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Abstract — The Kyoto Conference identified the need to establish an accurate inventory of carbon stocks in forests. Carbon stocks were
estimated in a beech forest (Fougeres forest — France) using a combination of in situ field samples with existing soil and vegetation maps. Soil,
humus and vegetation stocks were measured at 100 sampling points distributed throughout representative classes within the entire forest massif.
Carbon levels in the soil and humus were determined in the laboratory; models predicting the biomass were used to estimate the stocks in the
vegetation. From the statistical analyses and existing maps these point data were extrapolated to the whole forest using two changes of scale.
The total carbon stock was estimated to lie in a range between 442 200 and 505 105 tC (a difference of 15%). Half of the carbon stock was
found in the soil, 45% in the vegetation and 5% in the humus. To evaluate the accuracy of this estimate, possible sources of error were examined
and quantified. The carbon stocks in the vegetation were the most variable. Nevertheless, the results are likely to be integrated into future forest
management plans and generalised in other contexts to evaluate carbon stocks at a regional scale.

carbon stocks / forests / Fagus sylvatica / scale change / soil / humus / vegetation

Résumé — Estimation du stock de carbone dans une hétraie (forét de Fougeres, Ouest de la France) : extrapolation de la parcelle au
massif. La conférence de Kyoto a révélé le besoin d’établir un inventaire précis des stocks de carbone en milieux forestiers. Les stocks de
carbone ont été estimés dans une hétraie (forét de Fougeres, France) en combinant un échantillonnage sur le terrain avec des cartes existantes
du sol et de la végétation. Les stocks de carbone dans le sol, les humus et la végétation ont été mesurés sur 100 points distribués dans les classes
représentatives de 1’ensemble du massif forestier. Les teneurs en carbone dans le sol et les humus ont été déterminées par analyses au
laboratoire. Pour la végétation, des modeles de biomasse carbonée établis dans divers peuplements du massif ont ensuite été utilisés pour les
autres peuplements. Apres analyse statistique de la variabilité, et sur la base des cartes disponibles, les valeurs des stocks de carbone ont été
extrapolées a I’ensemble du massif forestier en utilisant deux changements d’échelle. Le stock total de carbone a été estimé dans une fourchette
entre 442 200 et 505 105 tC (un écart de 15 %). La moitié du stock de carbone se trouve dans le sol, 45 % dans la végétation et 5 % dans les
humus. Pour évaluer la qualité de ces estimations, les sources d’erreurs ont été examinées et quantifiées. La variabilité est la plus élevée dans
le compartiment de la végétation. Cette démarche devrait étre généralisée a d’autre conditions écologiques afin d’améliorer 1’estimation des
stocks de carbone de la forét francaise.

stocks de carbone / foréts / hétre / changement d’échelle / sol / humus / végétation

1. INTRODUCTION forests accumulate 20 to 100 times as much carbon per unit area

as agricultural land and are 20 times more productive than

Atmospheric CO, concentration increased by about 9%
between 1971 and 1990 and will probably have doubled by the
end of the 21st century, mainly due to man-made emissions [26,
30]. This increase results in global climatic warming consid-
ered by the Rio summit in 1992 to be dangerous. The capacity
of terrestrial ecosystems to act as carbon sinks could partly
compensate for the increase in atmospheric CO, concentra-
tions. Forest ecosystems only cover 30% of the land areas, but
contain 81% of the terrestrial carbon biomass [15]. In addition,
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grassland [11,18]. The need for an accurate inventory of carbon
stocks and the capacity of forest to accumulate carbon was
emphasised at the Helsinki (1993) and Kyoto (1997) confer-
ences [6, 24].

Dixon et al. (1994) [13] noted that the distribution of carbon
stocks is very heterogeneous in terrestrial ecosystems. To
obtain viable estimates at the forest scale, itis advisable to begin
at a local scale (forest stand), and then to extrapolate the data
using statistical analyses and pre-existing soil and stand maps.

http://dx.doi.org/10.1051/forest:2005106
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In this paper, the carbon stocks at the whole forest massif
scale were estimated, using a method relating point estimates
to existing maps [29, 44, 49]. The carbon stocks were measured
in the soil, humus and vegetation components, at sampling
points distributed throughout the forest massif, and then the
data were extrapolated to the forest massif scale and indicators
of variability calculated.

2. MATERIALS AND METHODS

2.1. Experimental site characteristics

Fougeres state forest is situated in the north-east of Brittany
(France) (48°23'4_56",1° 8_10'50"). The whole forest, which covers
an area of about 1660 ha, is dominantly beech (Fagus sylvatica L.)
managed as even-aged high forest stands. It was classified as an Exper-
imental Research Observatory (O.R.E.) in 2003, the aim of which is
to study the way the entire beech ecosystem functions.

The temperate oceanic climate is characterised by a moderate tem-
perature range of 12.9 °C and a mean annual precipitation of 868 mm
[28]. The soils have developed in thick aeolian silt overlying autoch-
thonous granitic sand (Vire granite), except for 50 ha in the south
where the silt overlies Brioverian slate [49].

The forest is dominantly beech (75%) together with pedunculate
oak (Quercus robur L.), sweet chestnut (Castanea sativa Mill.) or
birch (Betula pubescens Ehrh.) [28]. The conifers, mainly pines (Pinus
sylvestris L. and Pinus laricio Poir.), fir (Abies alba Mill.) and spruce
(Picea abies (L.) Karst.), are present in small sparse patches covering
5% of the forest. The storms in December 1999 caused much damage
and destroyed nearly 300 ha.

2.2. Sampling system

Three factors influence the variations in carbon stocks: soil hydrol-
ogy, stand type and age [15, 34, 49]. The sampling system was based
on the ONF forest stand map, and also the 1/15000 soil map [49]. Six
independent sampling classes were established using these maps:
class 1 — contained trees up to 15 years old, including regenerating
plots and areas affected by the 1999 storms; class 2 — 15 to 60 years
old; class 3—60to 90 years old; class 4 — older than 90 years old. Conif-
erous trees were allocated a single age class (class 5) because different
age classes could not be distinguished due to the small areas covered
by these species; and one class was created for the hydromorphic areas
(class 6) which occupy 9% of the forest.

Hundred points were sampled throughout the forest, and carbon
stocks were measured in the soils and the humus; they were calculated
from biomass models for the vegetation. There were 20 points for each
broadleaved age classes, 10 points for the coniferous stands and 10 for
the hydromorphic areas. Within each class the points were selected
using a stratified random sampling design on a grid of 200 m squares,
identified in the field using a GPS, which was accurate to 1 to 25 m
depending on the forest cover. All field sampling was carried out
between April and June 2003.

2.3. Methods of determining the carbon stocks at each
sampling point

2.3.1. Determination of the C stocks in the soil
The stocks in the soil were determined to a depth of 90 cm. At each

sampling point, soil samples were taken from 7 levels (0-5 cm, 5—
15 cm, and then every 15 cm down to 90 cm) using a soil corer. To

allow for the variability in the 0-5 cm and 5-15 cm horizons, four
additional samples were taken for these two layers within a 5 m radius
to provide a composite sample. The soil samples were dried for several
days, at amaximum of 40 °C in a ventilated oven, then sieved to 2 mm
and ground in a ball or ring mill to obtain a homogeneous particle size
before being analysed for C and N by combustion using a carbon nitro-
gen elemental analyser (CHN: NCS2500, ThermoQuest). The density
of the horizons was estimated using a statistical model giving the den-
sity in relation to the carbon content, stone content (> 2 mm) and per-
centage of sand [3]. The stone content throughout the forest was zero
and the sand content was about 30% [49]. The carbon stock at a sam-
pling point was the sum of the stocks at each sampling level, derived
from the product of the carbon content (in gC/kg) multiplied by the
density (in kg/dm3) and the layer thickness (in cm).

2.3.2. Determination of carbon stocks in the humus

The organic horizons were sampled by taking the entire horizon
present in a 0.1 m? quadrat placed at the central point, but also in
4 replicate quadrats situated within a radius of 5 m. At each sampling
point, the thickness of the different humus layers was measured in the
sampling quadrats. These thicknesses and the horizon succession at
each point were then used to characterise the humus type per point
using the classification suggested by Jabiol et al. [23].

The samples were oven dried separately at 65 °C to constant weight
(dry weight, kg/m?). The 5 samples were mixed and about 1 L was
ground to about4 mm to reduce the size of large pieces. The roots were
removed. Then 50 mL were ground in a ring grinder to produce a fine
powder with a particle size of about 1 pm. This powder was analysed
by a CHN to determine the total organic carbon (in gC/kg) which was
then multiplied by the dry weight to obtain the carbon stock (in kgC/m2).

2.3.3. Determination of carbon stocks in the vegetation

Carbon stocks in the vegetation were estimated by determining the
phytomass. For this, three sub-components were identified: the woody
biomass, under-storey vegetation and dead wood.

To determine the woody biomass at each sampling point, the inven-
tory area was adjusted according to the tree density of each sampling
class. The area of the circle was chosen so that 10 to 25 trees were
measured [20]. A radius of 2 m was used for class 1, 5 m for classes
2 and 6, 10 m for classes 3 and 5, and 15 m for class 4. The C1.30 m
(trunk circumference at breast height, 1.3 m) of all the trees and shrubs
was measured [45], in addition to the collar circumference of the wil-
low (Salix sp.) and holly (Ilex aquifolium L.) less than 1.3 m high as
the biomass conversion for these species used this measurement [5, 19].

For more than 95% of the trees, the biomass of each individual was
obtained using regression equations established for the site. The equa-
tions were defined for each species, defined circumference ranges and
given ages. For the other 5%, the biomass was calculated using equa-
tions published in the literature, relating circumference to dry matter
[20] and it was necessary to extrapolate them to local site conditions.
The references used for each species, together with the extrapolations
are given in Table I. Among the available references, there were no
equations available for less than 0.1% of the recorded trees. In these
cases, the species which was the most similar in terms of morphology,
growth, and wood density, and for which the regression equation was
available in the literature, was chosen. When the circumference values
measured were smaller than the minimum for C130, it was supposed
that the species were in a development phase in which the growth curve
had not yet reached a plateau, and so it was possible to extrapolate the
equations.

For the under-storey vegetation, the percentage cover of the species
present was determined for each inventory circle. The conversion of
this cover into carbon biomass was possible for the ivy (Hedera
helix L.) [19] and the biomass was considered negligible for other species.
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Table I. Summary of the references used to determine the woody biomass.

Species References used Reason for extrapolation =~ Means of extrapolation
Abies alba Mill. Ter-Mikaelian and Korzukhin, 1997 [47] Species Abies balsamea (L.) Mill.
Alnus glutinosa (L.) Gaertn. Ter-Mikaelian and Korzukhin, 1997 [47] Species Alnus rubra Bong.
Low C130
Betula pubescens Ehrh. Ranger et al., 1981 [42] Species Betula pendula Roth.
High C130
Castanea sativa Mill. Huet et al., 2004 [20] Species Quercus robur L.
Fagus sylvatica L. Huet et al., 2004 [20] High C130
Frangula alnus Mill. Ranger et al., 1981 [42] High C130
Fraxinus excelsior L. Le Goff et al., 2004 [31] Species
Van de Walle et al., 2001 [51] High C130
llex aquifolium L. Huet, 2004 [19] High C130
Picea abies (L.) Karst Jokela et al., 1986 [25] Low C130
Ingerslev et al., 1999 [22] High C130
Pinus laricio Poir. var. Ranger, 1978 [40] High C130
corsicana Hyl.
Pinus sylvestris L. Cermdk et al., 1998, [9] Species Pinus sylvestris and P. pinaster Ait.
Porté et al., 2002 [39]
Populus tremula L. Ter-Mikaelian and Korzukhin, 1997 [47] Species Populus tremuloides Michx.
Pseudotsuga menziesii Ponette et al., 2001 [38] Species
(Mirbel)
Quercus robur L. André and Ponette, 2003 [1] Species Quercus petraea
Salix sp. Ranger et al., 1981 [42] Low C130 Sorbus aucuparia L.

Ter-Mikaelian and Korzukhin, 1997 [47]

Bond-Lamberty et al., 2002 [5]
Dupouey, 1999 [15]
Van Camp et al., 2004 [50]

Expansion factors

Volume towards carbon biomass

To determine the quantity of dead wood in each sampling area, the
C130 of the dead trunks which were still standing were measured, and
then equations were adapted as far as possible. The biomass of dead
wood on the ground was derived from a volume calculation using
measurements of the trunk and large branches and from wood density
references [17, 20, 51].

Finally, carbon stocks in the vegetation were derived from their
phytomass using local or generic equations. Mean concentrations of
carbon in beech trees in Fougeres forest were estimated to be 485 +
15 gC/kg of dry weight [19]. For other species we used the non-specific
reference value of 500 gC/kg of dry weight [15, 21, 33, 51].

2.4. Statistical analysis

As the distribution of the data was not normal, we used non-para-
metric tests to determine the main factors explaining carbon stock var-
iability. We used the Kruskall-Wallis statistic [36] to test for an “age
effect” and the Wilcoxon-Mann-Whitney test [46] to compare pairs
of sampling classes according to differences between soil types,
humus types or different stands. Linear correlations were verified
using Pearson’s linear correlation coefficient [52]. All the statistical
tests were significant at the 5% threshold. Statistica Version 5, S-plus
6.1 and Unistat 5.2 programmes were used for the statistical analyses.

2.5. Spatial analysis and cartography

A carbon stock estimate was available at each sample point for the
three components (soil, humus and vegetation). The point data were
extrapolated to the plot scale and then to the whole forest.

In this work, Fougeres forest was divided into supposedly homo-
geneous units which were the sampling classes. The statistical analy-
ses tested the differences between the stocks of these 6 classes, two at
a time, by group. If they were significant they were retained, if not,
they were regrouped. Each new class had a corresponding stock of car-
bon (in tC/ha).

The median was used as the representative value of the stock in each
class although there was little difference between the mean and the
median stock value for the humus (< 5 tC/ha) and the soils (< 10 tC/ha).
For the vegetation, the difference between the two values for a given
class could be up to 40 tC/ha. The median of the stocks was low and
seemed to underestimate the value slightly in relation to the range of
the values, while the mean value was often high, giving an over-esti-
mate, due to the strong influence of a few extreme values, so use of
the median was preferred. However, due to the wide variation in the
vegetation stocks, the differences between the mean and the median
stocks as a dispersion criterion were also considered. For the humus
and the soils, the difference between the upper and lower quartiles of
the stocks was used as a dispersion criterion.

The intersections of the ONF forest plots with the hydromorphic
areas [49] were used to delineate units, each of which was defined by
a sampling class. The stock in tC/ha was multiplied by the area of the
plots to obtain the stock of tC in the three components: soil, humus
and vegetation. The total stock, in tC, for the whole of Fougeres forest
was therefore the sum of the stocks in all the plots. Then the range of
the total stock was calculated and the corresponding map was drawn
by GIS (Arcinfo 8.2, 2003).

Quantification of the errors related to the estimation of stocks was
also studied using a Monte-Carlo simulation approach [8] with the
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Figure 1. Statistics of the carbon stocks in the three components (soil,
humus and vegetation) by sampling class (in tC/ha), with the median
as the central point (class 1 = broad-leaved, 0—15 years old; 2 = broad-
leaved, 15-60 years old; 3 = broad-leaved, 60-90 years old; 4 = broad-
leaved, > 90 years old; 5 = coniferous; 6 = hydromorphic zones).

software @Risk version 4.4 (Palisade Decision, 2003). The principle
is based on a simulation relationship between parameters entered into
the model respecting the distribution laws for each parameter.

3. RESULTS

3.1. Carbon stocks in the ecosystem components

Figure 1 shows that the stocks in the humus and the soil were
relatively similar in the sampling classes (between 0 and 50 tC/ha
in the humus and from 100 to more than 200 tC/ha in the soils),
except for the hydromorphic soils in class 6, which were very
rich in carbon. The vegetation was the group which showed the
greatest variation in stocks, with values ranging from 0 to more
than 600 tC/ha, and this variation was found in all the sampling
classes. An even larger variation in vegetation stocks was
observed in the hydromorphic zones and the young stands. This
could be explained by the fact that the hydromorphic zones
were defined using the soil map and so the vegetation at the
sampling points might be very different. In the young stands,
the wide variation in stocks was due to the position of the sam-
pling points which were situated in stands affected by the 1999
storm, where the quantities of dead wood were still very large.

Figure 2 shows that the total stock of carbon per hectare was
highest in the oldest stands (classes 3 +4). The soil stocks were
relatively constant in classes 1 to 5. The hydromorphic zones
(class 6) were exceptional in that the carbon stocks in the soil
were much higher than those in the vegetation or the humus,
with one profile nearly 40 times higher. In addition, the statis-
tical analyses showed that the main factor influencing the var-
iability of the carbon stocks in the soil was its hydromorphic
nature and that the stock in the soil was almost entirely inde-
pendent from those in the humus and the vegetation (R% = 0.00
and R2=0.01).

Analysis of the levels of carbon stocks in the soil, depending
on depth was made using the profiles, and 4 types were distin-
guished (Fig. 3). Profile types 1 and 2, showing an exponential
decrease in carbon, represented 85% of the sampling points and
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Figure 2. Median carbon stocks in each component (soil, humus and
vegetation), by sampling class (in tC/ha).
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Figure 3. The 4 types of carbon stock distribution in the soil profile.

were found in all the classes. Type 1 corresponded to Dystric
Cambisols and Luvisols [53] (WRB, 1998) which were well
drained or had signs of hydromorphy from 40 cm. Type 2 was
found in more hydromorphic variants of the same types of soils.
Most of the points with coniferous trees showed a type 2
decrease. Type 3 was only represented by 7 points where carbon
levels remained homogeneous down to 40 cm. This was due to
athicker A horizon resulting from previous cultivation. Finally,
only 5 points showed profiles with very high carbon levels
down to 60 cm (type 4). This profile type was observed for very
hydromorphic soils with a deep A horizon or an accumulation
of peat. Only class 6 sites exhibited this type of profile.
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Table II. Statistics of the levels and carbon stocks depending on humus type.

Carbon content

Carbon stock

Humus type Number of samples (gC/kg) (tC/ha)
Median Interquartile Median Interquartile
Hemimoder 6 390 110 7 24
Dysmoder 74 387 93 16 15
Mor 9 389 50 16 8
Hydromoder 4 379 140 3 3
Hydromull 5 395 120 23 30
Anmor 1 427 - 57 -
Table III. Median carbon stock by component and by sampling class.
Soil Humus Vegetation Total
Class  Area (ha) - - - - - - - - - - - -
Medianstock Dispersion Medianstock  Dispersion Medianstock  Dispersion Medianstock Dispersion
(tC/ha) index (tC/ha) (tC/ha) index (tC/ha) (tC/ha) index (tC/ha) (tC/ha) index (tC/ha)

1 289.3 134.32 40.7 9.24 11.9 0.042 389 143.8 46.0

2 3293 128.22 50.0 10.82 44 86.7° 7.5 230.5 14.6

3 257.6 124.82 39.3 18.4b 9.0 209.1¢ 6.7 361.4 14.1

4 463.3 138.82 45.0 18.70 15.5 220.74 29.5 373.0 36.9

5 86.8 138.22 52.3 22.9b 9.6 139.2¢ 22.8 291.5 30.2

6 139.2 234.2b 104.5 5.4¢ 31.5 6.8f 86.7 246.6 131.4

Forest 1565.5* 136.2 8.9 14.6 8.9 112.9 164.8 269.1 109.4

The dispersion index corresponds to the interquartile for soil and humus, and the difference between mean and median stock for the vegetation and the
total stock. The index letters within a column indicate a significant difference using the Wilcoxon-Mann-Whitney test at the 5% threshold. Class 1 =
broad-leaved, 0—15 years old; 2 = broad-leaved, 15-60 years old; 3 = broad-leaved, 60-90 years old; 4 = broad-leaved, > 90 years old; 5 = coniferous;

6 = hydromorphic zones).

* In total 1699 ha, the difference is due to the non forested zones (houses, cultivated plots ...).

Figure 2 shows that the stocks in the humus represent a rel-
atively low and constant percentage of the total stock. The
median carbon values were very close (in the order of 380 g/kg),
whatever the humus type considered (Tab. II). Statistically,
there was no significant difference between the stocks of the
different humus types, except for the stocks in the hemimoder
and the dysmoder (P =0.03). Conversely, the vegetation (stock,
nature and age) growing on these holorganic horizons was the
principal factor in the variability of these stocks.

Regarding the vegetation, the wide differences between the
classes can be seen clearly in Figure 2. In the young stands, the
vegetation was mainly concentrated in the shrub and herb lay-
ers, which explained the nearly zero stock. Conversely, in
classes 3 and 4, most of the carbon stocks were concentrated
in the large trees, and this was accentuated by the large areas
covered by these classes. The increase rate in the carbon stocks
seemed to be less abrupt between the high forest stages (classes
3 and 4) because of the thinning which had been carried out.
This emphasises the importance of forest management. The
influence of stand age was shown in the broad-leaved age
classes and seemed to be more discriminant than their nature
(broad-leaved or coniferous). The statistical comparison
between the carbon stocks of the different stands did not show
any significant result. The stocks in the humus of the coniferous
stands (class 5) were higher than those of the other classes, but

the stocks in the vegetation were also high showing that coni-
fers can accumulate large quantities of carbon. Even if trees
only represent half of the total stock, stocks in the vegetation
have a strong influence on the variability (R? = 0.81) due to
management practices.

3.2. Amalgamation in group of homogeneous classes

Table III shows that, for the stocks in the soil, only class 6
was significantly different from the others. So, two groups were
kept for the cartography: group I was an amalgamation of
classes 1 to 5 and group II represented class 6. For the humus,
three groups could be distinguished: classes 1 and 2, classes 3,
4 and 5, and class 6. These three groups, named group A (mull),
B (moder) and C (hydromull) respectively, were used to map
the humus stocks. For the vegetation, all the sampling classes were
significantly different from each other, except for classes 3 and 4.
When mapping the vegetation stocks, all the classes were
retained.

3.3. Carbon stocks in the whole forest

The maps of the median stocks by group (in tC/ha) and their
variability are represented in Figures 4 and 5. The maps of the
stocks in the soil only separated the hydromorphic zones,
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Figure 4. Maps of the median stocks by group (in tC/ha) for the soil (a), the humus (b), the vegetation (c) and the ecosystem (d).

characterised by very high median stocks (234 tC/ha) but which
were also very variable with an interquartile of the stocks of
103 tC/ha. For the whole forest, the soils contained about half
of the carbon stocks (50.2%) with a total variation between
222 000 and 239 000 tC. The hydromorphic zones only repre-
sented a small part of the stock due to their limited area in the
forest. It should also be noted that 68% of the carbon stocks in
the soil were located in the upper 30 cm of the profile.

For the humus, the values were lowest in group C, just above
5tC/ha, and reached nearly 20 tC/ha in group B. The interquar-
tile map showed that the data range was lower in group A
(7.9 tC/ha) while group B had the highest interquartile values
(11.3 tC/ha). The maps demonstrate a spatial structure charac-
terised by lower, less variable stocks in the west of the forest,
due to the distribution of the age classes (the stands were
younger in the west). The humus held a total stock of 22 000
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Figure 5. Dispersion index of the carbon stocks by group (in tC/ha) for the soil (a), the humus (b), the vegetation (c) and the ecosystem (d).
The dispersion index corresponds to the interquartile for soil and humus, and the difference between mean and median stock for the vegetation

and the total stock.

to 25 000 tC, representing 5% of the total stock of the whole
forest and nearly 10% of the carbon stock in the soil.

In the vegetation, the carbon stocks per hectare were highest
in class 4 (220.7 tC/ha) and lowest in class 1 (0.04 tC/ha). In
terms of divergence (the difference between the mean and the
median), the least variable were classes 2 and 3, with diver-
gence values of 6.7 and 7.5 tC/ha respectively, while class 6
was the most heterogeneous (86.7 tC/ha). For the whole forest,
the vegetation represented just under half of the carbon stocks
(44.7%), corresponding to a stock between 198 000 and
241 000 tC.The maps of the total stocks were highly correlated
to those of the vegetation because the class with the lowest

stocks was also class 1 (144 tC/ha) and those with the highest
stocks were also classes 3 and 4 (361 and 373 tC/ha respec-
tively). In terms of divergence, the most homogeneous were
classes 2 and 3, with a divergence index of 14 tC/ha in class 2,
whereas class 6 was more variable (131 tC/ha). This confirmed
the strong influence of vegetation on the total stocks in
Fougeres forest. Using the surface of each class, the total carbon
stock was estimated to be between 442 000 tC and 505 150 tC
for the whole of Fougeres forest, which is equivalent to a total
mean stock per hectare of between 283 and 323 tC/ha. The
spread between the two extremes of this estimated range was
in the order of 15%.
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4. DISCUSSION

4.1. Carbon stocks in the ecosystem components

At the whole forest scale, the proportions in relation to the
total stock, 50% in the soil, 5% in the humus and 45% in the
vegetation, were comparable with the data obtained by Dupouey
et al. [15] (1999) for French forests (51% in the soil, 6% in the
humus and 43% in the vegetation). Within temperate forest eco-
systems, carbon is found mainly in the soil (50 to 70% of the
total carbon), and some authors suggest that the stocks in this
component will increase with time due to anthropic carbon and
nitrogen fertilization [12, 24, 33, 51]. However, quantities of
carbon in the soil are fairly variable under the influence of nat-
ural or man-made effects. In temperate climates, the 0-30 cm
horizon is supposed to contain more than 80% of the carbon
whereas humus only represents a small proportion of the stocks
likely to evolve rapidly due to the effect of forestry practices [2].

However, the values of the stocks obtained in Fougeres for-
est were much higher than those of the latter authors. For the
French forest soils, values of 79 tC/ha were obtained, and only
44 tC/ha in Belgian broadleaf forests [32] while the stocks in
Fougeres were about 142 tC/ha. The forest of Fougeres has been
exploited as forest (for wood and hunting) for several centuries
and so it has very deep loamy soils with carbon levels and den-
sities which are higher than elsewhere. Therefore, the 0-30 cm
horizon stocks 99 t/ha of carbon whereas stocks calculated for
all French forests were about 70 tC/ha [43]. Moreover, signif-
icant carbon stocks were measured at depths > 30 cm repre-
senting more than 30% of the total carbon stock in the soil.

The carbon stocks in the humus of 14 to 16 tC/ha, were fairly
high compared with those found in other work: 9 tC/ha in
French forests according to Dupouey et al. (1999) [15] and
12 tC/ha in English forests according to Thornley and Cannell
(1996) [48]. The nature of the soil substrate and its influence
on organic matter turnover may explain this. Most French for-
ests occur on non-acidic substrates where mineralization is
faster than in the context of English forests, mainly localised
on acid substrates [4]. Consequently, carbon stocks are fairly
low in most French forests, but Fougeres forest, situated on a
poor substrate has very acid soils and thus stocks which are
higher than the national mean.

The stocks in the vegetation reached 126 tC/ha in Fougeres
forest compared with 59 tC/ha in French forests. One explana-
tion for this considerable difference could be the high propor-
tion of beech trees in the forest (60% of the standing trees, but
80% of the total woody biomass) as beech accumulates more
carbon than other species [51]. This is accentuated by the fact
that Fougeres forest has been managed as a regular high forest
since the middle-ages, so it is fairly old relative to other forests,
and thus it contains more carbon due to the lack of mineraliza-
tion by cultivation. Nevertheless, it remains difficult to com-
pare carbon stocks in the vegetation, because the biomass of a
species varies from one stand to another, depending on the geo-
graphical conditions [20]. Janssens et al. (1999) [24] empha-
sised the importance of soil fertility, stage of development and
forestry management on growth and biomass allocations. The
vegetation may contain between 23 to 82% of the total ecosys-
tem carbon, three quarters of which are in the woody parts [12,
16, 35]. The rooting system may also contain a large proportion

of the carbon, in the order of a quarter of the stocks in the veg-
etation [14, 41]. Variations in the stocks in the vegetation
depend on the age and nature of the stands but also on natural
disturbances (fires, storms) or artificial ones like forestry prac-
tices [15, 27, 34, 37].

4.2. Sources of error and accuracy of the estimate

The study at the whole forest scale provided an estimate of
carbon stock uncertainty. This estimate integrated the possible
sources of error related to the different phases of fieldwork but
also to the scale change.

For the soils and the humus, errors linked to sampling and
analyses remained relatively small. The main source of uncer-
tainty lay in the use of the model estimating bulk density for
which the mean error, obtained by comparing the results of the
model with the density measurements made at the sampling
points in Fougeres forest, is —0.07 g/cm?, thus indicating a
slight underestimation.

Conversely, for the vegetation, even if errors in the field
measurements were low, the conversion to dry matter and car-
bon stocks of these measurements reduced the accuracy. The
main uncertainty was due to the use of regression equations and
the extrapolations made relative to the initial conditions. The
empirical nature of the equations meant that they were not
totally accurate [5]. Also, for 5% of the forest stands, in the
conversion of dry matter into carbon there was an error of
150 g C/kg of dry matter [15]. The questionable choice of
extrapolating certain equations was justified by the fact that
only 2% of the carbon stocks in the woody biomass were con-
cerned by these extrapolations relative to the species and less
than 5% relative to geographical conditions.

Several sources of error occurred in the evaluation of the bio-
mass of the under-storey. They were due to the wide spatial het-
erogeneity controlled by distribution laws which were more
complex than those of the stands. Nevertheless this biomass
could be considered as insignificant in terms of the carbon stock
(less than 3% of the stocks) especially as the holly, representing
nearly 99% of the under-storey biomass in the old high-forest
[19] was included in the woody biomass.

The determination of the quantity of dead wood at the sam-
pling points included an error linked to the absence of data.
However, contrary to the under-storey vegetation, it repre-
sented a significant quantity of carbon stocks. The sampling
method using litter collectors did not include sufficient quan-
tities of large pieces of wood. In our work, only a complete har-
vest within the sampling circle gave accurate results, but this
was difficult in practice due to the high spatial variation and
the origin of the material [28]. To have local data, Finer et al.
(2003) [17] suggested that dead wood less than 5 cm diameter
should be collected in the quadrats, and then weighed after dry-
ing, to convert this quantity into carbon. Wood with a diameter
greater than 5 cm should be measured to calculate its volume
and then its dry weight. Coomes et al. (2002) [10] added that
it might be interesting to choose the density of the wood
depending on the stage of decomposition.

A Monte Carlo’s simulation was used to try to quantify the
accuracy of these results. An analysis of the inaccuracies in the
levels of stocks in the vegetation could not be carried out due
to the lack of sufficient information about the prediction models
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of the carbon stocks for each tree as a function of the biomass.
For the soils, it was possible to identify the principal sources
of error and evaluate the associated uncertainty. Monte-Carlo’s
approach showed that carbon stocks in the soil varied within a
range of 22 tC/ha; this range represented the difference between
the upper and the lower deciles of the 1000 simulations used.
It was also possible to examine the effect of measurement errors
on the median stocks estimated by sampling class. The inter-
deciles were about 2.3 tC/ha (about 2% of the median stock)
for sampling classes 1 to 5, and about 19.7 tC/ha (about 20%)
for class 6 (hydromorphic soils).

The median and the mean were considered as a range, which
meant that the accuracy of the total carbon stock at the forest
scale was about 15%. The soils and humus of the forest were
relatively homogenous in form and in terms of stocks, but the
natural vegetation diversity divided the forest into small units.
So at the forest scale, it was this heterogeneity of the landscape
mosaic which had to be foreseen by identifying the constituent
elements [7]. Of these elements, some had been used to deter-
mine the sampling classes, but others had not been taken into
account, for example the forest margins, clearings, or forest
tracks. In addition, the intra-plot variations were too small to
be included into a study of the whole forest, in spite of the fact
that they included local modifications of carbon stocks which
could be amplified after extrapolation. These micro variations,
in particular the stands with mixtures of coniferous and broad-
leaved trees or the distribution of rides in the plots in class 1,
could not be integrated into the cartographic parameters. Other
variations at larger scales were only partially considered, for
instance the areas affected by the storms (included in class 1).
However, the sampling points situated in the plots had much
higher stocks than those of class 1 due to the large quantities
of dead wood.

4.3. Improvement of the estimation method
at the whole forest scale

The determination of age classes carried out using carto-
graphic data and data in the literature was generally efficient.
The choice of the 6 sampling classes was relatively accurate for
the vegetation. Conversely, for the soil and the humus, the same
results could have been obtained using fewer classes (2 for the
soil and 3 for the humus). There was some uncertainty in the
estimation of the stocks of carbon in the soil which were much
higher in the hydromorphic zones than in the other classes. For
the soils, the number of sampling classes needed to be increased
in the hydromorphic zones depending on the degree of water-
logging. To characterise the vegetation division better, the
number of points needed to be increased in the most heterogeneous
classes, which were the very young broad-leaved class (015 years)
and the hydromorphic zones. This would have provided a better
understanding of the factors causing variations in the stocks but
implied an increase in the total number of points.

The scale change requires generalised models taking factors
like age or site type into account. The data in the literature are
still too rare to establish such models.

Finally, we retained the method combining point estimates
with the maps, but other sources of information could have been
used. Estimates from the national forestry inventories were
simple and cheap but underestimated the underground biomass

and the associated carbon stocks, and also that of the young
stands (< 30 years old) where biomass is considered to be zero
[35]. In New-Zealand, Coomes et al. (2002) [10] also used
extrapolation methods but from satellite and aerial photos. In
this study, these methods could have helped to characterise the
heterogeneity of certain very variable classes, like the young
stands, as the maps do not always correspond with the reality
in the field. However, existing maps based on very detailed sur-
veys are often more accurate and do not require initial inter-
pretation in terms of age or species.

5. CONCLUSION

The estimate of the total stocks of the whole of Fougeres for-
est produced results between 442 000 and 505 150 tC, that is
between 282.5 and 322.7 tC/ha. The spread between these two
estimated extremes is about 15%. The originality of this
method, combining point estimates and existing maps with two
successive scale changes, lies in the integration of the three
components (soil, humus and vegetation) and an attempt to
quantify the error, the importance of which was emphasised in
the Kyoto protocol. The method proposed in this work to esti-
mate the carbon stocks at the whole forest scale in Fougeres
could be applied to other situations, on the condition that the
sampling classes are adapted to local factors causing variations
in the stocks. The results obtained could also be included in the
future management of forests, and be used to create a reference
method to evaluate carbon stocks at the regional scale.
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