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Abstract

In this paper, we present and discuss the annual net ecosystem exchange (NEE) results from 5 years (1997–2001) of
continuous eddy covariance measurements of CO2 flux above a mixed temperate forest. The forest was a 70-year-old coniferous
(Scots pine)—deciduous mixture, with slow growth rate and a leaf area index (LAI) of about 3, and was part of the European
CARBOEUROFLUX research network. Effects of the data pre-treatment and the gap filling method on annual NEE estimates
were analyzed. Theu∗-correction increased the annual NEE by+61 g C m−2 per year on average. The maximum difference
in annual NEE estimates from different gap filling methods amounted up to 130 g C m−2 per year in a year with a large
gap in the CO2 flux series. The estimated average annual NEE over the 5 years was+ 110 g C m−2 per year (ranging
from −9 to 255 g C m−2 per year) when using the most defensible gap filling strategy. We also analyzed the inter-annual
variability of carbon balance, which was found to be mainly dependent on the length of the growing season and on the annual
temperature. The observation that this forest acted as a CO2 source contrasts with previous results from most other temperate
forests.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

A better understanding of the global carbon bal-
ance, and particularly of the role of terrestrial ecosys-
tems represents an important current challenge to the
scientific community, e.g. the “missing sink” issue
(Schimel, 1995; Ciais et al., 1995; Keeling et al., 1996;
Houghton et al., 1998; Sarmiento and Gruber, 2002).
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fax: +32-3-820-2271.
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Given the importance of temperate forests in the global
carbon balance (Reich and Bolstad, 2001), measuring
and modeling the net ecosystem exchange (NEE) of
these forests has become a major research activity.

Within this context (Baldocchi et al., 1996) net-
works of tower-stations have been established per-
forming long-term, continuous measurements of
CO2 exchange between forest ecosystems and the
atmosphere (Baldocchi et al., 2001), including EU-
ROFLUX (1996–1999) and CARBOEUROFLUX
(2000–2003) which supported the present study.
Recent investigations have shown that mature and
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undisturbed forests were generally sizable carbon
sinks, although large variations in their CO2 seques-
tration rates were observed (Valentini et al., 2000;
Falge et al., 2002). However, information about the
inter-annual variability of NEE and the effects of
management is still rather poor, but essential to char-
acterize the role of forests in the global carbon budget.
Furthermore, only very few long-term eddy covari-
ance sites have been established in mixed conifer-
ous/deciduous or patchy forest types, although these
are typical of many regions in Europe. Despite the
challenging circumstances, measurements over such
sites can be helpful to study the specific behavior
of the existing complex forests and take them into
account in SVAT global models.

The purpose of this paper is to present 5 years
(1997–2001) of eddy correlation measurements
of CO2 flux above a managed mixed conifer-
ous/deciduous forest in Belgium, and the resulting
annual NEE. In order to achieve defensible annual
sums of NEE, data quality tests and gap filling proce-
dures are required to provide consistent and complete
datasets. The different data selection and gap filling
methods used are presented and their effects on the
NEE estimates are discussed. We also analyze the
inter-annual variability of NEE in relation to climatic
variables. Since the forest was rather intensively man-
aged during the measurement period, we also discuss
the effects of forest management practices on the
annual carbon budget.

2. Site description

The forest under investigation is ‘De Inslag’, a
mixed patchy coniferous/deciduous forest located in
Brasschaat (51◦18′33′′N, 4◦31′14′′E), in the Belgian
Campine region (de Pury and Ceulemans, 1997),
about 20 km north-east of Antwerp. The site is
part of the European CARBOEUROFLUX network
(http://www.bgc-jena.mpg.de/public/carboeur/) and is
a level-II observation plot of the European network
program (ICP-II forests) for intensive monitoring
of forest ecosystems (EC-UN/ECE, 1996), managed
by the Institute for Forestry and Game Management
(Flanders, Belgium). The landscape is a coastal plain,
almost flat (slope<0.3%) at a mean elevation of
16 m. The climate is temperate maritime with a mean

annual temperature of 9.8◦C and 750 mm of annual
precipitation. The site is located in an area with
high nitrogen deposition (30–40 kg ha−1 per year;
Neirynck et al., 2002).

This relatively small (150 ha) forest consists of
many patches of different coniferous and deciduous
species, with a variety of understorey species as well
(Fig. 1). Scots pine (Pinus sylvestrisL., 80% of the
coniferous species) and pedunculate oak (Quercus
robur L., 80% of the deciduous species) dominate the
canopy composition. The undergrowth is dominated
by black cherry (Prunus serotinaEhrh.), rhododen-
dron (Rhododendron ponticumL.) and grass (Molinia
caeruleaL. Moench), and an extensive moss cover
(dominated byHypnum cupressiformeHedw.) charac-
terizes some patches on the ground. A more complete
description of the forest, with vegetation composition
of the various patches has been previously published
(de Pury and Ceulemans, 1997; Janssens et al., 2000).
Due to changing management policies over the last
decades, the composition and structure of the forest
vary among patches, but the forest remains relatively
even-aged. The 40 m scaffold measurement tower is
located within an even-aged Scots pine stand planted
in 1929. In this experimental stand, the current density
is 375 trees ha−1, mean tree height is about 21 m, mean
diameter at breast height (DBH) is 30 cm and stem
basal area is 27 m2 ha−1. About half of the forest con-
sists of similar pine stands, and most of the remainder
part consists of pedunculate oak stands of similar age
(planted in 1936) with tree density about 320 ha−1,
mean tree height about 17 m, mean DBH about 24 cm
and stem basal area about 16 m2 ha−1. Leaf area index
(LAI) varies considerably among patches and, in areas
characterized by deciduous species, also seasonally.
The area-weighted LAI, including both over- and un-
derstorey LAI for the entire forest, is about 3 m2 m−2

(between 1.7 m2 m−2 in winter and 3.6 m2 m−2 in
summer, recalculated fromGond et al., 1999).

Most stands have canopy heights similar to the ex-
perimental pine stand. The fetch is about 500 m in
the west sector, the prevailing wind direction (Fig. 1).
Better conditions regarding fetch (>800 m) are met in
eastern sectors. The roughness length is about 1 m and
the zero plane displacement is about 19 m. The forest
is bordered to the north and west by the residential
town of Brasschaat, and to the south and east by rural,
partially forested terrain.

http://www.bgc-jena.mpg.de/public/carboeur/
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Fig. 1. Map with composition of the forest surrounding the tower and wind rose. Wind frequencies are expressed in percent and computed
by 10◦ wind sectors for the period 1997–2001: () deciduous; ( ) coniferous; ( ) mixed; ( ) grassland; (�) measuring tower.

The soil is loamy sand, moderately wet, with a dis-
tinct humus and iron B-horizon (Baeyens et al., 1993)
and is classified as Umbric Regosol (FAO classifica-
tion, Roskams et al., 1997). Below the sandy layer,
at a depth of 1.5–2 m, lies a clay layer. Due to this
clay layer, the site has poor drainage, and groundwa-
ter depth usually is between 1.2 and 1.5 m (Baeyens
et al., 1993). A more detailed description of the phys-
ical and chemical properties of the soil is available
(Janssens et al., 1999; Neirynck et al., 2002).

3. Material/instrumentation

3.1. Eddy correlation measurements

The vertical flux of CO2 between the forest and
the atmosphere was measured using the eddy cor-
relation technique, originally proposed bySwinbank
(1951) and applied to measure the net flux of car-
bon dioxide at ecosystem scale (NEE) since the 1980s
(Desjardins, 1985; Verma et al., 1986; Baldocchi et al.,
1988). Fluxes of CO2 (Fc), water vapor (λE) and sen-
sible heat (H) have been measured continuously since

mid-1996, from a scaffold tower at a height of 41 m.
The CO2 vertical flux was calculated as the covari-
ance between fluctuations in the vertical wind speed
(w) and CO2 concentration (c). The fast-response sen-
sors used were a three-dimensional sonic anemometer
(Model SOLENT 1012R2, Gill Instruments, Lyming-
ton, UK) for wind speed and temperature, and an in-
frared gas analyzer (IRGA) (Model LI-6262, LI-COR
Inc., Lincoln, NE, USA) for CO2 and water vapor
concentrations. The IRGA was used in absolute mode
with pure nitrogen flowing through the reference cell
as zero air. Air is drawn through a 1�m PTFE-Teflon
filter (Gelman Acro 50, PN 4258, Ann Arbor, MI,
USA) at 6.2 l min−1 by a membrane pump (Model
N811 KNDC, KNF Neuberger, Freiburg, Germany)
installed downstream of the analyzer. It then enters a
3 m long PTFE-Teflon tube of 4.33 mm (inner diam-
eter), heated to prevent condensation. A subsequent
filter (Ballston 300-01961, USA) cleans the air prior
to sampling by the IRGA. The distance between the
air inlet and the central point of the sonic measure-
ments is about 40 cm. Calibration of the IRGA with a
reference gas was performed monthly. The data were
logged at 20.8 Hz and the fluxes computed in real
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time using the EDISOL software (Moncrieff et al.,
1997).

3.2. Complementary measurements

Above canopy meteorological measurements were
made at the top of the tower (40 m) and stored as
half-hourly means on a data logger (Campbell CR10,
CSI, Logan, UT, USA). They include global radiation
(pyranometer, Kipp and Zonen CM6B, Delft, The
Netherlands), net radiation (REBS 07, Seattle, WA,
USA), photosynthetically active radiation (PAR quan-
tum sensor, JYP-1000, SDEC, Tours, France), precip-
itation (tipping-bucket rain gauge, Didcot DRG-51,
Didcot Instrument Co. Ltd., Abington, UK), rela-
tive humidity and temperature (psychrometer, Didcot
DTS-5A, UK).

In order to estimate CO2 storage in the air layer be-
low the eddy correlation measurements height, mea-
surements also include a profile of CO2 concentrations
at four levels (10, 24, 32 and 40 m above the ground).
From each inlet, air is drawn through 53.5 m of tub-
ing to an instrument shelter, heated to 35◦C, and fil-
tered through a 0.5 mm PTFE-Teflon filter. Each level
is sampled for a total duration of 6 min each half-hour
by a gas analyzer (IRGA, LI-800, LI-COR Inc., Lin-
coln, NE, USA).

Other pertinent environmental variables include the
soil measurements. Two heat flux plates (Campbell
HFT03, CSI, Logan, UT, USA) measured the soil heat
flux (G). Soil temperature was measured with probes
(Didcot DPS-404, UK) installed at 2 and 9 cm depth.
Since January 2001, CO2 soil efflux has been mea-
sured with a closed dynamic system (IRGA, CIRAS-1,
PP SYSTEMS, Hitchin, Herts, UK), in nine patches
(different associations of canopy/understorey vegeta-
tion) representative for the forest composition.

More details about the instruments and methods
used for the measurements performed at the site can
be found inOverloop and Meiresonne (1999)and in
Kowalski et al. (2000)for the complementary mete-
orological measurements, and inCuriel Yuste et al.
(2003)for the soil efflux measurements.

4. Methods

The NEE (biotic CO2 exchange,FNEE) can be
deduced from the conservation equation of a scalar

(CO2), in applying the Reynolds decomposition
(Stull, 1988). Assuming stationarity and horizontal
homogeneity of turbulence, and under the hypothesis
of negligible horizontal flux divergence and molecu-
lar diffusion, FNEE can be written as (Aubinet et al.,
2000)

FNEE = Fc + F�S + advection terms (1)

whereFc = w′c′ is the eddy correlation flux andF�S

is the CO2 storage in the air layer below the eddy mea-
surements height. Since a reasonably accurate estimate
of the advection terms was impossible with available
measurements, they were neglected in this study and
FNEE was simply deduced from the eddy flux and the
storage term. Following the micrometeorological sign
convention, these terms are defined such that positive
values represent release from the ecosystem (upward
flux), and negative values represent an uptake by the
ecosystem (downward flux).

4.1. Calculation of eddy correlation fluxes

The measurement system and the data treatment
both follow the guidelines of the standard EU-
ROFLUX methodology (Aubinet et al., 2000). The
half-hourly mean flux values (covariancew′c′) were
computed in real-time (by the EDISOL software,
Moncrieff et al., 1997) with a running-mean removal
technique based on a digital recursive filter with a time
constant of 200 s (McMillen, 1988). The three-angle
co-ordinate rotations of the wind vector were applied
in order to remove the effects of instrument tilt or ter-
rain irregularity on the airflow. The time delay of the
IRGA signal was set by determining the time lag op-
timizing the correlation between vertical wind speed
(w) and CO2 concentration (c), within the range of
1–4 s (the theoretical time lag calculated from flow
rate and tube characteristics: 1.6 s).

Corrections for high frequency response losses in
the eddy flux system were examined in detail by
Aubinet et al. (2000)for the standard EUROFLUX
closed chamber system, using description of the
transfer functions of eddy covariance systems from
the literature (Moore, 1986; Leuning and King, 1992;
Leuning and Judd, 1996; Moncrieff et al., 1997). It was
shown that the only important effects needing correc-
tion were the damping of scalar concentration fluctu-
ations in the IRGA sampling tube, and the separation
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between the IRGA sampling tube inlet and the sonic
anemometer. In our case, these effects were negligible
due to the short tube length and small sensor separation
(Kristensen et al., 1997). There was also no need to ap-
ply the “Webb” corrections for air density fluctuations
(Webb et al., 1980) because of the closed-path con-
figuration of the LI-6262 gas analyzer. Consequently,
no correction was made to the real time computed
flux.

The applicability of the eddy correlation method
is limited by a number of restrictive assumptions
(Baldocchi et al., 1988; Dabberdt et al., 1993;
Foken and Wichura, 1996). These include horizontal
homogeneity of the upwind surface, homogeneity of
the turbulence and mean flow, and stationarity. The
general reliability of the flux measurements with this
eddy system set-up was first verified by examination
of spectra and co-spectra (comparison with the model
of Kaimal et al., 1972) for several measurements
performed under different meteorological conditions.
The spectral characteristics of the fluxes were not
examined in the routine treatment. However, a qual-
ity control (QC) program (Vickers and Mahrt, 1997)
was run systematically on the raw data in order to
reject poor quality data. All data failing the QC were
then removed from the set of half-hourly flux data
output by the EDISOL software. Furthermore in the
routine treatment, a quality test was applied to in-
tegral turbulence characteristic of the vertical wind
(σw/u∗) as recommended and described byFoken and
Wichura (1996). In order to discard the most critically
non-stationary CO2 flux measurements, which could
significantly influence the NEE sums, a simple test
was also routinely performed limiting the variances
of vertical velocity and CO2 concentration (σ2

w and
σ2

c ) below a threshold. This simple test has shown
(comparative study on a 2-month-period) its ability
to remove most of the fluxes not fulfilling the insta-
tionarity test proposed byFoken and Wichura (1996),
and was preferred for its applicability to routine
treatment.

4.2. Storage term computation

The storage of CO2 in the layer below the eddy
measurements (F�S) was estimated by the simple ap-
proach using only the change in CO2 concentration
measured at 41 m by the LI-6262 (Hollinger et al.,

1994; Greco and Baldocchi, 1996):

F�S = �c(z)

�t
�z (2)

where�c(z) is the change in CO2 at the heightz, �t
the time period, and�z the height of the layer. This
method was chosen for the systematic treatment of
all flux data in order to avoid additional data rejection
due to failure of the CO2 profile measurement system
during the 1997–2001 period. Comparison with the
storage termF�S determined from the full profile
measurements (method as described byAubinet et al.,
2001) validated this simple approach. The two meth-
ods showed good overall agreement (Fig. 2) and the
associated discrepancies in annual sums of NEE were
negligible (<10 g C m−2 per year). The morning and
early evening showed the largest discrepancies, due
to the inaccuracy of the simple approach to estimate

Fig. 2. Mean diurnal course of the storage term (F�S ) during
the years 2000 and 2001, estimated with two different methods:
the simple approach using the LI-6262 CO2 measurements (solid
line) and the calculation from CO2 profile measurements (dotted
line). For each year, averages are calculated for the periods of
qualified CO2 eddy flux data and when both systems were properly
functioning (LI-6262 and profile).
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importantF�S associated with transitory conditions.
In order to remove these events for systematic treat-
ment, a test excluded data for which:

|[CO2]t+�t − [CO2]t | + |[CO2]t − [CO2]t−�t | > 10 ppmv

This test therefore limited the storage termF�S to a
maximum absolute value of 5.1�mol m−2 s−1.

4.3. Corrections due to low-mixing
conditions (u∗-correction)

4.3.1. Nighttime
It is now accepted by the eddy flux community that,

during stable nighttime conditions, surface exchanges
are underestimated by eddy covariance measurements,
owing to a lack of turbulent transport (Goulden et al.,
1996; Moncrieff et al., 1996; Aubinet et al., 2000;
Falge et al., 2001). This underestimation of night-
time CO2 fluxes constitutes a selective systematic
error, and as such can lead to serious problems when
long-term budgets are estimated by integration of
short-term flux measurements (Moncrieff et al., 1996).
Despite the awareness of the problems in accurately
determining nighttime fluxes, no general consensus
has been reached for correcting the flux (Falge et al.,
2001). The method most widely used to correct for
flux underestimation during stable nights was applied
in this study. It consists of replacing the flux mea-
sured during stable nighttime periods (defined byu∗
below a threshold) by a value simulated with a tem-
perature response function derived during well-mixed
nighttime conditions (defined byu∗ above this thresh-
old). The function that was used is the Lloyd and
Taylor respiration equation (Lloyd and Taylor, 1994,
Eq. (11)):

FNEE,night = FRE,night

= FRE,283e
A[(1/(283.16−T0))−(1/(TK−T0))] (3)

whereTK is air temperature (in K),A is set to 309 K,
whereasT0 and FRE,283 the respiration rate at refer-
ence temperature (283.16 K = 10◦C), are the fitted
parameters. In our case, we used air temperature as
the principal driver since it gave better results (higher
R2 values) than soil temperature.

Temperature response functions were evaluated
for all the 1997–2001 nighttime data sorted foru∗

Fig. 3. Parameter describing the nighttime ecosystem respiration
at the reference temperature of 283 K (FRE,283) estimated using
the equation ofLloyd and Taylor (1994)(fitted using the least
square method) from all the nighttime data (1997–2001) of storage
corrected (�) and not storage-corrected (�) eddy CO2 fluxes,
sorted byu∗ classes (0.05 m s−1 classes).

(0.05 m s−1 u∗ classes). In our case, the derived values
for the parameter (FRE,283) describing the ecosystem
respiration rate at 10◦C showed a typical saturation
above au∗ threshold value (Fig. 3). Indeed, the CO2
biotic efflux corresponding to nighttime ecosystem
respiration is considered as independent of turbulence
(u∗) for biophysical and physiological considera-
tions. It appears that for low mixing conditions (u∗ <

0.2 m s−1), storage did not account for the total loss
of flux (Fig. 3), and some of the CO2 that is released
by the ecosystem seemed to leave the forest by as
yet undetermined pathways. Therefore, the value of
0.2 m s−1 was used as threshold for theu∗-correction.
The potential risk of ‘double counting’, if there is a
morning flush out of CO2, is avoided by applying the
u∗-correction on the storage-corrected fluxes.

4.3.2. Daytime
There is some likelihood that underestimation of the

eddy fluxes under low-mixing conditions also occurs
during daytime (Goulden et al., 1996; Blanken et al.,
1998). In addition to the advection terms which are not
accounted for in the eddy measurements,Sakai et al.
(2001)argue that a possible explanation for underes-
timating daytime flux is the inadequate sampling of
the turbulent long-period fluctuations under low-wind
conditions in daytime. By illustrating the importance
of low-frequency contributions to eddy fluxes mea-
sured over rough surfaces, their study showed that,
for a sample summer at a temperate deciduous forest,
large eddies with periods from 4 to 30 min contributed
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about 17% to eddy CO2 flux. In the present study, the
200 s running mean used for eddy flux calculations ef-
fectively filtered the contribution of the low frequency
eddies.

To estimate the effects of low mixing on daytime
CO2 flux, similarly to nighttime, light response func-
tions describing the daytime CO2 flux were evaluated
for daytime data sorted intou∗ classes. The function
that was used is a modified form (seeFalge et al.,
2001, Eq. (A.8)) of the Michaelis–Menten equation
(Michaelis and Menten, 1913):

FNEE = a′Rg

1 − (Rg/1000)+(a′Rg/FGPP,opt)
− FRE,day

(4)

whereRg is global radiation (W m−2) and the fitted
parameters areFRE,day, the ecosystem respiration dur-
ing daytime (�mol CO2 m−2 s−1), a′ the ecosystem
quantum yield (�mol CO2 J−1), andFGPP,opt the op-
timum GPP (�mol CO2 m−2 s−1) at a Rg value of
1000 W m−2.

The parameters describing the daytime CO2 flux
were derived for bimonthly seasonal periods (Fig. 4).
All parameters exhibited a positive correlation with
u∗. Since these estimates are derived from temper-
ature pooled datasets, potential explanations are the
correlation between lowu∗ and cold early-mornings
following stable nights (leading to lowerFRE,day es-
timates for loweru∗), and the correlation between
low u∗ and warm conditions during low-wind sunny
days (inhibition of photosynthesis leading to lowera′
and FGPP,opt estimates for loweru∗). An additional
explanation is the contribution of the storage term
which may be underestimated for loweru∗ (storage
only below eddy system height and then invisible
from it) and overestimated for higheru∗ (flush out
of CO2), leading to lower estimates of both uptake
(FGPP,opt and a′) and respiration (FRE,day) for lower
u∗. Nevertheless, foru∗ below 0.2 m s−1, the values
of the regression parameters are too low to be consis-
tently explained by these biases, and theu∗-correction
was applied similarly as for the nighttime. Day-
time fluxes measured during low-mixing conditions
(u∗ < 0.2 m s−1) were replaced by simulated values.
Daytimeu∗-correction did not much affect the annual
NEE estimates (average effect was only+ 5 g C m−2

per year). This is because it concerned a smaller

Fig. 4. Daytime ecosystem respiration (FRE,day), equivalent quan-
tum yield (a′) and optimum gross primary production (GPP) esti-
mated using the Michaelis–Menten light response equation (fitted
using the least square method) from the daytime storage corrected
eddy CO2 fluxes (1997–2001), sorted byu∗ (0.1 m s−1 classes)
and by bimonthly seasons. Error bars represent the 95% confi-
dence intervals. For reasons of clarity, error bars are presented
only one-sided in theFRE,day and a′ graphs.

amount of data than for nighttime and because the
underestimation is a systematic error (always under-
estimation) but not a selective error (occurring for
both positive and negative fluxes). Nonetheless, the
u∗-correction improved the fit of the light response
equations, and significantly increased the daytime
ecosystem respiration estimates (13% average in-
crease inFRE,day estimates from Michaelis–Menten
model).
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4.4. Data gap filling

4.4.1. Meteorological data gap filling
SinceFNEE filling methods rely on meteorological

variables, particularly temperature and radiation, it is
essential to have reliable and continuous series of these
variables to achieve defensible NEE estimates. Lin-
ear interpolation was used to fill small gaps (<2 h).
Longer gaps in meteorological variables were filled us-
ing redundant measurements when available. Gaps in
air temperature measurements (Ta) were filled with the
temperature from the sonic anemometer when avail-
able, or from a nearby meteorological station (about
20 km, same elevation). Down-welling global solar ra-
diation (Rg) was used as the radiation variable inFNEE
filling routines, since it was the most robust radiation
measurement and showed a very strong relationship
(R2 = 0.99) with photosynthetically active radiation
(PAR) (Ceulemans et al., 2003). Gaps inRg were filled
using PAR measurements or net radiation when PAR
was not available. RemainingRg missing data (1%
of daytime) were filled by the mean diurnal variation
method based on a few adjacent days, selected visu-
ally and manually, exhibiting a similar diurnal tem-
perature pattern. Gaps in precipitation were filled with
data from a nearby meteorological station. Gaps in soil
temperatureTs (1.8% of all values) were inferred by
simple model predicting�Ts/�t from (Ta − Ts).

4.4.2. CO2 flux gap filling
During the period analyzed (1997–2001), the aver-

age CO2 flux (FNEE) data coverage was 71% due to
maintenance and system failures. The different qual-
ity tests, includingu∗-correction, discarded 36% of
the measuredFNEE data, leading to an average yearly
data coverage of only 46% (Table 1). This is rather
low, compared to the average coverage of 65% for the
28 yearly dataset included in the study on gap filling
by Falge et al. (2001). Therefore, the estimation of
annual or monthly sums of NEE might be highly de-
pendent on the used gap filling procedure. In order to
test the sensitivity of NEE to the gap filling procedure,
different commonly used gap filling strategies were
applied to the 5-year dataset, including non-linear
regressions, look-up tables and neural networks.
However, look-up tables were subsequently rejected,
due to poor performance during periods of poor data
coverage.

Table 1
Percentage ofFNEE (net ecosystem exchange) measured and qual-
ified (not rejected by quality check tests, includingu∗-selection)
data for the 5 years of measurements

Period Existing data (%) Qualified data (%)

Total Daytime Nighttime

1997 62.0 35.2 38.2 32.1
1998 71.1 47.1 51.9 42.3
1999 75.6 50.6 58.6 41.4
2000 80.5 52.7 55.2 48.9
2001 67.6 43.6 51.3 35.1

1997–2001 71.4 45.8 51.7 40.0

4.4.2.1. Semi-empirical methods: non-linear
regressions

Semi-empirical gap filling preserves the response
of FNEE to the expected controlling factors (tempera-
ture and radiation), as found in the data. Responses are
described by non-linear regressions. These methods
were applied following procedures and recommenda-
tions fromFalge et al. (2001). Missing values ofFNEE
are filled with regression relationships established be-
tweenFNEE and controlling factors (temperature and
radiation) for bimonthly periods (January–February,
March–April, . . . ). Daytime and nighttime data were
addressed separately. For nighttime data, the Lloyd
and Taylor respiration equation (Eq. (3)) was used
with air temperature as driver to modelFNEE. For
daytimeFNEE, the Michaelis–Menten light response
equation (Eq. (4)) was used. The effect of temper-
ature on the light response equations was not taken
into account, as the regressions were performed
on data not temperature sorted. This approach was
chosen since splitting the dataset into temperature
classes made some of the seasonal regressions un-
stable because of the rather high percentage of
gaps.

Bimonthly periods were selected to perform the re-
gressions because it appeared to optimize the trade-off
between having sufficient data for statistically valid
regressions, and describing seasonal variations of for-
est carbon exchange. Nevertheless, this choice posed
some problems because of some long-term system
failures, yielding regressions that were highly biased
or were even impossible. In order to be able to fill
the long-term gaps with data measured during the
same bimonthly period from other years, regression
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Fig. 5. Bimonthly NEE sum differences between NEEN-N (gaps
filled using the half-hourly neural networks method) and NEEnl-reg

(gaps filled using the non-linear regressions method) versus per-
centage of missing data. The standard deviation is calculated from
the different versions of half-hourly neural networks.

relationships were also established for each bimonthly
period pooled over 5 years.

4.4.2.2. Neural networks
We have used neural networks as a tool for filling

gaps in theFNEE series at two different time scales:
half-hourly values and daily series.

Neural networks for gap filling at half-hourly scale.
The FNEE series first was screened by quality tests
(including u∗-selection) and sorted by bimonthly pe-
riods. Gaps in theFNEE half-hourly dataset were then
filled using a single-hidden-layer feed-forward neural
network (Saxén and Saxén, 1995) by predictingFNEE
from four variables: global radiation, air temperature,
soil temperature and relative humidity. Attempts to
introduce precipitation or other additional variables
were unfruitful. Each bimonthly period was treated
separately. The neural networks method at half-hourly
scale posed some problems for periods with more than
80% missing data. For these periods, the established
networks were dependent on training options, and re-
sulting NEE therefore was dependent on network ver-
sions (Fig. 5). For periods with fewer gaps, the neural
network technique applied successfully (different ver-
sions were very close) and the NEE results were very
similar to non-linear regressions (Fig. 5), as the most
important drivers of neural networks (temperature and
radiation) are the driving variables of the non-linear
regressions.

Neural networks for gap filling at daily scale.The
FNEE series was screened by quality tests and sorted
by year. Days with more than a threshold number (12
or 18) of missing half-hourlyFNEE data were consid-
ered as “missing”, others as “good”. The “missing”
days values were filled using single-hidden-layer
feed-forward neural networks (Saxén and Saxén,
1995) by predicting daily NEE from daily averages
of global radiation, air temperature, soil temperature,
relative humidity, day length and precipitation. Neu-
ral networks were trained with the dailyFNEE sums
of the “good” days, from both measured and modeled
(using the non-linear regression method) half-hourly
FNEE values. The modeling method is assumed to
have a negligible effect on theFNEE daily sums of
the “good” days, as the amount of filled data remains
low. The average missing data per “good” day repre-
sented respectively 11.6 and 16.7%, for respectively
12 and 18 as the maximum number of half-hourly
gaps allowed per day. The resulting neural-network
fitted the measured daily NEE well (Fig. 6), with R2

values ranging from 0.91 to 0.97 for the 5 years, and
with a satisfactory coverage of the entire annual range
of the driving variables. Unlike the methods based on
a bimonthly sorting, this method treats each year as a
whole and therefore enables to fill the long-term gaps
without special operation.

5. Results and discussion

5.1. Energy balance closure

The energy budget includes energy terms obtained
by eddy covariance (sensible heat fluxH and latent
heat fluxλE) and by other methods (net radiationRn,
soil heat fluxG, heat storageSt). A comparison of
these terms can be used to check the quality of the eddy
covariance measurements (Aubinet et al., 2000). Fig. 7
shows the half-hourly values of the eddy covariance
energy fluxes versus the other terms of the energy
budget equation. Despite the strong correlation (R2 =
0.91), the sum of the eddy covariance flux was lower
(slope of the regression= 0.76) than the available
energy. The closure deficit of the energy balance was
similar in the other years (slope between 0.7 and 0.8).
Such a closure deficit of about 20% is rather common
with eddy covariance measurements above tall forest
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Fig. 6. Results of daily net ecosystem exchange (NEE) neural network training (maximum number of half-hourly gaps per day = 18) for
the years 1998 (y = 1.0001x, R2 = 0.97) and 1999 (y = 1.006x − 0.01,R2 = 0.94).

canopies (Goulden et al., 1996; Lee, 1998; Aubinet
et al., 2000). The closure deficit of the energy balance
was found to be independent of the wind direction
(data not shown).

5.2. CO2 fluxes

The evolution of the biotic CO2 flux (FNEE) and
the main meteorological variables, measured between

Fig. 7. Energy balance closure at half-hourly scale in 2001. Eddy
covariance energy fluxes (H + λE) vs. available energy (Rn − G
− St). H sensible heat flux;λE latent heat flux;Rn net radiation;G
soil heat flux;St heat storage in canopy air. The linear regression
(solid line) equation is(H + λE) = 0.76(Rn − G − St) − 16.8
(R2 = 0.91).

1997 and 2001, are displayed inFig. 8. Climatic con-
ditions are characterized by a rather high variability at
synoptic scales in all seasons. Precipitation was dis-
tributed rather regularly in the course of the year, and
drought stress episodes were quite limited (and had
no significant effects on tree performance or physiol-
ogy, as shown byMeiresonne et al., 2003). Annual
total precipitation was above the long-term aver-
age (750 mm) for every year except 1997 (658 mm).
The average daily air temperature was typically
around 5◦C during winter and around 15◦C during
the growing season. The incoming global radiation
reached 30 MJ m−2 per day in summer and was lower
than 5 MJ m−2 per day during winter. Maximum
measured nighttime flux (respiration) was between
5�mol m−2 s−1 in winter and 8�mol m−2 s−1 in
summer. Maximum measured negative (uptake) flux
was about−20�mol m−2 s−1 in summer. Net uptake
fluxes during daytime were measured even in winter
(Fig. 8c), which is mainly due to photosynthesis by
the pines. Net uptake on a daily basis, however, only
occurred from the beginning of April until the end of
September (Fig. 8d), leading to a maximum length of
the growing season of about 6 months. From monthly
mean diurnal courses (not shown), we observed that
the average nighttime flux (dark respiration) varied
from about 2�mol m−2 s−1 during the coldest months
(December–January) to about 5�mol m−2 s−1 during
the warmest months (July–August). The average up-
take flux during mid-day in the months with highest
uptake (July and August) was−10�mol m−2 s−1.
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Fig. 8. Evolution from 1 January 1997 to 31 December 2001 of: (a) air temperature daily average; (b) daily precipitation; (c) daily
incoming radiation; (d) daily NEE, periods with no data were filled using the non-linear regression method; (e) half-hourly measurements
(after quality check) of biotic CO2 exchange:FNEE = eddy correlation flux+ storage term.

5.3. Effect of pre-treatment and gap filling
procedures on annual NEE estimates

The effects of pre-treatment (u∗-correction and stor-
age term) and gap filling methods on annual NEE es-

timates are summarized inTable 2. During the 5 years
studied, three large gaps in the CO2 flux series led
to unsatisfactory results from the non-linear regres-
sion method for three bimonthly periods (May–June
1997; May–June 1998 and January–February 2001).
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Table 2
Annual NEE estimates (in g C m−2 per year) obtained with different pre-treatment and gap filling methods for the years 1997–2001

Gap filling method and pre-treatment 1997a 1998a 1999 2000 2001a Average (5 years) S.D. (5 years)

Non-linear regressionu∗-correctedb

(no storage term)
7c 116c 134 229 −19c 93 90

Non-linear regression notu∗-corrected −1 72 58 176 −53c 50 77
Non-linear regressionu∗-corrected 67c/99d 112c/48d 130 255 −9c/−60d 111c/94d 86c/103d

Neural network half-hourly scaleu∗-corrected 85 61 134 238 −30c/−82d 97c/87d 88c/104d

Neural network daily (gaps >18)u∗-corrected 31 52 133 224 −68 74 98
Neural network daily (gaps >12)u∗-corrected 21 −18 137 248 −69 64 114

a Years containing a long-term gap.
b Nighttime u∗ threshold is 0.4 m s−1 (instead of 0.2 m s−1 for storage-corrected series).
c Missing bimonthly period gap filled with non-linear regressions from 5-year-pooled data.
d Missing bimonthly period gap filled with neural network at daily scale (gaps >18).

These were filled with an alternative technique, the
non-linear regressions from 5-year-pooled datasets or
the neural network gap filling at daily scale.

Theu∗-correction strongly affected annual NEE es-
timates, resulting in a more positive annual sum of
NEE,+61 g C m−2 per year on average, with a maxi-
mum of+79 g C m−2 per year in 2000, the year with
the highest ecosystem respiration estimates. This ef-
fect is similar to results observed in previous studies
(Lindroth et al., 1998; Schmid et al., 2000; Falge et al.,
2001; Aubinet et al., 2002). In a study on the effects
of different gap filling procedures,Falge et al. (2001)
also showed that the largest effect on annual NEE es-
timates was due to theu∗-correction (+65 g C m−2

per year on average, up to+147 g C m−2 per year,
for storage-corrected data). The effect ofu∗-correction
was found to vary seasonally (stronger in summer than
in winter), due to higher respiratory fluxes and higher
frequency of stable conditions events in summer.

The effect of the storage term correction on annual
NEE was found to be weak when no long-term gap oc-
curred, and providing that the nighttimeu∗-correction
was applied with a suited threshold of 0.4 m s−1

(Fig. 3).
Uncertainty associated with gap filling can have two

sources, the uncertainty introduced by using differ-
ent filling methods and the error introduced by the
filling process itself. Errors introduced by the filling
process are mostly random errors, and partly com-
pensated during time integration.Falge et al. (2001)
showed that these random errors did not differ much
between the methods tested in their study, and were
directly proportional to the percentage of gaps filled

during a period. Their results showed that for the
non-linear regression method, the maximum observed
errors on annual NEE (for four different biomes) were
±0.40 g C m−2 per percentage filled in the year for
daytime and±0.36 g C m−2 %−1 for nighttime. In our
case, the maximum error introduced thus ranged be-
tween±36 and±49 g C m−2 per year (±41 g C m−2

per year on average).
The NEE results from different gap filling methods

varied mainly when the yearly dataset contained large
gaps. Annual NEE estimates were not very sensitive
to the gap filling method during 1999 and 2000, but
more sensitive during 1997, 1998 and 2001. In this
study, the absolute uncertainty in annual NEE asso-
ciated with the gap filling strategy, for the same data
pre-treatment (storage term andu∗-correction), was
64 g C m−2 per year on average, ranging between 7
and 130 g C m−2 per year. In years where gaps oc-
curred predominantly early in the growing season
(1997, 1998 and 2001; seeFig. 8), the neural network
gap filling methods operating at daily scale produced
lower annual NEE estimates than the other methods.
This is probably due to the absence from the neural
network of a biotic parameter that could describe
the seasonal variation of the forest potential for CO2
exchanges (directly like LAI or indirectly like latent
heat flux). The neural networks were trained with
annual datasets, but the NEE and the neural network
drivers (e.g. radiation) present asynchronous annual
variations. In those years (1997, 1998 and 2001),
the early growing season gaps may have been filled
with underestimated daily NEE values because of
the imbalance between early and full/late growing
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season data. Therefore, the most defensible gap filling
methods appeared to be, in this study, the non-linear
regression and the neural networks at half-hourly
scale, both operating on bimonthly periods.

For further analysis and discussion on NEE, we will
use the annual estimates obtained with the non-linear
regression method.

5.4. Annual NEE estimates

The NEE estimates from the non-linear regression
method exhibited an average of 111 (±41) g C m−2

per year, an inter-annual maximum variability of
264 g C m−2 per year and a standard deviation of
86 g C m−2 per year over the 5 years (1997–2001).
The finding that this forest ecosystem was a CO2
source (positive NEE) contrasts with the previous re-
sults from most of the other CARBOEUROFLUX for-
est sites (Valentini et al., 2000; Berbigier et al., 2001;
Pilegaard et al., 2001; Dolman et al., 2001;
Aubinet et al., 2002). Only the Swedish site in
Norunda (Lindroth et al., 1998) has reported a posi-
tive NEE on long-term. The NEE results from other
studies, including most of the CARBOEUROFLUX
sites with similar climatic conditions are displayed in
Table 3. The amplitude of the inter-NEE annual vari-
ability at our site is similar to other studies, although
two sites reported higher maximum variability: Hesse
(France), which experienced significant changes due
to a violent storm in December 1999, and Norunda
(Sweden), which reports on a longer period of mea-
surement (Table 3).

Table 3
Overview of annual NEE and maximum NEE inter-annual variability observed at different CARBOEUROFLUX sites

Site and references Forest type Latitude NEE average
(g C m−2 per year)

NEE inter-annual variability
(g C m−2 per year)

Period of
measurement

Brasschaat (present study) Mixed 51◦18′N 111 264 1997–2001
Hyytiala (Suni et al., 2003) Coniferous 61◦51′N −194 77 1997–2001
Norunda (Grelle, A., unpublished) Coniferous 60◦05′N 220 450 1995–2001
Soro (Pilegaard, K., unpublished) Deciduous 55◦29′N −177 165 1996–2001
Loobos (Moors, E., unpublished) Coniferous 52◦10′N −319 175 1996–2001

Vielsam (Aubinet et al., 2002) Coniferous 50◦18′N −720 190 1997–2001
Deciduous −460 190 1997–2001

Hesse (Granier, A., unpublished) Deciduous 48◦40′N −322 514 1996–2001
Le Bray (Berbigier, P., unpublished) Coniferous 44◦05′N −483 88 1997–2001
Harvarda (Goulden et al., 1996) Deciduous 42◦32′N −220 140 1991–1995

a From AMERIFLUX.

Fig. 9. Bimonthly sums of NEE for the years 1997–2001. Results
obtained with non-linear regression gap filling method, presented
with standard deviations of the bimonthly sums obtained with
different gap filling methods.

5.4.1. Inter-annual variability in NEE
The cumulated NEE was computed for each bi-

monthly season (Fig. 9). The maximum inter-annual
variations in bimonthly NEE varied from 23 g C m−2

per month (January–February) to 37 g C m−2 per
month (July–August). This is similar to results
from a nearby Belgian coniferous/deciduous forest
site (Aubinet et al., 2002), which showed a max-
imum inter-annual variation between 15 g C m−2

per month in winter and 40 g C m−2 per month in
summer, over the same period of measurements
(1997–2001).

At the annual scale, NEE was not significantly cor-
related with radiation (R2 = 0.10) and weakly corre-
lated with air temperature (R2 = 0.26). Both observed
effects were in the expected direction: NEE became
more positive (towards a source) with increasing
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temperature and more negative with increasing ra-
diation. The highest correlation (R2 = 0.80) was
observed between annual NEE and the length of the
growing season (LGS). The sensitivity of NEE to
LGS was−3.5 g C m−2 per year per additional day
of growing season (Fig. 10). It is rather similar to, al-
though higher than the dependence observed byFalge
et al. (2002)between annual NEE normalized for
LAI and LGS results from several sites. Assuming a
constant LAI of 3 m2 m−2, we found−1.15 g C m−2

leaf area per year per day in our case versus about
−0.85 g C m−2 leaf area per year per day for the tem-
perate evergreen forest sites fromFalge et al. (2002).
The LGS regression residuals (Fig. 10), computed as
the difference between the measured NEE and the
regression NEE estimates, were strongly correlated
with temperature (R2 = 0.88), but not significantly
correlated with radiation (R2 = 0.04).

A simple linear model (from a multiple regression
analysis) of NEE based only on LGS and annual mean
temperature was therefore able to simulate the mea-
sured annual NEE very well (R2 = 0.98). Despite the
strong correlation observed, this dependence is of lim-
ited use for predictive modeling, since LGS was esti-
mated with the NEE value (period during which the
10-day averaged NEE was negative). The correlation
was significantly lower when the LGS estimate was
based on temperature. This may be due to the impor-
tance of the variations in temperature at synoptic scales
compared to the yearly seasonal variation (difference
between winter and summer average temperatures).
However estimated, the length of the growing season
certainly influences annual NEE. For the year 2001,
the annual NEE was lower due to the exceptionally low
NEE during the bimonthly periods of the beginning
(March–April) and the end (September–October) of
the growing season (Fig. 9). This stronger CO2 uptake
was supported by phenological observations (very late
senescence observed for the deciduous species, leaf
abscission only started in the beginning of December)
and by inter-annual comparison of monthly relation-
ships between daytimeFNEE and radiation (Rg) during
autumn, which also suggest an exceptionally late end
of the growing season in 2001.

Despite the old age of most of the trees, this forest
ecosystem was not in equilibrium state because of
the rather intensive management over the last decade.
During the period of measurements, many of the for-

Fig. 10. (a) 1997–2001 annual NEE sums vs. length of grow-
ing season (LGS). Different gap filling methods used to calculate
annual NEE: (�) non-linear regressions; (�) neural-network at
half-hourly scale; (	) neural network at daily scale. The linear
regression is performed on the NEE sums calculated with the
non-linear regressions gap filling method. The linear regression
equation is NEE= 613− 3.46LGS (R2 = 0.80); (b and c) regres-
sion residual vs. mean annual temperature (R2 = 0.88) and annual
incoming radiation (R2 = 0.04). Residuals are computed as the
difference between the measured NEE and the LGS regression
NEE estimates.
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est patches were subject to changes due to thinning
or to partial removal of the understorey vegetation.
The average LAI of the forest may therefore have de-
creased during the 5 years of measurement, modifying
both ecosystem respiration and uptake capacity of the
forest. In November 1999, the 2 ha pine stand sur-
rounding the tower was subjected to a thinning (har-
vest of 30% of the trees), leading to a decrease of net
primary production (NPP) of about 25% (estimated
from repeated biomass inventories,Xiao et al., 2003).
The large number of different patches in the forest
and their relatively small size not only made these
changes in LAI quite frequent, but also made their ef-
fect on the measured CO2 flux impossible to estimate
without a reliable high-resolution footprint analysis.
The inter-annual variability in NEE resulted from
combined effects of these changes and of the changes
in climatic conditions. It is impossible to deconvolute
these effects without ancillary information, such as
regular forest-scale LAI estimates. The relative contri-
butions of changes in climate and management prac-
tices to the inter-annual variability in NEE can there-
fore not be quantified from the CO2 flux measurements
only.

5.4.2. Possible explanations for positive NEE
The average annual NEE over the measurement

period (1997–2001) was about+110 g C m−2 per
year. The net annual C increment in wood biomass
of the pines was estimated to about 180 g C m−2 per
year for the period (1995–2001) (Xiao et al., 2003).
Using standing biomass to extrapolate NPP from the
pine stands to the oaks, resulted in a mean annual C
increment for the entire forest of about 150 g C m−2

per year for (1995–2001). Different hypotheses, such
as the effects of climatic anomalies and forest man-
agement practices, can be put forward to explain
this large discrepancy between the annual biomass C
increment and NEE.

5.4.2.1. Climatic anomalies
During the 5 years of measurements, the annual

temperatures were all above the normal average
(5-years average was 10.8◦C and normal is 9.8◦C).
Normal climatic conditions are the 30-year means
from a nearby (30 km) meteorological station. Since
respiratory processes are sensitive to temperature,
annual NEE could be sensitive to a change in temper-

ature. A sensitivity test was made by adding 1◦C to
all half-hourly temperatures, then using the nighttime
FNEE temperature response equations to estimate RE,
the total annual ecosystem respiration (Lindroth et al.,
1998). This rough estimate indicated a 79 g C m−2 per
year increase in RE (5-year average) due to a 1◦C in-
crease in temperature. To estimate the effect on NEE,
we should also consider the effect of temperature on
GPP, but this is not trivial, as it largely depends on the
distribution of temperature within the year. In fact,
higher temperatures can increase GPP by causing an
earlier start of the growing season, but can also de-
crease GPP by occasionally limiting photosynthesis
during warm days (stomatal closure). Assuming that
the effect of increased temperature on GPP is smaller
than on RE, NEE should be more negative (more up-
take by the ecosystem) in “normal” years. The yearly
total incoming global radiation was not higher than the
long-term normal (5-year average was 3535 MJ m−2

per year and normal is 3598 MJ m−2 per year). It also
suggests that NEE should be more negative during
“normal” years, as annual global radiation and GPP
can be supposed to be positively correlated, although
they are not expected to be strongly correlated on a
yearly scale.

5.4.2.2. Forest management practices
The observed net C losses from the forest may

also be partly due to the legacy of past management
practices. Until the 1980s, the forest was privately
owned and not exploited for wood production but for
hunting purposes. The original, homogeneous stock-
ing density was very high and thinning was neglected
(1390 tree ha−1 in pine stands in 1980; Cermak et al.,
1995), resulting in tall, slender stems. Furthermore,
Rhododendron ponticumandPrunus serotinaprolifer-
ated and established a 3 m tall undergrowth. Biomass
of this dense undergrowth was on average 7 t ha−1

where Rhododendrondominated (15% of the forest
area), and 35 t ha−1 wherePrunusdominated (30% of
the forest area). During the 1980s, the forest became
property of the Flemish region and a new management
policy was implemented, including intensive thinning
and removal of invasive species such asRhododen-
dronandPrunus. Due to this recent intensive thinning,
some forest patches are approaching their degrada-
tion stage; more openings in the canopy create better
light conditions triggering decomposition of the thick
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forest floor and consequently enhancing respiration
losses.

Based on detailed information on the harvested
stems (number and DBH), and applying site-specific
allometric relationships (Xiao et al., 2003), we calcu-
lated that since 1987 an average of 80 g C m−2 per year
of slash was added to the forest floor as a consequence
of the thinning of pines and oaks. Decomposition of
this slash remaining after the thinning was estimated
to have released about 50 g C m−2 per year during the
1997–2001 period (based on exponential decay model
with different parameterization for woody tissues and
foliage/fine roots; Janssens et al., unpublished re-
sults). Removal ofRhododendronandPrunus, could
therefore easily have doubled the C efflux due to de-
composition of slash. The resulting enhancement of
the C efflux from the soil, could therefore have in-
creased ecosystem respiration by about 100 g C m−2

per year, contributing to the observed positive NEE.
This situation was possibly exacerbated by the re-

moval ofRhododendronfrom large areas in the forest.
Rhododendroninhibits germination of seeds, as well
as decomposition of litter (Cross, 1975; Rotherham,
1983). Therefore, the prevalence ofRhododendron
may have resulted in retarded decomposition rates,
and thus higher equilibrium soil organic C (SOC)
contents. Since the removal ofRhododendron, the
organic molecules retarding decomposition may have
been broken down or leached out of the system,
which may have restored the original, lower SOC
equilibrium content. Thus, the forest floor may have
been losing C during the late 1990’s, and thus have
contributed to the observed positive C fluxes.

However, the effects of this change in manage-
ment should be transient. Now that the forest has
been intensively thinned and mostRhododendronhas
been cleared, soil C losses should be reduced and
also NEE should go down. At this site, continued,
long-term eddy flux measurements could therefore
clarify whether our speculated management effect is
indeed transient and over which time period these
management effects are prolonged.

5.5. Annual respiration estimates

The annual ecosystem respiration (RE) was esti-
mated using theFNEE nighttime temperature response
functions (Eq. (3)) and, optionally the ecosystem res-

piration rate during daytimeFRE,day from the light
response relationshipsEq. (4). We found a 5 years
average of 1300 (±40) g C m−2 per year (the standard
error represents only the two different computation
methods). This mean RE is close to the highest RE
estimates reported within the EUROFLUX network
sites (RE between 600 and 1400 g C m−2 per year,
mean value 1100 g C m−2 per year;Janssens et al.,
2001). This agreed with our hypothesis that the pos-
itive NEE observed at our site could be due to a high
ecosystem respiration, potentially caused by manage-
ment and climate.

The annual soil respiration (SR) of the entire for-
est was estimated to 650 (±60) g C m−2 per year in
2001 (Curiel Yuste et al., unpublished results) using
soil efflux measurements made in different patches.
According to these estimates, soil respiration would
account for about 63% of the total ecosystem respira-
tion (RE = 1030 g C m−2 in 2001), which is slightly
below the mean SR/RE-ratio observed within the EU-
ROFLUX network (69%;Janssens et al., 2001). How-
ever, these soil respiration measurements were made
on collars that did not contain slash remaining after
thinning. Therefore, the true contribution of the soil
to RE could be higher than 63%.

6. Conclusions

As observed by previous similar studies, the
u∗-correction strongly affected the NEE annual sums,
increasing the annual NEE by+61 g C m−2 per year
on average. For the same data pre-treatment, the
uncertainty in annual NEE associated with the gap
filling strategy was found to be up to 130 g C m−2 per
year (in year with large gap). Studies on inter-annual
variability in NEE should therefore avoid potential
confounding effects by the gap filling methodology.

Over the 5 years of measurements, the uncertainty
associated with the different gap filling methods
was reduced and the studied forest appeared to be a
consistent net source of CO2 110 g C m−2 per year
(on average for 1997–2001). This is different from
the results of the other CARBOEUROFLUX for-
est ecosystems under influence of similar temperate
climate, which appeared to be net sinks. Forest man-
agement practices and unusually elevated tempera-
tures are suspected to have increased the ecosystem
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respiration, and thereby the NEE, over the 5 years of
measurement.
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