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Abstract
• Water and carbon fluxes, as measured by eddy covariance, climate, soil water content, leaf area
index, tree biomass, biomass increment (BI), litter fall and mortality were monitored for 10 successive
years in a young beech stand in Hesse forest (north-eastern France) under contrasting climatic and
management conditions.
• Large year-to-year variability of net carbon fluxes (NEE) and to a lesser extent, of tree growth
was observed. The variability in NEE (coeﬃcient of variation, CV = 44%) was related to both gross
primary production (GPP) and to variations in total ecosystem respiration (TER), each term showing
similar and lower interannual variability (CV = 14%) than NEE. Variation in the annual GPP was
related to: (i) the water deficit duration and intensity cumulated over the growing season, and (ii) the
growing season length, i.e. the period of carbon uptake by the stand. Two thinnings occurring during
the observation period did not provoke a reduction in either GPP, water fluxes, or in tree growth.
Interannual variation of TER could not be explained by any annual climatic variables, or LAI, and
only water deficit duration showed a poor correlation. Annual biomass increment was well correlated
to water shortage duration and was significantly influenced by drought in the previous year.
• The relationship between annual NEE and biomass increment (BI) was poor: in some years, the
annual carbon uptake was much higher and in others much lower than tree growth. However this
relationship was much stronger and linear (r2 = 0.93) on a weekly to monthly time-scale from
budburst to the date of radial growth cessation, indicating a strong link between net carbon uptake
and tree growth, while carbon losses by respiration occurring after this date upset this relationship.
• Despite the lack of correlation between annual data, the NEE and BI cumulated over the 10 years
of observations were very close.
• On the annual time-scale, net primary productivity calculated from eddy fluxes and from biological
measurements showed a good correlation.
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Résumé – Dix années de mesures de flux et de croissance dans une jeune hêtraie du nord-est de
la France, en forêt de Hesse.
• Les flux d’eau et de dioxyde de carbone, mesurés par la méthode des corrélations turbulentes, le
climat, le contenu en eau du sol, l’indice foliaire, la biomasse et l’accroissement en biomasse (BI)
des arbres, les chutes de litière et la mortalité ont été suivis en continu pendant 10 années successives
dans une jeune hêtraie de la forêt de Hesse (nord-est de la France) en conditions de climat et de gestion contrastées.
• Une forte variabilité interannuelle des flux nets de carbone (NEE) et dans une moindre mesure de
la croissance des arbres ont été observées. La variabilité de NEE (son coeﬃcient de variation, CV =
44 %) a été mise en relation avec celles de la productivité primaire brute (GPP) et de la respiration
totale de l’écosystème (TER), chacun de ces deux termes montrant une variabilité similaire et plus
faible (CV = 14 %) que pour NEE. Les variations de la GPP annuelle étaient sous la dépendance :
(i) de la durée et de l’intensité du déficit hydrique cumulé sur la saison de végétation, (ii) la longueur de la saison de végétation, définie comme la période où le peuplement absorbe du dioxyde de
carbone. Deux éclaircies pratiquées pendant la période de mesures n’ont pas provoqué de réduction
ni de GPP, ni du flux d’évapotranspiration, ni de l’accroissement en biomasse du peuplement. Les
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variations interannuelles de TER n’ont pu être expliquées par aucune des variables climatiques au
pas de temps annuel, ni par le LAI, mais seulement par la durée du déficit hydrique du sol, mais avec
une corrélation médiocre. L’accroissement annuel en biomasse était fortement corrélé à la durée de
la contrainte hydrique de la même année mais aussi influencé de façon significative par la celle de
l’année précédente.
• La relation entre la NEE annuelle et l’accroissement en biomasse (BI) n’était pas significative :
selon les années, l’absorption de carbone par le peuplement était beaucoup plus forte ou plus faible
que l’accroissement du peuplement. Toutefois, nous avons observé une corrélation beaucoup plus
élevée et linéaire (r2 = 0,93) sur une base de temps hebdomadaire à mensuelle pendant la période
allant du débourrement à la date d’arrêt de croissance radiale, ce qui indique un couplage fort entre
l’acquisition du carbone et la croissance des arbres, alors que la perte de carbone par respiration en
dehors de cette période découple cette relation.
• En dépit de l’absence de corrélation entre NEE et BI au pas de temps annuel, le cumul de NEE et
celui de BI sur les 10 années ont été très proches.
• Par contre, la productivité primaire nette annuelle, calculée à partir des mesures de flux et biométriques sur le peuplement a montré un bon accord.

1. INTRODUCTION
Carbon and water flux exchanges within terrestrial ecosystems are now routinely measured using the eddy covariance
technique. At the beginning of 2005, over 300 sites in the
world were operating (see the Fluxnet web site http://daac.
ornl.gov/FLUXNET/), a major proportion of them (186) having been installed in forests. This network covers a wide range
of climatic and forest ecosystem types: sub-desertic, temperate, continental, boreal, dry and wet tropical areas, monospecific and mixed forests, managed and unmanaged forests.
Eddy flux measurements allow the carbon balance to be quantified and they are powerful tools to study ecosystem sensitivity to climate and to parameterize soil-vegetation-atmosphere
models.
The spatial and temporal variations in carbon and water
fluxes and variations in their annual balance originate from
two main sources, the vegetation type and the climate. Some
cross-comparison investigations between the various terrestrial ecosystems were designed to classify terrestrial biomes
into functional types regarding water and carbon fluxes, with
respect to their range as well as their timing in the year.
In particular, Law et al. (2002), analysing a large range of
Fluxnet sites, forests and low-growing vegetation, demonstrated a large functional diversity within vegetation types in
their flux response to climatic driving forces: radiation, temperature and water availability. A given forest type, and furthermore a given tree species, can show strong similarities
in carbon dioxide and water flux response to climatic driving
forces in diﬀerent sites (for European beech see Granier et al.,
2002). Even if there is a typical average response within a forest type, large year-to-year variability of carbon fluxes is often
observed in sites where several years have been monitored.
However, because above-canopy flux measurements are
still recent, the time series available are rather short. There
are few long-term monitoring stations, with only 35 active
sites since 1996, while the oldest eddy flux station is that of
Harvard forest (Wofsy et al., 1993), which has been operating
continuously since 1991. In forest stands, interannual variability of fluxes and biomass increment not only result from climate variability, which is generally high, but are also linked

to the perennial characteristics of trees. In trees, as compared
to the annual vegetation, this trait induces buﬀered and timelagged responses to environmental stresses, influencing both
the structure and physiology during the following years (leaf
area index, root distribution, carbon and nitrogen reserves,
etc.). Unfortunately, this question is not well documented so
far.
The two major mass fluxes exchanged between vegetation
and the atmosphere are evapotranspiration (ET) and carbon
(net ecosystem exchange, NEE) fluxes. The latter is the algebraic sum of photosynthetic processes (gross primary production, GPP) and of respiration losses (total ecosystem respiration, TER). The determinism in the variation of each flux
is complex, as it combines the response of diﬀerent compartments, from the soil to the leaves, with both autotrophic and
heterotrophic components. The natural sources of variability
are abiotic (temperature, radiation, vapour pressure deficit,
water stress or excess, or fire) and biotic (diseases or pests),
while anthropogenic sources are mainly due to management
(thinning, regeneration, control of the understorey vegetation
or species selection). Therefore, sources of the interannual
variability of fluxes are multiple.
The beech stand of Hesse (north-eastern France), which is
part of a site belonging to Carboeurope and Fluxnet networks,
has been monitored continuously since 1996; moreover, contrary to most of the forest sites in these networks, this site is a
young fast-growing forest subjected to frequent thinning that
modifies the canopy structure and therefore light and water
availability for the trees. The period investigated (1996–2005)
covers contrasting climatic conditions and management practices.
This work aims to: (1) quantify the interannual variability
of fluxes and tree growth, (2) investigate the main determinants of this variability: climate, phenology and management,
and (3) compare the carbon budget measured using the eddy
covariance technique, with the carbon gain of the stand obtained from inventories.
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Table I. Characteristics of the eddy covariance systems installed at Hesse. Dominant tree height is the mean height of the dominant trees.
Eddy covariance system
Measurement height (m)
Tube length (m)
Dominant tree height (m)
Tube diameter (mm)
Flow rate (l min−1 )
Time lag for CO2 (s)
Heights of the CO2 profile (m)

1996–1999
#EC1
18.5
33
14.7 (in 1997)
4
5
4.9
0.2, 0.7, 2.0, 8.0, 12.0, 18.5

2. MATERIALS AND METHODS
2.1. Site
The monitoring site was installed in the central part of Hesse forest
(48◦ 0.453 N, 7◦ 03.877 E, 300 m a.s.l.), in a 0.6 ha fenced experimental plot. The studied stand originated from natural regeneration;
the trees were on average 40 years old (±5 years) in 2005, composed
of 95% European beech (Fagus sylvatica L.). The main accompanying tree species was Carpinus betulus and only sparse understorey
vegetation was present, due to the high canopy closure. Average tree
height was 12.8 m and 16.2 m in 1996 and 2005, respectively, and
dominant tree height, defined here as the average height of the tallest
10% of trees, was 16.4 m and 18.3 m in 1996 and 2005, respectively.
Other dendrometric characteristics are summarised in Table IV. According to the dominant height vs. age relationship, the site index
belongs to the best fertility class defined by Schober, 1967 for German conditions and to the second fertility class of the English tables
of production (Hamilton and Christie, 1971).
The soil type was intermediate between a luvisol and a stagnic
luvisol. Clay contents ranged between 25% and 35% within the 0–
100 cm depth, and were about 40% below 100 cm. Total soil carbon
content was 10.07 kg m−2 within the 0 to 160 cm depth.
This forest is managed classically by the French forest service
(ONF) and frequent thinning is carried out in this young high forest.
One thinning was performed the year before the beginning of flux
measurements at the end of 1995, the next was done in March 1999,
and another at the end of 2004.

2.2. Eddy covariance measurements
Energy, vapour and CO2 flux were measured using eddy covariance at the top of a central tower. From 1996 to 1999, the measurement height was 18.5 m; following storm Lothar on 26th December
1999, which destroyed the scaﬀolding tower but not the surrounding stands, a new tower was installed. Eddy covariance and climatic
sensors were installed at a height of 23 m.
The main flux measurement device was composed of a closed
path IRGA (LI-6262 LI-COR Inc., Lincoln, Nebraska, USA) and a
3D Sonic anemometer (Solent R2, Gill Instruments Ltd., Lymington,
UK). Air is sucked through the IRGA by 3 pumps (Model Rotronic
406G, Reciprotor, Skara, Sweden) connected in series, in a 4 mm diameter PTFE tube. Tube length and flow rate were 33 m and 5 l min−1
until the end of 1999, and 40 m and 6 l min−1 respectively since 2000.
Data were processed with Edisol software (University of Edinburgh,
UK). Half-hourly CO2 and H2 O fluxes (called net ecosystem exchange (NEE), and evapotranspiration (E), respectively) were calculated following the recommendation of the Euroflux group (Aubinet
et al., 2000).

2000–2005
#EC2
23
40
17.5 (in 2004)
4
6
5.1
0.2, 0.7, 2.0, 5.4, 10.8, 23.0

2003
#EC3
20.5
0 (open-path)
17.1

0

The main characteristics of the diﬀerent eddy covariance systems
are given in Table I. In order to check whether the change in the measurement height in 2000 had induced a bias in the flux measurements,
we added a second eddy covariance system to the tower (#EC3) in
2003. It was installed at a height of 20.5 m, i.e. 2.5 m below #EC2.
Both systems ran continuously for 61 consecutive days, from the end
of August to the end of October. Over this period, the measured cumulated NEE amounted to –121 and –128 g C m−2 y−1 , measured
with #EC2 and #EC3, respectively, indicating no bias between the
measurement heights.
The variation of CO2 concentration in the air was measured close
to the tower, between the soil surface and the eddy covariance measurement level, at 6 heights every 2 min. The duration of a complete
cycle was 15 min. These measurements allowed the CO2 storage in
the air canopy to be calculated. The diﬀerence between two successive half-hours was calculated per unit of ground area (in μmol m−2
s−1 ) and added to the raw CO2 flux measured above the stand. Data
presented here take the CO2 storage term in the air into account. The
night data were not corrected for low u* conditions: Papale et al.
(2006) showed that this correction had only a very limited impact
on flux calculation at Hesse (ca. 5%) as compared to other sites.
Gross primary production (GPP) was calculated from the relationship: GPP = NEE – TER, where TER is the total ecosystem respiration. This term was also estimated from the eddy flux measurements
during periods without photosynthesis: during the night for the leafy
periods, or during the whole day for the non-leafy periods. For the
leafy periods, measured TER was extrapolated to the whole day using
an exponential relationship fitted between TER and soil temperature
measured at –10 cm.

2.3. Climate and soil water conditions
All the standard climatic variables were measured at the top of the
eddy covariance tower from April 1996. Global, net and photosynthetically active radiation, rainfall, air temperature and humidity, and
wind speed were measured every 10s by a data logger (Model CR7
data logger, Campbell Scientific, Courtaboeuf, France) and 30 min
averages were calculated and stored. Global radiation below the
canopy, and soil temperatures were measured at depths of –5, –10,
–20, –40 and –80 cm at one central location, plus 6 replicates at
–10 cm.
Soil water deficit during the growing season was assessed using a
daily water balance model, described in Granier et al. (1999), which
predicted the daily variation of soil water content in the root zone
from climatic data (rainfall, global radiation, air temperature and humidity, and wind speed) measured above the stand, leaf area index,
rooting and soil properties. This model calculates the vertical water
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Table II. The diﬀerent tree samples for circumference measurements
and biomass increment estimates.

Table III. Three estimates of tree biomass according to sample size
(beginning 2000), values are in g C m−2 . CI is the confidence interval.

Sample

Area (ha) Number of trees
Frequency
measured
Sub-sample
0.12
540
Weekly to monthly
Experimental plot
0.60
2700
1999 and 2003
Whole management plot 21.25 ca. 3600 (4.4%) 2000 and 2001

fluxes (tree transpiration, understorey evapotranspiration, rainfall interception and drainage). Tree transpiration is calculated under the
big-leaf assumption using the Penman-Monteith formula. Limitation
of transpiration by stomatal regulation related to water stress and leaf
area index variation was modelled according to Granier et al. (1999).
Soil water balance outputs have been validated against neutron probe
soil water content measurements for the stand studied (Granier et al.,
2000a). Extractable soil water was 175 mm at a depth of 1.6 m. From
the calculated soil water content, soil water deficit duration (SWD)
and a soil water deficit intensity index (WSI) were calculated as the
number of days and as the sum of soil water deficit, respectively, below the threshold of 0.4 for relative extractable water (REW) during
the vegetation period.

Sample
Sub-sample (0.12 ha)
Experimental plot (0.6 ha)
Whole forest stand (21.25 ha)

C biomass

%

CI (p = 0.05)

4998
4657
4856

103
96
100

668
–
269

2.5. Leaf area index and phenology
Leaf area index was estimated from litter collected every year in
45 square (0.5 m × 0.5 m) litter-traps evenly distributed on a grid covering the entire experimental plot. During leaf fall (mid-September to
the end of November) litter was collected every week or every other
week, depending on the amount of leaf fall inside the litter traps.
Leaves were dried (48 h at 60 ◦ C) and weighed. A sub-sample of
5 out of the 45 traps was selected to measure leaf area/dry weight ratio. Leaf area was measured with a Delta-T Area meter (Cambridge,
UK).
The growing season length (GSL) was defined as the period when
net flux corresponded to CO2 fixation.

2.6. Dead wood and fruit production
2.4. Tree and stand growth
In order to analyse the homogeneity of the stand studied, three
areas of increasing spatial scales were compared. Frequency of the
inventory was variable according to sample size, at intervals of 1–
2 weeks in the intensive measurement sub-sample (0.12 ha), to two
measurements during the 10-year investigation period in the whole
stand (21.25 ha) (see Tab. II). The biomass (dry matter and carbon
mass) of each tree compartment: trunk, roots and branches, were calculated from the breast height circumference using parabola-type allometric relationships. Coeﬃcients of these relationships were fitted
to data obtained from 21 trees by Ottorini and Le Goﬀ (1998) in the
same stand. The biomass increment (BI) was calculated as the diﬀerence between two consecutive biomass estimates.
At two dates (January 1999 and March 2004) the diameter at
breast height of all the trees within the 0.6 ha experimental plot were
measured (Tab. II).
From February 1996, circumference was measured manually at
breast height (± 1 mm) in an area of 0.12 ha containing 540 trees.
In December 2005, i.e. the end of the study period, only 306 trees
remained: 128 trees were felled in spring 1999 and 66 in spring 2005
(thinning), while 40 suppressed trees died naturally. The frequency of
those measurements was variable: at intervals of 7 to 15 days during
the fast radial growth period (May and June) to 1–2 months during
the period of growth cessation.
In order to quantify the spatial variability of tree biomass, another
sample of trees (forest stand, see Tab. III) was measured at the beginning and at the end of 2000, in 59 inventory plots (450 m2 each)
located on a systematic network grid, 50 m × 50 m, in the 21.25 ha
surrounding the experimental plot (Bouriaud, 2003). Due to the homogeneity of the area studied, the diﬀerence in biomass between the
3 samples was very small: the 0.6 ha experimental plot contained 4%
less biomass than the 21.25 ha surrounding it, while the 0.12 ha subsample contained 3% more.

Dead wood is an important biological component of this forest,
especially due to the intensity and frequency of pre-commercial thinning: thinning occurs every 5 to 6 years in the young beech stands,
each of them removing about 25% of the basal area. Firewood is extracted but branches remain in the forest. We estimated the amount
of dead wood derived from thinning, from the successive inventories
performed before and after thinning. The biomass of felled trees and
its distribution in diﬀerent tree compartments was estimated from the
allometric relationships described above, and made it possible to calculate the dead wood biomass, mainly composed of branches and root
systems, remaining in the plot.
Natural fall of dead branches and fruit production were estimated
from monthly collections in the 45 litter traps. The beginning of fruit
production was observed in 2002 when the trees were on average
36 years old.
Dry matter was converted to carbon mass from analyses made on
diﬀerent tree compartments: 1 g of dry matter contained on average
0.480, 0.475 and 0.500 g C in leaf litter, wood and fruit, respectively.

3. RESULTS
3.1. Climatic conditions during the 10 years
The climate during the 10 years of measurements was very
contrasting, depending on the years, especially the temperature and precipitation, while global radiation was not very variable (CV, coeﬃcient of variation = standard deviation/mean
< 5 %). During this period, the mean annual air temperature
was higher than the long-term (50 years) average (Fig. 1).
Years 2000 and 2003 in particular, were warmer (+2 ◦ C) than
the average. During the summer 2003 (June to August), mean
monthly temperatures were the highest ever observed in this
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Figure 1. Cumulated rainfall during the growing season (May to September) and mean annual air temperature at Hesse from 1996 to 2005. The
horizontal dotted lines indicate long-term mean values.
Table IV. Average tree age (years), stand density (n, stems ha−1 ), ground area (G, m2 ha−1 ), total tree carbon biomass (biomC, g C m−2 ), leaf area
index (LAI, m2 m−2 ), biomass increment (BI, g C m−2 y−1 ), leaf and fine root production (g C m−2 ), annual carbon fluxes (NEE, TER, GPP, from
eddy covariance measurements, g C m−2 y−1 ), growing season length (GSL, in days), evapotranspiration (E, mm), soil water deficit duration
(SWD, days), autotrophic respiration (Raut, g C m−2 y−1 ), mortality plus fruit production (g C m−2 y−1 ) at Hesse. Tree biomass is estimated at
the end of each year. NPPec and NPPbio are two independent estimates of the annual NPP (in g C m−2 y−1 ): NPPec is calculated from eddy
covariance measurements and from autotrophic respiration estimates (Raut, see text); NPPbio is calculated as the sum of annual wood biomass
increment (BI), plus leaves, fruit and fine root production and woody mortality. The growing season length is defined as the period during
which the stand is gaining carbon, obtained from eddy covariance measurements. CV is the coeﬃcient of variation = 100 (standard deviation
(SD)/mean).
Year
1995
1996
1997
1998
1999 Jan.
1999 Dec.
2000
2001
2002
2003
2004
2005 Apr.
2005 Dec.
Mean
SD
CV %

Age

n

G

29
30
31
32
33
33
34
35
36
37
38
39

4588
4452
4450
4450
3364
3356
3297
3203
3186
3186
3161
2600
2600

19.88
20.89
22.61
24.01
18.38
20.18
21.29
22.55
24.22
25.44
26.23
19.61
20.82

BiomC LAI BI
4753
5087
5593
6001
4617
5109
5487
5920
6443
6855
7138
5259
5647

Leaf
Fine roots NEE TER GPP GSL
production production

E

SWD Raut NPPec Mortality + NPPbio
fruit
30
77 671 453
43
560
20 695 594
0
602
37 923 431
34
618
0
836 643
53
756

5.7
5.6
7.4
4.8

320
414
361
531

137
131
155
120

60
57
67
52

–194
–326
–76
–321

930
963
1278
1158

–1124
–1289
–1354
–1479

156
157
158
152

254
317
347
404

7.3
7.4
7.6
7.6
6.9
4.6

498
457
506
394
314
388

176
158
187
179
178
136

77
69
81
78
74
59

–533
–582
–576
–476
–483
–291

1037
1014
1058
884
1002
786

–1570
–1596
–1634
–1361
–1485
–1077

172
179
161
176
180
173

440 0
366 23
368 0
298 124
283 100
259 49

748
732
764
638
723
567

821
863
870
722
762
509

26
19
33
27
71
32

777
702
807
678
629
614

6.5 418
1.2 77
18 18

156
24
15

67
10
15

–386 1011 –1397 166 334 42
171 138 192
11 62 42
44
14
14
6
19 101

730
100
14

667
166
25

34
19
57

674
84
12

area, and 5 ◦ C higher than the long-term average. Rainfall during the growing season (May to October) was either higher or
lower than the long-term average, 1996 and 2003 being the
driest years.
Years 1996 and 1997 were dry and moderately dry, respectively, according to estimated water stress duration (Tab. IV).
In 1998, the onset of drought, even if it was not severe, occurred very early, at the beginning of July. Years 1999, 2000

and 2002 were wet, while Years 2003 and 2004 were exceptionally dry; 2003 was one of the 2 driest years for the last
60 years.
3.2. Stand condition and management
Due to its young age and the high fertility conditions, the
stand investigated showed a rapid biomass increase of about
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Figure 2. Top: annual net ecosystem exchange (NEE), gross primary production (GPP) and total ecosystem respiration (TER) for the 10 years
of measurements at Hesse. Bottom: annual evapotranspiration (E) and soil water deficit duration (SWD).

+7% per year: therefore the total stand biomass doubles every
10 years.
During the winters 1995–1996, 1998–1999 and 2004–2005,
the stand was thinned. At each thinning operation, about 25%
of the basal area was felled; tree trunks were removed, while
branches and small diameter stems (diameter < 7 cm) were left
on the ground.
Leaf area index varied from 4.6 (in 2005) to 7.6 (in 2002
and 2003). The lower LAI values, observed in 1996, 1999 and
2005, resulted from thinning. LAI recovery after thinning was
very fast (1 to 2 years).

3.3. Annual carbon and water fluxes, and stand growth
3.3.1. Water fluxes
The annual evapotranspiration (E, Fig. 2 and Tab. IV)
ranged between 254 and 440 mm (CV = 19%). E showed a
year-to-year increase from 1996 to 2000 and thereafter, a decrease. E was significantly correlated with LAI and with the
soil water deficit duration during the vegetation period (SWD,
in days):
E = 239 + 22.1LAI − 1.12SWD
(r2 = 0.72, p < 0.05, n = 10) (1)
The negative eﬀect of SWD on E is shown at the bottom of
Figure 2.

3.3.2. Carbon fluxes
NEE (Fig. 2 and Tab. IV) exhibited a much larger interannual variability than E, ranging between –76 and –582 g C m−2
y−1 , with an average value of –386 g C m−2 y−1 . The CV of
NEE was 44%, while it was only 14% for both TER and GPP,
i.e. comparable with the E variability. The carbon sequestration was particularly low in 1998 compared to the average:
this resulted from abnormally high ecosystem respiration.
NEE was significantly correlated (p < 0.01) to the length of
the growing season (GSL) and to its end date. It is worth noting
that GSL showed a significant increase at Hesse (1.9 days y−1 )
during the 10 years of observation, mainly due to an increase
of the end date.
The gross assimilation (GPP) showed a year-to-year increase from 1996 (dry year) to 2000, with an increase of more
than 500 g C m−2 y−1 over the 5 years. This period followed
the first thinning (1995) performed in this stand. From 2000
to 2002, GPP stabilized to about –1600 g C m−2 y−1 . In 2003,
GPP suddenly decreased in relation to a long, severe summer
drought. Annual GPP was significantly correlated (p < 0.01)
to SWD and to the length of the growing season. The temporal patterns of E and GPP were similar, indicating a more or
less proportional variation. However, we found a linear relationship (p < 0.05) between the ratio GPP/E (i.e. the canopy
water-use eﬃciency) and SWD (Fig. 3).
Annual TER was moderately negatively correlated to water stress intensity (p = 0.05) but not to its duration. Surprisingly, TER was not correlated to the mean annual soil temperature, and in addition, within each year the soil temperature
explained about 75% of the hourly and the daily variations
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Figure 4. Variation of the total annual tree biomass increment (BI)
and net ecosystem exchange (-NEE) during the 10 years of measurements at the Hesse beech forest.
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(data not shown). The ratio of TER to GPP was very variable
from year to year, from 0.61 to 0.94 with a mean value of
0.72. There was a moderate linear relationship between TER
and GPP (r2 = 0.25); excluding the year 1998, this regression
was much better (r2 = 0.58, p = 0.01).
The thinning of 1999, even though it was severe, which occurred before a wet season, did not seem to impact annual
fluxes: while leaf area index was sharply reduced from 7.4 in
1998 to 4.8 in 1999, no decreases, either in E, NEE or in GPP,
were observed.
3.4. Trees and stand growth
3.4.1. Annual variation of NEE and tree growth
The interannual variation of annual biomass increment and
NEE is shown in Figure 4. The relationship between both variables was not significant and moreover the regression slope
was very diﬀerent from 1. At the beginning of the measurements, the annual net carbon uptake was lower than BI (1996
to 1999, and particularly in 1998) and then it was higher (2000
to 2004). Despite a large discrepancy between both estimates,
cumulated values over the 10 years were close: 3858 g C m−2
and 4183 g C m−2 , for NEE and BI, respectively (i.e. a 7%
diﬀerence).
The interannual variability in biomass increment was much
lower (CV = 18%) than that of NEE. This variability was significantly related to SWD during the growing season (Fig. 5):

500

-2

-1

BI (g C m y )

Figure 3. Linear regression between the ratio of gross assimilation
and evapotranspiration (GPP/E) as a function of soil water deficit duration (SWD).
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Figure 5. Relationship between annual biomass increment and soil
water deficit duration during the growing period (SWD).

severe soil water deficit conditions. The regression was improved (r2 = 0.68) when including the soil water deficit duration of the preceding year (SWDn−1 ).
A stronger relationship (r2 = 0.74, n = 10) was obtained
with GPP, LAI and SWDn−1 :
BI = 283.4 − 0.394 × GPP − 58.1 × LAI − 0.948 × SWDn−1
(3)
Therefore, as expected, biomass increment increases with
GPP (note that here GPP is negative), which itself increases
with LAI (GPP = –709 – 106 LAI, r2 = 0.42, p < 0.05). The
surprising negative residual eﬀect of LAI on BI is driven by
low LAI values. It can be explained by a better canopy eﬃciency after thinning. Then, the soil water deficit duration of
the previous year is also significant and highlights the diﬀered
eﬀect of water stress on tree growth.

3.4.2. NPP estimates

BI(gCm−2 a−1 ) = 477 − 1.36SWD
(r2 = 0.60, p < 0.01, n = 10) (2)
However, in Figure 5 it can be seen that the biomass increment in 2003 was much larger than expected under such

In order to attempt to reduce the discrepancy between
the two estimates of carbon sequestration (i.e. fluxes and
tree biomass), we calculated the annual net primary production (NPP) using two approaches: (i) NPP of the ecosystem
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Figure 6. Variation of annual NPP at Hesse from 1996 to 2005, as estimated from: (i) eddy covariance measurements (NPPec), and (ii) biometric
measurements (NPPbio, see text).

(NPPec) was calculated from the above-canopy flux measurements: NPPec = – GPP – Raut, where Raut was the ecosystem autotrophic respiration. We assumed that Raut was equal
to 72.2% of the total ecosystem respiration, a value obtained
from a previous study in the same stand (Granier et al., 2000b);
(ii) Biological NPP (NPPbio) was estimated from stand-scale
biomass measurements: NPPbio = BI + PL + PR + PF + M,
where: PL , PR and PF are the leaf, fine root and fruit production, respectively, and M is the woody mortality. We assumed
(Granier et al., 2000b) that PR amounted to 43.5% of the annual leaf production. Annual values of both NPP estimates are
presented in Table IV. The two NPP estimates agreed better
than NEE vs. BI (Fig. 6). Over 10 years, mean values of NPPec
and NPPbio were very close: the diﬀerence was only 1%.
Figure 7 shows the distribution of the assimilated carbon
GPPbio (“biological” GPP, 1404 g C m−2 on average), calculated as GPPbio = Raut + BI + PL + PR + PF + M, into the different pools. More than 50% of GPPbio is lost by autotrophic
respiration, while less than 30% is allocated to the increment
of woody tree compartments, of which only about 60% has a
commercial value and is therefore exported from the stand (=
18% of GPPbio).
3.4.3. Seasonal variation of NEE and tree growth
We have shown above, that on an annual basis, NEE and
biomass increments were not significantly correlated. We analysed the seasonal time-courses of the biomass increments, estimated from tree circumference measurements and cumulated
NEE. Both agreed very well during the fast growing period,
lasting from about DOY 120 to 180. This is illustrated in Figure 8 for 3 contrasting years: 2000 (wet), 2003 (dry) and 2005
(moderately-dry following two dry years). Then, a deviation
appeared and increased when growth slowed down and then
stopped, (from DOY 192 to 252, depending on the years),
while the forest ecosystem continued to absorb carbon. The
date of divergence between both courses was diﬀerent depending on the year, being earlier in a dry year (2003) than in a wet
year (2002 or 2005).

fine roots
4.8%

fruit
0.2%

mortality
2.2%

leaves
11.0%

tree
growth
29.8%

Rauto
52.0%

Figure 7. Fate of the assimilated carbon (GPPbio, see text) at the
Hesse site. Mean values, calculated for 10 years of fluxes and biomass
measurements.

For each year, we compared the intra-annual biomass increment (over 7 to 14 days) with the cumulated NEE (Fig. 9)
from the beginning of carbon uptake (i.e. the date of NEE inversion). During the fast radial growth period, the relationship
was linear and close to 1:1, indicating a strong link between
carbon uptake and tree growth. During this period, lasting
from 2 to 3.5 months depending on the years, we obtained the
following relationship:
BI = 0.96NEE + 26

(r2 = 0.96, n = 28)

(4)

4. DISCUSSION
4.1. Water fluxes
Annual water vapour flux (E) was mainly explained by:
(i) soil water deficit duration during the vegetation period,
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Figure 8. Time-course of cumulated NEE and of biomass increment (BI), estimated from periodic circumference measurements at Hesse.
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Figure 9. Cumulated biomass increment, estimated from the manual circumference measurements, as compared to cumulated NEE.
Within each year, the beginning is set to the date of NEE inversion.

due to a strong stomatal control in beech by soil water content (Granier et al., 2000b) and (ii) LAI, that itself influenced
the canopy conductance to water vapour. No significant correlation of annual E with other environmental variables was
found, even if on a daily or hourly basis, water vapour flux
was well correlated with net radiation, vapour pressure deficit
and therefore to potential evapotranspiration (data not shown).
Such lack of correlation for the annual values is mostly due
to a low interannual variability in the evaporative demand: the
coeﬃcient of variation of the potential evapotranspiration was
only 14%.

4.2. NEE
At Hesse, we found a large interannual variability of NEE.
As a comparison, the mixed deciduous temperate forest of
Harvard (Barford et al, 2001), where average NEE was –201 g
C m−2 y−1 , showed less interannual variability over 9 years of
monitoring (CV = 18%). The main source of this variability

was attributed to the growing season length (GSL). In a boreal
Scots pine forest, Suni et al. (2003) also reported a low interannual variability in NEE, which was mainly related to the
temperature. In a coniferous – deciduous mixed forest, Carrara
et al. (2003; 2004) attributed the large internannual variability
to both GSL and to the annual temperature. At Hesse, the GSL
varied in the range 152 to 180 days and increased significantly
during the 10 years (+1.9 day y−1 ), while Piao et al. (2007)
found an average increase in the Northern hemisphere during
the last 25 years (+0.36 day y−1 ). In beech, GSL is much more
influenced by the senescence date than by the budburst date,
the latter being more dependent on daylight duration than on
temperature (Nielsen and Jørgensen, 2003). We found a significant relationship between NEE and GSL (p < 0.02). Surprisingly, NEE was not significantly correlated to soil water deficit
duration or intensity, perhaps partly because NEE outside the
growing season is not drought dependent. However, a diﬀerent
picture was obtained when looking at daily or monthly NEE
data. For example, NEE decreased strongly (in absolute value)
from July to September 2003 (data not shown) as compared to
the same period in 2002. Ciais et al. (2005) and Granier et al.
(2007) reported this decrease in NEE from June to September
2003 at the European scale.

4.3. GPP, TER, NPP and soil respiration
NEE variation results from variations in both GPP and
TER; therefore, analysis of the behaviour of each of these two
elementary fluxes is necessary in order to get more mechanistic information. GPP decreased (in absolute value) with soil
water deficit duration and intensity, and increased with GSL.
The eﬀect of LAI was not significant, and GPP was related to
neither annual nor growing season global radiation, probably
because radiation showed only a very limited variation from
one year to another (CV < 6%). The GPP increase from 1996
to 2002 resulted from the soil water deficit decrease during
this period. The decrease in GPP since 2003, as a consequence
of NEE, can be explained by a sequence of two consecutive
very dry years (2003 and 2004), followed by 2005 which was
a moderately dry year. Pereira et al. (2007) also reported this
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delayed eﬀect of drought on GPP and NEE in a eucalyptus
plantation.
Besides the impact of water stress on gross photosynthesis, it is worth noting that the atmospheric CO2 concentration
increased significantly during this 10-year period: +25 ppm
(= +7%, i.e. a larger increase than at the Mauna Loa monitoring station). Even if an increase in CO2 concentration
should enhance photosynthesis, this eﬀect could not be observed clearly here, because: (i) the period of observation was
rather too short, and therefore the CO2 concentration increase
was limited, and at the same time the other environmental
factors also varied to a large extent during this period; and
(ii) most plants acclimate to some extent to CO2 enrichment,
as reported from controlled-conditions and from in situ FACE
experiments on trees (Ainsworth and Long, 2005).
Except for a moderate correlation between TER and soil
water deficit duration, we did not find significant correlations
with any other environmental or structural stand variables.
This is the result of more complexity in TER determinism than
for E or GPP: TER involves fluxes from a range of aerial and
below-ground ecosystem compartments, each responding to
diﬀerent mechanisms and variables. For instance, autotrophic
respiration of living tissues is linked to growth and to maintenance functions and heterotrophic respiration is dependent
on microbial decomposition activities. TER can be enhanced
when either autotrophic or heterotrophic respiration increase.
In our stand, a significant proportion of the heterotrophic respiration originated from the decomposition of woody debris remaining on the forest floor after thinning, in addition to leaf litter and soil organic matter. Ngao (2005) estimated this annual
carbon flux as 60 g C m−2 . A combination of favourable environmental conditions during a period of the year can enhance
the annual ecosystem respiration. For instance, a much higher
TER than average was observed in 1998 due to an exceptional
respiration peak in September, which was also observed in
another beech forest in Denmark (Granier et al., 2002). This
period of high TER was characterized by warm temperatures
and frequent low rainfall events at both beech sites. Therefore,
careful analysis at a shorter time-scale is necessary to analyse
the interannual variability.
The year-to-year variation of the TER/GPP ratio was large.
On average, it equalled 0.74 (± 0.20, p = 0.05) at Hesse.
It was lower than values found in other broadleaved forests:
0.84 at Harvard over 9 years (Barford et al., 2001), and 0.86
in the European beech forest of Sorø (Pilegaard et al., 2001).
Janssens et al. (2001) found a mean ratio of 0.80 in 18 European ecosystems and Law et al. (2002) obtained 0.83 (0.55
to 1.2) over a wide range of ecosystem types, including grasslands and crops. Soil respiration is generally the largest TER
component in forests and influences NEE to a large extent.
From soil respiration measurements using chambers in 1996,
1997 (Epron et al., 1999a; Granier et al., 2000b), 2003 and
2004 (Ngao, 2005), Rs/TER was on average 0.64 at Hesse
(0.58 to 0.69), i.e. close to the mean value of 0.69 found in
18 European forests by Janssens et al. (2001). As for TER,
at Hesse Epron et al. (2004) found that Rs exhibited a large
interannual variation that was not fully explained by soil temperature and water content variation; the eﬀect of thinning was

hypothesized in this study. At our site, autotrophic soil respiration alone, i.e. mainly the root respiration, represented 64%
of Rs (mean of 3 years, Epron et al., 1999b; Ngao, 2005).
The absence of a significant correlation between the annual NEE and drought duration or intensity, is explained by
a compensating eﬀect, because drought decreases both GPP
and TER. For the same reason, we found that the severe 2003
summer drought had more impact on GPP than NEE (Granier
et al., 2007).
Following our assumptions, in particular on the annual fine
root production estimates, the ratio of NPP to GPP over the
10 years of measurement was in the range 0.40 to 0.54 with a
mean of 0.47. Waring et al (1998) obtained similar values for
12 various forest ecosystems in the USA, Australia and New
Zealand. Therefore, more than half of the assimilated carbon
is lost by respiratory processes.

4.4. WUE
The canopy water-use eﬃciency, defined as the GPP/E ratio, varied between 3.56 and 5.25 g C kgH2 O−1 , and showed
a linear increase with soil water deficit duration or intensity
(Fig. 3). This drought-induced increase in WUE has often been
reported indirectly in trees including beech (Dupouey et al.,
1993), by stable isotopes studies in tree rings showing a δ13 C
increase with drought, which is proportional to WUE. NPPbio/E showed a significant relationship with SWD (r2 = 0.69,
p = 0.003), while BI/E, did not. This may be due to the growth
timing: in this stand with a high soil water holding capacity, drought onset occurred late in the growing season, when
a large part of the annual increment had been achieved.

4.5. Thinning and fluxes
As for NEE, thinning reduced neither GPP nor TER, even
after the severe 1999 thinning that reduced LAI from 7.4 to
4.8. In a young Pinus ponderosa plantation, Misson et al.
(2005) observed a decrease in GPP but not in TER. However,
their stand was characterized by a very low LAI (about 1.5)
indicating that most of the needles were sun-exposed. In our
case, thinning was performed under very dense canopy conditions. Consecutive to thinning, the remaining trees intercepted
more radiation, especially their lower crowns, thus enhancing
tree photosynthesis. In a 16-year-old Pinus taeda plantation,
Tang et al. (2003) demonstrated that thinning increased the
photosynthesis and transpiration of the newly exposed needles
by more than 25%.
The exceptional storm of 26th December 1999, with a peak
wind speed of 156 km h−1 , after which the measurement tower
fell down, had no eﬀect on fluxes, since the trees were not
damaged within the eddy flux foot-print area, while older
beech and oak stands located further away were partially or
totally destroyed.
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4.6. Tree biomass increment and delayed eﬀects
of drought
Due to its young age and the high site fertility, this stand is
characterized by a rapid increase in tree biomass: from 1996 to
2005, the standing biomass increased by 16%. When adding
the biomass of the thinned trees, the increase over 10 years
reached 85%. European yield tables for beech state that maximum stand productivity is at about 60 years old, with a nearly
linear increase between 30 and 50 years old. The Hesse stand
is therefore still in its increasing growth rate phase.
The correlation between annual NEE and stand biomass increment (Fig. 4) was poor: in some years the diﬀerence was
as large as 100 g C m−2 y−1 . In a study performed in five
North American deciduous forests (Curtis et al., 2002), such
discrepancies were observed between NEE and BI, with the
largest diﬀerence being 220 g C m−2 y−1 . In a North American mixed deciduous forest, Ehman et al. (2002) reported estimates of carbon uptake from inventories to be 34 and 90 g
C m−2 y−1 higher for two successive years, than from eddy
covariance measurements. In a mixed hardwood forest, both
estimates agreed within 5% (Schmid et al., 2000). In a Sitka
spruce forest, Black et al. (2007) found a significantly higher
carbon stock increment, as estimated from inventories, than
NEE: they suggested that this discrepancy was due to biomass
decomposition and to soil carbon stock change. In an aspen
dominated mixed-deciduous American forest, Gough et al.
(2007) found similar results to ours: a poor agreement between
annual NEE and biometric estimates, and very close one (1%
diﬀerence) over a 5-year period. On the annual time scale, an
initial explanation of such discrepancies is that NEE includes
the heterotrophic respiration fluxes, originating from the soil
and the various above-ground compartments: leaf litter, fine
roots, natural and man-induced mortality. Carbon fluxes coming from these compartments probably have contrasting decomposition kinetics according to the nature of the substrate.
For instance, branch decomposition takes more than five years
(Jérôme Ngao, pers. comm.). Considering NPP, our two independent estimates were in much better agreement, because
NPP takes into account both turnover and mortality terms.
However, there is much uncertainty regarding the quantification of natural mortality as the litterbags used were not very
suitable for large branch collection. Moreover there was also
a large incertitude concerning the fine-root turnover. In addition to other explanations like herbivory or methane losses,
many uncertainties can aﬀect both estimates. First, the eddy
covariance technique could be suspect, due to low turbulence
during the night or to rainfall on the EC sensors. There were
also a number of potential sources of error in estimating tree
biomass and its annual increment: tree sample representativity, as compared to the foot-print area of the eddy covariance
measurements, and the use of the same allometric functions
every year, whatever the conditions (drought, thinning, etc.),
that could modify the carbon allocation pattern in trees.
Besides this large discrepancy between annual biomass increment and NEE, intra-annual courses were remarkably close
during the fast increment period. This suggests that, during
this period, there is a strong link between carbon uptake and

its allocation to the stem growth, and that the allocation coeﬃcient to the stems is constant. Later on in the growing season,
a sudden divergence between growth and carbon uptake appeared earlier or later in the summer, between DOY 178 (in
2003) and DOY 266 (in 1999). However, one has to careful
with regard to this timing, as we assumed that volume and
biomass increment were proportional, i.e. that wood density
was constant. There could be an increase in wood density
after radial growth cessation, as suggested by the impact of
September photosynthesis on late wood density in beech tree
rings (Bouriaud et al., 2004), that might change the NEE vs.
biomass increment relationship to some extent. Our hypothesis of constant allocation coeﬃcients to tree organs would also
have similar consequences.
The 2003 and 2004 droughts provoked a decrease in GPP
and therefore in tree growth. Compared to 2002, a wet year,
the circumference increments were 32, 49 and 11% lower
in 2003, 2004 and 2005, respectively. The corresponding decreases in annual biomass increments were 22%, 38% and
23% for these 3 years. Furthermore, in 2004, large quantities
of beech mast were observed, probably enhanced by the 2003
and 2004 droughts (Piovesan and Adams, 2005) that also affected biomass increment. As the trees get older, mast production increases and therefore has a negative eﬀect on tree
growth in some years, due to competition between growth and
seed production. The important growth decline in 2005 resulted from both a lower circumference increment combined
with reduced stand density after thinning. We found (Eq. (3))
that annual biomass increment depended significantly on the
current year GPP and LAI, and on the previous year soil water deficit duration. This drought-delayed eﬀect is also seen on
the increment slope during the fast growing period (May and
June) that determines the annual biomass growth (r2 = 0.72,
p = 0.002): this slope was influenced by the drought of the
previous year. The lowest slope was observed in 2004, i.e. after a very dry year.
Within each year, after the cessation of radial growth (average DOY 217), there is a long period during which trees store
reserves in their living organs, until the time when the carbon balance reverses (average DOY 287), i.e. for more than
2 months. During this period, the ecosystem stored on average 94 g C m−2 (range 20–210 g C m−2 ). The leaf production, and hence LAI, was well correlated (r2 = 0.78,
p < 0.01) to the biomass increment in the previous year.
This probably results from bud preformation in beech: leaf primordia are initiated in buds during the preceding year, from
May to September (Roloﬀ, 1985). As a consequence of storage/remobilization mechanisms (Barbaroux and Bréda, 2002),
the year-to-year variation in biomass increment due to abiotic
and biotic stresses as compared to GPP variation, is probably
buﬀered .

5. CONCLUSION
Despite the high interannual variability in weather conditions, the 10-year study period was characterised by: (1) a
mean annual temperature which was always higher than the
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long-term average, (2) a succession of dry years, and (3) a
steady increase in the concentration of atmospheric CO2 .
Over this period, we found a close agreement between
cumulated NEE and tree growth, but on an annual timescale the relationship between both parameters was very poor.
We explained this by delayed carbon storage and release
mechanisms in the ecosystem compartments. Therefore, stand
growth is more closely linked to NPP than to NEE.
In the young fast-growing Hesse beech stand, drought and
management explained most of the interannual variability in
fluxes and tree growth. The importance of drought is surprising, since the forest investigated receives a quite high annual
rainfall and furthermore, is growing on a soil with a high water
holding capacity. However, in temperate regions, as opposed
to dry regions, summer water deficit often shows a high temporal variability. Moreover, temperate tree species like European beech are not well adapted to drought and therefore react
markedly to drought events.
We also showed a strong link between carbon uptake by
trees and growth on a seasonal scale. However, the storage and
remobilisation mechanism buﬀers the interannual variation of
tree growth.
The second major source of variation in fluxes and forest
growth is the management: the forest is thinned frequently at
Hesse in order to stimulate tree growth. A direct consequence
of thinning is a reduction in LAI of about 2–3 m2 m−2 , but after
thinning LAI recovery is very fast. Thinning stimulates photosynthesis and reduces soil water deficit, both of which improve biomass increment. After thinning, we observed that radial growth of the remaining trees was enhanced: for instance,
radial growth was 45% higher in 1999 than the average radial
growth over 10 years.
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