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Abstract. This paper responds to the Forum contribution
by Piovesan & Adams (2000) who criticized the results
obtained by the EUROFLUX network on carbon fluxes
of several European forests. The major point of criti-
cism was that the data provided by EUROFLUX are
inconsistent with current scientific understanding. It is
argued that understanding the terrestrial global carbon
cycle requires more than simply restating what was
known previously, and that Piovesan & Adams have
not been able to show any major conflicts between our
findings and ecosystem or atmospheric-transport theo-
ries.

Keywords: Carbon flux; Decomposition; EUROFLUX; Res-
piration; Soil organic matter.

Abbreviations: LAI = Leaf area index; NEE = Net ecosys-
tem exchange of carbon.

Carbon balance gradient in European forests: should we doubt
‘surprising’ results? A reply to Piovesan & Adams

Jarvis, P.G.1; Dolman, A.J.2; Schulze3, E.-D.; Matteucci, G.4*; Kowalski, A.S.5,14;
Ceulemans, R.5; Rebmann, C.3; Moors, E.J.2; Granier. A.6; Gross, P.6; Jensen, N.O.7;
Pilegaard, K.7; Lindroth, A.8; Grelle, A.9; Bernhofer, Ch.10; Grünwald, T.10; Aubinet,

M.11; Vesala, T.12; Rannik, Ü.12; Berbigier, P.13; Loustau, D.14; Gu›››››mundsson, J.15;
Ibrom, A.16; Morgenstern, K.16; Clement, R.1; Moncrieff, J.1; Montagnani, L.17;

Minerbi, S.17 & Valentini, R.4*

1Institute of Ecology and Resource Management, University of Edinburgh, EH9 3JU Edinburgh; United Kingdom;
2Alterra, P.O. Box 47, 6700 AA Wageningen, The Netherlands; 3Max-Planck-Institut für Biogeochemie, D-07745
Jena, Germany; 4Department of Forest Environment and Resources, University of Tuscia, I-01100 Viterbo, Italy;

5Department of Biology; University of Antwerpen, Universiteitsplein 1; B-2610 Wilrijk, Belgium; 6Centre de
Recherches de Nancy, Unité d’Ecophysiologie Forestière, F-54280 Champenoux; France; 7Risø National

Laboratory; DK-4000 Roskilde; Denmark; 8Department of Physical Geography, Lund University, Box 118,
 SE-22100 Lund, Sweden; 9Department of Production Ecology, Swedish University of Agricultural Sciences,

P.O. Box 7042, SE-75007 Uppsala, Sweden; 10Institut für Hydrologie und Meteorologie,Technische Universität
Dresden, D-01737 Tharandt, Germany; 11Unité de Physique, Faculté Universitaire des Sciences Agronomiques de
Gembloux, B-5030 Gembloux, Belgium; 12Department of Physics; University of Helsinki; P.O. Box 9, FIN-00014

Helsinki, Finland; 13Unité de Bioclimatologie, INRA, Bordeaux, BP 81, F-33883 Villeneuve d’Ornon Cedex,
France; 14Unité de Recherches Forestières, INRA, Bordeaux, BP 45, F-33611 Gazinet, France; 15 Agricultural

Research Institute, Environmental Department, Keldnaholti, 112 Reykjavik, Iceland; 16Institut für Bioklimatologie,
Georg-August University of Göttingen,Büsgenweg 2, D-37077 Göttingen, Germany;  17Forest Services, Autonomous

Province of Bolzano, Bolzano, Italy; *Corresponding author;  Fax +39 0761357389; E-mail rik@unitus.it

Piovesan & Adams (2000) criticize the results ob-
tained by the EUROFLUX network on carbon fluxes of
several European forests (Valentini et al. 2000) and also
their interpretation. They consider that the reported
results are ‘surprising’, since the reported latitudinal
trend in carbon sequestration, with more uptake at
lower than at higher latitudes, contrasts with the ex-
pectation that respiration will be higher in warmer
climates and thus that the overall carbon uptake of the
ecosystems will be less.

Progress in science is made by discovering surpris-
ing phenomena, rather than by merely confirming the
expected, particularly when new and advanced experi-
mental techniques become available. Our results com-
prise the first large data set of direct measurements at
the ecosystem scale of net ecosystem exchange of
carbon (NEE) by closed-canopy forests located over
the whole of the European continent. In this respect,
we agree with Piovesan & Adams on some of the
points that they raise: i.e.:
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(1) determining the carbon sink capacity of any forested
region is a very complex matter;
(2) there is a need for a larger number of sites;
(3) inter-annual variability is a key issue; and
(4) temporal scales must be extended from annual to
decadal variations. However, Piovesan & Adams raise a
number of substantial other points with which we do not
agree and these form the substance of this note.

The classic view on the increase of respiration with
temperature is generally based on data collected at single
sites and on local- or laboratory-based responses; there
are few data from a number of sites measured directly
with the same technique over the same period. The
EUROFLUX data also show that soil and total ecosystem
respiration analysed at individual sites increases with
increasing temperature (Valentini et al. 2000; Janssens
et al. in press). However, new data from a range of
ecosystems, not only forests, suggest that the tempera-
ture response of respiration that holds at a particular site
may not be generally applicable across a range of sites
and to other ecosystems (Liski et al. 1999; Giardina &
Ryan 2000; Janssens et al. in press).

In the short-term, soil-heating experiments have in-
deed shown an increase of soil respiration in heated
plots compared with unheated control plots (Peterjohn
et al. 1993; McHale et al. 1998). For example, in a
northern hardwood forest, differences in annual respi-
ration between the reference plot and soil plots 2.5, 5
and 7.5 °C warmer, were large and significant in the
first year, but they were smaller, and mostly were not
significant, in the second year. The largest difference
was between the reference plot and the 2.5 °C heated
plot, indicating some acclimation in responses to tem-
perature and to duration of manipulation (McHale et
al. 1998). In longer-term soil-heating experiments, re-
ports are indicating that the differences become small
or non-existent (Giardina & Ryan 2000; Jarvis & Linder
2000). The amount of soil organic matter that is readily
decomposable is likely to limit the response of respira-
tion to an increase in soil temperature unless, or until,
the production of detritus is stimulated to increase
(Jarvis & Linder 2000). At a larger spatial scale, an-
nual soil and ecosystem respiration data of 18 forest
ecosystems in Europe showed no significant relation-
ship with mean annual temperature across the sites,
while the supply of recently assimilated carbon (i.e.
Gross Primary Production) turned out to be a signifi-
cant driver of soil respiration across the sites (Janssens
et al. in press).

The prediction of increased decomposition of soil
carbon with increasing temperature is largely depend-
ent on the assumption that the decomposition of all soil
organic matter is as temperature-sensitive as that of
fresh litter. However, several analyses do not support

this assumption. A global review of published data on
decomposition rates of organic carbon in mineral soil
has recently argued that soil decomposition rates are
remarkably constant, irrespective of average site tem-
perature (Giardina & Ryan 2000). Furthermore, Liski
et al. (1999) independently suggested that adaptation
of soil respiration to temperature may result from the
lower sensitivity of decomposition of old soil organic
matter to temperature. Lloyd & Taylor (1994) devel-
oped an empirical model that coincidently partly ac-
counts for adaptation of soil respiration to tempera-
ture. The model predicts that the coefficient repre-
senting the increase in soil respiration following an
increase of 10 °C in temperature (the Q10) would be
expected to decline with increasing average soil
temperature. Furthermore, respiration rates of vegeta-
tion grown in relatively warm environments are often
lower than those in cooler environments, particularly
when measured at the higher temperatures (Ryan 1991).
These and other findings suggest that, while there
could be a general capacity of the respiratory processes
to adapt to gradual changes of temperature, respiration
is likely to be linked to a combination of factors that
may override a general across-site temperature rela-
tionship (Davidson et al. 2000).

The criticism by Piovesan & Adams is not based on
original observations or experiments that contradict
our findings: it merely contains a rather imprecise
review of the literature. They say that our data are
‘unusual’ compared with those ‘taken at many other
broadly comparable sites around the world (Malhi et
al. 1999)’. However, in that paper Malhi et al. report
NEE values that are exactly in line with those measured
in European forests by EUROFLUX. They report a
NEE of 68 g C m–2 yr–1 for a boreal forest, 585 g C m–2

yr–1 for a temperate broadleaved forest, and 590 g Cm –2

yr–1 for a tropical forest (see Table 6, item 16 in Malhi
et al. 1999). These values are of the same order of
magnitude as our data and clearly also indicate a gen-
eral latitudinal trend. The boreal forest data, for exam-
ple, are coincident with our EUROFLUX data at the
same latitude. The data are so clearly presented that we
can only assume that Piovesan &Adams have made a
mistake in their analysis!

A similar latitudinal trend is also evident in an
independent data set from North America, collected
between 1992 and 1998 over similar closed-forest
ecosystems (Fig. 1). This similarity strongly sug-
gests that our measurements are not biased by our
selection of sites but that they are representative of a
more general trend. It is interesting that the latitudi-
nal trend of the North American sites shows less
carbon sequestration at the same latitude than in
Europe; this probably reflects the effects of a more
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continental climate on the length of the growing
season and  on drought.

In the analysis of the EUROFLUX data set, a
multivariate statistical analysis on the effect of single
factors (latitude, precipitation, ecosystem type, eleva-
tion, mean annual temperature, age, management type,
LAI) in explaining variation in NEE, resulted in lati-
tude as the most significant single variable model
(Valentini et al. 2000). Nevertheless, in plotting our
data against latitude, we do not wish to imply that
latitude is a dominant, causative factor. Latitude is a
surrogate for a number of possible driving variables,
including length of growing season, site history and
management practice, and the multiple variables that
impact on soil decomposition processes (soil moisture,
land-use, soil organic matter properties). As such, lati-
tude provides a practical scale that takes these and
other variables into account.

The eddy covariance technique, in contrast to other
approaches, allows measurement and representation of
the net carbon balance at a local scale. The technique is
able to resolve small spatial and temporal changes and is
a research tool for full-carbon-accounting at ecosystem
scale (Baldocchi et al. 1996; Running et al. 1999; Valentini
et al. 2000). In particular, when combined with tradi-
tional, ecophysiological techniques a new and coherent
picture is obtained of the component processes that are
relevant to carbon sequestration by ecosystems, as shown
for forest stands by Malhi et al. (1999).

The results obtained lead to improved understanding
of the variables driving the carbon uptake processes and
of the functional ecology of forest ecosystems and, as
Piovesan & Adams recognize, they can be used to
validate ecosystem models and to provide, at local
scale, realistic constraints on estimates of the global
carbon balance (Running et al. 1999; Valentini et al.
2000). Nevertheless, it is not realistic simply to sum
canopy flux data from a number of ecosystems to
obtain a carbon budget at a larger scale, as Piovesan &
Adams do when they identify a contribution by a
particular biome to the missing carbon sink at global
scale. In doing this, they neglect to recognise that
closed-forest land cover differs widely from biome to
biome. For example, the closed-forest cover of Medi-
terranean countries (23.9 Mha) is less than half that of
temperate (52.8 Mha) or boreal (51.9 Mha) countries
(Beckel 1995). It is for this reason that we confined our
analysis to forest ecosystems, and did not extrapolate
to regional areas of forest biomes and their roles as
active carbon sinks.

In our opinion, it is their incorrect interpretation of
the scaling potential of the ecosystem flux data which
leads to their second criticism, based on their compari-
son of the results in the Nature paper with those ap-
peared in a previous paper that used data produced by
the same research community (Martin et al. 1999). The
analysis by Martin et al. is based on up-scaling our site
data to European scale, using biomass as the scaling
factor for NEE together with the European databases of
forest cover and biomass, as is clearly stated in the
paper. Martin et al. presented two European maps of
regional NEE, ranging from a minimum to a maximum
possible estimate. These up-scaled values represent a
first attempt at scaling up the EUROFLUX data, and are
not directly comparable with the site-based estimates
presented in the Nature paper.

Piovesan & Adams also state that other data sets,
(e.g. Miglietta & Peressotti 1999) show carbon seques-
tration rates that are lower than those of our Mediterra-
nean and other forest ecosystems. The data they quote
are for a particular shrub ecosystem with a very sparse
canopy and a small leaf area index (LAI), whereas our
data are for closed-canopy forests throughout Europe,
with LAI ranging from 2.8 to 5.6 m2 m–2 (Valentini et al.
2000).

Piovesan & Adams consider that for some sites,
particularly in the Mediterranean region, the reported
values of NEE would imply a carbon sink that is larger
than would usually be expected. We would like to point
out that a project aimed at estimating net ecosystem
production (NEP = NEE) of Fagus and Picea forest
ecosystems along a north-south transect across Europe by
measuring and summing the component processes and

Fig. 1. Rates of Net Ecosystem Exchange (NEE) from Euro-
pean (Valentini et al. 2000) and North-American closed-forest
ecosystems. The North American data are from Baldocchi et
al. (2000), Black et al. (1996), Black et al. (2000), Goulden et
al. (1996, 1998), Greco & Baldocchi (1996), Hollinger et al.
(1999), Law et al. (2000), Schmid et al. (2000) and  Wosfy et
al. (1993).
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fluxes (NPP, soil and litter carbon mineralization, etc.)
obtained NEP values even higher than those measured in
EUROFLUX by eddy covariance for the same species
(CANIF; Schulze2000). The two projects had one site in
common, the beech forest of Collelongo (site Italy 1 in
Valentini et al. 2000). For this site, the average values of
NEP by summation of component processes and by eddy
covariance over a period of up to three years agreed to
within 10% (Schulze  et al. 2000). Thus the very surpris-
ing results to which Piovesan & Adams refer are consist-
ent with results obtained by at least four different research
groups working at the same site. For this site, in 1996,
50% of the carbon sink was estimated to be allocated to
above-ground growth of wood and 50% to below-ground
processes (Valentini et al. 1996), and not solely to the soil
carbon reservoir, as stated by Piovesan & Adams.

Piovesan & Adams also write that “regenerating
forests are slow to attain their high carbon densities
and usually these stands take more than a century to
reach maximum biomass after tree planting or natural
forest regeneration after cutting (and a much longer
time to reach maximum soil carbon density)”. They
fail to take into consideration that 14 out of the 17
forests (i.e. 82%) in our study are less than 80 yr old
and the rest are around 100 yr old (see Table 1 in
Valentini et al. 2000), i.e. they are not “mature late-
successional forest stands”. Furthermore, practically
all the forest ecosystems in the study are actively
managed and are certainly representative of the gener-
ally increasing growth trend of European forests
(Kauppi et al. 1992; Spiecker et al. 1996).

Another criticism by Piovesan & Adams relates to
uncertainties in the eddy covariance methodology. Like
all techniques, eddy covariance is subject to errors of
measurement and analysis. Such errors have been iden-
tified and quantified in a number of papers in which
appropriate methods for correction are also presented
(see citations in Piovesan & Adams 2000). We would
point out that the literature the authors use to justify
their statement that our results “are largely or entirely
the result of errors in the eddy covariance method” has
been very largely produced by scientists from within
the EUROFLUX consortium. We assume that Piovesan
& Adams have carefully read those papers, the results
of which have been used to make considered correc-
tions to our datasets (see Aubinet et al. 2000). We are
surprised that Piovesan & Adams do not refer to the
supplementary information that we provided in asso-
ciation with the Nature paper (Valentini et al. 2000).
This information clearly states that the same state-
of-the-art corrections were applied to the eddy
covariance data throughout the whole network, so as to
ensure comparable results.

Currently, nobody knows if, or how, the overall

picture that we have presented will change when data
from more sites become available. At the moment, the
existing data, both in Europe and in North America,
show the same significant trend. We have already
acknowledged that the variation is high at mid-lati-
tudes (Valentini et al. 2000) and that we need more
data from the Mediterranean and boreal regions. On a
longer time scale, climatic anomalies, such as those
regulated by the North Atlantic Oscillation and by the
El Niño/La Niña cycles, as well as the consequences of
global climatic change, may change the picture. Cur-
rently, the global carbon cycle is being added to Gen-
eral Circulation Models (GCMs) (e.g. Cox et al. 2000)
and it is then crucial that the appropriate driving vari-
ables and feedbacks are included. Furthermore, in view
of recent projections that current carbon sinks may
become carbon sources within the next 50 years (Cox
et al. 2000), continued, widespread investigation of the
inter-annual variability and long-term trends in carbon
fluxes from terrestrial ecosystems is urgently needed.

Indeed, the scientific communities in both Europe
and North America considered it important to continue
investigation of the carbon sequestration processes
and, after rigorous peer-review of proposals, the fund-
ing agencies have decided to fund continuation of
research like that carried out within EUROFLUX for
the next three to five years, focussing on long-term
forest stand carbon fluxes, their driving variables and
inter-annual variability.

This critical discussion initiated by Piovesan &
Adams has given us the opportunity to clarify points of
concern and misunderstanding, and to add new evi-
dence to the conclusions presented by Valentini et al.
(2000). The major point of criticism was that the data
provided by the scientific community of EUROFLUX
(and also by implication AMERIFLUX) appeared to
be inconsistent with current scientific understanding.
However, understanding the terrestrial global carbon
cycle requires more than simply restating what was
known previously: it requires a willingness to accept
new techniques and to understand and interpret sur-
prising and unusual results. Despite their focussed
criticisms, Piovesan & Adams (2000) have not been
able to show any major conflicts between our findings
and ecosystem or atmospheric-transport theories. This
encourages us to reaffirm that our work has resulted in
new knowledge and has contributed to recent scientific
progress in a very complex field that is both scientifi-
cally and politically important: the assessment and
prognosis of current and future sequestration rates of
atmospheric carbon dioxide by the terrestrial biosphere.
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