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Abstract – Forests could play an important role in limiting atmospheric CO2 levels. The aims of this work were to (1) produce data about the
quantities of carbon stored in beech and in its different aerial and underground components, in five stands in a time sequence; (2) to clarify
quantitatively and qualitatively the fate of carbon stocks during forest exploitation. The methods used to determine the different biomass
components, and the variability of carbon levels related to the components and tree-age, are discussed. Total (aerial and underground) woody
dry matter and carbon biomass increased from 24 t/ha to 492 t/ha and from 11 t/ha to 232 t/ha respectively from the 8-year-old stage to the 145-
year-old stage. The carbon is mainly stored in the trunk. The underground biomass contribution is considerable: 11% at the 145-year-old stage.
The amount of carbon exported during the time sequence, further thinnings and the clear felling, was estimated to be 355 t/ha, that of the wood
left on the ground 52 t/ha and in the roots 65 t/ha.

carbon / biomass / beech / time sequence / distribution / exportation

Résumé – Compartimentation des biomasses aériennes et racinaires, en matière sèche et carbone, dans une chrono-séquence de hêtraie
(Fagus sylvatica L.) atlantique. Les forêts joueraient un rôle important dans la limitation de l’élévation de la teneur en CO2 atmosphérique.
Les objectifs de notre étude sont (1) d’apporter des données sur les quantités de carbone stocké dans le hêtre et ces différents (sous-)
compartiments (aériens et souterrains), pour cinq peuplements d’une chronoséquence ; (2) de préciser quantitativement et qualitativement le
devenir de ces stocks lors des exploitations forestières. Les aspects méthodologiques pour déterminer les biomasses des différents (sous-)
compartiments, et la variabilité de la teneur en carbone en fonction du (sous-)compartiment et de l’âge de l’arbre, sont discutés. Les biomasses
ligneuses totales (aériennes et souterraines) en matière sèche et en carbone évoluent respectivement de 24 t/ha à 492 t/ha et de 11 t/ha à 232 t/ha
depuis le stade 8 ans au stade 145 ans. Le carbone est stocké majoritairement dans le tronc. La contribution de la biomasse souterraine n’est pas
négligeable : 11 % au stade 145 ans. La quantité de carbone exporté au cours de la chronoséquence, suite aux éclaircies et à l’exploitation finale,
est évaluée à 355 t/ha, celle du bois laissé sur sol à 52 t/ha, et celle des racines à 65 t/ha. 

biomasse / carbone / hêtre / chronoséquence / compartimentation / exportation

1. INTRODUCTION

Atmospheric CO2 levels have increased by about 30%
between the era of the industrial revolution and the present day
[3]. This increase was due to the combustion of fossil fuels
(6 Gt/yr) and deforestation (2 Gt/yr) [23]. The increase in this prin-
cipal greenhouse effect gas, amongst other gases, has contrib-
uted to global warming. In France, CO2 represents about half
of the greenhouse gases, followed by methane, the CFCs (17%
each) and NO2 (7%) [8]. The countries which recognise the
danger of global warming met in Rio (1992), Helsinki (1993)
and Kyoto (1997). During these meetings, the role that forests
could play in limiting atmospheric CO2 was discussed, as for-
ests and forest soils have an enormous capacity for stocking or
releasing carbon. It was agreed that detailed inventories of car-
bon stocks and carbon budgets in forest ecosystems were nec-
essary for carbon management [14, 22].

In most studies, estimates of dry matter and carbon stocks
at the tree level only take the trunk, the branches, and sometimes
the roots into account, whereas a tree consists of components
which are anatomically and industrially different. The future of
the various parts or sub-components may be very different. Annual
litterfall includes diverse material (leaves, fruits, wood, …).
Anthropic activity during thinning or clear cutting produce
dead wood supplies on the ground, organic matter supplies into
the soil coming from roots, and wood outputs for various com-
mercial uses. All these different components decompose natu-
rally or are destroyed by man at various speeds. In other words,
the carbon stored in these components may return into the
atmosphere slowly or very quickly [3].

Variability in the stocks depending on tree species is less
well known. In the literature, there is little data about dry matter
(biomass) and carbon in beech, in spite of the fact that beech
(and oak) is the climax species for a large number of regions
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in Europe and is widely distributed throughout most of the
European countries, as this species has a broad ecological distri-
bution [25]. Natural beech forest covers 19.5 million hectares in
Europe [35]. In France, it covers 9% of the country, i.e. 1.2 million
hectares [15], which is an increase of 0.5% in 10 years [9].

In the literature, most papers report only one stage in stand
development, and that is mainly the adult stage. In fact, litter
changes quantitatively and qualitatively as the stand ages [19].
The same is true for dead wood returning to the soil, inputs of
root organic matter and exported wood. So, it is essential to
measure dry matter and carbon stocks throughout the forest
rotation to obtain a better idea of what happens to them. This
can be done by simulating a forest rotation, using a time
sequence consisting of a group of stands of different ages. How-
ever, to use this method, site conditions for all the stands must
be homogeneous [5, 19, 29, 37].

The carbon stocks in the trees were determined by converting
the volume of wood into dry matter, and the result was multi-
plied by the carbon content. According to the literature, carbon
contents vary from 450 to 519 g/kg. Little information exists
about the variability of these contents. There is no indication
of a reference value. These approximations may give rise to
errors in the determination of accurate carbon stocks in the
wood of trees and in comparisons between data [26]. Data
showing the variability in carbon levels relative to tree species,
tree age and its distribution in the tree are required.

The aim of our work was to: (1) collect data on the quantities
of dry matter and carbon biomass immobilised in lowland
Atlantic beech forests at the stand scale in a time sequence;
(2) evaluate these stocks in the different anatomical, functional
or commercial sub-components of the trees; (3) provide data
on the carbon levels in beech and the variability relative to the
sub-components or age of the trees; (4) determine the quantities
of wood exported  and the quantities of wood  remaining on the
ground after thinning and the final felling of the stand. For this,
destructive methods were used and statistical regressions were
determined.

2. MATERIALS AND METHODS

2.1. Site characteristics

The site is a 1660 ha beech stand situated in Fougères forest in the
north-east of Ille-et-Vilaine (Brittany, France, grid reference: 48° 20’ N,

1° 10’ E), at an altitude of 115–191 m above sea level. This forest is
dominantly beech (Fagus sylvatica L.) 75%, with pedunculate oak
(Quercus robur L.), sessile oak (Quercus petraea (Mattuschka) Liebl.)
15%, and conifers 8%. The understorey consists essentially of holly
(Ilex aquifolium L.). Fougères forest is in the Vaccinio-Quercetum ses-
siliflora group [4]. The climate in Brittany is oceanic and characterised
by an unstable weather system with an abundant, evenly distributed
annual precipitation of 900 mm, and a moderate temperature range
(12.9 °C). The warmest month (August) has a mean temperature of
17.8 °C and the minimum temperature of 4.9 °C is in January. The
mean annual temperature is 11 °C (French Meteorology Data, means
of 1951–1980). The soil is an Alocrisol luvisol according to the FAO/
UNESCO soil system with fragic characteristics [13], a weakly
leached acid brown soil, which is slightly hydromorphic at depth [33].
The parent material of the forest is derived from the Vire type granite
or Brioverian slates at the edge of the forest [33]. The forest is managed
as a regular high forest, and it is divided into even-aged stands [1]. 

Five stands were selected according to the criteria of the time
sequence. Their main characteristics are given in Tables I and II. Forest
inventories and tree sampling were carried out in 1996 for the 8-year-
old thicket stage, the 25-year-old sapling stage and the 81-year-old
young high forest stage, in 1999 for the 145-year-old mature high forest
stage, and in 2002 for the 50-year-old stand. 

2.2. Method to evaluate dry matter and carbon biomass

The method used was described by Ranger et al. [28, 29]. The main
stages were as follows:

– Forest inventory of an area depending on mean tree size:
16 times 25 m2 (400 m2) in the 10-year-old thicket stand, 4 times
1040 m2 (4160 m2) in the 27-year-old sapling stand, 1 time 2425 m2

in the 50-year-old stand, 4 times 1200 m2 (4800 m2) in the 83-year-
old stand and 4 times 1500 m2 (6000 m2) in the 150-year-old stand.

– Selection of 10 to 16 trees per stand representing all the girth
classes derived from the inventory.

– Destructive tree sampling: Each tree was sub-divided into dif-
ferent anatomical or functional components: “non-woody” aerial
parts (buds, leaves, flowers, fruits and fruit husks), branches and
trunk with diameters inferior to 1 cm (twigs), branches and trunk with
diameter of 1 cm to 4 cm, trunk wood, trunk bark and roots; and into
different commercial components: branches and trunk with diameters
between 4 cm and 7 cm (firewood), and branches and trunk with
diameters between 4 cm and 7 cm (industrial wood and timber). Cir-
cumference at breast height (C130), total height and fresh biomass by
weight were estimated. 

The root biomass taken into account was that of all the roots
included in the soil around the roots of the stump. The mean area of
soil removed (Sre) around the tree was calculated using this equation
Sre = 3E-07(C130)2 + 0.0067(C130), R2 = 0.83. The mean Sre of the
stump was 10.2 m2 for the 145 year old stand, 6.5 m2 for the 81-year-old

Table I. Main forestry characteristics for each stand.

Age in 1995
(years)

Name Mean height
(m)

Mean diameter
(cm)

Tree density 
(/ha)

% beech Basal area
(m2)

8 Thicket 2.5 1.5 16 815 = 80% 2.9

25 Sapling 11.2 6.2 4 281 > 80% 15.3

50* Pole 21.8 11.0 2 309 > 90% 22.2

81 Young high forest 27.3 29.7 304 > 95% 21.1

145 Old high forest 31.6 45.4 208 > 95% 33.7

* Age and characteristics of this stand in 2000.
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stand, 1.3 m2 for the 25-year-old stand and 0.3 m2 for the young, 8-
year-old stand. The roots were dug out for the 25 and 8-year-old stand.
For the 50-year-old stand, no root sampling was carried out. The
stumps were transported to the laboratory site where they were washed
to remove soil particles.

– Regression models correlating dry weight or carbon biomass
with dendrometric parameters (C130) were calculated. The aim was
to create a model for each  component or sub-component of the trees
in each stand.

– Application of the models to the stand inventories to estimate
sub-component or total dry matter and carbon biomass, for the above
and underground tree components, by stand per hectare. The carbon
biomass was also calculated by multiplying the result of the regres-
sion models for biomass by the mean concentration of carbon by
(sub-)component for the stand. 

In addition, the litterfall of each stand was collected and measured
every month from the 1st April 1997 to 1st March 1999 [19]. The “non-
woody” aerial parts of the biomass per stand were evaluated in this way.

2.3. Chemical analyses

After air drying at 65 °C to constant weight, and after grinding, the
carbon was analysed using the CHN technique.

2.4. Statistical analyses

Statistical analyses were carried out using Unistat 5.0 software. All
statistical tests were performed at a 0.05 significance level. 

Dry matter and carbon contents of the components or stands, were
compared using a one-way ANOVA (variance analysis) with the
Tukey-HSD test. When the data distribution was not normal and the
variances were not equal, a non-parametric test was used: the Kruskal-
Wallis test. 

The biomass models were established by using and testing different
regression models: linear and non linear. The selection criteria for the
best models were as follows: a maximum adjusted R2 value, a mini-
mum root mean square error (RMSE) and a good graphic representa-
tion of the residues [(calculated value-observed value) = f (calculated
value)]. 

Pearson’s correlation coefficient  was calculated to test the corre-
lation between wood and bark trunk carbon level.

3. RESULTS

3.1. Biomass immobilisation

3.1.1.  Dry matter

It was not possible to use a single model to determine the
biomass (dry matter) of each component or sub-component in
each stand. The models used were exponential, power, poly-
nomial to the second degree or logarithmic. Examples of these
models are given in Table III. These values could only be
applied to the C130 results. In general, the models were good
estimates of the dry matter of each component per stand using
the dendrometric C130 values: high R2 values (R2 > 0.90),
p values lower than 5 E-04, satisfactory RMSE values and res-
idue graphs. However, the model used for the branches in the
young 8-year-old stand gave a lower R2: 0.88. In the 25- and
50-year-old stands, the models of the biomass of branches with
diameters greater than 4 cm (or the commercial cutting size)
gave even lower R2 values (0.78 and 0.88 respectively) and the
highest p values (4.8 E-02 and 1.6 E-03), with an accuracy less
than 10%. 

An estimate of biomass for each component, in the different
age classes, is presented in Table IV. Root biomass was not
measured in the 50-year-old stand but estimated using a gen-
eralised model for the site. In general, the forest inventories
were carried out in several zones, with nearly identical areas
for each stand. Within the stand, these zones were used as
pseudo-replicates, to provide an estimate of the standard error. 

In the 145-year-old stand, total biomass, including all the
components, was 496 t/ha. Total biomass was 492 t/ha. The
major part of this biomass was contributed by the trunk (52%),
which itself consisted mainly of the log (90%) (Fig. 1). The
branches represented 37%. The roots made up 11%, i.e. a bio-
mass of 56 t/ha.

Total biomass (aerial and underground; woody and non-
woody) increased with stand age, from 25 t/ha in the young 8-
year-old stand to 496 t/ha in the 145-year-old stand (Tab. IV).
The contribution of the “non-woody” aerial parts was very low:
it decreased with the age of the stand, from 5% in the young

Table II. Main soil characteristics for the site.

Deep
(cm)

pH Density Clay
(g/kg)

Silt
(g/kg)

Sand
(g/kg)

C org.
(g/kg)

N tot.
(g/kg)

P205
(g/kg)

Ca
NH4Cl

(cmol+/kg)

Mg
NH4Cl

(cmol+/kg)

K
NH4Cl

(cmol+/kg)

Al3

NH4Cl
(cmol+/kg)

BS 
(%)

0–5 3.72
(0.07)

0.63
(0.04)

181
(5.7)

709
(8.4)

110
(6.2)

75.2
(4.3)

4.04
(0.32)

0.20
(0.01)

0.62
(0.15)

0.49
(0.07)

0.34
(0.03)

4.47
(0.22)

20.7
(2.6)

5-15 4.12
(0.05)

1.10
(0.05)

156
(3.1)

731
(4.1)

113
(4.3)

26.4
(2.1)

1.25
(0.10)

0.11
(0.01)

0.19
(0.04)

0.10
(0.01)

0.15
(0.02)

4.20
(0.20)

9.5
(0.8)

35–50 4.36
(0.05)

1.26
(0.03)

128
(2.0)

735
(9.0)

137
(8.9)

6.2
(0.7)

0.44
(0.03)

0.19
(0.04)

0.09
(0.02)

0.02
(0.002)

0.07
(0.005)

1.83
(0.12)

10.3
(1.1)

55–70 4.36
(0.05)

1.44
(0.02)

160
(8.2)

710
(5.4)

129
(6.3)

2.7
(0.4)

0.28
(0.02)

0.14
(0.02)

0.14
(0.06)

0.06
(0.005)

0.11
(0.006)

3.27
(0.33)

11.1
(3.4)

95–110 4.62
(0.06)

1.52
(0.02)

219
(6.4)

692
(8.4)

89
(5.1)

1.4
(0.1)

0.21
(0.01)

0.17
(0.02)

0.26
(0.06)

0.68
(0.19)

0.17
(0.007)

5.39
(0.22)

17.4
(3.4)

Numbers in brackets correspond to standard error.
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Table III. Tested and selected statistical models.

Component Age (years) Model R2 p C130 interval (mm)

Branches 8 Y = 4.408E-06 ×  C130 2.5958 0.88 1.0 E-07 15–148

25 Y = 3.787E-08 ×  C130 3.3843 0.92 4.4 E-09 70–875

50 Y = 1.495E-06 × C130 2.7063 0.98 7.6 E-11 45–1 354

81 Y = 7.4969 × e (C130 × 3.047E-03) 0.99 1.6 E-14 270–1 687

145 Y = 6.05029 × e (C130 × 3.163E-03) 0.95 1.2  E-06 768–2 494

Trunk 8 Y = 0.1039 × e (C130 × 0.02707) 0.92 3.9 E-09 15–148

25 Y = 2.090E-03 × C130 1.6427 0.97 7.6 E-12 70–875

50 Y = 7.921E-04 × C130 1.9002 0.99 4.6 E-11 45–1 354

81 Y = (5.186E-04 × C1302) + (0.05066 × C130) – 20.3755 0.97 8.6 E-11 270–1 687

145 Y = (2.77E-04 × C1302) + (0.8645 × C130) – 554.9807 0.95 2.8 E-05 768–2 494

Total aerial wood 8 Y = 0.1313 × e (C130 × 0.02830) 0.94 9.1 E-10 15–148

25 Y = 8.551E-05 × C130 2.2603 0.98 6.6 E-14 70–875

50 Y = 2.743E-04 × C130 2.1114 1.00 4.9 E-13 45–1 354

81 Y = 69.9608 × e (C130 × 2.244E-03) 0.98 4.6 E-13 270–1 687

145 Y = 109.7821 × e (C130 × 1.953E-03) 0.99 1.3 E-09 768–2 494

Roots 8 Y = 5.986E-05 × C130 2.02681 0.93 3.3 E-05 54–205

25 Y = (1.303E-04 × C1302) + (–1.112E-02 × C130) +0.2401 0.99 2.9 E-05 43–502

50 Y =2E-05 × C130.2.2396 0.99 200–1 400

81 Y = 1.641E-05 × C130 2.3141 0.98 1.1 E-05 500–1 400

145 Log10(Y) = –4.5221 + 2.1985 × Log10(C130) 0.99 4.6 E-04 768–2 494

C130: Circumference at breast height in mm; Y: dry matter in kg.

Table IV. Total biomass (dry matter in kg/ha) in the various tree components of the stands.

Component

Age (years)

8 25 50 81 145

Mean n = 16 Mean n = 4 Mean n = 1 Mean n = 4 Mean n = 4

Branches total 4 165 (790) 30 959 (3 840) 66 562 63 537 (6 430) 188 231 (42 594)

d < 1 cm 3 417 (627) 9 031 (654) 15 171 7 759 (584) 8 041 (699)

d > 1 cm 749*** (170)*** 22 471 (3 227) 51 453 55 751 (5 824) 181 877 (43 726)

d > 4 cm 4 621 (1 137) 31 159 33 230 (4 068) 160 213 (46 844)

d > 7 cm 17 772 (2 538) 139 939 (47 789)

Trunk total 13 745 (2 299) 78 970 (2 277) 181 212 191 687 (12 260) 261 206 (18 814)

d > 4 cm 72 097 (2 273) 179 821 191 209 (12 273) 261 118 (18 808)

d > 7 cm 39 377 (3 402) 126 314 189 824 (12 363) 260 633 (18 782)

Log 234 572 (16 939)

Total aerial wood 18 765 (3 165) 103 982 (5 450) 246 096 251 116 (17 678) 436 322 (47 882)

Roots 5 329 (950) 25 325 (1 428) 41 617 50 352 (3 808) 56 035 (4 342)

Total wood** 24 094 (4 107) 129 307 (6 877) 287 713 301 468 (21 481) 492 357 (51 953)

‘Non-woody’ aerial parts* 1 223 3 011 3 292 3 733

Total** 25 317 132 318 304 760 496 090

n = Number of pseudo-replicates; numbers in brackets correspond to standard error; d = diameter.
* Lebret et al. (2001)’s results [7], the number of replicates is different and corresponds to the number of litter traps.
** Results obtained by addition and not by regression.
*** Results obtained by subtraction and not by regression.
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8-year-old stand to less than 1% in the oldest stand. In the time
sequence, total biomass increased from 24 t/ha to 492 t/ha. This
increase in stock was not linear. It showed a plateau between
the 50- and the 81-year-old stages. The biomass is mainly
stored in the trunk, then the branches and then the roots (Fig. 1).
Throughout the time sequence, the contributions by the trunk,
branches and roots, fluctuated between 52% and 63%, 18% to
37%, and 11% to 23% respectively. The distribution of the aer-
ial biomass (trunk and branches) moved towards thicker wood
(diameters greater than 4 cm) to the detriment of thinner twigs
(diameters less than 4 cm): 6% for the latter in the 145-year-
old stage. 

3.1.2. Carbon biomass

3.1.2.1. Levels 

The mean carbon levels in the components sampled from
each stand are given in Table V. The carbon concentrations var-

ied from 462.6 g/kg ± 1.1 to 503.0 g/kg ± 3.5. For wood in the
trunk, the values did not vary significantly between different
sampling heights, whatever the stand. This was not true for the
branch and bark sub-components. Levels in most of the sub-
components varied significantly with the age of the stand,
except for the bark of industrial trunks greater than 7 cm and
industrial trunk wood 1 to 4 cm in diameter.

For each tree, in each stand, the carbon contents of the
branches were calculated from the carbon levels in the sub-
components of the branch in proportion to the dry weight. The
same principle was applied to the calculation of carbon levels
in the trunk bark, trunk wood, trunk (wood + bark) and the aerial
parts. These weighted mean values are given in Table VI. In
all stands, the carbon levels were significantly higher in the
bark than in the trunk wood (p < 0.00001). These levels had very
low correlations (rmax = –0.50; rmin = –0.03). By stand, carbon
contents in the aerial part, the trunk, the branches and the roots are
not significantly different in the 81-year-old stand. By components,

Table V. Mean concentration of carbon in the various tree sub-components according to stand (g/kg).

Component

Age (years)

8 25 50 81 145

Mean n Mean n Mean n Mean n Mean n

Branches d < 1 cm 475.8 (1.35) 16 480.2 (1.00) 16 486.9 (1.16) 10 491.7 (2.05) 5 484.5 (2.02) 9

a; w c; w-x b; y-z b; z b; x-y

1cm < d < 4 cm 472.7 (1.27) 8 462.6 (1.06) 16 481.3 (0.87) 11 477.8 (1.96) 5 472.0 (1.80) 10

a; x-y a; w a; z a; y-z a; x

4 cm < d < 7 cm 470.3 (1.42) 7 480.2 (1.30) 7 477.5 (2.30) 4 473.4 (1.38) 10

b; x a; z a; y-z a; x-y

d > 7 cm 463.1 (4.41) 4 481.5 (1.04) 4 475.4 (2.68) 3 469.1 (1.92) 8

a; x a; z a; y-z a; x-y

Trunk d < 1 cm 481.0 (0.92) 16 483.1 (1.93) 16 487.7 (0.88) 13 485.7 (2.21) 3 488.1 (1.53) 10

x x-y y x-y y

1 cm < d < 4 cm 487.2 (1.24) 16 503.0 (3.45) 16 492.9 (1.15) 4 496.5 (2.23) 10

x b; y b; x-y b; x-y

4 cm < d < 7 cm 494.2 (1.85) 16 497.5 (1.29) 6 487.1 (1.62) 5 490.1 (2.18) 10

a-b; x-y a; y a; x a-b; x-y

d > 7 cm 486.4 (3.43) 13 495.6 (1.66) 10 486.8 (1.35) 5 485.7 (2.29) 10

a; x a; x a; x a; x

1 cm < d < 4 cm 466.5 (0.61) 16 469.5 (2.19) 16 473.8 (7.17) 5 464.9 (0.86) 10

x a; x a; x a; x

4 cm < d < 7 cm 471.7 (1.82) 16 476.5 (0.83) 6 482.6 (2.39) 5 467.9 (1.69) 10

a; x-y a; y-z a; z a; x

d > 7 cm 474.4 (2.82) 13 476.8 (0.29) 10 481.4 (2.47) 5 469.2 (2.20) 10

a; x-y a; x-y a; y a; x

Roots 479.4 (1.83) 9 489.4 (2.39) 6 484.3 (1.02) 7 489.4 (1.64) 5

x y x-y y

n = Number of pseudo-replicates; numbers in brackets correspond to standard error; d = diameter.
a, b, c: By stand, different letters indicate a significant difference (p < 0.05) between sub-components.
w, x, y, z: By sub-component, different letters indicate a significant difference (p < 0.05) between stands.
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carbon contents varied significantly depending on stand age,
except for the trunk.

3.1.2.2. Carbon biomass

Two methods were used to determine the carbon biomass in
each component of each stand. The first was: by stand, com-
ponent and individual, the carbon biomass was obtained by
multiplying the quantity of dry matter by the carbon level. The
second method was: by stand, component and individual, the
carbon biomass was obtained by regression from the C130 fac-

tor. In a complementary trial comparison, the same carbon
value was chosen and applied to each stand, component and
individual: either the lowest estimated carbon level (463 g/kg),
or the highest (503 g/kg). The carbon biomass values per hectare
obtained were then compared. A few comparisons are given in
Figure 2. For each stand and each component, the carbon bio-
mass per hectare obtained by the different methods showed no
significant differences.

In the following text, the carbon biomass values are those
derived from the first method (Tab. VII). Carbon biomass
stored in the aerial and underground parts changed throughout

Figure 1. Woody dry matter distribution (in t/ha and %) in beech trees, for each stand. The carbon biomass distribution in % was similar.

Table VI. Mean concentration of carbon in the tree components according to stand (g/kg).

Component

Age (years)

8 25 50 81 145

Mean n Mean n Mean n Mean n Mean n

Branches 475.5 (1.28) 16 469.9 (1.23) 16 484.0 (1.12) 10 480.5 (2.19) 5 471.0 (1.73) 7

b-c; x-y a; x b; z a; y-z a; x

Trunk 470.4 (0.51) 16 474.4 (1.90) 16 478.6 (0.36) 13 478.9  (4.81) 2 470.5  (2.62) 10

a; x a; x a; x a; x a; x

Bark 487.2 (1.25) 16 491.4 (2.74) 16 496.0 (1.42) 12 486.4 (1.62) 4 485.7 (2.27) 10

x-y x-y y x-y x

Wood 466.5 (0.61) 16 473.0 (2.21) 16 476.4 (0.36) 12 481.5 (2.45) 5 469.2 (2.20) 10

x x-y y y x-y

Total aerial wood 471.5 (0.42) 16 472.1  (1.09) 16 479.6 (0.28) 10 477.5 (3.08) 2 468.8  (1.67) 7

a-b; x a; x a; y a; x-y a; x

Roots 479.4 (1.83) 9 489.4 (2.39) 6 nd 484.3 (1.02) 7 489.4 (1.64) 5

c;  x b;  y a; x-y b;  y

n = Number of samples; numbers in brackets correspond to standard error; nd: non-determined data.
a, b: By stand, different letters indicate a significant difference (p < 0.05) between components.
x, y: By component, different letters indicate a significant difference (p < 0.05) between stands. 81-year old-stand was not taken into account because
of the low number of samples.
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the time sequence from 11 t/ha in the young (8 yrs) stand to
232 t/ha in the old (145 yrs) stand. The distribution of carbon
biomass in the woody components was very similar to that of
the total biomass of the same components (Fig. 1). This was due
to the carbon concentrations in the different woody components
of the tree which were about 500 g/kg of dry matter.

3.2. Exported biomass

Even though it was not possible to generalise from these bio-
mass estimation models, it was possible to create a scenario of
the evolution of stocks and exports during a forest rotation. 

The number of individuals per hectare decreased by 82.6%
between the 8-year-old and the 25-year-old stands, by 57.5%
between the 25- and the 50-old-year old stands, by 81.7% between
those of 50- and 81-years-old, by 49.2% between those of 81- and
145-years-old and 100% between 145-years-old stand and the
stand at the end of regeneration. These percentages were used
to make a rough approximation of biomass exports between the
consecutive stages studied. The growth models developed else-
where will be added in the future to refine export evaluations. 

During thinning, not all the wood was removed, so part was
left on the ground. The components of the tree which were most
likely to be exported were: the parts of branches and trunk with
a diameter between 4 and 7 cm, and those with a diameter
greater than 7 cm. Woody material remaining on the ground
consisted of twigs, pieces of branch with diameters between 1
and 4 cm, and pieces of trunk less than 4 cm. The roots of felled
trees remained in the soil. The beech wood was not debarked.
During thinning between the 8- and 25-year-old stages, all the
brashed wood was left on the ground, and was thus returned into
the ecosystem.

3.2.1. Dry matter

In the time sequence, total aerial biomass exported was esti-
mated to be 749 t/ha, that left on the ground to be 107 t/ha, and
the total biomass of the remaining roots of the felled trees left
in the soil was 134 t/ha. Throughout the whole forest rotation,
the percentage of wood exported, relative to the biomass immo-
bilised before thinning, increased from 0 to 83%; that of wood
left on the ground decreased from 64% to 5%; and that of
remaining roots left in the soil changed from 8 to 18% (Fig. 3).
During the rotation, wood exported came mainly from the tree
trunks (Fig. 4). During regeneration felling, the wood had two
main origins: the trunk (62%) and the 7 cm industrial branch
wood (33%). 

3.2.2. Carbon biomass 

Total carbon biomass in the aerial wood exported, during the
rotation, was estimated to be 355 t/ha, that of aerial wood left
on the ground: 52 t/ha, and that of the remaining roots left in
the soil: 65 t/ha. The future or the percentage distribution, of the
carbon biomass, after each thinning, was similar to that of the
total biomass (Figs. 3 and 4).

4. DISCUSSION 

4.1. The models

This paper presents regression models to evaluate the total
biomass in tree in several different age beech stands, using one
simple measurement (C130). One particular characteristic of
the work is the determination of regression models to evaluate

Table VII.  Carbon biomass (dry matter in kg/ha) in the various tree sub-components of the stands according to method 1.

Component

Age (years)

8 25 50 81 145

Mean n = 16 Mean n = 4 Mean n = 1 Mean n = 4 Mean n = 4

Branches total 1 981 (376) 14 547 (1 804) 32 213 30 527 (3 090) 88 654 (20 061)

d < 1 cm 1 626 (298) 4 336 (314) 7 387 3 815 (287) 3 896 (338)

d > 1 cm 355* (180)* 10 408 (1 495) 24 771 26 650 (2 784) 85 525 (20 561)

d > 4 cm 17 257 15 834 (1 938) 75 257 (22 004)

d > 7 cm 8 450 (1 206) 65 643 (22 417)

Trunk total 6 465 (1 081) 37 467 (1 080) 86 722 92 139 (5 914) 122 895 (8 852)

d > 4 cm 34 207 (1 078) 86 027 91 794 (5 871) 122 853 (8 849)

d > 7 cm 18 712 (1 617) 60 364 91 457 (5 956) 122 625 (8 837)

Log 110 364 (7 970)

Total aerial wood 8 847 (1 492) 49 087 (2 573) 118 018 119 920 (8 442) 204 552 (22 448)

Roots 2 555 (455) 12 393 (699) 20 261 24 385 (1 844) 27 425 (2 125)

Total wood** 11 402 (1 999) 61 480 (3 271) 138 279 144 305 (10 284) 231 977 (24 441)

n = Number of pseudo-replicates; numbers in brackets correspond to standard error; d = diameter.
* Results obtained by subtraction. 
** Results obtained by addition of roots to total aerial carbon biomass.
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Figure 2. Comparison of the carbon biomass of the main tree components (t/ha) obtained by different methods, for each stand. Method 1: by individual, carbon biomass = dry matter ×
carbon concentration; Method 2: by individual, carbon biomass is obtained by one parameter regression (C130); Method 3: by individual, carbon biomass = dry matter × 462.6 g/kg
whatever the sub-component and the stand; Method 4: by individual, carbon biomass = dry matter × 503.0 g/kg whatever the sub-component and the stand. a, b, c, d: by component,
different letters indicate significantly different biomasses (p < 0.01).



Carbon biomass, distribution and exportation 691

the biomass of the different components and sub-components
of the beech tree.

At present, there is considerable interest in estimates of for-
est biomass, in relation to practical and forest management
questions, but also in scientific domains. Forest biomass esti-
mates provide data which can be used to calculate carbon fluxes
in forest ecosystems [18], in sustainable forestry [31], and to
simulate forest production and nutrient cycling [16]. However,
Koerper and Richardson [17] showed that there could be con-
siderable errors in biomass estimates if regression equations of
biomass established in one area were used in other areas. Wang
et al. [36] showed that errors in biomass estimates using tariffs
could result from: (1) the use of an equation developed in a com-
pletely different region without checking its validity in that
area; (2) the use of an equation outside the C130 range; (3) the
use of equations within their C130 range but without respecting
the density, age, site characteristics and plot development con-
ditions. This background data for our work is given in Tables I, II
and III, and in the section describing the materials and methods.

4.2. Beech dry matter

In Table VIII, data on beech biomass found in the literature
are presented. In fact, there were few references, they were not

recent and the estimates were very variable. The old, 145-year-
old, high forest beech stand in Fougères forest had an aerial bio-
mass (woody and non-woody) (440 t/ha) which was higher
than those give in the literature. This was not the case for the
root biomass (56 t/ha). It is difficult to compare biomass stocks.
In fact, beech, like other species, varies from one forest to
another, depending on the climate, soil, age, density and man-
agement of the stands [10, 21]. Dagnelie [6] cited the ecological
factors to which site quality was linked significantly: geograph-
ical location, site aspect, altitude, soil profile evolution and
drainage and humus conditions. Site history may also play a
significant role. In addition, the methods used to evaluate bio-
mass are not always comparable. This may also contribute to
the differences in biomass evaluation, especially that of the
branches. Nabuurs et al. [26], in a study of the role of European
forests in global carbon cycling, grouped European forest car-
bon balance studies together. They noted, that even if these
inventories were relatively simple it was difficult to compare
the results, and some differences in results were inexplicable
due to a combination of small differences in the methods. 

It is worth noting that the root dry matter values were under-
estimated is this present study because of the methodology. Part
of the fine roots (diameter < 2 mm) were probably lost in the
cleaning process. The coarse roots biomass (diameter > 2 mm)
may have been under-estimated because broken coarse roots at
the stump periphery were not all taken in spite of the careful
sampling. A complementary study is underway to estimate the
fine root biomass, but the percentage of very fine roots is less
than 2% of the total root biomass. 

4.3. Carbon levels 

Carbon stock estimates in the plant components require both
information on dry matter and the concentration of carbon in
the various tissues. Certain authors commonly used a pre-estab-
lished carbon value of 500 g/kg [34]. Other authors considered
that the use of such value could introduce very large over- or
under-estimates of carbon biomass into the calculation [14].

 In this study, carbon contents in the trunk component varied
depending on the position of the sample along the trunk. The

Figure 3. Dry matter distribution after exploitation (in t/ha and %). The carbon biomass distribution in % was similar.

Figure 4. Exported dry matter distribution: (1) relative to initial bio-
mass (%); (2) relative to exported biomass (%). The distributions were
similar for the carbon biomass.
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same was true for carbon contents in the branches. Conse-
quently, evaluations of carbon contents in these two compo-
nents should be made using samples from several slices, with
different diameters. Conversely, when the concentrations in the
trunk and/or branch and/or roots components were not signif-
icantly different, determination of carbon contents could be
limited to a single sample of trunk or branches. In all cases, it
was essential to sample each stand. Millier et al. [24] found sim-
ilar results relating to the necessity of sampling sub-compo-
nents for mineralomass studies. However, tests showed that
such detailed analysis was not as essential for carbon biomass
estimations of the components at the stand scale. A pre-estab-
lished carbon value of 500 g/kg (475 g/kg for beech stands, this
case study) can be used without introducing a large margin of
error. This was mainly explained by the existence of a spatial
variation of the biomass (dry matter) distribution of trees at the
outset, and the low statistical weight of the carbon content in
the equation to calculate carbon biomass.

4.4. Carbon biomass 

Carbon stocks in the aerial parts of beech changed during the
rotation, from 9 t/ha in the young (8 yrs) stand to 205 t/ha in the
old (145 yrs) stand, and those in the roots from 3 t/ha to 27 t/ha.
As for the biomass, it was difficult to compare these stock values
with those of other forest ecosystems. The influence of various
parameters explained these differences. 

Due to the carbon levels which were very close to 500 g/kg,
the carbon biomass of the different (sub-)components was
nearly always equal to half of the total biomass of the corre-
sponding (sub-)component. It was found that the carbon bio-
mass of beech was mainly distributed in the trunk (at least
51%), then in the branches and then in the roots. The proportion
in the wood of branches with diameters greater than 4 cm
increased rapidly during the rotation. If the roots were not taken
into account, the distribution of the aerial carbon biomass
between the trunk and the branches was respectively 75% and

Table VIII. Dry matter data from several stands of beeches in Europe (ordered by age).

Country Altitude
(m)

Age
(year)

Tree density
(/ha)

Basal area
(m2/ha)

Dry matter 
(t/ha)

References

Stem Branches Fruits Leaves Total aerial Roots

West France 115–191 10 16 815 3 14 4 0 1.2 20* 5 Huet et al., in this paper

West France 115–191 27 4 281 15 79 31 0 2.8 107* 25 Huet et al., in this paper

France, Fontainebleau 135 25–30 5 000 18 (71) 0 3.8 75 14 Lemée, 1978 [21]

North-East France 300 30 3 500 16 65 11 2.4 78 15 Granier et al., 2000 [12]

North-East France 300 30 3 500 16 16 Le Goff and Ottorini 

Denmark 200 47 1 433 19 129 2.1 Möller 1945, 1954 ***

West France 115–191 50 181 67 0 Huet et al., in this paper

Denmark 200 54 956 21 153 2.2 Möller 1945, 1954 ***

Denmark 200 58 1 266 18 124 2.5 Möller 1945, 1954 ***

Germany 430–500 59 3 620 30 110 42 0.3 3.2 156 24 Ellenberg, 1971, 1981***

Germany 430–500 80 1 190 25 130 26 0.3 3.3 160 22 Ellenberg, 1971, 1981***

West France 115–191 83 304 21 192 64 0.1 2.8 254* 50 Huet et al., in this paper

Denmark 30 90 370 29 170 43 2.1 215 43 Holm and Jensen, 1981**

Bulgarie 1500 100 2 000 42 280 32 2.9 315 38 Garelkov, 1973 **

Bulgarie 1500 100 1 200 48 365 49 4.7 419 50 Garelkov, 1973 **

Germany 300 116 262 33 349 38 2.5 3.2 393 Pellinen, 1986 **

Denmark 200 118 271 30 322 2.6 Möller 1945, 1954 ***

Belgium 595 120 199 25 151 114 0.04 3.5 269 62 Devillez et al., 1973 [10]

Germany 430–500 122 243 28 238 33 0.4 3.1 275 30 Ellenberg, 1971, 1981***

Belgium, Mirwart nue 350 130 190 29 169 109 0.5 2.9 281 68 Duvigneaud, 1977 [11]

Belgium, Mirwart 350 144 156 31 225 144 1.3 2.8 373 74 Duvigneaud, 1977 [11]

West France 115–191 147 208 34 261 188 0.2 3.1 440* 56 Huet et al., in this paper

Denmark 200 150 300 30 284 2.9 Möller 1945, 1954 ***

France, Fontainebleau 135 150 350 30 - 35 232 58 1.2 3.5 246 49 Lemée, 1978 [21]

Denmark 200 200 154 28 311 2.6 Möller 1945, 1954 ***

* Results obtained by addition of total aerial wood biomass obtained by regression and non-woody aerial part biomass (cf. Tab. IV); ** in Cannell,
1982 [2]; *** in Röhrig, 1991 [30].
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25% in the 81-year-old stage, and 58% and 42% in the 145-
year-old stage. In comparison, in an 80-year-old stand it was
found that beech contained as much carbon in its branches as
in the trunk [34]. In a 69-year-old pine stand, 82% of the aerial
carbon was stored in the trunk and 15% in the branches [14]. 

4.5. Forest exploitation during a stand rotation

Biomass sampling, with detailed component data in a time
sequence, is of interest because it is possible to forecast the
future of the wood after thinning and the clear felling, both qual-
itatively and quantitatively. Under the present management
regime in the Fougères beech forest, including thinning and the
clear felling within one stand rotation: (1) remnants left on the
ground, would consist of 32 t/ha (16 t/ha of carbon) of wood
with diameters less than 1 cm, and 75 t/ha (36 t/ha of carbon)
of wood between 1 and 4 cm diameter; (2) quantities of 4 to
7 cm fire wood exported would be 120 t/ha, i.e. 57 t/ha of carbon,
and 629 t/ha of industrial wood greater than 7 cm, i.e. 298 t/ha of
carbon; (3) the quantity of roots left in the soil would be 134 t/ha,
i.e.65 t/ha of carbon.

Our study did not take standing dead wood into account.
During the rotation, the forester systematically felled dead or
dying trees during the normal or sanitary thinning process. Con-
sequently, this carbon is not exported and remains in the stand.
It is the same pattern for the dead branches and coarse roots on
living trees. 

All dead wood left on the ground contribute to a pool of
stored carbon which decomposes, liberating CO2, producing
humus and acting as an energy source for the development of
soil fauna and flora. The same is true for the roots. Decompo-
sition rates vary depending on the material (chemical quality,
diameter etc.) and the environmental conditions. According to
Silver and Miya [32], the chemical composition of the roots is
the primary factor controlling root decomposition, and climate
and environmental factors are only secondary.

The exported wood may be used in various ways: for fire-
wood, paper, planks, construction or furniture. The majority of
the carbon stored in the trees is exported from the forest eco-
system but, part of the carbon remains stored temporarily in the
exported wood for some years before being released into the
atmosphere as CO2, and the rest of the wood exported is used
as fuel. In comparison with fossil fuels, wood burning causes
less damage to the environment [27]. 

In this study we have not simulated all the different types of
management, notably a reduction in the length of the forest
rotation. However, this work provides a data base for future
models. With this in mind, it would be useful to complete our
sampling with an intermediate stage in the time sequence: a
stand between 80- and 145-years-old. The simulation of the
changes in the processes of immobilisation of standing dry mat-
ter demonstrated a plateau between the 50- and the 80-year-old
stages and the shape of the production table curves showed that
this addition would be interesting [7].

5. CONCLUSION

As a result of this work, we have managed to achieve the
original objectives. The work has provided a detailed database,

of total and sub-divided dry matter and carbon biomass, of
Atlantic lowland beech, during a forest rotation, at the stand
scale. Such a database could be used to provide a more accurate
determination of carbon biomass stocks at the forest massif or
even the regional scale. The data will also be useful to improve
our knowledge about the quantitative and qualitative future of
the carbon stocks in living beech, during one rotation. In addi-
tion, the mineral element levels in the different samples were
analysed. Thus, the data on dry matter combined with mineral
element levels will provide a more accurate determination of
losses from the forest ecosystem, and the returns of nutrients
into the soil, at the stand scale and during a forest rotation,
depending on the forest exploitation.
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