnum bog ecosystem, or remain under nutrigimiconditions and development to
e.g. a alder carr forest.

The main conclusion is that spatial variability aedhporal variability of GHG emissions
in fen meadow ecosystems is high. Uncertaintiesuirrent emission inventories can be
reduced by using a combination of small-scale andgel-scale measurement methods. By
using a well-designed experimental set-up and dioty all significantly contributing
landscape elements, small-scale emission measutencan be upscaled spatially by
exploiting robust predictive relationships with thegnificant explanatory variables.
Intensively managed peatlands are large sourc&Hsds and carbon, but, if appropriate
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measures are taken, these peat soils can be tbawédinto GHG sinks and carbon sinks
within 15 years of abandonment, by rewetting amtliceng management.

8.4. Recommendations and potential ways for mitigation

We concluded that chamber-based measurement and ceddriance are both reliable
methods to quantify landscape-scale GHG budgetsveier, we recommend the use of
both methods for estimating landscape-scale emmissi®n the one hand it is very
important for management strategies to understdrma relative small-scale spatial
variability and to upscale fluxes to larger scaled also outside the eddy covariance mast’s
footprint. Eddy covariance systems measure emissimer areas of a few ha, and thus
small-scale spatial variability is averaged out.t®& other hand, the temporal variability of
emissions is high, and is not captured fully by mhar measurements. Chamber-based
systems are mostly manually operated and therésatadmpossible to cover the temporal
scales of eddy covariance systems (30-minute tieselution) which means that from a
practical point of view, temporal variability care bmeasured only at lower temporal
resolutions (e.g. weeks). It would be helpful te witomated flux chamber set-ups for
observations over longer periods and to capturd bemporal and spatial (also daily)
variability of emissions.

The hydrological situation and the average tempegaih Dutch fen meadow ecosystems
will change in the future because of climate chai@jeen the conclusion in this thesis that
all emissions (CQ CH, and NO) in the fen meadow ecosystems studied increate wi
temperature, it is also important to further inigate the effect of the expected €2
temperature rise by 2050 in combination with th@ested increase in extreme rainfall
events (ref climate scenario’s developed by KNMB the GHG balance of these
ecosystems. It has been shown in this study thiglat®n of Dutch peat soil is likely to
occur when temperatures rise and thus the low fgad soils in the Netherlands will be
more vulnerable to the expected extreme rainfahévbecause of the risks of flooding.

We concluded that lakes and drainage ditches itigrets are Chlhotpots and that they
contribute significantly to the total GHG balanégeshwater bodies should therefore be
included in national inventories. We recommend yeand combined eddy covariance and
chamber-based measurements on lakes and ditchéfseiRwork is also needed to elucidate
the processes underlying the formation, transpedt @missions of GHGs, in order to be
able to improve the models simulating the mechasismGHGs from these water bodies.
Although we suggest that decreasing nutrient loadd organic matter inputs of the
surrounding catchments will reduce emissions, liggothesis has to be tested.
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Summary

This research evaluated the effect of rewetting l@atlicing the management on the total
GHG balance and the carbon balance of an inteysimehaged agricultural peatland. We
concluded that the GHG balance as well as the cabatance can switch from positive
(release) to negative (uptake) if these agricultpeatlands are rewetted and intensive
agricultural practices have been reduced. Howether,restored peatland investigated in
this study was abandoned 15 years ago and wastdtiiphic. In the longer term, the effect
of rewetting and reduced management might decrehsa the ecosystem evolves into a
peatland with more "natural” conditions and withcoEased internal nutrient status.
Therefore, we recommend further comparison studiesear-natural peat marshes where
the input of nutrient-rich groundwater and runoffshbeen reduced and alder carr forests
where the input of nutrient-rich groundwater rersain

Mitigation of the emissions of G DCH, and NO of agricultural peatlands is a priority for
two reasons: 1) it is important to stop peat sdégrading to mineral soils and 2) GHG
emissions from peat areas have to be reduced ledhasinternational community is
committed to reducing GHG emissions. Strategiegdince emissions from these areas and
to increase carbon uptake may be oriented towawstting of intensively cultivated peat
areas, reducing farm-based emissions and decremsinggement intensity.

e This study has shown that rewetting and decreagiagnanagement intensity could
lead to an emission reduction of 24.8 tons, @Quivalents per hectare per year if farm-
based emissions are included.

e The dynamic water tables in the extensively managigdwith high water tables in
winter and low water tables in summer did not ldada significant reduction in
terrestrial emissions compared with the intensivebnaged site. Higher water tables
in summer will probably reduce emissions from isigaly and extensively managed
fen meadow areas, although the effects remain tainer

« Decreasing the nutrient loads and organic matggutsin drainage ditches and large
shallow lakes will probably decrease emissions ftbese water bodies in the long
term. This suggests there is a strong link betwaaissions from water bodies and the
intensity of the management in the polders witlhi@ tatchment area. However, it is
uncertain how long the effect of reduced managemerhe emissions will last.

« Shallow water bodies contribute significantly te t&8H, balance and therefore these
landscape elements should be included in natian&ston inventories. Increasing the
area of open water and/or saturated land in abethexperimental peatlands will
increase Chlemissions and will have reduce the total GHG hadait will have only a
marginal effect on the carbon balance.

Table 8.1gives an overview of the expected effects of défe mitigation strategies on the
total GHG balance of the three experimental sites.
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Table 8.1. Overview of the expected effects of different atiigp strategies on the total GHG
balance (including emissions due to managementgdan this research. The effect on the GHG
balance has been determined for the three reseaitds Oukoop (intensively managed), Stein
(extensively managed) and Horstermeer (unmanaged) does not include the expected future
temperature rise. (-) = decrease in emission, (+)nerease in emission, (0) = neutral effect, (?) =
effect unknown, (x) = not relevant.

Rewetting+reduced Management reducedincrease in % open
management (towards water
extensively managed)

CcOo CH, N,O CO CH, N,O (6{0) CH, N,O
Intensive - - - 0 - - - + -
management
Extensive - - - X X X - + ?
management
Unmanaged x X X X X X -
Open water - - - - - - X
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Appendix A

Supporting information Chapter 7

An overview of carbon flows in the intensively mged peat area Oukoop. The dashed box
represents the boundary of the total polder systeendotted, small box on the right-hand
of the figure represents the boundary of the came system (from the field point-of-
view).
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Black arrows are C flows, thick dashed arrows ar flows and dashed arrows are £O
flows (autotrophic and heterotrophic respiratidRsoxue and Recoy respectively and
photosynthesis(GER,)).
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Veengebieden bedekken ongeveer 3% van het tessrgedeelte van de aarde en tussen
de 6% en 7% van Nederland (273.000 ha). In Nedgneorden de meeste veengebieden
veenweiden genoemd, omdat ze over het algemeenewagebruikt voor grasproductie.
Venen zijn de meest koolstofrijke ecosystemen \atedrestrische biosfeer en wereldwijd
bevatten ze ongeveer 550 Gton koolstof. Deze drotdstofvoorraad kan alleen blijven
bestaan onder natte condities. Echter, wanneer weedt ontwaterd, bijvoorbeeld om het
geschikt te maken voor landbouw, zal het veen ogideen zullen grote hoeveelheden
koolstof door oxidatie als koolstofdioxide (@CQde lucht ingaan met als gevolg dat het
veen verdwijnt en de totale broeikasgasemissie hjlogmeneemt. Momenteel is de
oxidatie van venen een belangrijke en ook groeiehdm van broeikasgassen met
antropogene oorzaak. Kleine veranderingen in hetagement van veengebieden kunnen
leiden tot grote gevolgen voor de broeikasgasbaarde koolstof balans. Verlies van veen
en emissie van broeikasgassen vanuit veen kan ijkogerden gereduceerd door het veen
weer te vernatten en de management intensitegrtagen. Het is misschien zelfs mogelijk
om emitterende veengebieden (sources) te veranderbroeikasgas- en koolstofputten
(sinks) omdat de COuitstoot waarschijnlijk zal afnemen. Kennis oveoehandere
belangrijke broeikasgassen (methaan {GHh lachgas (pD)) zullen reageren op vernatting
van intensief gebruikte veenweiden ontbreekt eafptetendeels. Het vermoeden is dat met
name de Cklemissies zullen toenemen.

Binnen het BSIK ME-1-project is een landschapss¢haaelijkings)experiment
uitgevoerd, waarbij is onderzocht of gereduceerthagament en/of vernatting kan leiden
tot een afname van broeikasgasemissie en van kbasiezen uit veenweiden. Er zijn
hiervoor gebieden geselecteerd die representaljef vbor de westelijke Nederlandse
veenweiden en die verschillen in managementinteihsgh in ontwateringsdiepte. In een
aanvullend experiment is ook onderzocht hoe deikasgasemissie van waterlichamen
(meren en drainagesloten in het veenweidelandsctiep)verhoudt tot de emissie vanuit
het terrestrische deel van het veenweidelandschap.

De specifieke doelen van mijn onderzoek waren:

= Het kwantificeren van broeikasgasfluxen (COH, en N;O) op kleine schaal (m
schaal), veldschaal (ha-schaal) en landschapss@iaderschaal) in Nederlandse
veenweidegebieden.

= Het bepalen van de ruimtelijke en temporele valitelti van fluxen op
verschillende schaalniveaus.

= Het ontwikkelen van een systeem om fluxen gemeterkleine schaal op te
schalen naar landschapsschaal. Hiervoor werdensiemi®rspellingen gedaan,
gebaseerd op empirische regressiemodellen diensteireariabelen koppelen aan
emissies.
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= Het beantwoorden van de vraag of herstel van irgEbsheerde veenweide ertoe
kan leiden dat broeikasgasbronnen in broeikasgespwtorden veranderd als
CO,, CH; en NO worden meegenomen in de broeikasgasbalans.

Mijn onderzoek richt zich onder andere op het kifimeren van de totale
broeikasgasbalans van twee Nederlandse veenweiddgeb met een verschillend
management: (1) een intensief beheerd veenweidedjg®bruikt voor melkveehouderij,
waaraan dierlijke mest en kunstmest worden toegddien waarin een intensief
maairegime geldt (polder Oukoop) en (2) een veetwvaiet extensief management in de
vorm van weidevogelbeheer, waar alleen gemaaid wwemwdvaar de grondwaterstand iets
hoger is dan in de intensief beheerde polder (p@&tin).

De broeikasgasbalansen van deze twee veengebiedederw vergeleken met de
broeikasgasbalans van een voormalig intensief gabraenweidegebied dat sinds 15 jaar
uit productie is genomen en waar de grondwaters@a®@l cm onder het maaiveld is. Dit
laatste gebied is in detail bestudeerd door Head@R09b). Alle broeikasgasfluxen (zowel
opname als verlies) en mogelijk verklarende vat@bezijn gemeten in de drie
experimentele gebieden. Overige koolstofstromem lzgpaald aan de hand van gegevens
uit de literatuur en volgens eenvoudige berekemrasoden op basis van boerderijgrootte.

Doordat omstandigheden in bodem, water, vegetati&lienaat sterk wisselen, zowel in
ruimte als in tijd, fluctueren ook de uitstoot epname van broeikasgassen sterk. Fluxen
van CQ, CH; en NO zijn daarom moeilijk te meten. Gevolg is dat ie Huidige
emissieschattingen nog grote onzekerheden besfaaegmnale en lokale schaal. Ook is
het door het gebrek aan inzicht in deze varialtillgesstig om iets te kunnen zeggen over
wat er gebeurt met de broeikasgasbalans als hdgd#nuik verandert. Er is tot nu toe
slechts een beperkt begrip over de ordegrootteewainsie van de niet-Groeikasgassen.

In dit onderzoek is een geintegreerde benaderinglgg waarbij de drie belangrijke
broeikasgassen zijn meegenomen in de berekeningen waarbij verschillende
meettechnieken zijn gebruikt om de balansen opchéhlsnde ruimtelijke en temporele
schalen in kaart te brengen. De variabiliteit opig schaal is in detail bestudeerd door
gebruik te maken van kamermetingen in velden (derg@atte gedeelten), drainagesloten
en meren. Ruimtelijke variabiliteit op grote schéaksen ecosystemen) is bestudeerd door
gebruik te maken van alle beschikbare meetdata dexrdrie sites en door de totale
broeikasgasbalansen te vergelijken. Temporele hititgdt op de schaal van jaren tot
seizoenen is bepaald door gebruik te maken vankareets en op de schaal van dagen tot
jaren door gebruik te maken van eddy-covariantiesyen. De meetkamer meetmethode
wordt meestal gebruikt voor het in kaart brengem variatie op kleine schaal (aantaldm
terwijl de eddy-covariantiemeetmethode emissiesgirgert over een groot gebied (aantal
ha). De eddy-covariantietechniek is de meestgetauigchniek om vrijwel continue (per
half uur) CQ-fluxen te kwantificeren. De eddy-covariantiemeetmee is recent ook
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beschikbaar gekomen voor het meten van €HNO; de CH- en NO-fluxen die continu
zijn gemeten in deze studie zijn gemeten met eeuwisysteem dat uitgebreid is
geévalueerd door Kroon (2010b).

De twee onafhankelijk meetmethoden zijn beide gébom fluxen op te schalen, zowel in
de ruimte als in de tijd. Omgevings variabelen Vtirbeeld temperatuur, waterstand,
windsnelheid) die mogelijk (variatie in) broeikasgaissies bepalen, zijn gemeten over
een periode van ongeveer 4 jaar. De relaties tuszeabelen en emissies zijn bestudeerd
door gebruik te maken van multiple lineaire regeess niet-lineaire regressie. Temporele
opschaling is gedaan door in de statistisch sigpnifie regressiemodellen de verklarende
variabelen op halfuursbasis in te vullen. Voor nglifke opschaling van fluxen in de
veenweiden is gebruik gemaakt van kamerdata. Derarpntele set-up is zo ontworpen
dat alle landschapselementen die significant vdisoh in bijdragen aan de
broeikasgasbalans zijn bestudeerd. In deze langsel@anenten zijn emissies en
verklarende variabelen proportioneel bemonsterdaénproportioneel opgeschaald. Omdat
binnen het polderlandschap de sloten emissiehatspmir CH bleken te zijn is er een
aanvullend experiment uitgevoerd waarin emissias waterlichamen (meren en sloten)
zZijn bestudeerd in westelijke en oostelijke Nedwatte veenweidegebieden.

Het is belangrijk dat verschillende emissiemeetégten dezelfde uitkomsten genereren
op verschillende schaalniveaus. Daarom is in ddeoroek de vergelijkbaarheid van de
meetkamertechniek en de eddy-covariantietechniekesgje in een heterogeen
veenweidelandschap. De vergelijkbaarheid van dezafhankelijke meetmethoden is
gecrossvalideerd door langetermijn-eddy-covaria@t®-data (van één jaar) te vergelijken
met binnen de footprint van de eddy-covariantieerasbpgeschaalde kamerdata in
datzelfde jaar. Hetzelfde is gedaan over een periedn drie maanden om de
vergelijkbaarheid van ChHmetingen te bestuderen. De statistisch relevante
regressiemodellen werden gebruikt om temporeeleopchalen. In het experiment waar
metingen werden verricht op meren is een directgeligking gemaakt met kamermetingen
binnen de footprint van het eddy-covariantiesyste¥oor alle experimenten geldt: er is
rekening gehouden met variabiliteit op kleine sthdaor gebruik te maken van
weegfactoren voor elk landschapselement in het ubdestde landschap dat de
broeikasgasbalans significant anders beinvlioedt. dentotale broeikasgasbalans en de
totale koolstofbalans in kaart te brengen werdedeirgeéxploiteerde gebieden ook de aan
de boerderij gerelateerde emissies meegenomen.gaidt om emissies afkomstig van
mestopslagen rondom de boerderij en directe ersissie koeien. Deze fluxen werden niet
gemeten, maar werden geschat door gebruik te maienonderzoek uitgevoerd door
anderen.

Hoofdstuk 1 en hoofdstuk 2 van dit proefschrift dieg§ven de probleemstelling, de
hypothese en de wetenschappelijke achtergrond Namderzoek. Hoofdstuk 3 beschrijft
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de invloed van verminderd management en verhogamyde gemiddelde grondwaterstand
op de CH-balans van twee veengebieden (intensief en exegesimanaged) op basis van
kamermetingen. Het experiment is zo opgezet davetschillende landschapselementen
worden meegenomen in de berekening en dat ook texersturende variabelen zijn
gemeten. Zowel variabiliteit van emissies in dentei als de variatie in de tijd bleek groot
te zijn. De hoogste CHemissies werden gemeten in het voorjaar en in aleer, de
waarden waren gedeeltelijk gekoppeld aan mesttoedjeen significant gerelateerd aan
bodemtemperatuur. De drainagesloten en hun aaregrdez (vaak waterverzadigde)
slootkanten bleken emissiehotspots te zijn in &nweidelandschap. In een periode van
één jaar komt in beide gebieden meer dan 60% va@Hleemissie uit de sloten en de
slootkanten. Behalve bodemtemperatuur was er gadara gemeten variabele die een
significant effect toevoegde aan de niet-lineakgressies. Beide gebieden waren,CH
bronnen (range 146 tot 203 kg hia™* voor het intensief beheerde gebied en 156 totk80
ha' jr'* voor het extensief beheerde gebied) en er wasbeurgrootte geen significant
verschil tussen de twee gebieden. Als emissiedageeed aan de boerderij (bijvoorbeeld
mestopslag, koegerelateerde emissies) werden memgenin de berekening nam de
bronsterkte toe tot 427 kg hgr™ voor de intensieve polder en tot 339 kg' @ voor de
extensieve polder.

Om van de twee onafhankelijke meetmethoden die ggbruikt in dit onderzoek de
vergelijkbaarheid te testen is een cross-validexigeriment uitgevoerd dat is beschreven in
hoofdstuk 4. Hierbij zijn de data van twee verdehile eddy-covariantiesystemen (een
voor CQ en een voor CkJ vergeleken met de data van de kleineschaalmeetkaethode.
De kamer data zijn opgeschaald in het heterogemsthap (velden, sloten en slootkanten)
binnen de footprint van de meetmasten. Hierbij nigge manieren van opschalen getest:
wel of niet rekening houdend met de heterogenitait het landschap. De resultaten laten
zien dat het bij de opschalingsprocedure heel pefanis om de emissies van de
verschillende landschapselementen mee te nemerallan velden werden meegenomen
in de opschaling was het verschil tussen de edsgrantiedata en de kamerdata 31% voor
CO, (hogere fluxen voor de kamermeetmethode) en 5586 @bl, (hogere fluxen gemeten
met het eddy-covariantiesysteem). Als proportionad landschapselementen werden
meegeteld in de berekening werden de verschillenemissies gereduceerd tot
respectievelijk 16.5% en 13% voor ¢€Cn CH met hogere emissies voor de
meetkamermethode. Temporele variabiliteit op dagaiciverd niet goed meegenomen in
de empirische kamergebaseerde regressiemodelledatodeze modellen alleen zijn
gebaseerd op bodemtemperatuur. De resultaten Eg¢endat het belangrijk is om een
combinatie van beide methoden te gebruiken om zowgeiporele als ruimtelijke
variabiliteit goed in kaart te brengen en dat degekjkbaarheid van de onafhankelijke
meetsystemen goed is, mits de kamermetingen opefgegmanier zijn opgeschaald.
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In hoofdstuk 5 zijn de terrestrische EHen NO-balansen beschreven van de intensief
beheerde polder Oukoop, zoals gemeten door eenntreomtwikkeld eddy-
covariantiesysteem. De onzekerheid in de schattingsn de Cl# en NO-balansen is
gereduceerd ten opzichte van de schattingen geblasge kamermetingen. Over een
periode van drie jaar is de gemiddelde ,@rhissie geschat op 165 kgjrd en de
gemiddelde BO-emissie op 24 kg Hajr’. De totale broeikasgasbalans van de intensief
beheerde site is beschreven door gebruik te makengegevens over de gOalans
beschreven door Veenendaal et al (2007). De irgeagpolder blijkt een belangrijke bron
voor alle drie de broeikasgassen. Uitgedrukt in aqmaingspotentiélen is het aandeel van
CO,, CH; en NO in de terrestrische broeikasgasbalans geschaesgectievelijk 30%,
25% en 45%.

Uit de resultaten van hoofdstuk 1 blijkt dat drgesloten belangrijke hotspots zijn voor
CHs-emissie. Deze emissie uit waterlichamen wordt niej meegenomen in de nationale
emissieschattingen. Daarom is er een kortduren@raxpnt uitgevoerd in de zomer van
2009 waarbij de C® en CH- fluxen en hun mogelijk verklarende variabelem zjpmeten

in 12 waterlichamen (drainagesloten en meren) in bestelijke en westelijke
veenweidegebied. Dit experiment is beschreven afdstuk 6. De resultaten laten zien dat
zowel meren als sloten GGen CH, emitteren en dat per oppervlakte-eenheid sloten
significant meer emitteerden dan meren. De graadevarofie correleerde positief met de
grootte van de C® en CH-emissies, terwijl de diepte van het waterlichaanpl van het
water negatief correleerden met de grootte vanrdissies. Dit zou betekenen dat een
afname van de toevoer van nutriénten en organisitdievanuit de omgeving indirect ook
de emissies van CHn CQ naar beneden brengt.

Hoofdstuk 7 is een synthesehoofdstuk waarin alta darzameld binnen het ME-1-project
in de periode 2005-2009 door de verschillende @@oegECN, VU, WUR) zijn
samengevoegd. De hypothese dat intensief beheenddeeeste veenweiden weer
teruggebracht kunnen worden tot broeikasgas-sinkgldats van broeikasgas-sources is
getest. Drie veenweidepolders met vergelijkbarddaibruikshistorie (intensief beheer) zijn
bestudeerd, elk van de polders had een eigen leuidigbruiksintensiteit en
grondwaterstand: de gebruiksintensiteit variért waansief (polder Oukoop) tot extensief
(polder Stein, voormalig intensief beheerde pold&) geen management (polder
Horstermeer, voormalig intensief beheerde poldae) grondwaterstand variérend van laag
(polder Oukoop) tot dynamisch met hoge waterstamaele winter en lage waterstanden in
de zomer (polder Stein) tot hoog (polder Horstemndgeide beheerde gebieden fungeren
(intensief en extensief) als bronnen voor,Gfkide een bronsterkte van 0.4 kg Go¥ jr

) terwijl de niet-beheerde polder Horstermeer fumgeals een opslag voor GO
(opnamesterkte 1.4 kg GOm? jr'). De hoge temporele variatie in netto
ecosysteemuitwisseling van @@ over het algemeen een gevolg van beheer (maaen
afvoer van biomassa). De drie polders fungererCélgbronnen met emissies van 16.4,
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16.7 en 19.2 g CHm? jr, gemiddeld over drie jaar gemeten. Ruimtelijkesebillen op
grote schaal ontstaan door een combinatie van belmewaterstand. Het aandeel van,CH
in de totale broeikasgasbalans is daarbij ster&rdéélijk van de hoeveelheid open water in
het bestudeerde gebied. Een verandering in heteabmdater in het landschap impliceert
dan ook een sterke verandering in het aandegli€He broeikasgasbalans. Voor de totale
koolstofbalans geldt dat beide beheerde gebiedetstad verliezen op jaarbasis en het
onbeheerde gebied koolstof opslaat. Voor het teisebe gedeelte van het
veenweidegebied blijkt dat J® het belangrijkste broeikasgas is (uitgedrukt ateptiéle
opwarmingssterkte) in het intensief beheerde veategebied Oukoop, terwijl in Stein
CO, en CH, de belangrijkste twee broeikasgassen zijn. In destdrmeer domineert de
opname van C@de totale broeikasgasbalans. Ongeveer 30% vaandeotele variabiliteit

in N,O-emissie in het intensief beheerde gebied wordklaard door de variabelen
bodemtemperatuur en windsnelheid. Als we de tdtabeikasgasbalansen (uitgedrukt in
CO,-equivalenten) van de drie bestudeerde gebiedegelen kunnen we concluderen
dan het intensief beheerde gebied de grootste Kasgasbron is. Een intensief beheerd
gebied kan echter weer teruggebracht worden (bintierjaar) naar een gebied met
broeikasgasopname als de juiste maatregelen wgetgsmen (verhoging grondwaterstand
en reductie van de beheersintensiteit). Het prectgdsbestek waarin een broeikasgas-
source kan switchen naar een broeikasgas-sinkgonbekend. Ook is onbekend hoe een
gebied als de Horstermeer zich zal ontwikkelen entaekomst: zal het eutroof blijven
omdat er een continue toevoer van nutriénten islivate omgeving? En zal het zich dus
ontwikkelen naar bijvoorbeeld een elzenbroekbos? Zaf het systeem langzaam
voedselarmer worden en zal het zich ontwikkelerr e@m hoogveen? Het is daarom ook
onbekend of de huidige broeikasgasopname in diedeib dezelfde orde van grootte zal
blijven.

Afsluitend zijn in hoofdstuk 8 conclusies besproleenzijn toekomstperspectieven gegeven
voor het veenweidegebied, gebaseerd op de bevimdirdie beschreven zijn in dit
proefschrift. Er is besproken waar nog kennis @kt en waar verder onderzoek naar
gedaan zou moeten worden. In een overzichtstalparibroeikasgas weergegeven wat het
gevolg is van verschillende mitigatiestrategieén.
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