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Abstract. This study compares the G@xchange of a nat- tween carbon fixation by the spruces and the carbon loss from
ural bog forest, and of a bog drained for forestry in the the peat due to drainage since forest planting. This rough
pre-Alpine region of southern Germany. The sites are sepestimate indicates a strong carbon release of +134t& ha
arated by only 10 km, they share the same soil formation hiswithin the last 44 years. Thus, the spruces would need to
tory and are exposed to the same climate and weather corgrow for another 100 years at about the current rate, to com-
ditions. In contrast, they differ in land use history: at the pensate the potential peat loss of the former years. In con-
Schechenfilz site a natural bog-pine fordginis mugossp.  trast, the natural bog-pine ecosystem has likely been a small
rotundata) grows on an undisturbed, about 5m thick peabut stable carbon sink for decades, which our results suggest
layer; at Mooseurach a planted spruce for&stéa abie¥ is very robust regarding short-term changes of environmental
grows on drained and degraded peat (3.4 m). The net ecosyfactors.

tem exchange of CO(NEE) at both sites has been inves-
tigated for 2 years (July 2010-June 2012), using the eddy

covariance technique. Our results indicate that the drained,

forested bog at Mooseurach is a much stronger carbon diox! Introduction

ide sink (-130+ 31 and—300+66gCnt2a 1 in the first

and second year, respectively) than the natural bog foresPn @ global scale peatlands play a major role with respect
at Schechenfilz{53+ 28 and—73+38gCnr2a1). The O carbon exchange, even though they cover only 2.6 %
strong net CQ@ uptake can be explained by the high gross (3-81x 10° km?) of Earth’s land-surface area, with 80 % of
primary productivity of the 44-year old spruces that over- the peatland area found in temperate—cold climates of the
compensates the two-times stronger ecosystem respiration 8frthern hemisphere (Rydin and Jeglum, 2013). It has been
the drained site. The larger productivity of the spruces cargstimated that northern peatlands have accumulated between
be clearly attributed to the larger plant area index (PAI) of 270 and 455Pg of carbon (Gorham, 1991; Turunen et al.,
the spruce site. However, even though current flux measure2002) since the last ice age (i.e., over the last y6ars).
ments indicate strong GQuptake of the drained spruce for- This corresponds to 20-30 % of the world's estimated soll
est, the site is a strong net G®ource when the whole life- carbon pool (Gorham, 1991) and 50 % of atmospheric car-
cycle since forest planting is considered. It is important toPon (Houghton et. al., 1990). Furthermore, an annual car-
access this result in terms of the long-term biome balance. T®0n accumulation of 15-30g Cta* in boreal peatlands

do so, we used historical data to estimate the difference bed@s been estimated by Tolonen and Turunen (1996). It is
generally accepted that undisturbed peatlands are the only
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terrestrial ecosystems that accumulate carbon continuouslgver, eddy covariance measurements over a boreal drained
and over long timescales (Clymo, 1984). The importance offorest in central Sweden show considerable net G83s
peatlands for the global carbon balance has been establisheder 2 measurement years (Lindroth et al., 1998), while other
by numerous studies carried out in the last 15 years (e.g., Erstudies determined net G@&xchange close to zero (Dunn
win, 2009; Frolking and Roulet, 2007; Hargreaves et al.,et al., 2007; Lohila et al., 2007). The results of these stud-
2003; Moore et al., 1998). However, this carbon storage pooles are fraught by large uncertainties, and most are based
is threatened as many natural peatlands that are disturbed lpn measurements that were extremely extrapolated in time
human interference, for example, by peat cutting and landand space. Furthermore, the reported carbon budgets are dif-
use change for agricultural use (Alm et al., 1999a; Drésler efiicult to compare, because the carbon balances were deter-
al., 2008). In addition, the carbon storage potential of peatmined by several different approaches (e.g., eddy covari-
lands is threatened by climate-change-induced drought, aance method, chamber measurements, and biometric esti-
lower water tables lead to marked carbon emissions in peatmates of carbon stock changes). In addition, studied peat-
land ecosystems (e.g., Alm et al., 1999b; Arneth et al., 2002Jand sites were highly variable in terms of their nutrient sup-
Aurela et al., 2007). ply, drainage system, tree population, and their climate con-
If peatlands are drained, such that the peat layer is ndlitions (e.g., temperatures, precipitation, and snow cover-
longer waterlogged, they lose their carbon accumulation caage), all of which affect the cycling of carbon through these
pability. The organic soil carbon of the drained peat is oxi- ecosystems.
dized to CQ and emitted to the atmosphere. To date, a num- The objective of this study is to compare the £audget
ber of studies have investigated the £€xchange of peat- of a natural and a drained peatland forest in the pre-Alpine
lands and the environmental factors that control it by eddyregion of southern Germany. The key issue to be addressed
covariance (e.g., Aurela et al., 2009; Lafleur et al., 2005;centers on the magnitude of the g€Budgets at these sites
Sottocornola and Kiely, 2005), or chamber measurementsnd the critical factors that account for the differences be-
(e.g., Bubier et al., 2003a; Goulden and Crill, 1997). Thetween them. To our knowledge this is the first direct compar-
resulting carbon budgets depend on land use and peatlaridon of the CQ exchange between natural and managed peat-
type. Generally, ombrotrophic bogs are stronger carbon sink$and forests in the temperate climate zone. Methane is likely
than more nutrient-rich fens (Byrne et. al., 2004), while in- also important for full greenhouse gas estimates in peatland
tensive land use (e.g., cropland) leads to stronger €@is- ecosystems. Unfortunately, methane fluxes are not available
sions than extensive land use (Byrne et. al., 2004; Drosler efor both sites, and thus we cannot compare these two sites in
al., 2008). Most studies have focused on the greenhouse gasrms of their global warming potential.
exchange of natural and agriculturally used peatlands (e.g.,
Alm et al., 1999a; Aurela et al., 2009; Aurela et al., 2007;
Bubier et al., 2003b; Hendriks et al., 2007; Lafleur et al., 2 Materials and methods
2003; Sottocornola and Kiely, 2005). However, studies about
peatland forests are still rare; e.g., Maljanen et al. (2010) emyye report on C@ exchange measurements made over 2
phasize the lack of knowledge about the carbon budget ofiears with the eddy covariance technique, from 1 July 2010
peatland forests, even in the boreal climate zone. to 30 June 2012.
So far, there is no agreement whether peatland drainage for
forestry generally leads to net gain or net loss of carbon. A2.1  Site description
number of studies about the long-term net carbon exchange
of drained peatland forests has been carried out in Greatleasurements took place at two bog forests located within
Britain and Scandinavia. Most of them are based on extrapthe pre-Alpine region of southern Germany (Fig. 1), ap-
olated chamber measurements and model approaches. Thgs®ximately 40km south of Munich (Fig. 1c): Mooseu-
studies found that the loss of peat carbon is mainly compenrach (drained): 474834 N, 1r2728E, 598 ma.s.l. and
sated by the carbon fixation of the trees (e.g., Hargreaves edchechenfilz (natural): 44823 N; 11°1939E, 590 ma.s.l.
al., 2003; Minkkinen et al., 2002; Ojanen et al., 2013). How- The sites are separated by 10km, thus sharing the same
ever, Armentano and Menges (1986) noted that in temperglacial history and weather conditions. The lakes and peat-
ate regions, regional mean losses of soil carbon are abodands in this pre-Alpine region including both sites were
10 times larger than in boreal regions. Cannell et al. (1993)Yormed on the basal moraine after the retreat of the Isar pied-
concluded that carbon losses larger than +300 g€an? mont glacier (Isar-Vorlandgletscher) at the end of the last ice
cannot be compensated by the carbon uptake of the trees imge. Peatlands in this region extend over the lowlands, an
drained and afforested peatlands in Britain, and that peatlandrea south of lakes Ammer and Starnberg that reaches far be-
afforestation may lead to net loss of carbon. yond the two present study sites (Fig. 1c). The climate can be
Some short-term studies conclude that peatland ecosyssharacterized as cool-temperate and humid with an average
tems drained for forestry are net @@inks (Lohila et al., annual temperature of 8°€ and an average annual precip-
2011; Meyer et al., 2013; von Arnold et al., 2005). How- itation of 1127 mm (Table 1). The maximum precipitation
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Figure 1. (a) Schematic map of the Schechenfilz site (grey, line-filled area). The target area is the bog-pine forest (high and low(lensity),
Schematic map of the Mooseurach site (the target area is marked with green triangles). Red lines indicate the isolines (10, 30, 50 and 70 %)
of the mean flux footprint area of the year 20{d);Location of the research sites in southern Bavaria, Germany. All maps are in a different
scale.

Settlement A

Settlement

Table 1. Long-term yearly averages of meteorological parameterster of the bog complex, the peat layer is still pristine. This
(sum c_>f precipitation, mean of air temperatuig_i(), mean_relative vegetation is structured in open sedge, heather meadows and
humidity (RH) and the sum of sunshine duration), provided by thewooded areas. The study site is situated in a wooded area,
nearby (distance of 8.5 and 10.5km to the natural site Schechenfilggminated by slow growing bog-pineRifius mugassp.ro-

and to the drained site Mooseurach, respectively) weather Statio'fundataLink) that reach an average height of 2m. The age

Attenkam, run by the German Weather Service (DWD). Long-term of the trees varies from sapling up to 150 years. The aver-

sunshine duration is provided by the weather station Hohenpei3en- . ; g
berg (distance of 24 and 34 km). age plant area index (PAI) of the bog pines is2.3.8. The

ground layer vegetation is dominantly formed by peat mosses
(Sphagnunspp.) in addition to heathe€@lluna vulgarisL.),

Period P;Zﬁfrll Ty RH SrL:OnSrhsme bog pilberry scrubs\(accinigm uliginosurh..s.l.) and.several
mmal °c % h species of the sedge-family (Cyperaceae, malktippho-
rum vaginatumni., hare’s-tail cottongrass). As in all such bog
1971-2011 1127 86 779 1817 forests, the distribution of vegetation is quite heterogeneous,
2010 1209 76 80.1 1645 but the heterogeneity occurs at scales much smaller than the
2011 1092 9.6 784 2114 expected flux measurement footprint (see also Sect. 2.3).
2012 1141 8.7 80.2 1902 The analyses of a soil profile indicate pristine peat con-

ditions at this site (N. Rosskopf, personal communication,
2012, Fig. 2). The upper 12cm are only temporarily water-

occurs during the summer months (40 %). While the generafaturated, and plants are only very weakly decomposed so
atmospheric conditions are the same, the sites are clearly dighat their structure is easily discernible. The underlying con-

tinct by their land use history. tinuously water-saturated layer extends to a thickness of al-
most 5m (from 0.12 to 5.10 m below surface level). Physi-
2.1.1 Schechenfilz (natural) cal and chemical analyses of a soil profile show a high car-

bon content of about 50% and pH values of about 4, indi-
The near-natural ombrotrophic bog Schechenfilz (111 hakating the acid environment typical for peat bogs. The C/N
(Fig. 1a) is part of the conservation area Osterseen. Theatio (454 13) varies within the different layers but shows
northern part of the bog complex Schechenfilz was affecteda consistently low nutrient supply. Peat conditions as well
by peat cutting until the 1950s and was restored in 2001as vegetation composition correspond to typical pristine bog
However, in the present observation area, located in the cen-
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Figure 2. Soil characteristics and element concentrations of the different peat layers at the natural and the drained sites (Corg: organic
carbon, N: nitrogen, S: sulfur, Ca: calcium, Fe: iron, P: phosphorus, DM: dry matter). Dotted lines indicate threshold between frequently
water-saturated layer and permanent water-saturated layer. Dashed lines indicate threshold between peat and mineral soil layer. Data ar
provided by the analysis of one soil profile at each site.

characteristics, so we consider the site at Schechenfilz to biects of drainage: in the upper 20 cm, humification of the peat
a natural bog forest. is well advanced and plant structures are no longer identifi-
The wind direction at this site is mostly influenced by the able (humification degree 10 out of 10 after von Post, 1922).
lake breeze phenomena induced by Lake Starnberg in thBetween 20 and 35 cm beneath the surface the peat is occa-
north of the research site (Fig. 1a). The prevailing wind di- sionally water-saturated in the course of the year, and below
rection varies mostly between 348nd 350 at daytime, and  this is an almost 3 m thick continuously water-saturated peat

is around 135 at night. layer. Below 3.4 m the soil material is mineral. It should be
noted that the fraction of available nitrogen (N) is greater due
2.1.2 Mooseurach (drained) to drainage, implying a better availability of nutrients which

is supported by the lower C/N ratio (33t55.5, Fig. 2). The

The Mooseurach site (70 ha) is part of a large bog Comp|e>¢drained site is also characterized by stronger humification

(250 ha, Fig. 1b) that was drained at the beginning of the@nd mineralization of the peat. _ _
20th century. Initially, the research area was used for agri- Baséd ona75m gridded stratigraphic survey of peat thick-

culture. However, due to unfavorable agricultural site condi-N€S$ (including about 70 measurements in the target area;
tions, such as nutrient deficiency and a still relatively high Fi9- 1) from the end of the 1930s (data courtesy of the Dis-
water table, agricultural use was discontinued after only alfict Government of Upper Bavaria), the former peat thick-
few years. The area was used as grassland and pastureland fi§SS at the location of the current soil measurements was
about 2 to 3 decades. In the 1960s forestry became more inft-4 M- This is about 1 m thicker than today, illustrating the
portant. The research area was afforested in 1967; the domPeat loss in the last 70-80 years. S

nant species is Norway sprudei¢ea abied . Karst with ad- At Mooseurag:h, the' prevailing wind dlrectlo.n |s'south—
ditions of Scots pineRinus sylvestrid..). Presently, the 44- westerly. In addition, winds from northeastern directions oc-
year old spruce forest has an average canopy height of 21 m, " frequently.

stem density of between 500 and 600 stems-zad an aver-

age PAI of 5.9+ 2.0. The peat is moderately drained, and al- 2.2  Instrumentation

though the drainage system is no longer maintained, it is still

effective. Analyses of the soil at Mooseurach (N. Rosskopf,CO, exchange was measured at the two study sites using
personal communication, 2012; Fig. 2) demonstrate the efthe eddy covariance technique (e.g., Baldocchi et al., 1988;
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Foken et al., 2012). Due to differences in vegetation height2.3 Data handling
a 30m radio-antenna-type tower was installed at the 21 m
high drained spruce forest at Mooseurach and a 6 m tower iThe calculation and correction of the turbulent half-hourly
the bog-pine forest (canopy height about 2 m) at Schechen€O; fluxes were performed with the software package TK3
filz. The towers were equipped with eddy covariance sys-(Mauder and Foken, 2011) that includes adjustments ac-
tems complemented by instruments to measure relevant auxcounting for density fluctuations for the open-path flux mea-
iliary parameters. A 3-D sonic anemometer (CSAT-3, Camp-surements (WPL-adjustment after Webb et al., 1980) and
bell Scientific, Inc., Logan, Utah, USA) was used at eachspectral loss (high frequency) following Moore (1986). Fur-
site and mounted almost at the top of the tower. The aerothermore, we applied the planar fit method after Wilczak et
dynamic measurement height is 4.34 m about the zero-plaiml. (2001). One regression plain was determined semiannu-
displacement level at the natural bog-pine site and 15.6 nally to ensure zero mean vertical wind speed for this time
at the drained spruce forest. Carbon dioxide and water vaperiod.
por were measured at the natural site by an open-path in- Eddy covariance measurements allow the detection of con-
frared gas analyzer (IRGA, LI7500, Li-Cor, Inc., Lincoln, tinuous time series although data gaps occur for various rea-
Nebraska, USA), while at the drained site a closed-path insons. Short gaps occurred sporadically, due to sensor mal-
frared gas analyzer (LI7200, Li-Cor) was installed. The in- function, in particular of the open path GCH>O analyzer
take tube was a 1 m insulated steel line with 3/8in. innerduring wet and foggy conditions. At the drained site Mooseu-
diameter and a flow rate of 15L mih. The measurement rach, four long data gaps occurred for the periods of 12-19
principle of LI7200 is based on the absolute non-dispersive-April 2011, 10-25 July 2011, 15-26 November 2011 and
infrared (NDIR) design of the LI7500 (Burba et al., 2010), 23 February—27 March 2012. At the natural site Schechen-
which leads to a good agreement between the two measurdiz three long gaps happened for the periods 23-26 October
ment devices. The closed path system has a considerab@010, 28 April-04 May 2011 and 22—-27 May 2011. These
advantage, because rain drops and fog do not compromisenger data gaps were caused by power failure or problems
the measurements of the closed-path system, which leads tf data storage. The raw data coverage of half-hourly flux
higher data coverage (see Sect. 2.3). measurements was 91 % at the drained site and 72 % at the
At the top of each tower, air temperature and relative hu-natural site. Subsequently, these data were screened to ensure
midity were measured by the HMP45C (Vaisala, Helsinki, good quality according to three rejection criteria.
Finland), photosynthetic active photon flux density (PPFD) First we applied an analytical footprint model (Kormann
by the LI 190SL (Li-Cor), the net radiation by the heated and Meixner, 2001) to estimate how well the measured fluxes
and ventilated CNR4 (Kipp and Zonen, Delft, the Nether- captured the sources and sinks of the bog forest. If more than
lands). Precipitation was detected by a heated tipping buckef0 % of the 30 min flux footprint overlapped with the area of
rain gauge 52202 (Campbell Scientific) mounted about 1 minterest, the data were used for further analysis; otherwise the
above the canopy at each site. Groundwater table fluctuationdata were rejected. At the drained spruce forest 21 % of the
were measured continuously by several mini-diver gaugedlux measurements did not originate from the area of inter-
(Schlumberger Water Services, Delft, the Netherlands; eighest (about 70 ha). At the natural site the target area (marked
gauges at the natural site and four at the drained site), disas high- and low-density bog-pine forest in Fig. 1a) is large
tributed over the core of the bog, including the footprint area.(about 25 h) relative to the lower measurement height, and
The water content was detected by three water content refledhus the footprint size matches the area of interest. It was
tometers CS616 (Campbell Scientific), averaging the watetherefore not necessary to apply a footprint criterion at the
content of the first 30 cm. For measurements of volumetricnatural bog-pine site.
water content in organic soils the calibration coefficients of Second, an important source of error in the calculation
the measurement devices have to be adapted. We adopted thé NEE is the underestimation of nighttime fluxes, due to
coefficients according to Yoshikawa et al. (2004) for organiclow turbulence conditions. During such situations, emitted
soils consisting of dead sphagnum material. The surface temcO, can accumulate near the surface and be advected away
perature was measured by an infrared remote sensor IR10@om the ecosystem without reaching the measurement sys-
(Campbell Scientific). The PAI of the trees is the mean of 100tem. Following standard practice (e.g., Aubinet et al., 2012;
individual measurements with the SunScan Canopy AnalysisSoulden et al., 1996; Schmid et al., 2003), the friction ve-
System SS1 (Delta-T, Cambridge, UK). At the natural sitelocity (u,) was used to determine time periods when flux
the soil temperature at 0.1 m depth was measured by themeasurements were likely to be unreliable as a result of lim-
mistor temperature probes (type T107,Campbell Scientific)ited atmospheric mixing. The limiting value of friction ve-
and at the drained site by soil temperature profiles STP01S@city that indicates sufficient turbulence depends on surface
(Hukseflux, Delft, the Netherlands) at five different depths roughness and therefore on vegetation type. We determined
(0.02,0.05,0.1,0.2,0.5m). lower u, limits of 0.225 and 0.125nT$ at the drained site
Mooseurach and the natural site Schechenfilz, respectively,
following the method of Goulden et al. (1996). Above these
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thresholds the flux measurements no longer showed a depefiable 2. Reasons for data loss and their percentage for both sites.
dence on friction velocity. Based on this criterion 30 % of

all data had to be rejected at each of the sites, particularly at Schechenfilz  Mooseurach

night. Data loss natural drained
Finally, an outlier test was applied to filter out unreal-  due to: percentage  percentage

istic singular values. We separated the dataset into day- (%) (%)

time (>20Wm 2 global radiation) and nighttime values Maintenance, power failure, 28 9

(<20 W ni2 global radiation) and used a moving window  sensor failure

with a width of+ 14 half-hourly values. For each moving Footprint outside target area - 21

yvindow we c_alculated the average z_ind the 99 % c_on_fidence Insufficient turbulence 30 30

interval of this average. Each 30 min flux value within the  5..jared as outliers > 1

window had to be within the 99 % confidence interval, other-
wise the value was excluded from further calculations. This ~Remaining data 40 39
conservative outlier test rejected only 1% of the data at the

drained site and 2% at the natural site. Considering miss-

ing values (28 and 9% the natural and the drained site, rewe fitted the data over a wide temperature range choosing
spectively) and data rejection based on strict criteria (32 and fitting period of 6 months. As the respiration—temperature
52 %) leads to a high quality data set covering about 40 % ofrelationship showed no response to the phenology of the veg-
the entire measurement period. An overview on missing ancktation the fitting period is taken to be of acceptable length.

rejected data is given in Table 2. During the daytime (global radiatios 20 W m~?2), the
. respiration Recqday) Was estimated by the same fit-
2.4 Gap-filling method ting parameters, determined by the nighttime respiration—

temperature-relation (Eqg. 1). Note that hetgeq day indi-

The net ecosystem exchange of £LMEE) is the sum of N . he niahtti |
two components driven by nearly independent processes th gates ecosystem rgspwaﬂon determined by the nighttime rela-
ion, but using daytime temperature only. The GPP was mod-

cause fluxes of approximately the same magnitude, but op- . o .
posite directions (Moncrieff et al., 1996): the upward di- feulﬁgti\(/)v;th(lzz;;eecznjul%c%Perbol|c Michaelis-Menten-type
rected ecosystem respiratioRgto) and the downward di- B '
rected gross primary production (GPP). Therefore, a nega- o x PPFDx GPPRiax
tive NEE indicates dominant CQuptake and a positive NEE NEE= ; + Reco, 2)
dominant CQ release by the ecosystem. (GPRinax+a x PPFD

In order to enable an analysis of the seasonal patterns of ;o . .
NEE or differences in the CObalance between the sites, a \t/gr]s::teg a!ss tthh: ei%g?/r;gtm qﬁggtt umuseylele(zjf’fici;ﬂ-cy
gap-filling strategy was required to replace the missing data molnT2s~1/umolnr2s-1). In this case the carbon
We used a non-linear regression method according to Falgtg.IJ H :

Uptake per photon PPFD. The fitting parameter GRP
etal. (2001) and I_\/Ioffgt et al. (2007) to model the GPP amdis the maximum carbon fixation rate at unlimited PPFD.
Reco components individually.

o . . The annual growing cycle of vegetation activity is strongly
Th_e resplratlon model |s_bas<_ed on an Arrhenius-type €XPO%elated to radiation and temperature variation. Based on this
nential relation between nighttime Gduxes and tempera-

ture. Nighttime data were identified using a global radiation scheme, GPP was calculated for 13 different periods, whose

2 : . lengths depended on the mean daily soil temperature at
o e 0.L.m et During ranio period &g and autmn
sequently the lowest uncertainty of gap-filling, at eélch site we -usedla temperature range_dtz and during more stable
The temperatures thus selected were the soil t,emperature apa?rIOdS.ln midsummer and winter'd. Eor the estimate of

: uncertainty please refer to the Appendix.
depth of 0.1 m at the natural bog-pine forest and the surface
temperature at the drained spruce forest. The relation used is

based on an empirical equation of Lloyd and Taylor (1994):

3 Results and discussion

1 1

Recanight = Rref X eXFIEf)(m_T—iTO)]’ (1) 3.1 Meteorological site characteristics during the
measurement period

whereRef is defined as the ecosystem respiration at a refer-
ence temperature of 283.15 K 5), Eo is a fitting parameter  As expected, atmospheric parameters, such as global radia-
called the activation energy iK, Tp is a constant tempera- tion and precipitation, were essentially the same at the two
ture of 227.13 K and’ (K) the measured half-hourly temper- sites. The coefficients of determinatioR?) of the linear re-
atures providing the best fit. To ensure realistic relationshipgressions of half-hourly meteorological values at the sites
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indicate a correlation better than 0.97, the slopes of the linear JASONDJFMAMJJASONDJFMAMYJ

L L L L L L L L L L e D D B B B |

fits are close to 1 and the offsets are almost zero.

temperature and water table depth (WTD) were different §
(Fig. 3c—e). Following Couwenberg’s classification (2011), &
the natural bog Schechenfilz belongs to the class of wet T T g T T
peatlands, where the mean annual water table depth dur i i

ing the 2 years measurement period is abov@.2m W

(—0.064 0.04 m). At the drained bog Mooseurach, the mean -
annual water table is just below0.2m (0.21+0.08 m), ) TR RSV A A
thus making Mooseurach a dry peatland site. The water table 15 [ AN — natural - {
was consistently higher at the natural site; in addition, water ~

drained /Jf
10 | <410
content was more stable than at the drained bog Mooseurackz < s [ U \”\/\A / 1

5
Due to its intact drainage system, the water table at Mooseu- ot° . Jo

N\
| NN I [N Y S S Y S [N Y N U N N N N N N [ [ — —

4-10

Soil temp.
(°C)

rach reacted more rapidly to low-precipitation periods. The 80 - 480
water holding capacity of the pristine soil is much larger than £ < 78F “’WW 78
that of the drained soil (Fig. 3d, €). sz 376
Overall, the first measurement period was slightly cooler g g4 17
and wetter than the second measurement period. Within thes ° ;‘3 R ‘Zs
2 years, five periods of considerable water table drawdown _  [44 1o
were recorded, more prominently at the drained ecosysten”g- 10 b -kw\m}\v“h ‘J‘”""A‘MF"J\V”\\,M-‘VM ’Mw'\v .10
(Fig. 3e): at the beginning of July 2010, during the warm £ = 5 \I\f ! 1 20
and sunny spring of 2011, during the warm and relatively ‘23.30 b\ ‘ ‘ 130
dry period in August and September 2011, and in Novem- & 4o [e ~— mean 140

| NS I [N Y N S Y S [N Y N I N N [N AN N [ [ — —

ber 2011 when there was no precipitation and it was sunny zgg 720
(more than 50 % longer sunshine duration in November 2011 1 fgg
(142 h) compared to the long-term (92 h)) but abodC1 : 100
cooler than the long-term average. The period in Novem- 50
ber led to the strongest water table drawdown (average wa- ATS O ND S M AN S ASOND S E AN S
ter table in November 2011:0.37 cm below the surface) at 2010 [ 2011 [ 2012
B i . Tie s ol s,y monty
o . es(a, f) of environmental parameters from 1 July 2010 to 30 June
February 2012. At this time, the monthly air temperature WaSyp12. The temperature anomaly is based on 40 years of long-term
about—4°C lower than the long-term average and we Mea-gata provided by the German weather service (DWD). The air tem-
sured half-hourly temperature extremes of bele®0°C.  peratures were measured at 6 and 30 m height in Schechenfilz (nat-
Unfortunately, temperatures were below the operation rang@ral) and in Mooseurach (drained), respectively. The presented soil
of the gauges, hence the extent of the detected strong wateégmperatures were measured at 0.1 m depth. The volumetric water
table drawdown in February 2012 remains uncertain and willcontent is the average of the 30 cm upper peat layer. Over the 2 mea-
not be considered in further discussions. surement years, the mean water table deptfli21+ 0.08 m at the
drained site and-0.06+ 0.04 m at the natural site.

Precipitation
(mm)
@ 3 a
o O o

3.2 Factors affecting CQ exchange

The individual component fluxe®ecoand GPP, which form  (—387 and—434gCnt2a! at the natural site and-305

the NEE, depend on different environmental factors that varyand—350g C nt2a ! at the drained forest, respectively) at

throughout the year. both sites and for both analyzed periods, respectively. Note:
GPP is mainly controlled by photosynthetic active photon GPR,om has the same unit as PAl is dimensionless.

flux density. As expected, we detected a strong hyperbolic Respiration increases with increasing temperature

relationship between GPP and PPFD (Fig. 4a) at both sitegFig. 4b). For the whole temperature range, respiration was

Light use efficiency as well as maximum GPP (i.e., at infinite greater at the drained forest than at the natural forest. At the

PPFD) was larger at Mooseurach (drained) than at Schechemeference temperature of 1Q, the respiration of the drained

filz (natural), resulting in a two-times larger carbon uptake atecosystem was about two-times larger. Following the notion

the drained site. However, after normalizing the GPP with thethat more biomass usually produces more respiration, we

corresponding PAI, such that GRn= GPP/PAI (PAl was  normalized Reco With PAI, analogously to GRBim. This

5.9 at the drained site and 2.3 at the natural site), we foundesulted in very similar normalized emission rat®scanorm

very similar light use efficiencies and almost equal GlRP  was +283 and +299gCma !l at the drained forest
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Figure 4. (a) GPP (daytime fluxes Recg) versus PPFD(b) ecosystem respiratiorRgco, highttime fluxes) versus air temperature. Each
point is the average of 100 non-gap-filled half-hourly measurements. The bars denote the standard deviations. Plots show binned data fron
the whole year 2011. Air temperature and PPFD were measured at the top of each tower (6 m at the natural site and 30 m at the drained site)

and +364 and +403gCmia ! at the natural pine-bog, 0.73 0.74 0.75 0.76
respectively) between the sites for both analyzed periods. L L L
Nevertheless, respiration processes are very complex ant <~
cannot be solely attributed to PAI. s°g

We further tested for dependences between changes i g 4] ]
volumetric water content (VWC) and nighttime respiration = :
(Fig. 5) for the drained forest. The slope Bfco in Fig. 5a ——
suggests a moderate exponential relation betwgp and 20 -

volumetric water content. However, VWC is also linkedto @ 15 . ¢ L T T + T .
. . . . . 3 b > - T 1
air temperature. After normalization @eco with air tem- T 109 | e ® ® el T T 1 A
X . R . 5= ° ® ¢ ¢ % o ®
perature using the relations of Fig. 4b, to exclude the in- %gi 5] [Tty . T
fluence of air temperature aReco, the dependence between & 97 s f.o‘\ g
Reco and water content disappeared (Fig. 5¢). The same ap- 3 1'3 . ]
T T T

plies to the data from the natural site. Differences in VWC
resulted in marked differences in respiration at the two sites, 37 l ]
but short-term fluctuations could be explained by the air tem-

perature dependence. Because VWC and water table dept
indicate similar variations (Fig. 3), a similar dependence be- °
tween temperatureieco and water table could be assumed.
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Annual budgets of .NEE, GPP amtlco were calculated for Figure 5. Relationship between VWC anBleco (non-gap-filled),
the observation periods from July 2010 to June 2011 and Julgir temperature and the fraction of expect&dco (measured

2011 to June 2012. Despite similarities in weather conditionsre.dmodeledReco by temperature relation). Each point is the av-
and geological origin, the carbon budgets of the drained anerage of 100 non-gap-filled half-hourly measurements. The verti-
the natural peatland were considerably different. The indi-cal bars denote the standard deviations. The grey line represents
vidual budgets of GPP anfleco for the whole annual cy- an exponential dependence. Plots show binned data from 2011 at
cle show that respiration as well as GPP were approximatelyooseurach.

two-times larger at Mooseurach (drained) than at Schechen-

filz (natural) (Fig. 6).

The NEE indicates stronger GQuptake at the drained site and —53+28gCni2a ! at the natural site; see
site. At both sites the uptake was smaller in the first,the Appendix for methods to determine uncertainty) than
slightly wetter and colder, measurement period from Julyin the second measurement period from July 2011 to
2010 to June 2011(130+31gCnr2a ! at the drained June 2012 £300+66gCnr2a ! at the drained site and
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Figure 7. (a) Annual NEE depending on start of averaging period,
dashed line illustrates the mean of 13 different averaging periods,
Figure 6. Annual sums of NEEReco and GPP afa) the natural  the vertical bars present the standard deviatbjBox plots illus-

site Schechenfilz antb) the drained site Mooseurach for the two trate the range (-) of detected annual sums of NEE and their mean
measurement periods. Vertical bars indicate the uncertainty of thée). The box indicates the 25th, 75th and 50th percentile.

budgets (see Appendix).

3
-1798  -2066

of the trees (Hargreaves et al., 2003; Meyer et al., 2013;
—73+£38gCnr2a ! at the natural site). Depending on the von Arnold et al., 2005), but at other sites even the soil is
start of the annual averaging period, the annual NEE is highlya net CQ sink (Lohila et al., 2011; Minkkinen et al., 2002).
variable. This is more pronounced at the drained spruce forHowever, for two drained peatland forests, of different age

est Mooseurach (range betweeB0 and—300gCnr2a™!;  and different nutrient supply, Dunn et al. (2007) and Lohila
Fig. 7a). At the natural site the range of NEE is notice- et al. (2007) found an annual NEE close to zero (+84 and
ably smaller; it ranges betweer33 and—73gCnr2al.  _58gCnr2al). Measurements over 2 years over a boreal

On average, the observed €@ptake at the drained site drained forest in central Sweden even indicate an annual net

(-157+36gCnr2a 1) was three-times larger than at the CO, release (+128 gCnfaL; Lindroth et al., 1998). Thus

natural site {55+23gCnt2a%; Fig. 7b). a comparison of our results with the carbon budgets from
The mean annual net GQuptake at the natural bog- other sites is difficult, because site specific factors (e.g., nu-

pine site Schechenfilz is very similar to annual NEE bud-trient supply, annual mean temperature, trees stock) are very
gets of other temperate and boreal, natural, non-forestedifferent.

bog sites reported in the literature. For example, Lund et
al. (2007) determined an NEE of21gCnr2a ! for a 3.4 Seasonal variation of CQ exchange
southern Swedish temperate bog site. In a temperate Cana-
dian bog, Lafleur et al. (2003) found an NEE ranging be-Over the whole 2-year measurement period, the total net
tween +10 and-76 g CnT2a1, depending on snow cover- CO, uptake by the drained ecosystem at Mooseurach was
age in winter and water availability during the growing sea- —429+73gCn12 and —126+45gCn1? by the natural
son. For an Irish blanket bog, an NEE of a very similar rangeecosystem at Schechenfilz (Fig. 8). Seasonal and short-term
(—49 and—61gCn2a 1) was reported by Sottocornola patterns were very similar at the two sites; the differences in
and Kiely (2005). This comparison implies that the presencethe cumulative C@ exchange curves are mostly a result of
of the bog pines does not enhance the annua} G@ake the generally larger component fluxes (GPP &agh) at the
compared to non-forested bog sites, with their correspondingirained spruce forest Mooseurach.
larger coverage of grass species. In spring, both ecosystems were strong &ihks in both
Studies of the C@ exchange of drained and afforested years, in spite of the considerable water table drawdown in
peatland sites are rare, and the reported annual budgets akdarch and April 2011. The strong and consistent,G®-
highly variable (see also Introduction). Mostly, drained peat-take in spring is due to the phase-shift in the annual cycle of
land forests are reported to be strong annual net §iiks  soil temperatures which are still low in spring and thus limit
(> —150g Cnr2a1). At some peatland forests sites the net soil respiration while high radiation levels lead to moder-
CO, sink is entirely attributable to the carbon accumulation ately high photosynthetic activity (Dunn et al., 2007; Griffis
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first year second year

N D J
1 1

in temperature. In contrast, photosynthesis by the spruces in
Mooseurach continued in spite of the relatively low temper-
atures. Moreover, the combination of a strong water table
drawdown (which makes growing conditions more favorable
for the spruces), and low soil temperatures (which reduce
soil respiration) further enhanced the net carbon uptake at
the drained site in late autumn 2011. Overall, despite notice-
able water table drawdown at the drained site, the spruces
are apparently never water limited. This is additionally indi-
cated by the independence betweeny@Rchange and soil
moisture (Fig. 5).

A comparison of the pattern of cumulative NEE over the
2 years of measurements illustrates the different response of
the CQ exchange of the drained and the natural peatland
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Figure 8. Cumulative NEE at both sites over the whole measure-
ment period (1 July 2010-30 June 2012). The grey shaded bo
marks a long data gap at the drained site due to power failure. Th

ecosystem to changing environmental factors. At the natural
)pog—pine site, the annual cycles of cumulative NEE were very
similar for both years, despite differences in, for example,

dotted vertical line shows the end of the first annual cycle. The hor-drought periods between the 2 years. At this site the overall
izontal dashed line highlights the zero line; negative slope of NEECO, exchange is more in balance, due to the low growing
represents carbon uptake and positive values carbon release. Unc@ctivity of the bog pines on the one hand, and the suppressed
tainty intervals are not shown for clarity. soil emissions caused by high soil water level on the other
hand. In contrast, at least the respirative parts ob @%
change at the drained spruce site are sensitive to changing

et al., 2003). However, the carbon uptake rate was markedlgnvironmental factors, like periods of increased temperature
stronger at the drained site. and water table drawdown. However, whether warm and dry

The start of the net uptake season at the natural Schecheanomaly periods increase or decrease net carbon uptake at
filz site was very similar in spring 2011 and 2012 (mid- the drained site depends on soil temperature and spruce phe-
March) but, due to a 4-week data gap, the beginning of thenology and thus on the season.
growing season at the drained forest Mooseurach could not
be detected precisely in 2012. 3.5 Long-term carbon balance

During dry and warm conditions in summer (July 2010
and August—September 2011), we observed reduced/©O  The results of the 2 years of eddy covariance measurement
take which again was more pronounced at the drained sitpresented in this study indicate stronger Qfptake of the
(Fig. 8). At this time soil respiration reaches its maximum drained bog forest than of the natural bog forest. Currently,
because of higher soil temperature. In addition, the photopethe 44-year old spruces almost reach their maximum pro-
riod shortens and in spite of the sunny conditions, vegetatiorductivity (Gower et al., 1996), and can compensate the soil
senescence starts leading to lower photosynthetic activity. Irtarbon efflux. However, this 2-year measurement period can
this period, the C@exchange at the drained site differs con- only reflect the current state of the observed ecosystems.
siderably between the 2 years. In 2010 we observed continMeaningful comparisons between peatland forests and full
uous CQ uptake until early October, while in 2011 the €0 evaluation of the climate impact of different land uses require
uptake was discontinuous during the warm and dry perioda longer-term perspective, and in addition the determination
between mid-August and mid-October. of methane fluxes. However, we do not have any reliable in-

Finally, during the unusual sunny and rain-free weatherformation on methane for this time period. Thus, we attempt
conditions in November 2011 (compare Fig. 3) we observedo roughly assess the biome carbon balance in its long-term
an extended secondary net uptake period, while the naturalontext based on C{bnly. For an unbiased interpretation of
bog-pine system stopped carbon uptake in October, similarlyhe flux measurements at the drained site, we need to vali-
to the previous year (Fig. 8). The different NEE response ofdate the impact of drainage and spruce afforestation on the
the two sites can be attributed to differences in tree physdong-term carbon balance. Therefore, peat-loss-induced car-
iology. The light-dependent photosynthesis of bog pines isbon emissions, as well as the net carbon fixation within the
highly sensitive to low temperatures, whereas the photosynspruce life cycle have to be considered.
thesis of Norway spruces is more robust to low temperatures Our estimation of the net peat loss is based on survey
(von Sengbusch, 2002). Thus, the extended period of sundata from the 1930s which determined a peat thickness
shine at the natural bog-pine site Schechenfilz in Novem-of about 4.4 m. Thus, the peat thickness was reduced by
ber 2011 had no notable influence, as the bog pines had akpproximately 1 m down to today’s 3.4m thickness over
ready ceased photosynthetic activity in response to the drothe last 70—-80 years, resulting in a potential loss rate of

Biogeosciences, 11, 3473493 2014 www.biogeosciences.net/11/3477/2014/



J. Hommeltenberg et al.: Carbon exchange of a natural and a drained temperate bog forest 3487

roughly 1.25-1.4cm@a. The oxidative contribution to the supply. Both, temperature and nutrient supply are relative
overall subsidence is estimated to be almost 50 %, the redtigh at the drained bog forest in Mooseurach, supporting a
is attributed to peat compaction and consolidation (Armen-relative large carbon loss estimate.

tano and Menges, 1986; Gronlund et al., 2008; Leifeld et The current standing biomass of the 44-year old forest,
al., 2011b). Assuming a constant carbon content of 49.7 %above and below ground, was determined by biometry and
(Fig. 2) and a dry bulk density of 0.15 g ch(N. Rosskopf, common allometric relations as 86t CHaS. Réhling, per-
personal communication, 2012) of the first 20 cm top-soil sonal communication, 2012). In comparison, the estimated
layer in the last decades, we estimate a potential mean annupbtential net carbon loss from peat degradation is approxi-
carbon loss to the atmosphere of about +500 gCar?. mately +220t C ha' within the same period of 44 years, re-
This rough annual carbon loss estimate is based on survegulting in a total net emission of +134t Cha These quan-
data from the 1930s, and therefore includes a period thatities should be considered as rough estimates to evaluate
started before the site was afforested. Thus, the potentiadurrent measurement results in their long-term context. Cur-
annual peat carbon loss rate at our drained site is perhap®ntly, the eddy covariance measurements indicate an aver-
somewhat overestimated, as the carbon loss of peatland usegje annual net Cuptake of—157+36gCnT2a? (i.e.,

for pasture is potentially larger than of peatlands used forl.57tChala1). Thus, in this scenario the forest would
forestry. Our estimate matches the annual carbon loss estieed almost another 100 years of carbon assimilation at the
mate of a drained mountain bog in the Swiss Alps, drainedcurrent rate to offset the net carbon loss of the last 44 years.
119 years ago (Rogiers et al., 2008). This estimate of RoBecause the expected life cycle of the spruces at the drained
giers et al. (2008) is based on differences in ash content afsite is only about 60 years, we must conclude that, in the
ter combustion of the peat profile. A similar approach waslong-term, the drained bog forest is an overall strong net CO
used by Leifeld et al. (2011a), who estimated mean carsource even if the current eddy covariance measurements in-
bon loss rates ranging from +140 to +490g Cqa! for dicate net CQ uptake.

two drained pre-Alpine mountain bogs. Kluge et al. (2008) Based on published results of methane exchange of
modeled a larger mean annual peat-carbon loss of aboudrained peatland forests, the contribution of methane to the
+700 g C nmv2 a1 for an agricultural peatland in northeastern long-term carbon balance is seen to be negligible. For exam-
Germany. Reported soil emission rates of forested peatlandgle, Lohila et al. (2011) measured the minor methane uptake
span a wide range, including our rough estimate. For examef —0.09gCnr2a ! in a forestry-drained boreal peatland
ple, Braekke (1987) determined a carbon loss of a Norwegiarnn southern Finland. Other studies indicate a low methane re-
boreal drained Scots pine ecosystem of +250 g€ar?. lease of between 0 and +0.12gC#a ! in temperate and
However, in a later study Breakke and Finer (1991) note thadrained coniferous peatland forests of comparable age (von
about +100g C m? a1 are lost in the years immediately af- Arnold et al., 2005; Yamulki et al. 2013).

ter drainage. The smaller emission rate could be explained At the natural bog site Schechenfilz, the peat layer as well
by a 50% lower bulk density compared to the drained for- as the water level were not affected by human interference in
est in Mooseurach, albeit the volume of peat loss was abouthe past; therefore the soil conditions are still pristine. Fur-
two-times larger in the Scots pine ecosystem. Simola et althermore, the forest is not a plantation, and the age struc-
(2012) estimated a mean carbon loss of +150g¢€ar?! ture of the trees covers a wide range. Hence, it is likely that
at 37 drained forestry peatland sites in central Finland bythe carbon exchange of the natural bog forest is close to the
re-sampling the peat stratum after about 30 years. Betweelong-term balance with a small net accumulation rate. How-
the 37 sites the annual soil carbon flux varied strongly fromever, due to the high water level at natural bog sites, we have
—200 to +800gCm?a L. They found no evident relation to expect methane emissions which would reduce the carbon
between the amount of soil carbon flux and site fertility, uptake budget and due to their larger global warming poten-
or post-drainage timber growth. Minkkinen el al. (2007) tial considerably reduce the climate mitigation effect.
measured heterotrophic soil respiration fluxes of a similar According to the literature review of Saarnio et al. (2007)
range between +248 and +515gC%a ! at three boreal the methane budget of boreal ombrotrophic mires ranges
forestry-drained peatlands. However, in contrast to Simolabetween +1 and +16gCTmia . For example, Rinne et

et al. (2012), they point out that the carbon loss increasedl. (2007) determined an annual net methane budget of
with increasing nutrient supply. Furthermore, the strongest+9.4gCnr2a! for an ombrotrophic fen site in southern
carbon loss from peat soil was measured at the most northerRinland. At the bog-pine site Schechenfilz the groundwa-
site, which is likely attributed to differences in site factors ter level is never above the surface, which would enhance
such as substrate quality, nutrient status, and hydrology. Admethane production. Moreover, the coverage of sedges,
ditionally, Armentano and Menges (1986) note that the car-which are known to serve as conduits for the methane fluxes
bon loss in temperate climate zones is about 10-times largefrom the soil, is low in comparison to non-forested bog sites.
than in the boreal zone. In summary, the carbon loss estiTherefore, we expect only small emission rates which which
mates from drained and afforested peat are highly variabldikely not offset the climate mitigation potential of the carbon
and likely depend on mean annual temperature and nutrient
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uptake. Thus the natural bog-pine site was a small but stable The presented eddy covariance measurements can just rep-
net carbon sink during the observation period. resent the current state of forest and soil conditions, but
CO, exchange studies of managed peat forest ecosystems
) need to consider the different stages of ecosystem develop-
4 Summary and conclusions ment. A rough estimate of carbon loss due to drainage and

Eddv covariance measurements of NEE over 2 complete an;_)eat degradation resulted in a potential annual carbon loss of
Y P +500gCnm2a! for the previous 70-80 years. Comparing

nual cycles (July 2010-June 2012) indicate a stronger UP%arbon fixation by the spruces and carbon loss from the peat

take of CQ at a drained spruce forest ecosystem at Mooseu-Since forest planting. 44 vears ago. we rouahly determined a
rach, compared to a natural bog-pine site at Schechenfil P 9.2%y 90 gnly

(130431 and-300+-66gCméar ™ n Mooseurach and | o erbon 1058 of 341G Consequent, e spruce
—53+28 and —73+38gCnr2a! in Schechenfilz, re- 9 y

spectively). Due to the small distance of 10km betweenat the present rate to compensate the carbon loss due to peat

the sites, differences in the G@xchange can be attributed degradation in former years. . o
. y ; . In contrast, the natural bog forest in Schechenfilz is a ro-
solely to site-specific factors, such as land use history, so%u

- . .. ! st and consistently small GQink. We thus have to con-
conditions and vegetation composition, rather than to differ- . . .
. . clude that the natural bog-pine forest is a more effective CO
ent atmospheric conditions.

At the drained ecosystem, the budgets of both componen%Ink n thg long t.erm n §p|te of a lower uptgke rate during the
X Observation period. This study serves to illustrate the poten-
fluxes, GPP andeco are about twice as large as at the nat-

. . . . tial climate benefits provided by peatland restoration. Over-
ural bog-pine site. The stronger GPP at the drained site can"' 13% of peatlands in Germany are currently drained for

be attributed to the larger PAI. Furthermore, the response o :
. . - Torestry. If the present results turn out to be representative of

the CQ flux at the drained spruce forest is much more sensi- . . -

. X . o other drained peatlands in Germany, our results indicate that

tive to environmental forcing and therefore any variability of

the driving factors has a greater impact on the NEE. WhetheFores‘ted peatland restoration may be an important long-term

water table drawdown promotes or reduces net carbon upghmate change mitigation measure.
take depends on the state of phenology of the spruces and
the level of soil respiration, which is strongly related to soil

temperature and thus to the season.
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Appendix A: Uncertainty of the annual sums Random errors cannot be corrected for but are identified
by statistical analyses and often decrease with extended data
We distinguish between random) @nd systematic errors or - sets. We estimated the gap-filling uncertainty using 10 000
bias 6) The systematic errors need to be further differenti- bootstrap samp|es faReco and GPP estimations, resu|ting
ated into full systematic bias and selective bias (Moncrieff etin a gap-filling uncertainty 0f=30.7 g Cmr2a1 in the first
al., 1996). Selective bias affects solely carbon uptake or carmeasurement year aaeb5.9 g C nt2a1 in the second year
bon release and increases when the measurement perioddgthe drained site. The gap-filling uncertainty based on data
extended. Causes of systematic errors include underestimarom the natural site ig-27.8 and+38.1gC n2a1 for the
tion of nighttime respiration, high frequency loss, variations two periods, respectively.
of footprint size and orientation (Massman and Lee, 2002; Random errors of measured fluxes are caused by footprint
Richardson etal., 2012; Schmid and Lloyd, 1999). Generallyyariability, errors of turbulence sampling and instrument er-
systematic errors cannot be identified by statistical analysisyors (Richardson et al., 2012). The errors of turbulence sam-
but known systematic errors are often minimized by correc-pjing can be determined by the variance of the covariance, in-
tion terms such as the, criterion to eliminate non-turbulent C|uding auto- and cross-covariance terms, fo||owing Finkel-
fluxes, corrections of spectral loss (Moncrieff et al., 2004; stein and Sims (2001). This error estimation is implemented

Moncrieff et al., 1997) or the rejection of data not represent-in some eddy covariance flux processing software packages
ing the target area. However, we are not able to prevent alle.g., TK3; Mauder et al., 2013).

systematic errors, particularly those whose origin or behav- The mean error of turbulence sampling is
ior are not sufficiently known. Concerning the site compar- +2 6 gCnr2a ! in the first year, and:3.1gCn2a 1 in
ison we can assume that the impact of systematic errors ithe second year at the drained site, antl5gCnr2a1
relatively small, as the flux calculation, post-processing (re-and +2.5gCnr2a ! at the natural site. The uncertainty
jection criteria) and gap-filling were conducted in the samedue to footprint variation and instrument errors could not
way (with the exception of the footprint analysis at the natu-pe estimated accurately in the present project, but based
ral site). Thus, any bias due to data processing is expected tgn comparative estimates in the literature (e.g., Dragoni et
be very similar at both sites. However, two different mea- al., 2007) we expect them to be small in Comparigon to the
surement devices were used fop® and CQ-flux mea-  gap-filling error.
surements (open-path (LI7500, Li-Cor) at the natural site and  The random error of measured and gap-filled fluxes were
closed-path (L17200, Li-Cor) at the drained site), which may combined by quadrative error propagation (e.g., Richard-
lead to a biased site comparison. Based on a study of Burba &jn et al., 2012; Richardson and Hollinger, 2007), resulting
al. (2010) and Burba et al. (2009), ¢@nd latent-heat fluxes in a negligible contribution of the error induced by turbu-
measured by LI7500 and LI7200 show a very good agreejence sampling. Thus, random uncertainty of the cumulative
ment. The slope of the linear regression between latent-hea{EE at the drained forest in Mooseurach was determined as
and CQ fluxes measured with these two devices for several+30.7gCm?2a ! in the first year andt65.6gCnr2a !
months is almost one, and the coefficient of determinationin the second year, and amounted to 40 and 22 % of the to-
is better than 0.96. Thus, the expected bias is negligible angal annual NEE. At the natural site Schechenfilz, the random
is not addressed in the estimation of uncertainty for the siteyncertainty of annual NEE i 27.8 and+38.1gCnr2a1
comparison. for the two periods, respectively, or 47 and 52 % of the total

budgets.

Even if an overall uncertainty of about 50 % were assumed
at both sites, the annual G@ptake is invariably stronger at
the drained site.
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