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Abstract. An intercomparison is made of the Net Ecosystem inter-site standard deviation was higher 8PP and R,,
Exchange of C@, NEE, for eight Dutch grassland sites: four 534gCnr2a1 (37.3%) and 486 gCnfa 1 (34.8%), re-
natural grasslands, two production grasslands and two metespectively. However, the inter-site standard deviation of
orological stations within a rotational grassland region. Atall NEE was similar to the interannual one, amounting to
sites theNEE was determined during at least 10 months per207 gCnt2a 1. Large differences occur due to soil type.
site, using the eddy-covariance (EC) technique, but in differ-The grasslands on organic (peat) soils show a mean net re-
ent years. Th&lEE does not include any import or export lease of CQ of 220+£90gC nt2a ! while the grasslands
other than CQ@. The photosynthesis-light response analy- on mineral (clay and sand) soils show a mean net uptake
sis technique is used along with the respiration-temperaturef CO, of 90+90g Cnmr2a L. If a weighing with the frac-
response technique to partitibfEE into Gross Primary Pro-  tion of grassland on organic (20%) and mineral soils (80%)
duction GPP) and Ecosystem RespiratioR/) and to obtain is applied, an averagdEE of 28 £90g C nmt2 a1 is found.

the eco-physiological characteristics of the sites at the fieldThe results from the analysis illustrate the need for regionally
scale. Annual sums MEE GPPandR, are then estimated specific and spatially explicit Cfemission estimates from
using the fitted response curves with observed radiation andrassland.

air temperature from a meteorological site in the centre of
The Netherlands as drivers. These calculations are carried

out for four years (2002—-2005). Land use and management )

histories are not considered. The estimated an®yaior 1 Introduction

all individual sites is more or less constant per site and the

average for all sites amounts to 13980 gCnt2a-L. The Grasslands cover about 20% of the world’s land area (Hadley,
narrow uncertainty bandi(2%) reflects the small differences 1993) and about 22% of the EU-25 land area (EEA, 2005).
in the mean annual air temperature. The mean anGed® They not only constitute an important socio-economic and
was estimated to be 1325g C a1, and displays a much environmental resource, but they also affect the atmospheric
higher standard deviation, ef110 gC nt2a~1 (8%), which ~ €nergy, water and carbon budgets. Currently, it is sug-
reflects the relatively large variation in annual solar radia-9€sted that grasslands demonstrate the sameacimu-

tion. The mean annudlEEamounts to —6%85 gC nt2a L. lation rates as forests (Hu et al., 2001). If this is correct on
From two sites, four-year records of G@ux were avail- & long-term basis, this is of great interest in light of the dis-
able and analyzed (2002-2005). Using the weather recor@ussions on global warming. As such, grassland areas con-
of 2005 with optimizations from the other years, the stan-tribute significantly to the terrestrial greenhouse gas (GHG)
dard deviation of annuaGPP was estimated to be 171— balance (Soussana et al., 2007b). Thus, realistic estimates
206 gC nT2a ! (8-14%), of annuak, 227-247 gCm2 a1 of greenhouse gas budgets require reliable estimates of emis-
(14-16%) and of annualEE 176276 gCm2a-l. The  Sions from grasslands.

The Net Ecosystem Exchange of gONEE, usually is
Correspondence taC. M. J. Jacobs the largest component in the surface-atmosphere exchange of
(cor.jacobs@wur.nl) GHG at the field scale. Itis commonly taken to be the starting
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point in the construction of more complete GHG balances af(peat soils). It has been derived from belowground carbon
the farm level (Soussana et al., 2007a) as well as in nationadtock changes in such soils, as affected by water manage-
GHG inventories (Brandes et al., 2007). Full accounting of ment (Brandes et al., 2007). Clearly, this emission factor is
the GHG balance then requires to take into account contribumuch larger than the maximum yearly emission reported by
tions from other GHG, like nitrous oxide and methane, andGilmanov et al. (2007) for organic soils. It neglects inter-
carbon import and export by management. These contribuannual variability as well as the possible uptake of,G®
tions may be included as separate subsequent steps in tlygasslands on mineral soils and in waterlogged areas. There-
construction of such a balance (see, Soussana et al., 200Tare, while analysing the emission variability of Dutch grass-
and Veenendaal et al., 2007 for examples). In this paper, wéands, we also attempt to analyse interannual emission vari-
focus on the first step in the construction of GHG balancesability and the difference in the emission factor between or-
of temperate grasslands on regional to national scale, that iganic and mineral soils.
an analysis of th&lEE of CO,. Emission variability analysis requires continuous observa-
In national inventory reports such as required under thetions of GHG exchange during prolonged periods of time
Kyoto Protocol by the United Nations Framework Conven- and for various sites to address both spatial as well as tem-
tion on Climate Change (UNFCCC) all grasslands are usujoral variability of emission factors. Thanks to the gradu-
ally shared under one so-called source/removal category witlally increasing number of sites with long-term flux obser-
one emission factor (IPCC, 2003). Similarly, in global or re- vations based on the eddy covariance (EC) technique (Bal-
gional carbon budget models land cover is often prescribedlocchi et al., 2001) such analyses are now within reach for
in terms of biomes such as “temperate grassland” with onlycarbon dioxide (C@). In the present study eight datasets of
one set of vegetation parameters (see, e.g., Friedlingstein guasi-continuous COflux measurements covering at least
al., 2006). This implies that at regional to national scales,10 months are analysed. The datasets are all obtained in the
grassland is considered as one homogeneous ecosystem witlast decade, using the EC technique. They represent con-
a single yearlyNEE However, even within relatively small trasting grassland sites in The Netherlands, ranging from in-
regions with uniform climatic conditions large variability in tensively managed grassland to natural grassland. In contrast
NEE from grasslands may be expected due to differencewith Gilmanov et al. (2007), there is much less variation in
in soil type and water- and land-management practice (Am-the climatic conditions among the sites.
mann et al., 2007; Gilmanov et al., 2007; Soussana et al., In our analysis, we first investigate G@&mission variabil-
2007a). Insight into emission variability is necessary to sup-ity by establishing ecophysiological differences between the
port uncertainty estimates in inventories as well as in mod-grasslands, based on the construction of ecosystem response
elling studies. Identification of corresponding factors leadingcurves, notably the photosynthesis-light and the respiration-
to such variability would even more improve the estimate bytemperature response characteristics. The contributions from
reducing the uncertainty. ecosystem respiratioR, and photosynthesis (gross primary
The large variability of C@ exchange of grasslands has production,GPP) can then be distinguished. To date, this
recently been investigated on a European scale by Gilmanoapproach is commonly used to analy¢EE and has proven
et al. (2007). These authors compared data from 20 Euroto offer a valuable analysis tool for the detection of ecophys-
pean grasslands, covering a large range of ecophysiologiological differences among different locations (Gilmanov et
cal and climatic conditions. Their datasets each represerdl., 2007). We then estimate annual emissions using data
1-2 years of flux observations. AnnddEE was found to  from a meteorological station in the centre of The Nether-
vary between a net uptake of 655gCfand a release of lands to drive the fitted ecosystem responses of the sites. This
164 gC nT2. Net release was observed in 4 cases, associatethethodology may be viewed as a normalisation of the annual
with organic soils. CO, budget with respect to climatic conditions. It allowed us
In this paper we analyse the G@mission variability of  to better assess the influence of ecophysiological differences
grasslands in The Netherlands. About 50% of the agricul-between the grasslands, and to pay special attention to the
tural land in the Netherlands consists of grassland, where rodifference between organic and mineral soils. Datasets from
tational grazing is the most common land use (CBS, 2007)two extensively managed grassland sites covered a period of
Grassland on organic soils plays a special role in the GHGour consecutive years. Based on these data, we also esti-
budget from land sources in The Netherlands. A relativelymated the interannual variability relative to ecophysiological
large fraction of about 20% of the production grasslands indifferences.
The Netherlands is located on peat soils (CBS, 2007). In
the national inventory report of The Netherlands grassland
is defined as all managed grasslands, natural grasslands and
grasslands for recreation. The contribution of grassland to
the national greenhouse gas budget is expressed by means of
a single emission factor, amounting to 519 gCa 1. This
number includes the emission from drained organic soils
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Table 1. Site characteristics of the eight Dutch grassland sites. OC (%) is the organic carbon fraction in the upper 20 cm of the soil.

Name Type Soil (FAO) OC-content  Fertilizer Use Land Use Year
(%)
Haarweg WMO-Grassland Eutric gleyic Fluvisol 3 No Mowing 2002-2005
Cabauw WMO-Grassland Eutric Fluvisol 5 No Grazing sheep 2002-2005
Horstermeer Grassland/Wetland Eutric Histosol 20 No Semi-natural permanent 2005
grassland
Fochterlo@rveen  Natural Grassland Eutric Histosol 50 No Natural grassland 1994-1995
Haastrecht Production Grassland  Eutric Fibric Histosol n/a Yes Intensively managed 2@@3(July)—
manent grassland 2004(May)
Oukoop Production Grassland  Fibric Eutric Histosol 15 Yes Intensively managed (2805
manent grassland
Stein Meadow Bird Reserve  Fibric Eutric Histosol 15 No Natural grassland 2005
Lelystad Production Grassland  Calcaric Eutric Fluvisol 3 Yes Intensively managed per- 2004
(6 times a year) manent grassland
2 Materials and methods suitable to estimate annual GOudgets from the ecosystem
responses (see Sects. 2.2 and 2.3).
2.1 Study sites Below a brief description is given of the various grassland

sites included here. Moreover, the main characteristics of
The Netherlands, a midlatitude coastal country, has a highhe sites are listed in Table 1. For more detailed information
frequency of rain events that are more or less evenly dison the EC measurements, the reader is referred to the cited
tributed during the year. The long-term mean precipitationliterature.
ranges between 730 mm% (South West) and 750 mnTa
(East) and occurs during 1926 days a year (Jacobs 2.1.1 Haarweg station

et al.,, 2006). The long-term mean annual temperature ] ) .
ranges between 8@ (North) and 9.5C (South) and the The meteorological observatory of the Wageningen Univer-

long-term mean incoming solar radiation ranges betweersity, Haarweg Station, is located in the centre of the Nether-
3400 MJInT2at (Centre) and 3850 MInf a1 (West). lands (lat. 53 58 N, long. & 38 E, altitude +7m a.s.l;
CO, exchange of 8 grassland sites distributed over theVWW.metwau.nl. The dominating plant species in this
Netherlands is analyzed. The geographical locations of thesBEreénnial grassland area are rye grassium perennepnd
sites are shown in Fig. 1. All sites have a so-called long po-f0Ugh blue gras¢Poa trivialis). The soil at the site is pre-
tential growing season (above 260 days), in which the meafiominantly heavy clay resulting from the back-swamps of
air temperature is aboveS. For example, the most eastern the river Rhine. _ _ _
and coldest grassland site had a potential growing season of Because the site is a meteorological station, the one-sided

305£12 days in the years 20022005, which is the periodLeaf Area IndexAl, of the terrain is kept constant as good
analyzed here. as possible and has a numerical value oft®8. Because

In order the measure the GQluxes, all stations are there i.s a unique re!atipn between the grass height.id
equipped with EC systems, consisting of a fast respons Kt_aunlng, 1988), this IS don_e by che(_:klng the mean grass
sonic anemometer and a fast response C®LO analyzer. eight (about 10 cm) daily, with a special grass height meter

General principles of the EC flux measurement methodol—(Eijkﬁngamp’lm?del T‘MI)' ACtl)gult month(ljy lth(‘:alAllllg m;a—.
ogy as well as processing of the data required to obtain highf’#re y aplantana 31/2'\? ( 1 I;lnC. mbo N h -110). urng
quality flux estimates are described by Aubinet et al. (2000, € growing season (1 May—1 November), the grass cover is

2003). For all sites included in this study, data treatment an gwﬁfhwfill(ly’ EUt _kezaing t?he miianimun:j requirka:ll_ Orf]t
quality control closely followed the guidelines in these pa- = ™ € as derived irom the observed grass heignt ex-

pers ceeds the maximum value of 3.2 within a week, the grass is

In addition to the EC devices at each site a weather Sta[nowed more frequently. At the measurement site the mowed

tion is installed, which provides 30-min averages of global grass is not removed but evenly spread over the areg: CO
. o . flux measurements from the period 2002-2005 are analyzed
radiation ®;,), net radiation, air temperaturé,(, vapour

! . o L here. More details about the site can be found in Jacobs et
pressure, wind speed, wind direction and precipitation. The

agro-meteorological station “Haarweg” in the centre of the al. (2003a).
Netherlands is equipped with an independent double meteo-
rological measurement system in order to avoid gaps in the
data. This makes the meteorological data from this station

www.biogeosciences.net/4/803/2007/ Biogeosciences, 4 83@32007
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Fig. 1. Geographical distribution of the Dutch grassland study sites: 1 — Haarweg, 2 — Cabauw, 3 — Horstermeer, 4 — &nee)do—
Haastrecht, 6 — Oukoop, 7 — Stein, 8 — Lelystad. Shaded areas denote peat soils.

2.1.2 Fochteloérveen grassland area at®lium perenn€40%),Poa trivialis (20%)
andAlopecurus genculatud0%). The grass is maintained
The Fochteloérveen area is a disturbed raised bog in theby grazing of sheep and the mean LAl is about 3. The soil is
north of the Netherlands (lat. 5®0 N, long. & 24 E, alti- a 0.7 m thick clay layer on peat. Ditches occupy 10% of the
tude +11 m a.s.l.). The vegetation is a natural tussock grassaerial surface. The water level in the ditches is kept constant
land, with an average height of approximately 0.4 m. A layerduring the winter half year and the summer half year respec-
of 0.1 m of dead organic material from the previous grow- tively. Horizontal transport of water from the grassland to
ing seasons covered the tussocks and the hollows in betweethe ditches is limited. This results in considerable changes
The dominating plant speciesNolina caerulea(>75%) but  in ground water level at the central parts of the grassland
also species like&criophorum vaginatum, Calluna vulgaris throughout the year.
andErica tetralix could be found. The green LAl has amax-  CO;, fluxes from four consecutive years (2002-2005) are
imum of about 1.7 in August. Throughout the seasons, theanalysed here. With westerly wind, the footprint of the flux
water table depth varied, depending on the weather, from @bservation is partly over a neighbouring field which is bare
to 0.2 m below the tussock soil interface but the soil remainedsoil in winter and maize during summer. Results from the
saturated. C@fluxes were measured between June 1994 andvind direction from this area, between 177 and 317 degrees,
October 1995. More details about this site can be found inare therefore ignored in the present study. More details about
Nieveen et al. (1998) and Jacobs et al. (2003b). this site can be found in Beljaars and Bosveld (1997).

2.1.3 Cabauw 2.1.4 Horstermeer
The Cabauw site is located on grassland in the centre ofhe Horstermeer site is a grassland/wetland polder of a for-

the Netherlands (lat. 3157 N, long. # 54 E, altitude —  mer agricultural land in a drained natural lake in the centre
0.7m a.s.l.). The dominating plant species in this perenniabf the Netherlands (lat. 3202 N, long. 5 04 E, altitude —

Biogeosciences, 4, 80846, 2007 www.biogeosciences.net/4/803/2007/



C. M. J. Jacobs et al.: Variability of annual @@xchange from Dutch grasslands 807

2.2m a.s.l.). The site has been taken out of agricultural pro20 years the area has gradually become a meadow bird re-
duction more than 10 years ago, and has developed into semgerve. The dominating plant species in this perennial grass-
natural grassland. The two meter thick soil consists of peatland area aréolium perenneandPoa trivialis. Vernal grass
overlain with organic-rich lake deposits and is overlying eo- (Anthoxantum odoratumand sour dockRumex acetosa)
lian sands of Pleistocene age. After the site has been takelnowever, are becoming more abundant. The soil at the site
out of agricultural production, the ditch water table has beenis a clayey peat or peaty clay of about 25 cm thickness on a
raised to approximately 10 cm below the land surface. Largel2 m thick peat layer. About 15% of the area is open wa-
parts of the Horstermeer polder are subject to strong groundter (ditches or low parts in the landscape). £ilix mea-
water seepage from surrounding lake areas and Pleistocerseirements were conducted from 2004 onwards. More details
ice pushed ridges. At the measurement location seepage &bout this site can be found in Veenendaal et al. (2007).
largely reduced and even infiltration occurs as a result of the
high water table. The surface of the research area consists f{&.1.7 Oukoop
10% of ditches, for 20% of land that is saturated year-round
(mostly alongside the ditches) and for 70% of relatively dry The Oukoop site is a grassland polder in the west of
land with a fluctuating water table (between O to 40 cm be-the Netherlands (lat. 3202 N, long. # 47 E, altitude —
low the soil surface) and an aerated top-layer. Management.8 m a.s.l.). The grassland site is part of an intensive dairy
consists only of regulation of the ditch water table; no cattle farm with rotational grazing during the summer period (mid-
grazing or harvesting takes place, the only removal of vegetaMay—mid-September). The dominating plant species in this
tion consists of sporadic grazing by roe deer. Vegetation conperennial grassland area drelium perenneand Poa trivi-
sists of different types of grasses (dominant spekielsus  alis. Manure and fertilizers are applied two or three times
lanatus Phalaris arundinaceaGlyceria fluitan3, horsetail —a year, but not during winter time. The area is about 4
(Equisetum palustieluviatile) reeds Phragmites australis ~ km South-West of the Stein location and has the same soil
Typha latifolig and high forbs Urtica diocia, Cirsium ar-  characteristics. C®flux measurements started in 2004.
vense, palustje Measurements of C{fluxes from the year  More details about this site can be found in Veenendaal et
2005 are included in the present study. More details abougtl. (2007).
this site can be found in Hendriks et al. (2007).

2.1.8 Lelystad
2.1.5 Haastrecht

The Lelystad site is a grassland site in the centre of the
The Haastrecht site is a grassland polder in the centre of théletherlands (lat. 5231’ N, long. 5 35 E, altitude 0 m a.s.1.).
Netherlands (lat. 5200'N, long. # 48 E, altitude—1.4 m  The site is located in the Flevopolder, an area reclaimed from
a.s.l.). The dominating plant species in this perennial grasstake IJssel in 1965. The soil consists of young sea clay.
land area aré.olium perenneand Poa trivialis. The soil at ~ The groundwater table is maintained at about 1 m below the
the site is predominantly a peat soil. The water table is kepiground surface, but it can be higher during periods of rain.
constant with a level of —1.6 m during the summer season and'he grassland site is part of an experimental farm “De Wai-
—1.8 m during the winter season. The grass at the measuréoerhoeve” with intensive management with 5-6 harvests a
ment site is maintained by grazing of sheep. year. Grass was removed from the field either by cutting or

CO, flux measurements were performed from July 2003 by grazing. The farm has a total number of 400 cows and 500

until May 2004. Eddy covariance devices were mounted atsheep. Manure and fertilizers are applied about six times a
a height of 4m. Windspeed was measured using a sonigear, but not during winter time. CAlux observations from
anemometer (Gill R3-50). Air temperature was also derivedthe period July 2003 until June 2004 are analyzed here. More
from this instrument. C@concentration was measured with details about this site can be found in Gilmanov et al. (2007).
an open path KHO/CO, sensor (LICOR, Li-7500). Support-
ing measurements include observations of incoming short2.2 Net Ecosystem ExchangsEE) and Ecosystem Res-
wave radiation, using a pyranometer (Kipp & Zonen, CM21). piration (R.)
The direct surroundings of the measurement site are agricul-
tural grasslands with rotational grazing by cows and sheepThe Net Ecosystem ExchangeEE, is the result of photo-
The fetch in the direction of the prevailing winds (South- synthetic uptakeGPP, and the ecosystem respiratioR;.
West to West) is about 5 km. Using the ecological sign convention with photosynthetic up-

take defined positive, we have:
2.1.6 Stein

NEE =GPP — R, (1)
The Stein site is a polder in the west of the Netherlands
(lat. 52 0T N, long. # 46 E, altitude —1.6 m a.s.l.). The During nighttime, only respiration occurs which enables
polder was used as grass production land and during the paahalyses based on a distinction between daytime (downward

www.biogeosciences.net/4/803/2007/ Biogeosciences, 4 83@32007
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solar radiationR;;,,>0) and nighttime R;,,=0) fluxes. For To determine the responsesRf to temperature, the data

nighttime Eq. (1) reduces to: from one entire year were averagedIinbins with an equal
number of data. Equation (3) was then fitted to the bin aver-

NEE = —R. = —Rnight (2)  ages, by optimizing the reference respirati@ing as well as

E, (Ruppert et al., 2006). Annual sums of the respiration are

Temperature is an important driving variable of resp|rat|0n.then estimated by applying Eq. (3), with obsen@dfrom

This relatu_)n is usually e_xpressed by means of, for exampleHaarweg as the driving variable.
an Arrhenius-type relation. Here, we apply the following

equation to analyze the response of respiration to tempera- The ba;e respiratioRso apd sgnsmvny coefhmen.E,I are
ture (Lloyd and Taylor, 1994): probably influenced by soil moisture as well (Reichstein et

al., 2005). Similarly, changes in ecosystem characteristics
1 may affectR.. To deal with these effects, the optimization
10-T, T— To)) 3) may be carried out for separate, shorter periods of time. Tests

with separate optimizations per period of half a month for
whereR1o (umol m~2 s71) is the reference respiration at a the year 2005 showed that the effect on the annual sums of
reference temperature of D (the numerical value appear- R, varies from minor (48 gCm?a ! or 3% in the case of
ing in the equation)7 (°C) is temperatureE, (K) is athe  Cabauw) to considerable (205 gC a1 or 22% in the case
so-called ecosystem activation energy or sensitivity coeffi-of Lelystad). However, the numbers are then based on some-
cient, andTp=—46.02C is the zero respiration temperature, times meaningless fits, with negative or very low correlations
denoting the temperature below which there is no respirabetween model and data, with sometimes spurious behavior
tion anymore. Temperatuf® in (3) may be soil temperature of Ryo. Furthermore, for some sites gaps of a few months per
T, or air temperaturel,,. Usually, 7y is chosen to be the year occurred, which implies additional uncertainty in inter-
driving variable in (3). HoweverR, originates from the soil  site comparisons, with results that cannot be compared any-
and the vegetation, representing a complex interplay betweemore. Considering our goal, that is, to provide an estimate
various aboveground and belowground processes. Photosyf the differences at an annual basis, it may therefore be ar-
thesis and some of the processes contributing to ecosystegued that such a refined analysis does not necessarily imply
respiration may be intimately linked at various time and spa-a more reliable result. Therefore, it was decided to restrict
tial scales (Hartley et al., 2006). Because photosynthesis isur analyses to periods of one entire year.
driven by aboveground temperatures, it need not be surpris-
ing that the fraction of variance iR, explained by (3) using 2.3 Photosynthetic uptake (GPP)
eitherT, or T, does usually not differ much. For forestin par- o o o
ticular, even slightly better correlations have been reported! Nere are two major light-use efficiency characteristics used
using 7, (Reichstein et al., 2005; Ruppert et al., 2006). In literature; the phy5|o_log|c_al one and_ t_he ecological one.
Moreover, Van Dijk and Dolman (2004) found that usifig Here we use the ecological light-use efﬁmency bec_ause these
gives much more consistent results in inter-site comparisonscharacteristics match the scale of our analysis (Gilmanov et
which they suggested to be due to problems and inconsisterfl-» 2007). The daytime dat&(, >0) are used to make an as-
cies in the measurement @. Although they analyse®, ses;ment of the'llght-r.esponse curves gt the ecosygtem scale.
of forest, the latter argument applies to other ecosystems a8dain, data during episodes of precipitation are discarded.
well. Because of the aforementioned arguments we decided ne data were stratified ifi, classes of 5C and per temper-
to useT, instead of7,. In contrast with7, that is readily ature class the data were blnned into 10 light intensity classes
observed,T; is not available at all sites. Therefore, using Of €qual numbers of data. Light response curves were then
T, assures an analysis that is similar for all sites, that is, arfitted to the light-bin averages, using the rectangular hyper-
analysis based on the same driving variables for all sites. Pola (Goudriaan and Van Laar, 1994):
From the nighttime flux data we excluded those ob- & RinG P Pmax

tained during precipitation events. Furthermore, it was re-NEE + Re = GPP:m (4)
quired that friction velocity:,>0.1 ms™1. During relatively " max
calm stable nights turbulence is suppressed and the eddyhereRr;, (Wm~2) is the incoming short wave radiatiom,
covariances become ill-defined since these conditions aréumol J-1) is the actual light conversion factor aGPPmax
non-stationary and non-homogeneous. It appears that the crizmol m—2 s71) is the maximum gross assimilation rate.
terionu,<0.1ms ! is an appropriate threshold for not ap- GPPnay is an asymptotic value that varies during the sea-
plying the eddy-covariance technique (Van de Wiel et al.,sons and for different ecosystems. However, it often does not
2003). Indeed, analysis of the Haarweg data showed thasaturate within a realistic range of radiation intensities, espe-
the uncertainty inR, due to uncertainty in the fitted pa- cially in cases where the response tends to be linear, or if no
rameters was less than 3% for 3 out of 4 years as long asbservations are available beyond the quasi-linear section of
u,>0.1ms1 but only increased to about 7% in one case the curves. In such cases, the fit@BPyax is not a realistic
(2003). measure of maximum gross assimilation rates. Therefore, in

R, = Ripexp(E,(

Biogeosciences, 4, 80846, 2007 www.biogeosciences.net/4/803/2007/
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order to obtain a more realistic comparison between differ- 6
ent sites we follow Ammann et al. (2007) and BP;g00 — _
instead. This parameter denotes the gross assimilation rate a " 5 11
a solar light intensity oR;,=1000 W nT2, derived from the o 4
fitted response function (4). As sudBPPgop can be inter- E 3]
preted as a measure of the so-called light saturation point for g
the various ecosystems. An alternative would be to reformu- = 2
late (4) in terms ofGPPyggo (Falge et al, 2001). S 1
The stratification in temperature classes accounts for the o |_|
effect of temperature on the photosynthesis. In addition pho- 0 T
tosynthesis may be affected by the hum!dlty of .the air, due (b\)\ﬁ @Qp &Q}b QS}’\\ & & ooQ @ﬁ‘ e@o
to stomatal closure under dry atmospheric conditions. How- Q«§ 69,6\2\,&@ ,oéé @&‘ N O\l~ \}
ever, humidity deficit and temperature are strongly corre- @0 XY
lated in particular at the upper temperature ranges above the ((060
photosynthetic temperature optimum. Consequently, at the
ecosystem scale, accounting for humidity differences as well 600
has only a small effect on the annual sums in practice, in
particular if the temperature bins are reduced. Similarly, as 500 + u
suggested by Ruppert et al. (2006) ecosystem characteristics — 400 -
affecting the light response may be correlated with temper- < 300 4
ature at seasonal timescales. In particular LAl may have an 200 J
impact on the light response of the grasslands, which appears
to be a linear impact for the Stein and Oukoop sites (Veenen- 100 - H H
daal et al., 2007). Therefore, at sites with significant cuts 0 L
in LAl that are independent of temperature we assumeq that & L S & @@ R & 6%'0
only the uncertainty of thaveragdight response curves will ,50’3’,@@@ ,Z;o‘@ & Q’@ e}*% ¥ o A\
be increased. However, at the longer timescales considerec OQ}OO <4 0\\ VO
here, for sites with less intensive management, LAl may also Oe,(\‘ <
show some correlation with temperature as well. Yet some <

other sites have almost constant LAl at seasonal time scales.
Therefore, and because our data did not allow further stratifii9- 2. The reference respiratioRy o, and the ecosystem activation
cation in LAl for all the sites, we decided to only stratify our €"€"9¥:Ea, for the various grassland stations. For the Haarweg and
data in temperature classes. Tests were performed with ten}%it:i:‘g:gf:r}]tehni ;g:gard deviations have been indicated for the
perature bins reduced to 2 K. The scatter in the fitted param- '
eters increased, but differences ©1% (~15gCm2a 1)
were found with respect to the annual sumstP. There-
fore, T, bins of 5K were used. regime, from intensively managed grassland into a meadow
bird reserve. Apparently, this change has hardly affected

the respiration characteristics until today. Second, we infer

3 Results and discussion from Fig. 2 that the Fochtel@veen and Horstermeer grass-
land/wetland locations deviate most from all other locations.
3.1 Respiration characteristics The Fochteloérveen area is a natural bog area. In sum-

mertime only, there is green vegetation with a very low LAI

First, the nighttime fluxes of all grassland stations are ana{about 1.7) and with a relatively high water table ranging be-
lyzed in order to obtain the reference respirati®ig, and  tween—0.0 m (wintertime) and —0.2 m (summertime) below
the activation energyE,. Figure 2 shows the results from the tussock soil interface. The Horstermeer area is a grass-
this analysis for the individual sites, as well as the mean pajand/wetland area that is taken out of production for more
rameter value from all the sites. In the case of Haarweg andhan 10 years and has been developed into a semi-natural
Cabauw, the mean of 4 years has been plotted. Error bargrassland/wetland. Also here the water table is relatively
denote the standard deviation. high and ranges between0.4 (summertime) and-0.0m

It can be seen that the Stein and Oukoop locations befwintertime). As a consequence, at both locations the aer-
have more or less similar in their respiration characteris-ation of the uppermost soil layer is probably reduced, which
tics. Both stations are situated in the same area and havien limits the respiration. In peat areas where the water ta-
nearly the same history. Only during the past 20 years théle is usually close to the ground surface, this phenomenon
Stein site is gradually subjected to a changing managemennay then result in a close relation between the water table
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Fig. 3. The air temperature dependency of the respiration of all S g?@%ﬁ?&
i i orstermeer
grassland locations along with the averaged values and standard de- _ 40 1 = - - Fochtelooeneen
viations. For each site, the goodness of f#)(of the respiration w; e
model (3) to the individual data points has been indicated in the 3 ¥ - Leiyetad
legend (r"2). 5
gend ("2) ]
&
© 10 4
depth and respiration (Lloyd, 2006). In places with a less
direct coupling between soil moisture content of the upper 0 ; : : ; ; ;
layer and the depth of the groundwater table, such a relation 0 5 10A_ § 15 ) ZC? (00)25 80 %
. Ir femperature ass
may be very weak or absent (Lafleur et al., 2005; Nieveen et

al., 2009). . . Fig. 4. The air temperature dependency of the light conversion fac-
For the Haarweg and Cabauw sites, observations from foufy, o, (top frame) and gross assimilation rate at an incoming short

complete years (2002-2005) are available. To getinsightintQuave radiation of 1000 W m?, GPPyggo (bottom frame) of all
the interannual variation at10 andE,,, their standard devia-  grassland locations along with the averaged value and their stan-
tions have been calculated for both sites and plotted in Fig. 2iard deviations.
as well. These standard deviations can then be compared
with the standard deviation from the average of all sites. In
the case of Haarweg, the standard deviatioRig amounts ~ showing that on average and for the purpose of construct-
to 0.66umol m—2s-1 (15% of the average from four years), ing annual sums the respiration model (3) may perform quite
while itis 39 K in E,, (18%). For Cabauw, the standard devia- satisfactorily.
tions are 0.4gmolm2s1 (14%) and 39K (13%), respec- Clearly, it can be inferred from Fig. 3 that both grass-
tively. This is much less than the standard deviations fromland/wetland locations, Horstermeer and Fochtéfeeen,
all sites: 1.37umolm=2s~1 for Ry (31%) and 125K (41%) reveal relatively low respiration rates at low temperatures, but
for E,, respectively. Assuming similar variability character- their high temperature sensitivity compensates for the lower
istics for all sites, these estimates of interannual variabilitybase respiration at the higher temperatures. Considering the
imply an error of~15% in estimates of annual respiration response curves over the entire range, these two sites cause
if we apply the respiration characteristics calculated from 1the relatively large standard deviations from the mean value.
year observations to all other years (also see Sect. 3.3). Moreover, from Fig. 3 it can be observed that the Haastrecht
To have some idea of the mutual respiration differences besite shows a relatively high base respiration rate. The Haas-
tween all eight grasslands, the fitted respiration curves of altrecht site is a peat soil area and has a lower water table than
sites have been plotted in Fig. 3 as function of the air temperthe Fochteloérveen and Horstermeer sites which ranges be-
ature along with the averaged temperature dependency artgveen —0.2 (summertime) and —0.4 m (wintertime). Probably
their standard deviations. The goodness of fit of the respiraboth reasons (peat soil and lower water table) are responsible
tion model (3) to the individual datapoints, indicated in the for the relatively high base respiration rate at the Haastrecht
legend of Fig. 3, is rather low. Apart from the fact that the site. However, the temperature sensitivity is much less than
low 2 values may reflect some uncertainty in the measure-at Horstermeer and Fochtekrween, which tends to reduce
ments, this is also assumed to be related to the fact that fadhe overall respiration rate at the higher temperatures. The
tors other than temperature, such as soil moisture, probabli,elystad site reveals a similar low temperature sensitivity.
exert important controls on respiration as well. Yet, the fits However, in this case the base respiration is much like the
to the smoothed functions were quite reasonable (vithe- average one, resulting in relatively large deviations from the
tween 0.80 and 0.96, except for Lelystad whefe0.58), average at higher temperatures.
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3.2 Light responses 80

@ Cabauw, 2002-2005
O Haarweg, 2002-2005
All Sites

Figure 4 depicts the characteristics of the light response

curves of all eight grassland sites as a function of the tem-

perature. The temperature taken is central in the 5-degree:

temperature bins defined in the analysis. This is very close

to the bin-averaged temperature. In the case of Cabauw anc

Haarweg, the values from 2005 have been plotted. The vari-

ability of the parameters during the period 2002—2005 will

be further investigated below. 75 125 175 225
In the top panel of Fig. 4, all the light conversion factors Temperature class

a are plotted along with the average from all sites and the

standard deviations per temperature bin. It can clearly be

seen that on averageis nearly a constant for all temper-

ature classes, with a value somewhat below@rbl J-1.

The Fochteloérveen area has a very low LA, especially dur-

ing the start and the end of the growing season &AlL).

It must be expected that this is the reason for a relatively

low light conversion factor for this area in particular for

the low temperature classes. On the other handt the

Haastrecht site is rather high at higher temperatures. This

causes the largest part of the standard deviation in the tem-

perature classes2(°C. Since the Haastrecht site generally 75 125 175 225

also shows the highest values of the gross maximum assimi- Temperature class

lation rate (see below) this may be an effect of a high LAl in

this area. Effects of LAl on the light conversion factor and Fig. 5. Coefficient of variation per temperature classoof(upper

on the assimilation rate at saturating light intensity has beeri’@me) andGPPyogo (lower frame). The temperature class is in-

demonstrated at the Oukoop and Stein sites by Veenendad|cated by the middle temperature of the class. The CV from of

et al. (2007). However, note that part of the large standardnterannual Va”ab”'ty.(Haa.rweg and..cabauw’ 2002-2005) is com-

deviation at high temperatures is due to uncertainty in the fitd” ared to CV from the intersite variability (year 2005).

caused by low numbers of data in these temperature classes.

The bottom panel of Fig. 4 shows the gross assimilationcase of Haarweg and Cabauw). The interannual variability
rate at a solar light intensity o;,=1000Wm2, GPPiooo  of ¢ is comparable or even larger than the inter-site vari-
as derived from the fitted response functions. It must be exypjlity, with CV values between 18 and 63%. In contrast,
pected that for an ecosystem with a low LAI, the light satura-the interannual variability 06PPgoois clearly less than the
tion is reached at lower irradiation than for an ecosystem withinter_site variability. CV values range between 12 and 35%
a high LAl (Goudriaan and Van Laar, 1994) aB®Piooo  for the interannual variability, and between 34 and 59% for
will be higher for ecosystems with higher LAI. Figure 4 the inter-site variability. At the lower and high& classes,
clearly reflects that for the Fochtelexveen site, which has  the uncertainty tends to be larger because there are less data
the lowest maximum LAl (LAhax¥1.7). Similarly, Haas- i the bins. Also, because temperature and irradiation are
trecht presumably has the highest LAI. Although there arecqrelated, highw;, is underrepresented at lof, and the
no direct observations, at locations near the Haastrecht Sitgayerse.

LAl values up to about 10 have been observed. Because the values of and GPPiax (0r GPPigog) from

Observations from four complete years (2002-2005) athe fits tend to be negatively correlated, the estimated vari-
Haarweg and Cabauw are further analyzed to get insight intqypility in the annualGPP is much less. Based on the ob-
the interannual variation af and GPPyooo, relative to the  served meteorological conditions at Haarweg in the year
variation between sites. We consider the temperature classeg)os, the CV of annuabPPamounts to about 9 and 14% for
between 5 and 2& because the fits in these classes are mosHaarweg and Cabauw, respectively, while it is nearly 38% for
reliable and are available for all years. These variations canhe inter-site variability. Thus, again assuming similar vari-
then be compared with the standard deviation from the averapjlity characteristics for all sites, these estimates imply an
age of all sites. Figure 5 shows as a function of the middlegrror of ~15% in estimates of annu@PP if we apply the
temperature of the bins the coefficient of variation (CV, stan-jight-response characteristics calculated from 1 year of ob-
dard deviation relative to the mean valuepodndGPPiooo  servations to all other years (also see Sect. 3.3).
for the Haarweg and Cabauw averages in the period 2002—

2005, and for the individual years of all sites (2005 in the

Coefficient of Variation of ¢

@ Cabauw, 2002-2005
0O Haarweg, 2002-2005
All Sites

Coefficient of Variation of GPP 1000
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Table 2. Estimated mean and standard deviation of an@RIP, R, andNEE for all sites in the year 2005 and for Haarweg and Cabauw
over the period 2002—-2005.

Re oR. GPP ocGPP NEE oNEE
@Ccm2aly @cm2aly (@m?al) @cm?2al) @cm2al) (@cmZal
Cabauw (2002—2005) 1458 227 (15.6%) 1466 206 (14.1%) 8 276 (3422%)
Haarweg (2002—-2005) 1803 247 (13.7%) 2011 171 (8.5%) 208 176 (84.8%)
All sites (2005) 1396 486 (34.8%) 1432 534 (37.7%) 36 207 (575%)
3000 3.3 Annual CQ exchange
B Horiormeer B Loyatad
220079 ) | B Euemelooenveen B Haastrecht Figure 6 contains the individual annual sumsRef GPPand
"% 2000 | NEE for the eight different locations and the four selected
K years. The sums have been computed using the observed
0 1500 - . o .
3 meteorological conditiondl}, andR;,) at Haarweg as driver
% 1000 - of the response functions. Because the response functions
500 used are the same in each year, the interannual variability
revealed in Fig. 6 reflects differences in the main climatolog-
0 - ical drivers.
2002 2003 yoq 2004 2005 The respiration does not show large interannual differ-
3000 ences for all eight individual sites. This is to be expected
N S B deer  BLohoan because the driving variable of the respiration model.is
_ il D Eermeooerveen B Haastrecht which does not vary much on the annual timescale, in the
'S 2000 | period considered here. For example, at the Haarweg site
€ the long-term mean annual air temperature ist®4°C
g 1500 1 (Jacobs et al., 2006). The average for all sites is
& 1000 - 1390:30gC nT2a~t, where the +/- ranges mean the inter-
2 site variability. The averag&PP for all sites amounts to
500 7 1325+110gC nr2a 1, which displays a much higher vari-
o4 ability (8%) than the respiration (3% PP depends orR;,
2002 2003 |, 2004 2005 in combination withT,. In particularR;, can vary much
800 between the years. For example, the long-t&m for the
O Haarweg ® Cabauw Haarweg site is 3468300 MJ nT2a 1.
600 | | DR een Eh%'gii?g’cm Obviously, theNEE, being the difference cBPPandR,,
A 400 8 Oukoop = Stein shows a much larger variation (see Fig. 6¢). On average, the
('“E annualNEE amounts to —6%85 gC m2a 1, which means
o 2907 that on average our grasslands emit,C@ith a relatively
2 4 large standard deviation.
H We next assess the interannual variation of the carbon ex-
% -200 | change components due to eco-physiological differences (see
-400 - ©) Sects. 3.1 and 3.2). To this end, annual sums are computed
for the Cabauw and Haarweg sites for the year 2005, using
-600 . L . L .
2002 2003 2004 2005 the fits of each individual year in the period |nve§tlgated. The
Year average of the four sums and the standard deviation are then

Fig. 6. The individual cumulativer, (a), GPP (b) andNEE (c) of
all grassland stations for 2002 until 2005.

Biogeosciences, 4, 80846, 2007

compared with the average and standard deviation from all
sites, using the respective model fits of the specific year of
the observations (2005 in the case of Cabauw and Haarweg),
again driven with7, and R;, from Haarweg in 2005. Re-

sults are shown in Table 2. It can be seen that the abso-
lute and relative variation iGPPand R, due to the interan-

nual differences in ecophysiological characteristics are much
smaller than the intersite variation (10—15% versus 35-37%,
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Table 3. The mean annual sums &,, GPP, and NEE, for the 3000
organic and mineral soil types for 2002 until 2005. ORe mGPP @NEE
Organic soils  Mineral soils ‘7; 2000 1
N
R.(gCm2al 1520+30 126050 =
GPP(@Cm2al) 1300:100  135@-120 Q 1000 1
NEE(gC m2a 1)  —220+90 90+90 =
Z 0
organic soils
respectively). However, the standard deviation of the site- -1000
average is similar to the one of the period-average (207 ver- 2002 2003 2004 2005
sus 176-276 gCnfa1). Note that the CV oNEE given vear
in the table shows a spurious behavior due to the small aver-
ages. 3000
Variability in grassland emissions due to meteorological ORe BGPP ENEE
conditions and to ecophysiological conditions will not be in-
dependent in reality. Our analysis suggests that the interan- ”-:; 2000 -
nual variability due to meteorological conditions may rela- «
tively small as compared to the variability due to ecophysi- 5 1000 A
ological differences, the difference being at least a factor of =
two for the sites investigate here. This illustrates the impor- %
tance of long-term continuous observations that allow eval- 0
uation of the connection between meteorological conditions . .
and ecophysiological characteristics. It also underlines the 1000 mineral soils

fact that interannual variability of COexchange cannot be
evaluated using only climatic records with fixed ecophysio-
logical conditions. Year

Depending on hydrology and management practices,
grasslands on organic soils (e.g. peat) are often found to b&ig. 7. The mean annual sums &, GPP andNEE for the or-
sources for carbon dioxide (Nieveen et al., 1998; Nieveerganic and mineral soil types during 2002 until 2005. Organic sites:
et al., 2005; Lloyd, 2006; Veenendaal et al., 2007), while Fochtelo@rveen, Oukoop, Stein, Haastrecht. Mineral sites: Haar-
grasslands on mineral soils (for example, clay and sand) of V€Y Cabauw, Lelystad, Horstermeer.
ten show a net uptake for carbon dioxide (Gilmanov et al.,
2007). Clearly it can be observed that the Fochtéteeen,
Haastrecht, Oukoop and Stein sites follow this rule for or- ferences irfNEEare large as well. This also can be concluded
ganic soils and the Haarweg and Horstermeer sites for minfrom Table 3 where for both soil types the mean of the whole
eral soils. An exception appears to be the Cabauw site, whici§elected period has been given.
has a clay soil which sometimes reveals a net release of On average we conclude from Table 3 that the annual
CO;, (2002, 2003, 2004) and sometimes shows a net uptak&EE amounts 98:90 gC nr2a 1 for the mineral soils and

2002 2003 2004 2005

(2005). Presumably, much of the variability NEE of or- ~ —220+90 gC nm2a ! for the organic soils. As stated earlier,
ganic soils is caused by differences in management practicesbout 80% of the Dutch grasslands are on mineral soils and
and hydrology of the areas. about 20% on organic soils. The weighed mean for the Dutch

To make a distinction between both soil types, the sums ofgrasslands is 2890 gC nT2 a1, indicating that, on average,
the annual carbon fluxes are plotted separately for both soithe Dutch grasslands show a net uptake obCOur results
types in Fig. 7 along with their standard deviations. Fromare in strong contrast with the emission factor used in the na-
Fig. 7 we conclude that the annual standard deviations fotional inventory. Admittedly, our weighted average may be
all fluxes of the organic soils are much higher than those forviewed as a rather simplistic upscaling method, but it puts
the mineral soils. In our case this larger standard deviatiorthe Dutch emission factor of 519 gCtha ! into perspec-
is mainly caused by the Fochtekrween bog site, which be- tive. The difference is due partly to the much smaller average
haves quite differently from the other organic grassland sitesrelease we found for the organic soils, in addition to the fact
Second, we conclude that for both soil types the interannuathat uptake of grasslands on mineral soils was taken into ac-
differences inR, are small in comparison to the interannual count here. However, additional research is required to fully
differences inGPPand as a consequence the interannual dif-resolve the discrepancy.
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Our results suggest that within small regions with rel- lands on mineral soils, with a mean net uptake of
atively uniform climatic conditions the variability may be 90+90gCnT2a 1, and those on organic soils with a
similar to the one observed at much larger scales with mean net release of 2200gCnm2a1. The mean
a large range of climatic conditions. At the European NEEweighed with the fraction of grasslands on organic
scale, Gilmanov et al. (2007) found the ann@PP to (20%) and mineral soils (80%) is 2®0gCnT2a L.

vary between 464 and 1881gC#Aa 1, R, between 572
and 1636 gC m?a ' and NEE between an uptake of 655 2. The main characteristics of the respiration-temperature

gC m2 a! and a release of 164 gCTha!. These response curves®ig and E,, of individual sites show
numbers are based on gapfilled timeseries of observations.  an interannual variability which is much lower than
Our ranges inGPP and R, are similar to the one re- the inter-site variability, with a variability coefficient of
ported by Gilmanov et al. (2007): annu@PP varies be- ~15% versus~35%, respectively. The resulting corre-
tween 391 and 2109gCmAat, and R, between 560 and sponding variabilities in annu, are similar. The vari-
2047gCn2a~t. We find theNEE to vary between a net ability due to interannual differences in weather condi-
uptake of 307 gCm?a~! and a release of 250 gCrha .. tions is much smaller-2%.

Our results are based on ecosystem characteristics derived
from on-site quality-controlled observations, extrapolated 3 The intersite-variability of the light conversion factor,

using response functions at the yearly timescale to the cli- s found to be about equal to the interannual variabil-
matological conditions of one site. We feel that this method ity of this parameter. It ranges from20 to~60 %, de-
works satisfactorily for intersite-comparison and enables es-  hending on the air temperature. In contrast, the inter-site
timates of the relative contribution of climatological and eco- variability of GPPygoo is clearly larger than the inter-
physiological conditions to the variability of G@&xchanges annual variability. The standard deviation ®PPiggo

of grassland. Finally, comparison of the ranges in annual is ~10 to ~40% of the four-year averages andl0 to

CO; exchange at the European and National (Dutch) scale, 609 of the means from all sites, again depending on
suggests that in order to properly assess regional GHG bal-  the air temperature. The corresponding coefficients of
ances there is a need for detailed, regionally specific and spa-  yariation for annuaGPP derived from the fits are-10
tially explicit CO, emission factors at the field scale. These to 15% for the annual variability ang37% for the in-
are then the starting point to construct more complete as-  tersite variability. Variability due to climatology is as-
sessments of the GHG balance. Such balances should in-  gegsed to be8%.

clude emissions of methane and nitrous oxide as well, and
should take management factors and factors such as water,
table depth into account.

The standard deviation of annudEE due to interan-
nual and intersite variability of ecophysiological differ-
ences is estimated to be 176-276 gCra ! in both

4 Summary and conclusions cases, as compared to 85 gCha* for variability due
to meteorological conditions. The latter number does
For eight Dutch grassland sites, gfluxes were determined not account for possible correlations between ecophys-

using the Eddy Covariance technigue during periods of at iological and meteorological factors. This, along with
least 10 months per site. The measurement sites, four natural  the differences between the two sources of variability
grasslands, two production grasslands and two meteorolog-  underline the need for long-term flux observations.

ical stations within a rotational grassland region, are more

or less distributed over the grassland areas in The Nether- 5. Our variability estimates are similar to those on a much
lands. The photosynthesis-light response analysis technique larger, European scale. This suggests that in order to
is used along with the respiration-temperature response tech-  properly assess regional GHG balances there is a need
nigue to partitionNEE among Gross Primary Production for detailed, regionally specific and spatially explicit
(GPP) and Ecosystem RespiratioR{) and to obtain the eco- CO, emission factors at the field scale.

physiological characteristics of the sites a the field scale. To

assess annual sumsEE, R10, GPP and their variability,  AcknowledgementsThis research project is performed in the
calculations using the fitted response curves were then caframework of the Dutch National Research Program@iienate

ried out for four years (2002-2005). Air temperature andChanges Spatial Planning (www.klimaatvooruimte.nl It is
solar radiation observed at the Haarweg meteorological staco-funded by the Dutch Ministry of Agriculture, Nature and
tion in the centre of The Netherlands were used as drivers ofood Quality.  B. Heusinkveld (WU-METAQ), J. Elbers and

the response models. The main conclusions of this study ar¥/ Jans (Alterra) are thanked for carrying out the field work.
summarized as follows: We acknowledge the two anonymous reviewers for their valuable

suggestions to improve the manuscript.
1. The annuaNEEis estimated to be 6535 gC 2 a .
A distinction can be made between the grass-Edited by: J. Leifeld
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