Biogeosciences, 2, 126, 2005 A . .
www.biogeosciences.net/bg/2/15/ <€G’ BIOQEOSCIGI‘ICES
SRef-ID: 1726-4189/bg/2005-2-15 _
European Geosciences Union

The carbon budget of terrestrial ecosystems at country-scale — a
European case study

l. A. Janssen$, A. Freibauer?, B. Schlamadingef, R. Ceulemans, P. Ciais*, A. J. Dolman®, M. Heimann?,
G.-J. Nabuurs® 7, P. Smith®, R. Valentini®, and E.-D. Schulzé

1Department of Biology, Universiteit Antwerpen, Belgium

2Max-Planck-Institute for Biogeochemistry, Jena, Germany

3Joanneum Research, Graz, Austria

4Laboratoire des Sciences du Climat et de 'Environnement, Gif sur Yvette, France
SDepartment of Geo-Environmental Sciences, Free University Amsterdam, The Netherlands
6Alterra, Wageningen, The Netherlands

"European Forest Institute, Joensuu, Finland

8School of Biological Sciences, University of Aberdeen, UK

9Department of Forest Science and Environment, University of Tuscia, Italy

Received: 21 June 2004 — Published in Biogeosciences Discussions: 22 July 2004
Revised: 3 January 2005 — Accepted: 16 February 2005 — Published: 17 February 2005

Abstract. We summed estimates of the carbon balancecurrent sink activity of forests, b) altered agricultural man-
of forests, grasslands, arable lands and peatlands to obtaBgement practices to reduce the emissions from arable soils
country-specific estimates of the terrestrial carbon balancer turn into carbon sinks and c) protecting current large reser-
during the 1990s. Forests and grasslands were a net sink faoirs (wetlands and old forests), since carbon is lost more
carbon, whereas croplands were carbon sources in all Euraapidly than sequestered.
pean countries. Hence, countries dominated by arable lands
tended to be losing carbon from their terrestrial ecosystems,
whereas forest-dominated countries tended to be sequester-
ing carbon. In some countries, draining and extraction ofl Introduction
peatlands caused substantial reductions in the net carbon bal-
ance. The accumulation of C®in the atmosphere proceeds at a
Net terrestrial carbon balances were typically an order ofmuch slower rate than expected from the burning of fossil fu-
magnitude smaller than the fossil fuel-related carbon emis£€ls and from deforestation on land (IPCC, 2001). Part of the
sions. Exceptions to this overall picture were countries wherg€ason for this is the current net uptake of carbon (C) by the
population density and industrialization are small. Itis, how- terrestrial biosphere, which originates from the combination
ever, of utmost importance to acknowledge that the typicallyof increased photosynthesis and vegetation rebound in the
small net carbon balance represents the small difference béworthern hemisphere (IPCC, 2001; Nabuurs, 2004; Ciais et
tween two large but opposing fluxes: uptake by forests anddl-, 1995). Thus, there is evidence for a large (1-2 Pg&)yr
grasslands and losses from arable lands and peatlands. THR/restrial C sink. The mechanisms by which this occurs have
suggests that re|ative|y small Changes in either or both o1been identified but their relative importance still remains un-
these large component fluxes could induce large effects oflear. Research teams in Europe and the US have applied
the net total, indicating that mitigation schemes should nota dual constraint approach — a combination of atmospheric-
be discarded a priori. based techniques and land-based methods — to assess the
In the absence of carbon-oriented land management, thgontinental-scale terrestrial C budgets of Europe and con-
current net carbon uptake is bound to decline soon. Protectiguous America. For contiguous America, the terrestrial C

ing it will require actions at three levels; a) maintaining the Sink during the 1980's was estimated at 0.3-0.6 Pg C yr
(Pacala et al., 2001), while for Europe the terrestrial C sink

Correspondence td: A. Janssens during the 1990’s is believed to amount to 0.1-0.2 Pg Cyr
(ivan.janssens@ua.ac.be) (Janssens et al., 2003). However, international programs
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16 I. A. Janssens et al.: European terrestrial carbon balance at national scale

Table 1. Country-specific carbon balances and their uncertainties (both in g€tatal land area yrl) of grasslands, forests, croplands
and peatlands for individual European countries. Positive is carbon gain, negative carbon loss.

Country grassland (SD) forest (SD) cropland (SD) peatland (SD) Total (SD)
Albania 1.8 1.8 5.2 21 -109 5.5 0.2 1.0 -37 6.2
Austria 25.5 259 899 36.0 —16.2 5.0 0.1 1.0 99.3 44.6
Belarus 8.9 9.0 49.7 19.9 —204 11.1 -59.1 30.0 —-20.9 387
Belg.+Lux. 15.8 124 127 51 -91 198 -9.1 5.0 10.3 24.4
Bosnia-Herc. 6.8 6.9 41.0 16.4 -31.4 5.2 0.2 1.0 16.7 18.6
Bulgaria 6.8 6.9 43.6 17.4 —-19.8 176 -0.3 1.0 30.3 25.7
Croatia 6.7 6.8 304 12.2 -154 8.9 0.2 1.0 219 16.5
Czech Republic 6.6 6.7 49.4 19.8 —35.8 220 -0.7 1.0 19.5 30.4
Denmark 2.6 2.6 11.6 4.7 -39.9 228 -6.0 150 -31.8 27.8
Estonia 2.2 2.2 34.7 13.9 —-39.7 205 -26.2 13.0 -29.0 28.1
Finland 5.6 4.3 25.6 10.2 -55 3.2 —-12.8 6.0 12.9 13.0
France 12.0 4.7 25.9 10.4 -19.1 8.2 -0.7 1.0 18.2 14.1
Germany 13.6 6.4 64.5 25.8 —28.3 217 -64 3.0 43.3 34.4
Greece 2.8 1.9 5.2 21 -10.1 3.4 -0.5 1.0 —-2.6 4.5
Hungary 6.3 6.4 375 15.0 —44.8 250 -64 1.0 —7.4 29.9
Irish Republic 21.2 559 64 26 -123 5.0 —52.7 26.0 -374 619
Italy 12.7 29 31.7 12.7 -19.5 9.3 —-2.8 1.0 22.1 16.0
Latvia 29 2.9 48.8 195 —-44.1 228 -79 4.0 -0.3 30.4
Lithuania 3.2 3.3 38.2 15.3 -60.8 314 -24 1.0 -21.7 351
Macedonia 2.8 2.8 0.0 0.0 -12.0 6.0 0.0 10 -9.2 6.7
Moldova 4.8 4.9 125 50 -49.0 274 0.0 1.0 -31.7 283
Netherlands 18.4 23.0 216 8.6 —-254 21.0 -47.1 23.0 -325 397
Norway 3.6 3.6 16.5 6.6 —-22 1.1 —-0.6 1.0 17.3 7.7
Poland 8.5 8.6 32.0 12.8 —36.9 226 -26.2 13.0 -225 303
Portugal —4.5 4.9 17.9 72 -281 13.0 -20 1.0 —-16.7 15.6
Romania 111 11.3 56.4 22.6 —30.7 17.2 -0.2 1.0 36.6 30.5
Serbia and Montenegro  11.4 11.6 28.9 11.5-25.8 148 0.2 1.0 14.7 221
Slovakia 12.2 124 1279 51.1 —-24.7 152 -0.7 1.0 1147 54.8
Slovenia 3.7 3.7 1425 57.0 —8.2 4.7 0.5 1.0 138.4 57.3
Spain 20.7 5.0 8.9 3.6 -47 105 -04 1.0 24.4 12.2
Sweden 1.2 3.3 29.7 119 -6.5 1.7 0.4 1.0 24.8 12.5
Switzerland 40.1 40.7 295 118 -10.5 53 -03 1.0 58.8 42.7
Ukraine 10.5 106 223 89 -39.1 219 -114 5.0 -178 26.4
United Kingdom 24.2 199 10.6 42 -13.7 10.3 -27.5 13.0 -6.3 26.2

such as the Global Terrestrial Carbon Observation networlare already being discussed, policy makers are eager to know
(http://lwww.fao.org/GTOS/tcoABT.htplim to improve the  what implications certain regimes may have for their specific
spatial resolution to the sub-continental scale and further reeountry.

duce the substantial uncertainty of these estimates. While the Hence, the objective of this study is to apply a land-based
spatial resolution of the atmospheric approach is currentlyapproach to explore the full terrestrial C balance of individ-
constrained by the limited number of atmospheric monitor-ual European countries with a view to determining which
ing stations, the land-based methods have a much larger spacosystems dominate the terrestrial C balance within the in-
tial resolution and also provide information about the contri- dividual European countries. Thus, we aim to identify where
butions of different ecosystem-types. Because terrestrial @Gains can be made in enhancing the terrestrial C uptake from,
sequestration substantially mitigates global warming, at leasbr reducing the net C losses to, the atmosphere.

in the short term, estimates of the terrestrial C balance for in-

dividual European countries, and understanding which veg-

etation types and which driving factors are determinant for2 Materials and methods

the national balance, has become an important issue for pol-

icy makers. Because alternatives for the post-2012 periodVe estimated the country-specific C balances for all Eu-
ropean countries except Russia and the Islands in the
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Mediterranean Sea and in the Atlantic Ocean (except for th&.2 Agricultural stock changes
UK and Ireland; Table 1). Carbon balances were estimated
by adding up changes in the C reservoirs in forests, grassAgricultural (arable soils and grasslands) C fluxes were lim-
lands, arable soils and peatlands. As will be discussed irted to soil C stock changes, under the assumption that all
more detail below, we accounted for changes in soil C stockdarvested products (a potential long-term C sink from the at-
in all four vegetation types, whereas changes in biomass @nosphere) were consumed within the same year (i.e. all C is
stocks were only accounted for in forests and wood (agri-returned to the atmosphere and therefore there is no net sink)
cultural product pools were assumed to be constant). Otheand that there were no changes in standing biomass. This
ecosystems, such as urban areas and parks, or inland whatter assumption is based on the fact that arable fields are
ter bodies were not included because of lack of information.frequently harvested (and so the standing biomass cannot be
Nonetheless, the four ecosystem types included in this study C sink), and also that standing biomass in grasslands is con-
covered about 85% of the surface area, which underscorestant from year to year. Even if this last assumption is false,
the representative character of our study. the grassland soil C pool is one to two orders of magnitude
larger than the biomass pool. Hence, ignoring small changes
in grassland biomass is not going to create a substantial er-
ror in the total grassland C sink estimate. Excluding crop
and grass biomass is consistent with the fact that agricultural
roducts are not included in inventories under the Kyoto Pro-
ocol.

For countries within the European Union (EU-15), C
tock changes were calculated by multiplying country-

2.1 Forest stock changes

We used the forest productivity estimates reported in
TBFRA (2000) and combined these with modeled change
in soil C content (Liski et al., 2002) to obtain forest net
biome productivity. In brief, the forest productivity estimate

'St b;setlj (t)ntLepeathed ftolgest |nve,r\1]tory ?a}a gggnzovir 422 Qoépecific C sequestration rates estimated by the CESAR model
study plots throughout Europe (Ney et al., ). Fores In'(%Vleeshouwers and Verhagen, 2002) with the mean sur-

\sfﬁgtsc:ar:qiser?tcl);t?(;r;vi?:: dotr; St:i?) Tngssluéni;;(geer?(ggaé?ﬁ %r ace area reported by Mucher (2000) datigh://www.fao.org/
. yaicent/portal isticen. In brief, CESAR calcul
tors and mean C densities (Ney et al., 2002; Schelhaas ar?ﬁ? cent/portal/statisticen.asp In brief, CESAR calculates

anges in soil C by separately quantifying C inputs and C

Nabuurs, 2001). Estimates of soil C inputs are obtained b34oss,es. Carbon inputs are derived from crop residues remain-

applying turnover esnmate_s to eaph of the biomass compar ing in the field after harvest (in meadows also the excretion
ments (bole, branches, foliage, fine roots and coarse roots

and accounting for slash inputs following thinning or harvest f faeces is accounted for). Thus, crop yields obtained from
o FA istical for diff i 7 differ-
(Nabuurs et al., 2003; Liski et al., 2002). Carbon losses from O statistical databases for different countries and 7 differ

ent crops are first converted into crop residue production us-

sqls are estimated by dyn:fimlc degomposmon models W'tqng ratios derived from literature values. The residue inputs
different decay rates for different litter pools (non-woody, are then converted to C inputs using a humification coeffi-

branches and logs) and different humn‘|cat|on/mmerahzano_ncient of the crop residues. Climate and management factors

ratios (how much is lost to the atmosphere and how much 'Sre thus included in the reported yield, and the uncertain-

stored as soil organic ma“ef? SOM). These m(_)dels also Nies in the inputs originate from the assumed ratios described
clude slow- and rapidly-cycling SOM pools, with turnover

. ) e above. Carbon losses are estimated by multiplying C stocks
rates that depend on climate variables (Liski et al., 2002'vvith specific decomposition rates. Carbon pools were taken
Nabuurs et al., 2003).

from IGBP-DIS (2000). Specific decomposition rates were
Given the large sample size (Ney et al., 2002), inventory-taken from decomposition measurements in the Netherlands,
based methods give balanced weight to most areas and vegyenmark and the UK, which were scaled in space and time
etation types in terms of stem growth. Another advantage olysing a temperature- and soil moisture response function.
inventory-based methods is that they implicitly account for v/jeeshouwers and Verhagen (2002) acknowledge a consid-
disturbances. The main disadvantage is that these modelsraple uncertainty in agricultural C stock changes due to un-
are only based on measurements of stem volume incremengertainty in initial soil C stocks. We used the reference sce-
All other C stock changes (total biomass- and wood prod-parios for our national estimates. However, they exclude the
ucts stock change, litter and dead wood stock changes, angkfects of manure application and therefore represent a mini-
changes in soil C stocks) are simulated through the use of §,ym scenario of organic C input to soil. Consequently, soil
combination of dynamic book-keeping models and processc |osses tend to be overestimated. Indeed, the CESAR model
based models as described briefly above. tended to overestimate the soil C losses in comparison with
Estimates of C stock changes in the wood product poolgfour other national scale estimates (cf. below). To account for
were not included because we did not have access to estthis, we did not use the mean output of the model for arable
mates for each of the countries, and also because these $bils. Instead we used the value halfway between the mean
sinks are small in comparison to the stock changes withinand the highest estimate (i.e. lowest losses). After this ad-
the forests (Harmon et al., 1992). justment, the model output agreed much better with national
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Table 2. Predicted versus reported soil carbon losses from arable soils for four European countries for which carbon losses have been
reported.

Country  Reported flux Model prediction Reported flux ~ Model prediction  Reference

(Tgcyrh (Tgcyr?h gCm2yrt gcm2yrt
Finland  0.55 1.86 Finnish Ministry of Environment (2001)
UK 3.3 3.4 Milne et al. (2001)
Austria 24 73 Dersch and Boehm (1997)
Belgium 76 61 Sleutel et al. (2003)

estimates (Table 2). For grassland soils we used the meaB® Results and discussion

output.

. . . 3.1 Forests
To estimate C balances in non-EU-15 countries, the

following assumptions were made: sequestration rates ifkqrests are C sinks in almost all European countries (Ta-
Macedonia and Albania equal those in Greece; Switzerlangyjg 1), The main reason for this is that annual production
eguals Austria; Norway equals Sweden; Baltic states equalsyies are larger than annual wood harvests (TBFRA, 2000).
Finland; Denmark equals The Netherlands; all former-gq et productivity is very high in Europe because of increas-
Yugoslavian cpuntrles e_quals mean of Italy and Greece;ng atmospheric C@ high nitrogen deposition and global
Czech Republic, Slovakia and_ Poland equals Germany; au/varming (longer growing season), but mainly because Euro-
other eastern European countries equals mean of EU-15.  hean forests are relatively young and still in an exponential
growth phase (TBFRA, 2000; Nabuurs et al., 2003).

On average, European forests annually sequester
124 g C n7?2 forest area from the atmosphere (coefficient of
variance, C.V., among different countries=0.62), of which
National estimates of the C budget of the peat sector were o about 70%is in.biomass and 30% s in litter a_md soil (Liski _et
tained by summing up C stock changes in undisturbed peat"—"l." 20.00’ 2002; Nabuurs et al., 2001)_‘ Obviously, co_untrles
lands, in drained peatlands, and in peatlands where peat ivsv't.h high forest cover tend to ha_ve a hlgher forest C sink per
being extracted, including peat use. unit t(_)tal land area than countries _thh onv fprest cover, as

is indicated by the weak but statistically significant positive

Carbon sequestration in undisturbed peatlands was estrelationship between the forest C uptake per unit country
mated by multiplying remaining areas of undisturbed peat-area and the proportion of the total country area under forest
lands (Armentano and Menges, 1986; Botch et al., 1995(Fig. 1). It is, however, noteworthy that there is a much
Lappalainen, 1996) with biome-specific C sequestration ratesmaller C stock change (when normalized per unit land area)
(between 20-50g C mt yr—1; Armentano and Menges, in Finland and Sweden than in central-European countries
1986; Armentano and Verhoeven, 1990; Botch et al., 1995).such as Slovakia, Slovenia and Austria (Fig. 1). Therefore,

. . in addition to the obvious effect of differences in relative
Estimates of areas drained to create cropland, pastures aqd
. orest cover, there must be a number of other factors that
forest were derived from Armentano and Verhoeven (1990)

and Lappalainen (1996). Combined with biome-specific C
losses following drainage (56—281¢g C fyr—! for forest
and pasture, 205-1125g C#yr—?! for cropland; Armen-
tano and Verhoeven (1990), this gives an estimate of total
losses from drained peatlands.

2.3 Peatland stock changes

explain differences in the forest C balance among countries.
First, most European forests are production forests. Hence,
the forest C balance is primarily determined by the harvest
C{atio, i.e. the proportion of the annual wood increment that
is harvested. Thus, the substantial differences in the harvest
ratio among countries (TBFRA, 2000) contribute to the low
Carbon losses related to the use of peat in horticul-R? in Fig. 1.
ture/agriculture, and as fuel were estimated by correcting ex- Second, inventory-based models rely heavily on so-called
traction data from Lappalainen (1996) for bulk density, car- biomass expansion factors (BEF). These BEF's are used to
bon content and water content. For those countries whereonvert stem volume to entire-tree biomass, and vary with
peat extraction was reported in volumetric units, a bulk den-species, climate and tree age (Weiss and Schlamadinger,
sity of 0.14 g cnt® was assumed (Botch et al., 1995). Where 2000; Schelhaas and Nabuurs, 2001; Lehtonen et al., 2004;
extraction was reported in tons, we assumed a water conterWirth et al., 2004). Therefore, BEF's are expected to vary
of 40% and a C content of 0.57% (Botch et al., 1995). among countries and contribute to the poor relationship

Biogeosciences, 2, 126, 2005 www.biogeosciences.net/bg/2/15/
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Fig. 1. Country-specific carbon balance of forest ecosystems ex-

pressed per unit total land area (i.e. carbon balance in forest area

only per unit surface of entire country) versus the percentage of land . Sy . .
yp Y) P g countries where validation data were available, we did not

covered by forest (allows comparisons among countries of different th tout of th del. Instead dth |
sizes; positive values indicates net carbon uptake; Sk denotes sigise the mean ouiput of the model. Instead we use € value

vakia, SI denotes Slovenia, Au denotes Austria, Sw denotes Swebalfway betwee_n thg mean and highest estimate (i.e. lowest
den, Fi denotes Finland). Regression (not showr}1.25¢; n=34;  l0sses). After this adjustment, the model output agreed much

p<0.001, R=0.29. better with the national estimates (Table 2).
Arable soils are predicted to be losing C in all European
countries (Table 1). The modelled European-wide mean
in Fig. 1. However, forest inventory studies such aschange in soil C was a loss of 70g CAyr—! (C.V. among
TBFRA (2000) use BEF estimates supplied by the individualcountries=0.43). There was a close negative relationship be-
countries, and these reported BEF’s vary much more than catween the C stock change per unit country area and the pro-
be explained by natural factors. Thus, part of the observegortion of the total land area under arable land (Fig. 3).
variation in forest C balance among countries is related to To our knowledge, only two large-scale (national) and
the use of strongly differing BEF'’s. long-term inventories of organic matter in agricultural soils
Third, regional differences in tree growth may also con- have been published. In the study by Sleutel et al. (2003),
tribute to the differences in forest C balance. Figure 2a repeated soil sampling of Belgian cropland soils (210000
shows the forest productivity in the European countries,samples taken between 1989 and 1999) indicated a mean an-
and it is clear that in northern and southern countries treesual soil C loss of 76g C m? yr~1. This estimate was
grow slower than in temperate central European countriesslightly higher than the predicted loss of 61g C#ryr—!
There are multiple reasons why tree growth differs region-from Belgian cropland soils (Fig. 3 and Tables 1 and 2),
ally. Northern forests grow more slowly because the grow-but related to a change in cropland management — an effect
ing season is short and because nutrient cycling is retardedinaccounted for by the CESAR model. For Austrian crop-
Southern forests may produce less because drought often otand soils, however, the mean C loss predicted by the model
curs during the period with optimal light conditions, when was 73g C m? yr—1, which was much larger than the C
potential photosynthesis rates are highest. In addition, théosses measured in a repeated, large-scale inventory study
temperate countries with faster tree growth tend to havg24g C nt2 yr—1; Dersch and Boehm, 1997). Two other
higher nitrogen deposition loadst{p://europa.eu.int/comm/ countries reported estimates of agricultural soil C changes
environment/water/water-nitrates/report407partg.pdfur- (Table 2). For the UK, the output of the CESAR model was
ther, regional variation in tree growth may also be relatedvery close to the reported value (Milne et al., 2001), but
to different management practices. C losses in the UK were driven by land use change from
grassland to cropland — again unaccounted for by the model.
For Finland the model estimate was much higher than the
value reported to the UNFCCC (Finnish Ministry of the En-
Croplands and grasslands represent important ecosystemswronment, 2001). The CESAR model clearly overestimated
Europe, but there are only few large-scale inventory data thasoil C losses in countries without significant changes in land
can be used to estimate changes in C stocks and thus valisse or management. However, European agricultural statis-
date the output of the CESAR model. Because the CESARics contain only indirect information on net changes in the
model overestimated the national-scale estimates for thosapplication of manure and crop residues, but not on their

3.2 Arable soils

www.biogeosciences.net/bg/2/15/ Biogeosciences, 26,2005
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Fig. 3. Country-specific carbon balance of arable soils expressed-ig. 4. Country-specific carbon balance of grassland ecosystems
per unit total land area (i.e. the carbon balance in cropland areaxpressed per unit total land area (i.e. the carbon balance in grass-
only per unit surface of entire country) versus the percentage of landand area only per unit surface of entire country) versus the per-
covered by crops (allows comparisons among countries differing incentage of land covered by grass (allows comparisons among coun-
size; positive values indicate net carbon gain). For four countriestries differing in size; positive values indicate net carbon gain; Por
where validation was possible the independent estimates are alstenotes Portugal, Es denotes Spain, Au denotes Austria, Swi de-
given, O are modeled estimates, are independent published estinotes Switzerland, NI denotes The Netherlands, UK denotes The
mates (see also Table 1; Fi denotes Finland, Au denotes Austria, UKJnited Kingdom, Ir denotes Ireland). Regression (not shown):
denotes United Kingdom, BLx denotes Belgium plus Luxembourg). y=2.9+0.46x; n=34; p<0.001, R=0.32.

Regression (not showny=—0.68x; n=34; p<0.0001; R=0.66.

Despite this, arable soils are losing C even in those countries
geographically explicit distribution. The latter would be re- with no new cropland (see Belgian example above, Sleutel et
quired to quantify gross changes, which determine the magal., 2003). These measured soil C losses can therefore not be
nitude of the C stock changes. related to land use change, but are probably due to changes

These differences between predicted and observed soil @ management practice, such as decreased application of or-
changes at the national level not only highlight the uncer-ganic manure to cropland (Sleutel et al., 2003). Another pos-
tainty in the predicted soil C losses, and thus the need for &ible hypothesis that could explain why arable soils can lose
model specifically developed to predict the current change$ without net land use changes is rotation. If the conversion
in arable soil C, but also indicate the need for more repeatedrom cropland to grassland is equal to the conversion from
soil C inventories to help better constrain the modelled soilgrassland to cropland, national statistics will indicate no net
C losses. Such repeated inventories would also be useful fdand use change while in reality the gross changes exist. Un-
databases of regional C balance estimates based on soil proger such conditions, arable soils can continue to lose C, and
erties, agricultural management practices, and land-use higrasslands to gain C. Because national statistics only report
tory. net land use changes, this hypothesis could not be tested.

Despite the difference in size, both model estimate and ob-
servations suggest a net loss of C from arable soils (Table 2)3.3 Grassland soils
The model further indicates that arable soils are losing C con-
sistently throughout Europe (Fig. 3). This net loss occurs bedn contrast to arable soils, grassland soils are predicted to be
cause, in arable soils, harvest reduces C returns to the soif net C sink in most European countries (Fig. 4). The over-
while C losses may be enhanced due to agricultural practiceall C sink averages 60g ™ yr—! and is thus almost twice
such as tillage. Thus, land conversion from other land-usess high as the forest soil sink (30% of 124g Caryr—1,
to cropland is likely to lead to an overall decline in soil C. i.e. 37 g C T2 yr—1). However, in many countries the un-
Because these losses can continue for a number of years, tlvertainty surrounding this estimate is larger than the sink it-
current loss of C from cropland soils may be the legacy ofself (Table 1; Vleeshouwers and Verhagen, 2002). As for
conversion of land to cropland during the past 20-30 yearsforests, the relationship between the grassland C uptake per
as is the case in the UK (Milne et al., 2001). However, in unit country area and the proportion of the total country area
most European countries the major net land use changes ocnder grassland (Fig. 4) is weak but significant. The pre-
curred much longer than 20-30 years ago and recent trenddicted grassland soil C balance ranges from a net loss of
are more towards conversion of arable land to other land use&0 g nT 2 grassland yr! to a net sink of 170 g m? grassland
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yr—1 (C.V. among countries=0.69). Thus, as with forests, dif-
ferences in the grassland C balance among countries depend—~

not only on the relative grassland area within each country, '@ oSl a - Excluding peat data
but also on regional differences in productivity and decom- § o Sk
position. Hence, most of the above-mentioned factors that & 1007 o Au
explain the regional differences in forest productivity also 2 Swi
explain the regional differences in grassland productivity. < 504 ® .
o ° o

3.4 Importance of land use S R *;,*'--’...‘___ Ukr

o O *2 Te--oHu DK
While forests and grasslands are predominantly C sinks, ¢, Li e Moo
arable soils are C sources. Therefore, we expected coun- &, 50 - | | | |
tries with large forest and/or grassland areas to be major C f_—% ' ' ' '

sinks, and those dominated by arable land to be C sources. G °
Such an overriding effect of land use on terrestrial C stock <%
changes is indeed apparent in our data set (for example, the% 1004 e
cropland-dominated countries Denmark and Moldavia are (,
the largest C sources; Fig. 5, upper panel). To describe the °
relative importance of arable land versus forest or grassland, = °07-...
we coined the term “land-use ratio” as the ratio of the crop- R
land area in a country over the sum of the forest and grass- 0 Uk ® ‘
land areas (Fig. 5). It is clear that as a country becomes Biro ® o e®
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cropland-dominated (high land-use ratio), it is bound to lose > ISI(IDESI Pol §o--e

C, whereas most countries with low land-use ratio are ab- -50 T T T T

sorbing C. However, Scandinavian and Baltic states are be- 0 1 2 3 4 5
low the mean trendline, as are most of the Mediterranean Land use ratio

countries (Fig. 5a). In contrast, the central European coun-

tries dominated by forest and/or grassland sequester muchig. 5. (a) Country-specific carbon stock changes in terrestrial
more than expected from their land use ratio. Thus, in addi-ecosystems (sum of forests, grassland and arable soils) expressed
tion to land use, geographic features also contribute to reper unit total land area versus the land use ratio (i.e. cropland area
gional differences in terrestrial C stock changes. We diddivided by sum of forest and grassland areas; * indicates Mediter-
not test which mechanisms are responsible for these gedanean countriesQ indicates Baltic and_Scandinavian count_ries; _
graphic differences, but most likely drought limits uptake in Sl denotes Slovenia, Sk denotes Slovakia, Au denotes Austria, Swi

the Mediterranean countries, while in the northern countriegi€notes Switzerland, Ukr denotes Ukraine, Li denotes Lithuania,
. ' S Hu denotes Hungary, Dk denotes Denmark, Mo denotes Moldova).
light and temperature may be the rate-limiting factors.

(b) Country-specific carbon stock changes in terrestrial ecosystems
(sum of forests, grassland, arable soils and peatlands) expressed per
3.5 Peatlands unit total land area versus the land use ratio (i.e. cropland area di-

) ) ) vided by sum of forest and grassland are@sindicates countries
Most undisturbed organic soil wetlands accumulate C at rategiith substantial carbon losses from peatlands; Uk denotes United

ranging between 0 and 80g Cthyr—1, depending on age, Kingdom, BIr denotes Belarus, Ir denotes Ireland, NI denotes The
climate and the type of wetland ecosystem, such as mired\etherlands, Est denotes Estonia, Pol denotes Poland).

fens, marshes, ... (Armentano and Menges, 1986; Botch et

al., 1995). Because of the relatively small area (Lappalainen,

1996) and (predominantly) slow accretion rates, undisturbed

Europezan peatlands consicitute only a negligible C sink (O_questered in undisturbed peatlands (0-47 rotal land
6g m“ total land area yr* compared to 60 in grasslands grea yr1y. In a number of countries, this situation is further
and 120 in forests). exacerbated by the extraction of peat and use in horticulture,

However, large peat areas are still being drained for pasagriculture and in the energy sector (0-36 g%motal land
ture, cropland, and forestry purposes (Lappalainen, 19963re5 yrl; Lappalainen, 1996).

Armentano and Verhoeven, 1990). Drainage of organic soils

enhances their aeration and the subsequent enhancement ofPeat disturbance strongly changes the regional pattern in
decomposition results in significant soil C losses (Armen-terrestrial C stock changes (Fig. 5). Thus, in addition to land

tano and Verhoeven, 1990). Our estimate of the C loss fronuse and geographical location, also peat disturbance con-
Europe’s drained peatlands indicates that, despite a muctributes to the regional differences in the terrestrial C balance
smaller area, more C is lost due to drainage than is sefFig. 6).

www.biogeosciences.net/bg/2/15/ Biogeosciences, 26,2005



22 I. A. Janssens et al.: European terrestrial carbon balance at national scale

Change in terrestrial C stock (g m-2 land area a-1) Relative importance
(% of fossil fuel C emissions)
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Fig. 6. Country-specific changes in terrestrial carbon stocks (sum Yugoslaﬁg'{éﬂ}))
of forests, grassland, arable soils and peatlands) expressed per unit Germany (Ge)
total land area (g m? land area yr1; allows comparisons among Croatia ((23
countries differing in size). Negative values indicate net losses, pos- Bulgaria (Bu)
. T ins. Spain (Sp)
itive values indicate net gains Switzerland (Swi)

Bosnia-Herc. (BH)
Romania (Ro)
3.6 Biospheric C balance at the national scale le)lrr\‘/ll?ar;/d(lgllzolg
Sovaka (8K BRI e
In most countries, the net terrestrial C balance estimate is Sweden (Sw) % °
thus much smaller than the component fluxes (Table 1) or the Slovenia (3) ——Briatpaz 7
fossil fuel-derived C emissions (see below). However, at the 50 0 50 100
continental scale, most inverse atmospheric models estimate Net C balance gm"” land area a”)
a 60% higher sink than the land-based approach in this study — E&&cropsink [ peatsink EZforestsink [ grasssink
(Janssens et al., 2003). This discrepancy may suggest that
we miss C uptake (eg in urban areas or aquatic Sedimenté—)ig. 7. National estimates of the carbon balance of the four main
or losing C through unaccounted pathways (e.g. riverine clerrestrial ecosystems (nega.tive is loss, positive is ggin) and the im-
into oceans). The discrepancy could also be related to errorgortgnce of the f[otr_:ll terrestrlal_car_bon balance r(_ala‘qve to the 1995
associated with the difficulties in measuring and modellingfoss.". fu?l C emissions. negative is reduced emissions by uptake,
soil C dynamics, and the need to use simplified models in'DOS't'Ve Is enhanced emissions by losses).
such a complex landscape.
Nonetheless, the typically small net terrestrial C balance
often conceals two large but opposing trends: C uptake by
forests (and grasslands) versus C losses from arable soils ] o o ]
(and in some countries from disturbed peatlands; Fig. 7). Thds there alarge regional variability, butitis also clear that bio-
fact that the small net C balance results from a balance beSPheric C sinks and sources are substantial in certain coun-

tween large C sinks and large C sources has two importanifi€s, even in a continent dominated by fossil fuel-derived C
implications. First, as discussed at great length before, sinc8uxes. However, it should be noted that changes in land use

forestry-oriented countries are sequestering C into their ter@nd management, which are significant in Central and East-

restrial ecosystems and agriculture-dominated countries ten@ Europe since 1990, could not be considered. Therefore,
to lose C, there is very large regional variability in the net bio- the estimates for these countries should be interpreted with

spheric C uptake among individual European countries. Fofaution.

example, in Slovenia and Sweden, terrestrial ecosystems se-

quester more than 50% of the C emitted to the atmosphere via Second, major implication of the balance between large
fossil fuel consumption and cement manufacture (Fig. 7). Insinks and large sources is that minor relative changes on ei-
contrast, in cropland-dominated countries such as Moldovaher side of the balance could strongly affect the current small
and Lithuania, and in countries with considerable extractionnet C uptake by the European terrestrial biosphere. Hence,
of peat deposits such as Ireland and Belarus, terrestrial ®iospheric schemes should not a priori be discarded as an
stocks are estimated to decline at a rate equivalent to moreption to mitigate Europe’s contribution to the rise in atmo-
than 25% of the nation’s fossil fuel emissions. Thus, not onlyspheric CQ concentrations.
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3.7 The sponge analogy the additional advantage that it does not saturate in the long
term and is less sensitive to disturbance.

Functionally, the European biosphere is comparable with an

unsaturated sponge. Some pores are currently filling up,

while others are leaking C at a rate almost equal to that of the Alterr_latively, recent evidence §uggests that, in CO”tTaSt o
C being added, resulting in only minor changes in the totalproductlon forests where canopies are frequently thinned,

C content of the sponge. To fill up the sponge at a faster rateupmanaged old-growth forests remain considerable net C

(enhance the net C sink), management policies should focugnks’ even after several (_:entun_es (Knohl et al., 2003,
chulze et al., 2002). Setting aside a part of the produc-

on three levels: a) ensure that pores that are currently fillin ion forests could thus contribute to maintaining the positive
up continue to fill up (managed forests and grasslands); b% . N9 P
orest sector C balance over longer time periods, and would

reduce C losses from leaking pores (mitigation options for - o .
oo eflso be beneficial to biodiversity. However, long-term stor-
arable soils); and c) reduce the pressure on pores that are a

most saturated (peat deposits and old forests). age in terrestrial ecosystems increases the risk of rapid losses

of C in case of disturbance by fire, in particular in boreal and

3.7.1 Continue filling up. .. Mediterranean climates where fire risk is large.

During the 1990s European forests have reduced the in- In terms of maintaining or extending the current C sink
crease in atmospheric Gy absorbing no less than 20% in the forest sector via changes in forest management, gov-
of Europe’s fossil C emissions (Janssens et al., 2003), alernment policies are likely to drive future developments.
most the equivalent of all C emitted by the transport sec-In this matter, the Kyoto Protocol could play an important
tor or the manufacturing industnhtgp://reports.eea.eu.int/ role. Two articles in the Kyoto Protocol address crediting
environmentalssessmenteport2003.10/er). The current  for certain forestry practice$ttp://unfccc.int/resource/docs/
sink behavior of Europe’s forest sector primarily originates convkp/kpeng.pdf Article 3.3 includes the C stock changes
from a reduction in the harvest ratio and from the uneven ageand other GHG emissions resulting from afforestation, re-
structure of Europe’s production forests, with a significant forestation and deforestation, that is, it restricts itself to the
share of young forest stands. However, in the absence of praceonversion of non-forest lands into forests, and to perma-
tective measures, the forest C sink will revert within a couplenent losses of forest lands. Article 3.4 accounts for C stock
of decades as a result of the progressing tree age structuhanges in existing managed forests up to a politically de-
(the same harvest ratio results in less C uptake when forestined national cap that is only a fraction of the predicted to-
are older and less productive — a wave-like effect in trajec-tal forest C sink. The rationale for restricting the C credits
tories). In this case, European countries will increasinglyfor forest management was that not all of the C uptake in
stop sequestering C in their forests, potentially resulting inforest management is due to direct human influence (as op-
negative terrestrial C balances. If economic stimuli wereposed to indirect or natural effects such as,€@ nitrogen
to change forest management towards shorter rotations, thiertilization, climate change) or to management actions un-
process would be accelerated, because the average soil adértaken since 1990 as stipulated in Article 3.4. Therefore,
biomass pools would be lower than under the current mana discount factor of 85% was initially chosen in the negotia-
agement. In contrast, C-oriented forest management pradions as a means of factoring out indirect and natural effects
tices such as selective- rather than clear-cut harvesting, angdnd pre-1990 management actions. Another reason for cap-
continuous-cover forestry, provide mechanisms via whichping the credits in Article 3.4 is that in the Kyoto negotia-
the current sink strength of European forests may be sustions, emission reduction targets were agreed before the op-
tained over longer time periods, although these are still veryportunities for meeting these targets with C sinks. Hence,
speculative because experimental evidence is scarce (but s@gere was a large potential for “windfall” credits in coun-
Mund, 2004). tries with large biospheric sinks, resulting in lower reduc-
It is important that future C-oriented forest managementtions of anthropogenic emissions of greenhouse gases than
focuses not only on C storage in the forest itself, but onwould have been the case if biospheric sinks were not in-
the full sectorial C balance. For instance, over-protection ofcluded. If rules for inclusion of C sinks had been agreed
production forests could result in increased emissions fronbefore the emission limitation targets, the extent of sink in-
energy and wood-product using sectors (e.g. biomass fuelslusion could have been factored in when setting the targets,
could be replaced by fossil fuels; construction wood couldand then there would not have been the need for an artificial
be replaced by steel, concrete, glass, etc.; Matthews, 1996%ap on the C sink in forests. Because of the artificial cap and
An increased use of wood for energy production has the pobecause the current forest C sink results from management
tential to extend the period over which European productionpractices that occurred long ago, the Kyoto Protocol does not
forests maintain their C mitigation potential. In this case, thegive full credit to the sink in European forests, and therefore
C gain is not within the ecosystem itself but originates from does not provide incentives to protect or improve the current
substitution effects (i.e. less fossil fuel consumption) and hasC sink, unless the actual forest sink is below the cap.
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3.7.2 Reduce the leak... Because the rate of C losses from terrestrial ecosystems
is an order of magnitude faster than that of C sequestration

At the pan-European scale, arable soils are losing C at a rat&orner, 2003), an effective protection of the already existing
equivalent to 10% of total fossil fuel emissions, although C Stocks therefore appears to be another important strategy.
uncertainties remain large. In the absence of managemen¥ its present form, the Kyoto protocol does not offer suffi-
changes, arable soils are bound reach a new dynamic equfient protection of large terrestrial C pools.

librium at a lower C content and thus stop losing C within a  If Europe were to maintain its current forest and grass-
couple of decades. However, considering that managemen@nd sink and stop all C losses from arable soils and peat
changes turned arable soils in North-America into large CSOils, the terrestrial C sponge would absorb 16% of the Euro-
sinks (Pacala et al., 2001), it should also be possible to conPean C emissions from fossil fuel consumption, as opposed
siderably reduce C losses from European arable soils evelp the current 4.5% (this 4.5% estimate is smaller than that
before the end of the first commitment period of the Kyoto reported in Janssens et al. (2003), because our new estimate
protocol (2012), provided that policy measures are taken teexcludes Russia). Taking into account social and economical
stimulate such practices (Smith, 2004). Using biological, so-constraints, a more realistic potential for C sequestration dur-
cial and economical constraints, the realistic potential for re-ing the first commitment period of the Kyoto Protocol is 9%
ducing the current C losses by the year 2010 was estimateffwice the current uptake). An additional uptake of almost
at 16-19 Tg yr! for the EU-15 (Freibauer et al., 2003) and 5% of the European anthropogenic emissions would signifi-
46 Tg yr-! for continental Europe (Smith, 2004). This emis- cantly slow the current increase in atmosphericC& the

sion reduction potential estimate is smaller than the current @ndividual country level mitigation options could have even
losses (estimated at 120 Mty for Europe excluding Rus-  larger effects, turning most agriculture-dominated and peat-
Sia), but uncertainty in both estimates is very |arge_ Agricu|_ Consuming countries into C sinks. Furthermore, in addition
ture is Europe’s largest emitter ob® and CH, (Freibauer, 1o the climatic benefits of soaking up large amounts of C, also
2003), so mitigation should focus not only on C sequestra-the water and nutrient budgets and biodiversity in terrestrial
tion, but also on the other biogenic greenhouse gases. ecosystems would be positively affected by increasing soil C

In its current form, the Kyoto protocol does not contain (Smith, 2904)'_ L
broadly applicable mechanisms to credit past and present At the individual country level, more focused guidelines

sustainable land management. Countries that have manag&ém be derived from results presented in Table 1. For ex-

their land in a sustainable way and have small C losses ar@MPle, if Austria, Slovenia and Slovakia are to protect their
therefore not eligible for credits, whereas countries that havéUrrent large terrestrial C sinks, they will need to protect the
not managed land sustainably will have. Also, the Kyoto current uptake_ by forests. Moldova _and Lithuania, in con-
Protocol does allow credits for reductions in greenhouse ga&@st: could gain much more by reducing C losses from arable
emissions or enhancement of sinks due to agricultural mang0lls than by protecting their current sink in forests. In Be-
agement changes since 1990, but in the case of C, the rdarus and the Irish Republic, peat disturbance is the dominant
ported gains need to be verifiable, and only the net change§ !0SS and thus deserves most attention.

relative to the 1990 baseline are accepted. To date, estimat- N the absence of management changes, however, the ter-
ing this net change based on trends in management remaif€strial C sink is bound to decline. National administrations

challenging, limiting the capacity of the Kyoto Protocol to &€ unlikely to change local land-use policies only for the
stimulate changes in agricultural practices to reduce emisSake of reducing the rise in atmospheric £0To change
sions of CQ, NoO and CH. current management practices, economical incentives should

originate from international initiatives such as the Kyoto pro-
tocol. This calls for more flexibility and simplified treatment

of the terrestrial sink in international negotiations, in order
to create the prospect of providing better incentives for C-
In addition to preserving the inflow, and reducing the out- oriented land management via international protocols.

flow of C, there is also a need to “protect existing large reser-

voirs”. For example, European forests (Dixon et al., 1994)

and peatlands (Armentano and Menges, 1986) are both estit Conclusions

mated to contain 30—40 Pg C, and a 5% reduction of either of

these C pools would equal the annual fossil fuel C emissiongn all European countries, forests and grasslands were net
from the continent. Harmon et al. (1990) clearly showed thatcarbon sinks, whereas arable lands were net sources of car-
conversion of old-growth forest to rotation forestry resulted bon to the atmosphere. Thus, at the national scale, cur-
in a long-term net C loss to the atmosphere. Cox et al. (2000)ent land use was a dominant determinant for the net car-
and Huntingford et al. (2004) clearly showed that a loss of Cbon balance of the terrestrial biosphere. Other important
from the Amazon basin following climate change could be drivers were geographic position (climate) and peat distur-
larger than any attempts to reduce fossil fuel emissions. bance. Although at the continental scale European terrestrial

3.7.3 Protect existing large reservoirs
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ecosystems are a net carbon sink, many individual countries enbauer, P., Bundesamt und Forschungszentrum fur Land-
are net sources. wirtschaft,Osterreich, Germany, 411-432, 1997.

In the absence of land use — and land managemer@ixon, R. K., Brown, S., HOUghtOﬂ, R. A., Solomon, A. M., Trexler,
changes, the terrestrial carbon sinks and sources are likely to M- C., and Wisniewski, J.: Carbon pools and flux of global forest
decline. Carbon-oriented land management offers the poten- €¢0systems, Science, 263, 185-190, 1994. _
tial to reduce carbon losses from arable lands and extend th@iatiﬁéféfispdatabases hitp:/fwww.fao.org/waicent/portal/
n.et Carbon uptake by forests a.nd could thus partly offset fosi:innish Ministry of the Environment: Finland’s Third National
sil fuel emissions. Although this should not be regarded as a Communication under the United Nations Framework Conven-
solution, it also should not be dismissed as a helpful tool that {jon on Climate Change, Ministry of the Environment, Helsinki,
can retard climate warming for a limited time period (decade 2qo1.
or so). Freibauer, A.: Biogenic Emissions of Greenhouse Gases from Eu-

In order to be effective, carbon-oriented land management ropean Agriculture, European J. Agron., 19, 135-160, 2003.
should focus on three levels: 1) Disturbance of wetlands oHarmon, M. E., Ferrell, W. K., and Franklin, J. F.: Effects on car-
old-growth forests results in a rapid loss of carbon, whereas bon storage of conversion of old-growth forests to young forests,
carbon uptake proceeds at a much slower rate. Thus, pro- Science, 247, 699-702, 1990.
tection of existing large carbon stores is critical. 2) Revers-Huntingford, C., Harris, P. P., Gedney, N., Cox, P. M., Betts, R.
ing the current carbon losses from arable soils by adopting 2 Marengo, J. A,, and Gash, J. H. C.: Using a GCM analogue
revised management schemes that enhance carbon inputs to:re]?igzll ;?]Idm;?;:?e%tecﬁ?niaﬁg}ggga;gorlé?alzgg |z;r2)glleback, Thee
the soil and r'edu.ce soil disturbance. 3)'PreserV|ng thg CurTntergovernmental Panel on Clilmat’e Changé (IPCC): Climate
rent carbon sink in European forests. This could be achieved  change 2001: The Scientific Basis, Cambridge University Press,
by adopting less-disturbing management practices, by substi- cambridge, 2001.
tuting fossil fuels with wood products and by creating more Janssens, I. A., Freibauer, A., Ciais, P., Smith, P., Nabuurs, G.-

protected forest reserves. J., Folberth, G., Schlamadinger, B., Hutjes, R. W. A., Ceule-
All data and detailed methodologies can be obtained from mans, R., Schulze, E.-D., Valentini, R., and Dolman, A. J.: Eu-
the corresponding author. rope’s terrestrial biosphere absorbs 7 to 12% of European An-

thropogenic CQ emissions, Science, 300, 1538-1542, 2003.
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