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Foreword

Forest carbon cycle, greenhouse effect  
and climate change

Forests feature commonly in fairy tales where they serve as a metaphor for wilderness 
and for that reason they are attractive but also a little frightening, at least for children. 
They also serve human needs for food and shelter, providing wood for housing and 
heating, berries, mushrooms and game. Forests cover a little less than 30% of the world 
ice-free continental area, and contain many species of trees. Tree size varies between 2 
and 120 m, and trees may live from 20 to 5000 years. Such a long life makes us feel that 
forests are permanent features of our landscape. Yet they change with harvests, fires, pest 
attacks and climatic stresses. The present book deals with the carbon balance of forests, 
a subject that has recently become popular for several reasons. Firstly, tropical forests 
are disappearing at an alarming rate, although they are believed to contain over half of 
the living species on Earth. Secondly, forests regulate the water cycle: during drought 
periods, deep roots allow trees to access deep soil water and to maintain transpiration 
long after grasses have dried out. Thirdly, trees have a long life during which they store 
carbon in wood and soil. The total amount of carbon stored in tree wood is about half of 
that stored in the atmosphere as CO2. Thus small variations in tree growth or in forest 
area have important consequences on the global carbon cycle, a major driver of climate 
change.

Atmospheric CO2 has increased from about 280 ppmv in 1750 to 385 ppmv in 2008. 
CO2 is a greenhouse gas: it has absorption bands in the infrared spectrum emitted by the 
Earth’s surface, and these bands have widened with the increase in CO2 concentration. 
The has resulted in an increase in the amount of infrared radiation absorbed and emitted 
by the atmosphere, leading to a warming of the terrestrial surface by what is called the 
greenhouse effect. Global warming was 0.6°C during the 20th century. It is predicted 
to range between 1.8°C and 4°C (with extremes from 1.1 to 6.4°C) in the 21st century, 
depending on emission scenarios and on climate models (IPCC, 2007). Other greenhouse 
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gases participate in the warming but CO2 presently accounts for over half of the 
total. Warming is more pronounced than average at high northern latitudes. Higher 
temperatures induce higher evaporation rates over the oceans and thus an acceleration 
of the water cycle. However, the increase in precipitation is unevenly distributed: some 
dry regions will become drier, while wet ones will experience more frequent flooding. 
Moreover, warming will lead to an increase in sea level of 0.2 to 0.6 m in 2100 (i.e. 
thermal expansion of seawater and decrease in continental ice), and likely much more in 
the following centuries threatening coastal areas.

Consequences of such a strong climate change may be favourable for northern 
countries such as Canada or Russia, but may be devastating for regions that either lack 
water (i.e. Mediterranean countries) or are submitted to flooding (i.e. Bangladesh and 
Indonesia). Thus a consensus has emerged suggesting that it would be wise to keep 
global warming below a limit of 2°C, and thus keep greenhouse gases concentration 
below 550 ppmv of CO2 equivalent (Stern, 2006). Since this concentration was 455 ppmv 
in 2005, this objective implies a strong reduction in present world emissions by 2050 
(roughly by 2, and to be fair, by 4 for the emissions of industrialized countries). This 
will be very difficult to fulfil considering the rapid rise in CO2 emissions in developing 
countries such as China and India, and the slowness in reducing emissions in developed 
countries. The Kyoto Protocol asked for a modest but significant decrease in greenhouse 
gas emissions of industrialized countries (5.2% in average between 1990 and 2010). It 
was proposed in 1997, but was only ratified in 2005 (without the USA) and even this 
modest effort may not be achieved. Clearly stronger changes are needed, the stakes are 
high, and the cost of preventive measurements is significantly lower than that of repairing 
damage caused by climatic change after it has occurred (Stern, 2006).

Yet the increase in atmospheric CO2 only represents less than half of the emissions 
from fossil fuels and deforestation, the remainder being absorbed by oceans and the 
terrestrial biosphere. Forests play a special role in this respect. On one hand, tropical 
deforestation releases about 20% of the total CO2 emissions, on the other hand, the 
remaining forests seem to grow faster and thus accumulate carbon. The net effect is 
a global terrestrial carbon sink whose intensity is quite variable from year to year, 
depending on climate. This terrestrial sink is presently known only by the difference 
between the emissions and the atmospheric and oceanic sinks. Why is there such a 
terrestrial sink? How is it distributed in space and time? What is the role of forests in 
this sink? How does the carbon sink vary with local climate, tree species and soil type? 
Models of terrestrial biosphere have attempted to answer these questions, but they still 
require careful validation, especially for long-life species such as trees that may suffer 
from climatic stress several years after it has occurred.

Thus a regional study on French forests is welcome for several reasons. Firstly, France 
has a temperate climate with an Atlantic influence in the west and a Mediterranean one 
in the south; warming causes a northern movement of the Mediterranean influence, 
which is already discernable, making the territory a sensible location. Secondly, forest 
inventory is well developed in France with over 100,000 plots sampled every decade, 
and this has been used to study species distribution of forest trees, carbon stocks and 
variations. Thirdly, there are several intensive flux measurement sites for both deciduous 
and coniferous species, some being operational for over a decade. Most sites also support 
process studies on trees and soil, suitable for model parameterization.
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What do we want to know about the carbon cycle of temperate forests? We wish: (i) to 
quantify their role as a carbon sink; (ii) to understand the factors acting on this sink; and 
(iii) to incorporate our knowledge into models predicting the evolution of this sink in the 
coming decades. We also wish to know the impact of climate change on wood production 
for the main forest trees in order to adapt forest management to these changes. Global 
warming is likely to increase the frequency of climatic stresses such as heat waves or 
long dry periods. What will be the effect of such stresses on trees in terms of forest fires 
or pest attacks? These questions are addressed here.

The present book is organized into three parts: the first one presents the actual forest 
carbon cycle in temperate and Mediterranean climates, including the dynamics of soil 
carbon and the total carbon stock of French forests based on forest inventories. The 
second part uses models to simulate the effects of climate change on tree phenology and 
forest carbon balance. The third part deals with the impact of climate change on forest 
vulnerability: change in geographical distribution of forest tree species and pathogenic 
fungi, and the consequences on forest fires and pest attacks.

Professor Bernard Saugier
Member of Académie d’Agriculture de France
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Executive summary

The French metropolitan area occupies a unique ecological place in Europe in the 
context of climate change being at the confluence of four climate zones – oceanic, 
continental, Mediterranean and mountain. Around 28% is covered by forests managed 
by public and private landowners. French forests offer, therefore, a great diversity of 
silvicultural types. The French metropolitan area includes the northern, southern or 
altitudinal margins of a large number of tree and pathogen species. This range makes it 
challenging to observe, analyse and simulate the effects of climate change on forests at 
regional and sub-regional scales. The aims of the CARBOFOR project were thus:

to assess the present status of French forest ecosystems from the point of view of the  –
carbon cycle (Part I);

to describe the potential effects of climate change on its phenology, productivity and  –
carbon cycle at a range of spatial scales (Part II);

to provide some insights into the possible future of tree species biogeography,  –
pathogens and fire risks (Part III).

An important characteristic of climate change is its spatial variability. Recent modelling 
studies at the sub-regional level show that changes in precipitation and temperature regimes 
vary at the sub-regional scale, for example, between the south and north of Europe. Since 
the geographical limits for many tree species are shaped by climate constraints such as 
temperature and drought, a change in climate can have a dramatic and asymmetric effect 
at the margins of natural areas, removing low temperature limitations towards the poles 
whilst increasing water deficits and high temperatures at lower latitudinal limits.

Climate change can potentially affect tree species directly as well as indirectly through 
local site characteristics that control the availability of resources. Assessing these effects 
on tree and stand functioning, therefore, requires a quantitative description of changes 
in the variables of interest at the local level. In this report, we summarized the results 
of predictions based on 50 × 50 km grid climate scenarios, we analysed the interactive 
effects between management scenarios and site fertility on forest growth and carbon 
balance, potential habitat areas for tree species, areas at increasing risk of pathogen 
infection and fires and its potential impacts on flora in the Mediterranean zone.
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Present status of the forest carbon cycle  
and productivity

The comparative analysis of carbon flux and carbon balance of forest sites led to the 
conclusion that the main source of variability in the carbon cycle of French and tropical 
forests is their physical structure. Differences in carbon, water and energy exchanges 
attributed to variations in tree age and species composition are mainly driven by variations 
in leaf area index, canopy height and relative importance of the canopy layers (Chapter 
2). Accordingly, the carbon dynamics in humus organic layers exhibit a strong temporal 
pattern during the ecosystem life cycle, building up the OH and OF layers within a period 
of 30 to 50 years in Fagus and Pinus forest of the western part of France (Chapter 3).

Several options used for estimating the amount of carbon stored in forest tree biomass 
are reviewed and illustrated (Chapter 4). The estimate of the total amount of carbon 
in French metropolitan forest and its temporal dynamics are presented in Chapter 5. 
Interestingly, this analysis confirms the increase of carbon stock in managed temperate 
forests and shows how errors and uncertainties in parameter estimates propagate in the 
calculation of carbon stock value.

Climate scenario

The French national meteorological office Météo-France atmospheric model ARPEGE/
Climate (3.0) has been used to simulate present climate and 21st century climate through a 
140-year numerical experiment (Chapter 6). The greenhouse gas and aerosol concentrations 
were prescribed by the so-called IPCC B2 scenario. Ocean surface temperatures are 
provided by a model with a coarser resolution coupled to an oceanic water circulation 
scheme. The radiative forcing scheme includes four greenhouse gases (CO2, CH4, N2O and 
CFC) in addition to water vapour and ozone, and five aerosol classes – land, marine, urban, 
desert and sulphate, respectively. The model predicts an increase in temperature reaching 
+4°C in summer over south-western Europe and a shift in seasonal precipitation from 
summer to winter by 50 mm together with significant sub-regional variations.

Phenology

The phenology of vegetation is a major component of forest ecosystem productivity 
and influences the annual balance of energy and gas exchange by forest ecosystems. 
A review of the variability of leaf unfolding dates in major forest trees shows that on 
average leaf unfolding has been advancing at a mean rate of 2.9 days per decade since 
1950 in tree species from the temperate zone with some species variation (Chapter 7). 
Although current patterns can be estimated from satellites, we still lack the ability to 
predict accurately and widely future trends in the response of phenology to climate 
change because leaf phenology and its intra- and inter-population variability are difficult 
to parameterize. The observed changes in tree phenophases during the last decades across 
the French ICP forest network show that leaf unfolding, growing season duration and 
leaf colouring have shifted in the last few decades to earlier dates than those previously 
observed (Chapter 8).
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Executive summary

If changes in phenology remain linear with warming, using present trends we can 
estimate that leaf unfolding should advance on average at a rate of 5.4 to 10.8 days per 
decade over the period 2000–50. Thus, by 2050, leaf unfolding of forest trees could 
occur on average 27 to 54 days earlier than at present. Such a change should have major 
consequences on forest productivity and on the specific species composition of forests 
over a given area. A few species, with chilling requirements, would be delayed by a 
warming climate. However, the dual action of temperature on phenology (i.e. the action 
of cool temperature to break dormancy followed by the action of warmer temperatures 
promoting cell growth during quiescence) should lead to a non-linear response of 
phenological change to warming.

Forest growth and biogeochemical cycles

Biophysical models such as CASTANEA, GRAECO and the large-scale ORCHIDEE 
model were used to simulate the annual carbon and water balances and wood production 
of forests averaged over complete forest rotations. These models were first evaluated 
against data collected across a network of flux sites of the CARBOEUROPE project 
(Chapter 9) and then used in predictive mode with a climate scenario based upon the 
IPCC B2 economic scenario of CO2 accumulation in the atmosphere (Chapter 10). A 
range of management scenarios and site conditions were considered.

The models predict a slight increase in potential forest production until 2030–50 
followed by a plateau or a declining phase in 2070–2100 sensitive to geographical 
variation, with the northern part of the temperate zone being more favourable for wood 
production than the southern temperate and Mediterranean zones. In the southern 
temperate and Mediterranean forests where the largest increase in the growing 
season water deficit occurs, the CO2 enhancement of gross primary production was 
overshadowed by drought impacts. The changes in forest production, as predicted 
for different forest management options and site conditions, are explained by the 
counterbalancing effects of rising CO2, water deficit and the fact that ecosystem 
sensitivity to climate decreases with age. This interaction between climate, CO2, 
nitrogen and water availability and management regime is an important outcome of the 
modelling analysis.

In terms of the geographical variation of climate change impacts, our analysis refines 
the conclusions published on the global impacts of climate change on European forests so 
far and confirms the hypothesis for a strong regional pattern in the 1990–2050 predictions 
for age-independent net ecosystem productivity, with larger increases in net ecosystem 
productivity for the boreal zone and a decline across Mediterranean forests.

Biogeography, pathogens and risks

Using botanical inventory data collected by the National Forest Inventory, empirical 
models relating the frequency of a given species to climate parameters such as 
minimum and maximum temperature, monthly precipitation and Penman’s potential 
evapotranspiration were established and used for predicting the change in potential 
habitat areas under the climate scenario considered (Chapter 11). This approach predicts 
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a dramatic change in the geographical distribution of potential areas for tree species with 
an extension of the southern temperate and Mediterranean species by 150 to 250 km 
northwards by 2100, together with a similar recession of most oak species, silver fir and 
beech at their southern edges. These predictions are consistent with observations of the 
decline of some beech and Scots pine forests at their southern margins, for example, in 
the plains of southern France and the southern Alps.

Several types of models were used to simulate the effect of the climate change scenario 
on pathogens and diseases: statistical biogeographical models based on distribution data 
from specific surveys, a specific epidemiological model and the generic model CLIMEX 
(Chapter 12). Unsurprisingly, poleward extension of thermophilic pathogen and insect 
species and associated damage risk is predicted. However, the effect of warming would 
be counterbalanced by the negative effect of decreased summer rainfall for some species. 
Due to the high dispersal potential of many fungi, the colonization of new regions 
becoming climatically favourable could put them into contact with naive host populations 
(i.e. with no co-evolution or co-adaptation history), with the same potentially dramatic 
consequences as those observed with introduced parasites.

In Mediterranean and southern temperate forests, the duration of the annual period 
when fire risk is high will be extended by climate change. Together with ongoing land 
abandonment and the increase in urban areas and peri-urban forest areas, where ignition 
frequency is highest, the risk of fire in southern, mostly unmanaged, forest ecosystems 
will increase as already observed since the 1970s. Under a changing climate, the fire 
return interval might decrease from 72 to 62 years for Mediterranean forests and from 
20 to 16 years for shrublands. In turn, fire frequency curbs the extension of forests into 
southern Europe as increased fire frequencies leads to a domination of fast growing 
shrubs or resprouting species (Chapter 13).

Lessons for managing forest in an uncertain future

Where climate change effects are beneficial to forest functions, in northern temperate, 
continental and boreal forests, our results suggest that optimizing forest management 
should aim at reducing the effects of limiting factors, for instance, through fertilization. 
Conversely, where detrimental effects of future climate are expected through increased 
water deficit, for example, in southern temperate and Mediterranean forests, enhancing 
the ecosystems resistance to drought and fire using species substitution, understorey 
control, site preparation and reductions in the maximal value of leaf area index could be 
appropriate strategies to adopt.

For future research, the complex interaction between climate and atmospheric 
composition calls for: (i) an assessment of the entire environment rather than single factor 
response; and (ii) regional studies to account for local features of the forest environment 
and management. The forest function must also be considered.

Since climate change is provoking a continuous, but not monotonous, change in site 
productivity, the management of a given forest must be revised dynamically along its life 
course. At the southern margin of geographical areas, management aiming at an optimal 
adaptation of forests should be considered, favouring, for example, multi-age and mixed 
forest stands including pre-existing species and their southern variants and maximizing 
intra-specific diversity.
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Disease management in forest ecosystems has to rely on an anticipatory and 
preventive approach based on risk analysis. Since simulated geographical ranges are only 
potential envelopes in which parasites may establish, depending on their dispersal ability, 
the application of strict hygiene measures, based on the most probable dissemination 
pathways of organisms (in seeds, wood and plants) is necessary in order to delay the 
establishment of parasites in climatically favourable zones.
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Chapter 1

The forest carbon cycle:  
generalities, definitions and scales

Denis Loustau, serge rambaL

Introduction

Forests are open dynamic systems which exchange mass and energy with their 
environment. Both forest vegetation and soil organic matter are composed of carbohydrate 
molecules. Therefore, a practical way of describing and analysing forest functioning is 
to describe and measure the carbon exchanges between system components, i.e. the 
atmosphere, biomass and soil. Carbon is also the major component of the anthropogenic 
greenhouse gases CO2, CH4 and CFCs. The fact that forests represent the main terrestrial 
reservoir of carbon has led several international programmes to study the role of forests 
in the carbon cycle since the pioneer International Biosphere Program (Lieth, 1975). The 
storage of carbon in forest ecosystems has been identified by international agreements 
(e.g. United Nations Framework Convention on Climate and the Kyoto Protocol) as a 
possible way of counterbalancing the anthropogenic build-up of carbon in the atmosphere. 
As a result, over the last few decades, the assessment of the amount of carbon stored in 
forest ecosystems, and their past and future changes, have became important issues in 
ecological research.

Carbon flow exchanged from forest vegetation can be assessed using two different 
approaches: the “flux” and “stock change” approaches. Both are commonly applied, 
independently or in combination, and some confusion may have arisen due to the sharing 
and comparison of results by users from different communities, such as foresters, 
atmosphere physicists and ecologists (Janssens et al., 2003); a “net” flux for the 
atmosphere is not necessarily “net” from the ecosystem point of view. In this chapter, we 
attempt to provide a consistent framework of the main concepts and methods used for 
analysing the carbon cycle in forests, as later described in this book.
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Spatial and temporal domains

This chapter and subsequent chapters refer mainly to forest ecosystems defined 
vertically as the top of the tallest tree to the depth of the deepest roots, and horizontally 
as one square kilometre. This horizontal limitation is of course arbitrary.

Forest ecosystems are composed of long-living trees and their physiology, size and 
structure are strongly dependent on their age and size. Few forests have a steady age 
distribution and are, therefore, close to a stationary state. Conversely, a majority of boreal 
and temperate forests are subject to more or less periodic disturbances, fires, storms, 
clear-cuts, etc. Disturbances themselves are important events in the forest carbon cycle. 
Most of them cause an immediate and abrupt change in the carbon flux and stocks, but 
they also have delayed effects, which affect the ecosystem dynamics for years, decades 
and even centuries (Dupouey et al., 2002). The shortest time scale for assessing the forest 
carbon cycle must, therefore, encompass the duration of a whole rotation between two 
disturbances, typically a few decades for plantation forests or boreal forests and up to one 
to two centuries for natural reserves under temperate climate.

The forest ecosystem

The forest carbon cycle involves four major pools: the atmosphere, soil, biomass and 
harvested products. Their turnover-rate decreases from the atmosphere to the biomass, 
soil, fossil carbon and sediments. The residence time of carbon is typically one to two 
orders of magnitude less in the atmosphere (5–7 years) than in biomass (1–250 years) and 
soil (5000–10,000 years). Figure 1.1 depicts the carbon fluxes exchanged between these 
pools. Carbon is withdrawn by vegetation from the atmosphere through photosynthesis, 
i.e. gross primary production (GPP), which fixes carbon atoms in carbohydrate molecules 
such as sugars. The release of CO2 associated with photosynthesis, photorespiration, 
cannot be separated from photosynthesis and is included in GPP. When the energy 
incorporated by photosynthesis in covalent bonds is used by living organisms in the 
presence of oxygen, carbon is oxidized to form CO2, which returns to the atmosphere. This 
mineralization occurs as a metabolic process called respiration and commonly qualified 
as “autotrophic” respiration in plants, Ra, and “heterotrophic” respiration in animals and 
decomposers, Rh.. Carbon is also released from organic matter by physical processes 
such as the aerobic combustion of organic material by fires (not shown in Figure 1.1). 
In addition, a significant amount of carbon is exchanged between the vegetation and 
atmosphere as non-CO2 gaseous molecules, Cx, such as methane (CH4) and isoprene. This 
flux contributes marginally to the exchange between the ecosystem and the atmosphere 
in well-drained forest ecosystems under normal conditions. Methane is mainly produced 
under anaerobic conditions during the decomposition of soil organic matter, and its 
emission may be taken into account for wetlands and peatlands. Methane deposition from 
the atmosphere into the ecosystem (not shown in Figure 1.1), and its subsequent oxidation 
by methanotrophic bacteria, is also significant, corresponding typically to a net flux of 0.5 
gC.m-2.year-1, in well-drained forest ecosystems (Zhuang et al., 2007). Methane has also 
been demonstrated to be produced by green leaves, the cause and the relevance of this 
emission within the carbon cycle is however, under debate (Keppler et al., 2006). The soil 
carbon pool is characterized by a wide range of turnover rates, from 1 to 10-4 year-1 (see 
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Chapter 3), depending on the chemical quality of the organic matter and the biophysical 
environment (e.g. temperature, oxygen, water, pH, etc.).

Solid carbon is withdrawn and subsequently exported out of the forest ecosystem 
(the “export” flow in Figure 1.1) by biological entities such as herbivores and humans 
during animal migration and time of harvest, respectively, and to a lesser extent by wind, 
flooding (erosion) or fire (soot). The export of carbon via fires, flooding, herbivory or 
harvesting may represent a very large fraction of the carbon budget of forest ecosystems 
(Ciais et al., 2008). The processes involved in carbon export are essentially discontinuous 
and difficult to measure accurately. Herbivory is largely neglected in forest carbon budget 
estimates.

Figure 1.1. The forest carbon cycle showing definitions of the net ecosystem exchange (NEE) and 
net primary production (NPP).
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The dissolved carbon flow includes both organic and inorganic compounds. Its 
relative importance in the forest carbon cycle is two to three orders of magnitude less 
than the main flux, photosynthesis or respiration, but it may account for several percent 
of the ecosystem carbon balance (Qualls et al., 2000; Jonsson et al., 2007). The flow 
of dissolved carbon in groundwater is largest in forest ecosystems subject to seasonal 
flooding (Richey et al., 2002).

Carbon balance, production and carbon stock changes

The balance of the carbon that is exchanged between a given forest ecosystem and 
the atmosphere is the net ecosystem exchange (NEE). NEE can be considered as the net 
flux “seen” from a tower or aircraft above the ecosystem. In the definition, the adjective 
“net” refers to the atmosphere not to the ecosystem, since the carbon export and dissolved 
carbon flow are not accounted for. Theoretically NEE should be better referred to as a 
net atmospheric exchange limited to the volume of atmosphere exchanging carbon with 
the forest ecosystem. In this book, we shall not however, add this new term to the already 
large set of terms used by the carbon science community.

 CNEE GPP R R xa h= + + +  (1)

The second concept, the net primary production (NPP) is centred on the vegetation. It 
may be viewed as the net carbon uptake by the vegetation. NPP may be evaluated at tree 
or stand scale and is equal to:

 NPP GPP R Cx NEE R
a h= + + = -_ i (2)

The concept of net ecosystem production (NEP) has been introduced by different 
authors as the sum of all carbon flux excluding disturbances, and the net biome 
production (NBP), as the overall balance of carbon including harvest, fire and other 
disturbances (Schulze and Heimann, 1998; Hyvönen et al., 2007). Although the NEP 
definition is still a matter of debate, a common understanding of NEP as the net exchange 
of carbon in the ecosystem is emerging:

 C export dissolved carbonNEP GPP R R xa h= + + + + +  (3)

We prefer not to use NBP because a clear consensus has not been reached on its 
temporal and spatial definitions among the international community (Roy and Saugier, 
2001; Randerson et al., 2002; Chapin et al., 2006; Hyvönen et al., 2007).

Measurements

A wide range of measurement methods is available for assessing the carbon fluxes 
involved in the forest carbon cycle based on chambers, turbulent transport and stock 
changes. It is not within the scope of this introduction to detail these methods (see 
Chapters 2–4), but rather to review briefly their applicability and accuracy. Figure 1.2 
summarizes the temporal and spatial domains of different techniques used to measure 
the carbon balance in terrestrial forest ecosystems. A description of chambers and 
eddy-covariance methods is provided in Chapter 2 and biomass stock measurement in 
Chapter 4.
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All methods are characterized by time and space limitations, and none of them is 
applicable in a continuous mode due to either technical or theoretical limitations. Methods 
based on open or closed chambers are discontinuous; the eddy-covariance method requires 
minimal turbulence and, therefore, does not function under stable conditions; most inversion 
and remote sensing approaches rely on non-stationary air- or spacecrafts. Most methods 
are also limited in space, and spatial interpolation methods must be used for assessing the 
flux and carbon balance over a specific spatial domain, thus adding a second major source 
of uncertainty. Therefore, in order to calculate carbon flux and carbon balance over defined 
time periods, it is necessary to interpolate measured data using empirical or mechanistic 
models, which is a major source of uncertainty in estimating forest carbon budget.

Flux can also be assessed via repeated measurements of biomass, soil or atmospheric 
stocks, and the net exchange from a given carbon pool can be deduced from temporal 
changes in its total carbon content. For a long time, repeated measurements of biomass, 
combined with the use of litter traps, were the only available methods for assessing 
above-ground NPP such as during the pioneer International Biosphere Program. For 
decades now, foresters have also been carrying out inventories of the commercial stem 
volume standing in forests. In combination with conversion and expansion factors or 
allometric equations, the resulting data have been widely used to provide robust estimates 
of the biomass carbon stock in forests and its changes (see Chapter 4 of this volume; 
UNECE/FAO, 2000; Nabuurs et al., 2004; De Vries et al., 2006).

When analysing the carbon balance of entire ecosystems, combining data provided by 
these various measurement methods is challenging (Curtis et al., 2002; Janssens et al., 
2003; see Chapter 2 of this volume).

Figure 1.2. Temporal and spatial scales of the main technical methods used in estimating the 
ecosystem carbon fluxes and carbon balance (redrawn from Randerson et al., 2002).
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Conclusion and future challenges

The rapid development of our technical ability to measure and quantify carbon fluxes 
and stocks in forest ecosystems has considerably increased our understanding of the 
carbon cycle at different organizational levels. The successful series of European projects 
EUROFLUX, CARBOEUROFLUX and CARBOEUROPE helped considerably to 
design the methodological and scientific contour lines of the flux tower network covering 
the continents with more than 500 locations in 2008. Nevertheless, we have not reached 
the same level of understanding for each of the physical and biological processes at work 
in the forest carbon cycle. Despite the considerable amount of literature accumulated 
over the last 15 years and data based on eddy-covariance technique (Baldocchi, 2008), 
the integration of these processes at different organizational levels remains a research 
challenge.

A complete assessment of ecosystem functions is also a matter of research. Most 
process models of forest ecosystem tend implicitly to consider carbon as the main or 
even unique limiting factor of ecosystem primary production against the observational 
evidence of other nutrient limitations. Biological beings assemble molecules made not 
only from carbon but also from oxygen, hydrogen, nitrogen, phosphorus, etc., under fixed 
stoechiometric constraints. As far as we know, no existing model can pretend to provide 
a satisfactory description of the main biophysical and biogeochemical processes which 
determine the behaviour of the ecosystem in the short and long term.

Undeniably, we are still far from a clear mechanistic description of ecosystem 
biogeochemistry in non-stationary environments. This hampers a clear understanding 
and prognosis of the future of forests. The question raised here is the behaviour of 
complex biological systems, forests under dynamic regimes of limiting factors, that 
is, atmospheric concentrations of CO2 and O3, enhanced nitrogen deposition, water 
limitation, temperature and radiation regimes, changing practices, etc. The answer 
might rely on the biogeochemistry and biophysics of natural systems, which should be 
considered and understood in their entirety.

Finally, the different spatial and temporal levels imbricated in the carbon cycle 
have to be considered because long-term and short-term predictions must account for 
the dynamic coupling and various feedbacks between the biosphere, hydrosphere and 
atmosphere. In this respect, there is a large gap in our knowledge and efforts to integrate 
further research projects and disciplines to achieve such an integrated view are required. 
It is the main condition for mechanistically up-scaling carbon cycle and ecosystem 
functioning over landscapes, regions and continents.
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Introduction

Since 1990, the French national forest-wood industry sector has been a fast growing 
carbon sink, thus contributing to the fulfilment of national commitments to the Kyoto 
Protocol. The French forests’ carbon sink is mainly due to the imbalance between the 
harvest and production rates, which in turn, are partly a consequence of a continuous 
increase in stand productivity (see Chapter 5). This enhancement in productivity 
is attributed in part to the global change effects, for example, increase in nitrogen 
deposition rate, temperature and CO2 concentration, and in part to the age structure of 
French forests because, like most European forests, they are largely in a growing phase 
(Spiecker, 1999; Nellemann and Thomsen, 2001; Vries et al., 2006). Hence, the national 
carbon balance of French forest, typical of European temperate forests, is a result of an 
interaction between environment and management, for example, the age structure and 
effects. Previous studies aimed at comparing the response of European forests to climate 
led to the conclusion that they all behave in a comparable way in terms of water and 
carbon fluxes. The differences between them have been ascribed to latitude (Valentini 
et al., 2000), air temperature and tree age (Magnani et al., 2007), which are mainly 
mediated by the difference in leaf area index (LAI) (Watson, 1947; Granier et al., 2002, 
2003). These comparative analyses of carbon fluxes measured across a network of forest 
ecosystem flux sites revealed a powerful tool for understanding and quantifying the 
management-environment interaction.
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In this part, we analyse and synthesize the main features in the carbon and water 
fluxes variation with climate and stand age among a range of French and remote forest 
ecosystems investigated by the national project CARBOFOR. The sites examined in this 
section cover a range of species, site and climate conditions, which were chosen in order 
to satisfy the fetch and homogeneity requirements of the eddy-covariance methodology. 
In the main, they are mature sites belonging to the high productivity site class. The 
sites investigated here are equipped with eddy-covariance towers measuring energy and 
mass fluxes exchanged between forest and atmosphere and the main methods used will 
be briefly described below. The sites are located in forests growing under contrasted 
climates and soil types (see Table 2.1). Four sites are located in France and one in the 
Republic of Congo. Some additional data, from a recently installed site in a tropical 
rainforest of French Guiana, are also included in this study.

This sample does not cover the life cycle of a forest. The age of trees is, however, a 
major factor in the forest carbon cycle in temperate and Mediterranean forests (Gower 
et al., 1996; Bond-Lamberty et al., 2004; Magnani et al., 2007). In the final part of 
this chapter, we complete the comparative analysis of French forest “flux” sites with an 
analysis of the causes and impacts of age on the primary productivity of maritime pine 
forest, the first species for softwood production in France. The age effect on the soil 
carbon balance is also covered in Chapter 3.

Methods of measuring CO2 fluxes and incertitude

Net ecosystem exchange, ecosystem gross primary productivity  
and ecosystem respiration

In normal windy conditions and when the assumption of horizontal homogeneity 
of the canopy can be accepted, the CO2 mass balance equation applied to the terrestrial 
ecosystem leads to correspondence between net ecosystem exchange (NEE) and CO2 
turbulent vertical flux above the canopy, Fc combined with CO2 storage in the canopy 
air (Aubinet et al., 2000; Finnigan et al., 2003). Following the definitions proposed in 
Chapter 1, this holds when non-CO2 atmospheric exchange is neglected. The CO2 turbulent 
vertical flux, Fc, is equal to the temporal average of the product of the CO2 concentration 
and vertical wind velocity temporal variances. The time average is performed in a 
period during which the micrometeorological conditions can be considered as constant 
(typically one half-hour). The temporal variances correspond to the difference between 
the instantaneous value and its average over a period ranging from a few minutes to a 
complete half-hour. The determination of the net CO2 flux requires the measurement of 
CO2 concentration (C) and vertical wind velocity (w) at a reference level, which may be 
optimally immediately above the roughness layer and at a frequency of at least 10 Hz.

When wind turbulence is low, essentially during quiet nights, the CO2 stored in 
the canopy air and the CO2 transported by processes other than vertical turbulence 
(e.g. horizontal advection) represent a non-negligible quantity in comparison with the 
vertical turbulent flux (Aubinet et al., 2005). The storage flux in the air layer below 
the measurement level can be easily obtained by the difference between two successive 
estimations of CO2 content as deduced from repeated CO2 concentration measurements 
along a vertical profile between the soil and the measurement levels (Yang et al., 
2007). The measurement of the other fluxes is more difficult and the determination of 
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a correct methodology is still in progress. Presently, to overcome these difficulties, the 
eddy-covariance data, corrected by the air storage, are selected to represent the net CO2 
ecosystem exchange when the friction velocity (u*, variable representing the turbulence 
level) is above a threshold that has to be determined for each site and year (Gu et al., 
2005; Papale et al., 2006). The u* threshold corresponds to the value below which the 
night flux decreases without any change of micrometeorological drivers (e.g. w).

The eddy-covariance system is composed of a three-dimensional sonic anemometer 
measuring the three wind velocity components and an infrared gas analyser measuring the 
CO2 and water vapour concentrations. These two instruments must operate at a frequency 
of 10 Hz or more. The anemometer is installed above the canopy. If the analyser includes 
an internal cell for the infrared absorption (closed path analyser), the air sample has to be 
sucked from the top of the tower (close to the anemometer) by a pump at a high rate (a few 
litres per minute). In the case of an open path analyser (air is free to circulate between the 
infrared source and the receptor), then this analyser is simply placed near the anemometer 
with care not to perturb the wind flow measured. The air CO2 vertical profile can be 
measured with a system combining a pump, an infrared gas analyser and automated vanes 
that switch the air taken up to the infrared analyser between different levels.

Some corrections and post processing have to be performed on the raw data from the 
eddy-covariance system before calculating the CO2 flux. If a closed path is used, there 
is a time lag between the measurements of w and C, respectively, due to the time of air 
transfer from the sampling point to the analyser. The transfer time value corresponds to 
the time for which the maximum of w and C covariance is found. The wind data must 
be delayed from this time lag before computing the flux with the w and C covariance 
(Aubinet et al., 2000). The second correction introduced by a closed path analyser comes 
from the reduction of the C high frequency oscillations due to the air mixing during its 
transfer to the analyser. The factor correcting this effect can be obtained by comparison of 
the co-spectra of C with a theoretical co-spectra (Kaimal et al., 1972) or with the sensible 
heat flux, which is not affected by air transfer as it is calculated only from the anemometer 
data. When an open path analyser is used, the air density variations introduce some errors 
in the determination of CO2 concentration from the analyser measurement that gives the 
number of CO2 mole by volume unit (Webb et al., 1980). The correction factor can be 
calculated from values of air temperature and atmospheric pressure.

Finally, the corrected fluxes have to be selected to keep only values recorded when the 
eddy-covariance system works correctly. A first step in data screening can be operated on 
high frequency data (10 Hz) by statistical analysis to avoid electronic and other technical 
failings from the database (Vickers and Mahrt, 1997; Longdoz et al., 2008). The fluxes 
obtained when u* is below the threshold (see above) should also be excluded and the 
measurements performed during rain or fog events should be taken with care. Moreover, 
the presence of water on the sensor surfaces (open path analyser and anemometer) is 
able to perturb the sound or infrared transmission and induce some abnormal values. The 
data rejected by these different tests have to be replaced to estimate the annual carbon 
sequestration by the ecosystem. Different data gap filling methods could be applied. For 
gaps smaller than 2 hours, linear regression is recommended. Otherwise, the reference 
table, neuronal network and multiple imputations could be used (Falge et al., 2001; Papale 
and Valentini, 2003; Hui et al., 2004, Reichstein et al., 2005, Moffat et al., 2007).
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When the non-CO2 flux from the ecosystem can be neglected, Fc can be equated to 
NEE. Under such conditions, it is possible to infer from Fc estimations of the ecosystem 
respiration (Reco) and gross primary productivity (GPP). The net fluxes obtained during 
nights and leafless periods (for deciduous forest) correspond to Reco. These values can 
be used to calibrate some Reco responses to temperature and soil water content. With the 
assumption of identical respiration behaviour from the forest components during daylight 
and night, the response function driven by daylight micrometeorological data provides a 
surrogate for the daylight Reco. During daylight, the difference between NEE measured 
and Reco gives GPP (Falge et al., 2002a; Reichstein et al., 2005).

Soil CO2 efflux

The most widely used method for monitoring CO2 efflux from soil is based on different 
kinds of chambers that intercept the flux coming out across the soil surface. The chambers 
are directly placed on the soil or laid on collars previously inserted in the soil. Soil respiration 
chamber systems can be grouped into three categories based on their working principle. 
In a closed chamber system, the CO2 accumulates (closed system) and flux is determined 
from the concentration increase during a known period of time. Closed chamber systems 
can be further divided into two major categories: closed dynamic and closed static.

In a closed static chamber system (also known as non-steady-state non-flow-through 
chambers), CO2 is usually trapped with chemicals such as sodium hydroxide or soda lime 
(Raich et al., 1990). Thus, normally, the CO2 concentration within the chamber remains 
relatively stable. The CO2 efflux can be calculated from the amount of CO2 bound in the 
trapping solution, exposure time and the cross-sectional area of the soil intercepted by the 
chamber. In some static chambers, successive air samples are extracted with a syringe and 
analysed separately with a CO2 analyser (either an infrared analyser or gas chromatograph).

Another major category of closed chambers is the closed dynamic chamber system (also 
known as non-steady-state flow-through chambers). In these systems, the air is pumped 
from the chamber through a CO2 analyser before it returns to the chamber and so on 
(Norman et al., 1992). At each passage in the chamber, the soil efflux adds some CO2 to the 
air and the CO2 concentration increase is measured regularly. The CO2 efflux is calculated 
from the slope of the concentration change within the chamber’s headspace versus time, the 
system volume and the soil surface intercepted by the chamber. As with the static system, 
this procedure is valid while CO2 concentration increases linearly in the system. When CO2 
concentration in the chamber’s headspace becomes high enough to reduce significantly the 
vertical gradient, the saturation effect reduces the flux. The measurement must account for 
this saturation, for example, by using a non-linear equation in the flux calculation. The value 
obtained with this kind of system is very sensitive to the difference in pressure between the 
inside of the chamber and the atmosphere. An overpressure/depression of a few tenths of a 
Pascal in the chamber is able to block/suck important quantities of CO2 from the soil and 
then divide/multiply the soil CO2 efflux by a factor higher than two.

In an open chamber system (also known as steady-state flow-through chambers), 
airflow passes through the chamber (owing to a pump system). The CO2 efflux is 
determined from the difference between CO2 concentration at the inlet and outlet of 
the chamber, the airflow rate and the soil surface intercepted by the chamber (Rayment 
and Jarvis, 1997). The determination of the CO2 efflux is very sensitive to accurate 
concentration of compensation air (the air fed into the chamber). If not measured 
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accurately and synchronized in time, the results can be misleading. Before performing 
the measurement, the CO2 concentration within the chamber must reach steady state 
(equilibrium) after a time that depends on airflow rate and the CO2 efflux from the soil.

CO2 flux from the stem and leafy branches

Similarly, the CO2 flux from stem sections and branches can be measured using either 
closed or open chambers (Dufrêne et al., 1993; Ceschia et al., 2002; Bosc et al., 2003; 
Damesin, 2003). These techniques were automated and used in the field during international 
programmes, such as BOREAS and CARBOEUROPE (Rayment et al., 2002).

Main characteristics of the studied sites

The methods described have been applied since 1996 in a range of sites located in the 
French metropolitan area, French Guiana (Paracou site) (Bonal et al., 2008) and Congo 
(Hinda site) (Tables 2.1 and 2.2). Mean annual temperature ranges between 8.5°C and 
15°C for the French sites; it reaches 24°C at Hinda in Congo (Figure 2.1) and 25.7°C at 
Paracou in French Guiana. A large variation in annual radiation, photosynthetic active 
radiation (PAR), is observed between the sites, between 8000 and 10,000 mol.m-2.year-1 
in France and up to 13,000 mol.m-2.year-1 at Paracou. In France, the lower annual values 
were recorded at Hesse, the highest at Puéchabon, linked to latitude and cloudiness.

Table 2.1. Sites and years selected for the analysis (black cells). Years with significant missing 
data (grey cells) could not be used to establish annual balances but were used to fit the response 
functions.

Location 1996 1997 1998 1999 2000 2001 2002 2004

Puéchabon South France

Le Bray South-west France

Bilos South-west France

Hesse East France

Paracou French Guiana

Hinda Congo

Table 2.2. Main characteristics of the six studied stands.

Site Species
Age  

in 2002

Mean 
temperature 

(°C)

Rain
(mm.

year-1)

LAI
(m2.m-2)

Density
(ha-1)

Height
(m)

Puéchabon
Mediterranean 
oak

60 13.5 883 2.9 8500 6

Le Bray Maritime pine 32 12.5 950 4.2 425 20

Bilos Maritime pine 0 12.5 950 1.5 – 1.5

Hesse Beech 36 9.2 820 7.3 3800 13

Hinda Eucalypt 4 25.5 1200 1.5 700 12

Paracou Mixed tropical unknown 25.7 2875 7.0 603 35
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Figure 2.1. Annual mean of air temperature and cumulated photosynthetic active radiation (PAR) 
in the investigated sites (upper). Annual mean of water vapour pressure saturation deficit (VPD) 
(lower).

Comparison of the carbon  
and water annual balances among ecosystems

Water and carbon balances

Evapotranspiration versus available energy

The annual sums of net radiation were comparable from site to site, except at Bilos 
where regrowing vegetation after clear-cut was still low and sparse (Kowalski et al., 
2003) and at Paracou. As an example, time courses of latent heat flux (mE) and net 
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Figure 2.2. Annual courses of net radiation (Rn) and of latent heat flux (mE) in Puéchabon, Le Bray 
and Hesse (daily data). DOY : day of the year.

radiation (Rn) are presented in Figure 2.2 in three sites. At Puéchabon, we can observe 
that mE remained low during the year compared with Rn. Furthermore, the latent heat 
flux showed a large decrease at the end of summer during periods when precipitation 
was very low (DOY 200-230 and DOY 237-262). At Le Bray, the ratio between mE and 
Rn was constant over the year except, as in Puéchabon, for a decrease during a drought 
period (around DOY 240). At Hesse, mE increased sharply in spring after budburst took 
place (DOY 120).

The ratio mE/Rn, that is, the proportion of available energy transformed into 
evapotranspiration (ETR) flux, equalled on average 0.5. Nevertheless, this ratio was 
variable according to sites and years, from 0.31 (Puéchabon, 2001) to 0.83 (Bilos, 2000 
and 2001). Very close values were calculated at Le Bray and Hesse during the leafy 
period from May to October (see Figure 2.3). The low mE/Rn ratio at Puéchabon is 
probably linked to both the low LAI of this Mediterranean stand (2.9) and to the severe 
water stress and hence stomatal closure. The impact of water stress on the ratio mE/Rn is 
also shown in Figure 2.3(a) at Hesse for 7 successive years of measurements: the more 
the water deficit is important, the less available energy is transformed into latent heat 
flux (thus, the sensible heat flux increases). The eucalypt stand, despite its low LAI (1.5) 
exhibits high transpiration rates. This clone (EPF1 1-41) shows particularly low water 
use efficiency (see below).

Fluxes of carbon: net ecosystem exchange,  
gross assimilation and ecosystem respiration

Neglecting the non-CO2 flux, the annual net carbon balance (i.e. NEE) was calculated 
in all the investigated sites as the sum of half-hourly CO2 flux measurements corrected 
for CO2 variation in the air between the soil surface and eddy-covariance systems. Gaps 
due to missing data were filled on a daily time step, using simple statistical models.

Annual NEE variation between sites and years is presented in Figure 2.4. Negative 
values indicate fluxes entering the ecosystem, while positive values correspond to 
carbon release into the atmosphere. A huge variability is observed: NEE varied between 
– 582 gC.m-2.year -1 and + 229 gC.m-2.year -1. The Bilos site, a recent clear-cut, is a large 
carbon source. However, there was a tendency for NEE at Bilos to decrease during the 
second year of measurement (i.e. 2 years after clear-cut), due to vegetation regrowth.

At Le Bray, annual NEE showed a low inter-annual variability (in the range of 
– 450 gC.m-2.year -1 to – 550 gC.m-2.year -1) (Berbigier et al., 2001), while at Hesse the 
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variability was much higher (from – 68 gC.m-2.year -1 to – 582 gC.m-2.year -1) (Granier 
et al., 2000b, 2008).

The GPP is calculated as NEE minus Reco. Reco is estimated during the periods 
when photosynthesis does not occur, during the night and, in deciduous stands, leafless 
periods. Nevertheless, even when corrected for CO2 storage variation in the air, a Reco 
estimate still remains problematic, especially under low turbulence conditions (i.e. low 
wind speed). Therefore, the important uncertainty in Reco estimates feeds directly into 
the values of GPP.

Except for Bilos, where photosynthetic rates were very low due to reduced plant cover, 
GPP varied over a wide range, between – 1000 gC.m-2.year -1 and – 2100 gC.m-2.year -1 
(Figure 2.5). At Hesse, the between-year variation was much higher. Moreover, a regular 
increase in GPP was observed from 1996 to 2001 stabilizing in 2002. A multivariate 
analysis showed that inter-annual variation in GPP at Hesse was explained (at ca. 70%) 
by both LAI and the duration and intensity of water stress during the leafy period.

Figure 2.3. Inter-site and inter-annual variation in the ratio of latent heat flux to net radiation  
(mE/Rn). Calculation was performed for complete years, except at Hesse where it was restricted to 
the leafy period (May to October). (a) Effect of water stress on the ratio mE/Rn at Hesse, expressed 
as the number of days (NDstr) during which the relative extractable water in the soil is below 0.4; 
(b) relationship between mE/Rn and the leaf area index (LAI) for the same sites and years.
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Figure 2.4. Variation of the annual net carbon balance (i.e. NEE) of six forest ecosystems. At Le 
Bray and Hesse, 3 and 7 years, respectively, of measurement are presented. Negative values indicate 
a carbon uptake, and positive values a carbon release from the ecosystem to the atmosphere.

Figure 2.5. Annual gross assimilation (GPP) between sites and years.
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The variation in GPP among investigated ecosystems is also explained by the LAI 
values. Another source of variation is the annual incident PAR. Therefore, the GPP/
PAR ratio is correlated to LAI (see Figure 2.6, r2 = 0.73). At Hinda and Le Bray, the 
ratio GPP/PAR (absolute value) is relatively higher than in other sites, indicating higher 
light-use efficiency. A probable explanation lies in the canopy structure of both stands: 
the eucalypt trees at Hinda have narrow and elongated canopies, while at Le Bray and, 
to a lower extent, Hesse in 1999 (just after thinning), the stands were open allowing a 
high light interception. In any case, photosynthetic capacity at leaf level probably plays 
also an important role in light-use efficiency. At Paracou, the value of GPP/PAR is very 
different from all the other sites, reaching – 23.9 mmol.mol-1, indicating a contrasting 
photosynthetic response to the intercepted radiation of the tropical rainforest. The 
relationship in Figure 2.6 is slightly curvilinear: light-use efficiency does not saturate at 
the highest LAI values.

When considering all sites and years, there is a strong positive relationship between 
absolute values of GPP and Reco (Figure 2.7). Indeed, on an annual time basis, more 
carbon is fixed by photosynthesis, more growth rates are high and more living tissues 
respire, leading, therefore, to large autotrophic respiration fluxes. Nevertheless, the 
heterotrophic component included in Reco (originating from leaf and root litter, woody 
debris and soil organic matter decomposition) can reduce this relationship and introduce 
some lag effects into respiration. This was probably what happened in 1998 at Hesse 
where the important activity of decomposer organisms with abnormally high respiration 
rates was observed in August and September on woody debris remaining on the ground 
from a previous thinning.

Figure 2.6. Relationship between the gross primary production to photosynthetically active 
radiation ratio (GPP/PAR annual values) and the leaf area index (LAI). Data from Paracou are not 
included here.
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Figure 2.7. Relationship between ecosystem respiration (Reco) and gross primary production 
(GPP) (annual sums). The regression line does not take into account data from Bilos.

Water and carbon coupling: water use efficiency
Water use efficiency (WUE) is calculated as the ratio between annual biomass 

production and water consumption by vegetation. Unfortunately, wood increment was 
not measured at all the investigated sites. We found values of WUE ranging between 
0.8 mmol C.mol H2O

-1 and 2.4 mmol C.mol H2O
-1 (see Figure 2.8). WUE is higher at 

Hesse, but at Le Bray, the water consumption of the vegetation includes ETR from the 
abundant herbaceous vegetation, while the annual biomass increment was measured 
only for the pines. Former measurements at Le Bray showed that understorey vegetation 
transpiration was on average a quarter to a third of the total ETR. When calculating 
WUE for pines only, we obtained on average (years 1997, 1998, 2000 and 2001) a value 
of 2.08 mmol C.mol H2O

-1, very close to that of Hesse (2.05 mmol C.mol H2O
-1). At 

Hinda biomass increment is rather low while stand ETR is high, leading to a low WUE 
compared with the two other stands.

Canopy water use efficiency (WUEc, see Figure 2.9) is calculated as the ratio of 
GPP to evapotranspiration (GPP/ETR). Contrasting WUEc are observed among sites: a 
high WUEc at Hesse, between – 5 mmol C.mol H2O

-1 and – 7 mmol C.mol H2O
-1, with a 

significant inter-annual variation, the higher value being observed for the dry year 2003. 
At Puéchabon, Le Bray and Hinda, WUEc ranges between – 3 mmol C.mol H2O

-1 and 
– 4 mmol C.mol H2O

-1. At Le Bray, when calculating WUEc for pines alone (see above), 
higher values are obtained, close to Hesse WUEc (Figure 2.9). At Bilos, WUEc is very 
low, around – 1 mmol C.mol H2O

-1.
Intrinsic water use (WUEi) represents the ratio between GPP and canopy conductance 

for water vapour (gc). We calculated gc from the Penman-Monteith equation, assuming 
the big-leaf hypothesis. Similar ranking of the sites for WUEi than for WUEc was 
obtained (data not shown).
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Figure 2.8. Water use efficiency (WUE) (annual values) in three CARBOFOR sites over several 
years of measurement. At Le Bray, WUE is calculated either: (i) with the total evapotranspiration 
(see text) (right bars); or (ii) with an estimate of pine transpiration only (left bars).

Figure 2.9. Canopy water use efficiency WUEc, calculated as GPP/ETR in five CARBOFOR sites. 
At Le Bray, WUEc was calculated in two ways (see Figure 2.8).

Carbon balances and carbon stocks
When comparing annual NEE and biomass increment, some discrepancies are 

found (see Figure 2.10). The annual biomass increment can be higher or lower than the 
annual carbon balance. At Le Bray, a good linear relationship, close to the 1:1 line, was 
observed for the 1996–2000 period. However, in 2002 (a very dry year in this site), this 
relationship no longer matched: while NEE was close to 0, the biomass increment was ca. 
300 gC.m-2. At least two different reasons could explain the discrepancies between both 
annual carbon balance estimates. First, the carbon flux measurements were performed in 
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the footprint area whose extent and direction vary according to aerodynamic conditions. 
Ground measurements at tree level were never performed in the same area, the sampled 
trees being at the same locations in the stands. Second, other compartments (aerial and 
below-ground) than the measured standing trees can experience significant variation in 
carbon stocks: soil organic matter and non-living biomass are still difficult to estimate 
in an annual time step. Finally, the Bilos data, not shown in this graph, highlight the 
difference between NEE and biomass increment. For an ecosystem that respires more 
carbon than it fixes, the positive values of NEE do not correspond to a null stand 
increment but rather to changes in soil carbon stocks. Such changes are neglected in the 
biomass increment estimates at other sites, and in any event cannot be detected over time 
scales of a few years.

In order to try to match more closely the two estimates of carbon balance, we 
calculated the sum net ecosystem exchange W D RNEP h= + -D_ i , where DW is the 
annual stand increment in biomass and D is the leaf plus fine root production. The 
relationship obtained for the three sites where the data were available is shown in 
Figure 2.11. A better agreement between NEE and NEP than between NEE and DW 
(Figure 2.10) is observed. However, the most important problem is the fine root 
production that is poorly known in most forest ecosystems.

Response functions of the canopies

Canopy conductance for water vapour
The canopy conductance was calculated half-hourly from water flux measurements 

above stands and from climate measurements by inverting the Penman-Monteith equation

Figure 2.10. Relationship between the annual net carbon balance (NEE) and biomass increment 
of the stands.
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(Granier and Loustau, 1994; Granier and Bréda, 1996). Non-linear fits were performed 
for each investigated site using the following model:

 gc gc Rg Rg Rg 1 1 k VPD*
max 0= + +_ _i i7 7A A (1)

where Rg is the global radiation, VPD is the water vapour pressure saturation deficit and 
gcmax, Rg0, k are the fitted parameters.

Under high VPD conditions (> 1 kPa), the canopy conductance is close for Hesse, 
Le Bray and Hinda, while it is much lower at Puéchabon (Figure 2.12). At Hinda, the 
response of gc to radiation differs from that of the other sites: saturation is reached 
at lower radiation level, maybe due to the particular architecture of the eucalypts. 
The models of gc variation can be included in stand transpiration models to estimate 
day-to-day variation in soil water content (Granier et al., 2000c).

Diurnal net carbon flux
The relationship between net carbon flux and radiation (PAR) was fitted according to 

the following hyperbolic model:

 1NEE Reco a PAR PAR 2000 a PAR Fc_opt= + - +_ _i i7 A (2)

where Reco, a and Fc_opt are the fitted parameters; Reco is the ecosystem respiration, 
a is the slope of NEE at the intercept and Fc_opt is the value of NEE when 
PAR = 2000 µmol.m-2.s-1. The fitted parameters are given in Table 2.3. Figure 2.13 shows 
the temporal variation of this relationship obtained at Hesse; it is stable for most of the 
growing season. A decrease was only observed from September, when leaf yellowing 
took place.

Figure 2.11. Relationship between the sum of biomass increment plus fine root and leaf production 
less the heterotrophic respiration W D Rh+ -D_ i and annual carbon balance (NEE).
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Figure 2.12. Variation of canopy conductance (gc) to water vapour for four CARBOFOR sites, 
fitted according to the Equation (1). Effects of air vapour pressure deficit at Rg = 900 W.m-2 (a) 
and global radiation (b) at VPD = 1 kPa.

Table 2.3. Fitted parameters of Equation (2) for different sites and years.

Site Date a Fc_opt Reco r2

Hesse

June 1997 – 0.064 – 26.9 6.90 0.74

June 1998 – 0.063 – 26.1 7.32 0.59

June 1999 – 0.073 – 27.2 8.29 0.62

June 2000 – 0.127 – 30.1 9.09 0.61

June 2001 – 0.096 – 29.0 6.85 0.68

June 2002 – 0.069 – 28.7 5.31 0.57

July 2002 – 0.124 – 32.0 8.88 0.66

Aug. 2002 – 0.100 – 30.6 7.89 0.65

Sept. 2002 – 0.060 – 23.1 3.61 0.59 . . .
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Table 2.3. (continued)

Site Date a Fc_opt Reco r2

Le Bray

June 1997 – 0.043 – 23.6 5.89 0.73

June 1998 – 0.039 – 20.4 5.72 0.60

June 1999 – 0.061 – 21.2 7.78 0.72

June 2000 – 0.065 – 27.6 8.87 0.67

June 2001 – 0.051 – 23.0 6.00 0.53

Puéchabon
June 1999 – 0.031 – 11.6 4.63 0.59

June 2000 – 0.060 – 14.7 5.23 0.50

Hinda June 2001 – 0.026 – 22.8 2.44 0.69

Bilos June 2001 – 0.036 – 10.4 4.41 0.46

Figure 2.13. Variation of net ecosystem exchange (NEE) as a function of photosynthetic active 
radiation (PAR) at Hesse for the June to September period in 2002 (wet year) from model 2. The 
coefficients of regression range between 0.6 and 0.7.

There is a large variation of NEE (PAR) relationships between the sites (Figure 2.14). 
The lower values of NEE (absolute values) are observed at Puéchabon and Bilos, below 
10 µmol.m-2.s-1. At Le Bray, a large inter-annual variation was found. The largest NEE 
values were observed at Hesse, greater than – 20 µmol.m-2.s-1 under saturating PAR.

Night carbon fluxes
This analysis took into account only temperature effects on ecosystem respiration. We 

fitted the same exponential model using air temperature because soil temperature was not 
measured at the same depth in all the sites.

The fitted relationships are shown in Figure 2.15, and the parameters are given in 
Table 2.4. Although the relationships are very variable from site to site, the maximum 
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Figure 2.14. Variation of net ecosystem exchange (NEE) as a function of photosynthetic active 
radiation (PAR) during June in several sites and years. Curves are the best fits of Equation (2), 
obtained for the June measurements. The coefficients of regression range between 0.6 and 0.7.

Figure 2.15. Relationship between ecosystem respiration (Reco, night measurements) and 
air temperature in five CARBOFOR sites during 2001. Data points are bin averages of 
10 measurements.
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values are similar. Therefore, the temperature does not explain the variation of Reco 
among the sites. At Puéchabon, the negative effect of soil drought can be observed at the 
highest temperatures. At Hinda, there is a strong increase in Reco with temperature that 
varies in a limited range (less than 10°C).

Table 2.4. Estimated parameters of the relationship Reco = a exp (b Tair), and coefficient of 
 determination (r²) values in five sites (year 2001). The column “maxi” corresponds to the estimated 
ecosystem respiration at the highest observed temperature in each site.

a b r2 maxi

Puéchabon 1.13 0.031 0.31 2.52

Le Bray 1.39 0.040 0.64 3.88

Hesse 1.13 0.068 0.75 4.86

Hinda 0.02 0.205 0.82 3.07

Bilos 0.59 0.076 0.70 3.75

The comparative response to climate of carbon  
and water fluxes among French forest sites: discussion

This work consisted of a cross-analysis of the flux variation to environmental 
factors among a contrasted range of forest ecosystems (e.g. climate, species and stand 
structure).

We showed that energy, water and carbon variation in fluxes mainly depended on 
climate and canopy structure and, to a lesser extent, on the tree species. For instance, 
the transformation of radiation to latent heat flux related well to: (i) LAI as clearly seen 
in Figure 2.2 for seasonal variation (Granier et al., 2000a), and in Figure 2.3(b) for 
inter-annual variation; and (ii) water stress (Figure 2.3a) that reduces the ratio mE/Rn, 
especially at Puéchabon under a Mediterranean climate.

There is still some uncertainty in the estimation of gross assimilation and ecosystem 
respiration from the net carbon fluxes as measured using eddy covariance. The low 
turbulence at night in most sites is the most important methodological problem. Future 
algorithms would probably change the data presented above.

Nevertheless, gross assimilation among the investigated sites seems to be in the 
range of 1000–2000 gC.m-2.year-1, that is, 10–20 tC.ha-1.year-1. In the French Guiana site 
(Paracou), the annual value is much larger, close to 35 tC.ha-1.year-1. The determinants of 
the inter-annual variation in GPP and Reco fluxes, and therefore in NEE, are still poorly 
known. At Hesse, the progressive increase of GPP from 1996 to 2001 seems to be mostly 
driven by interaction between drought during the growing season and the intercepted 
radiation. The eucalypt plantation at Hinda showed higher light conversion efficiency 
than the other stands that could be related to both a higher physiological performance and 
a more efficient structure in terms of radiation interception.

Understorey vegetation is an important component of energy, water and carbon cycles 
in some forest ecosystems, especially in open stands like those at Le Bray, where a large 
LAI of grasses (Molinia) develops as a consequence of the high proportion of radiation 
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it receives (Misson et al., 2007; Jarosz et al., 2008). Such understorey is characterized by 
very active water extraction from the soil and high photosynthetic rates, especially during 
the dry periods and, therefore, plays a determinant role in water and carbon balances.

Inter-annual variation in carbon balance is closely dependent on the variation in 
ecosystem respiration (Valentini et al., 2000; Janssens et al., 2001): low NEE values are 
observed when Reco is high. Its determinants are much less well known than those for 
GPP, being more complex, involving numerous above- and below-ground compartments 
and different processes, each responding to a specific set of environmental variables (see 
Falge et al., 2002a, 2002b). Reco results from: (i) respiratory fluxes linked to the growth 
and maintenance of all living tissues in the ecosystem; and (ii) carbon fluxes resulting 
from the decomposition of organic matter, such as litter, roots and coarse debris. In forest 
ecosystems, soil respiration represents more than 50% of Reco (Epron et al., 2001). 
The woody debris can result from the natural mortality of management practices (e.g. 
thinning and clear-cut). At Hesse, the coarse debris resulting from thinning amounts to 
400–500 gC.m-2, every 5 to 6 years. In the same site, the natural coarse litter (mainly 
branches) is between 50 gC.m-2 and 70 gC.m-2.

Forest management also drives inter-annual variability in carbon balance. Reaction of 
forests to thinning can be rapid, especially in young fast-growing stands, where light-use 
efficiency (i.e. ratio GPP/PAR) temporarily increases in the year after thinning.

Carbon balance course during the life cycle of forests

The main source of variability in carbon cycling among managed forest stands in 
Europe is the age of the stand. Immediately after disturbance, the carbon balance of a forest 
ecosystem is negative, GPP and net primary production (NPP) are reduced to zero and 
increase subsequently as the canopy develops. They reach a maximum near canopy closure, 
and finally decrease in older stands (Ryan et al., 1997). This decline in above-ground wood 
production after canopy closure, long known by foresters, is a common pattern in even-aged 
forest stands around the world (Gower et al., 1996; Ryan et al., 1997, 2004). One compelling 
need is to explain why NPP is reduced in ageing forest stands: the growth patterns are 
pronounced and predictable but the underlying mechanisms remain unclear. Moreover, 
recent investigations have confirmed that natural (fire and storm) or anthropogenic (harvest 
and thinning) disturbances convert mature forest sinks into carbon sources requiring years 
to decades to recover their sink status depending on their growth rate (Bond-Lamberty et 
al., 2004; Kowalski et al., 2004). The importance of these disturbances on the maritime 
pine forest carbon balance was demonstrated in the Landes de Gascogne forest using eddy-
covariance measurements simultaneously over a clear-cut site and a neighbouring mature 
forest site in 2001 (Kowalski et al., 2003). Data in Table 2.5 show that both components of 
NEE, GPP and Reco, were lower in the clear-cut site in comparison to the mature stand.

The clear-cut site, covered with remaining understorey woody and herbaceous species, 
maintained about one-third of the GPP of the mature stand. Due to past accumulated 
carbon stocks in the soil and canopy (representing harvest residues), total respiration 
by the clear-cut site reached about the two-thirds that of the mature stand, suggesting 
a dependence of the soil decomposer community on recently assimilated carbon in the 
maritime pine forest. This is consistent with results from other studies in pine forests 
(Hogberg et al., 2001), but may not be general for all species of trees (Kowalski et 
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al., 2004). The greater relative reduction in GPP (versus Reco) indicated the clear-cut 
site to be a significant annual carbon source. It is clear from these data that intensively 
managed forests lose carbon to the atmosphere after disturbances. These studies showed 
the importance of taking into account the initial phase of stand settlement and resulting 
carbon loss in the accurate estimation of forest carbon sink over its full management 
cycle. The role of old-growth forests in the global carbon cycle is also a matter of interest 
because the old concept that their biogeochemical cycles are near equilibrium was 
recently challenged (Luyssaert et al., 2008).

In the following sections, we summarize the mechanisms that can explain changes 
in stand productivity and carbon balance over the full management cycle in a temperate 
forest. First, we expand upon the results regarding decline in forest productivity with 
increasing stand age, pointing out the mechanisms responsible for this decline. Then, we 
present some preliminary research on the impact of a disturbance occurring at the early 
development stages on the carbon balance of a maritime pine ecosystem.

Evidence of a decline in growth  
with age in a maritime pine forest

In the Landes de Gascogne forest (south-western France), which consists of even-
aged stands of maritime pine trees, empirical evidence for dates of the decline of 
forest production is well documented in inventories carried out by the National Forest 
Inventory. The decrease in wood production was about 70% between 24 and 54 year-old 
stands, whatever the fertility class, showing that age is one of the main factors inducing 
variability in forest productivity. Recent studies on growth, based on a chronosequence 
of even-aged stands of maritime pine, corroborated this trend and further investigated 
the physiological and structural causes of this decline. A rather clearer picture of 
maritime pine stand dynamics emerges from a chronosequence ranging between 10- and 
91-year-old stands (Figure 2.16) (Delzon et al., 2004; Delzon and Loustau, 2005).

The above-ground part of NPP, aNPP, decreased markedly with increasing stand age. 
This decline corresponded to 60% when comparing the 10- and 91-year-old stands. It 
was explained by a 40% decrease in stand leaf area, that is, LAI and plant area index 
(PAI), along the chronosequence (due to decline in tree density by thinning and crown 
abrasion). However, forest growth decline was only partly explained by the observed 
decline in LAI and light interception: productivity per unit of leaf area was also reduced 
(see Figure 2.16(b)). This result revealed that an altered photosynthesis may contribute 
to this decline therefore decreasing carbon fluxes and gains. In conclusion, these studies 
showed a significant decline in forest growth with age that can likely be explained by 
decreases both in leaf area at the stand level and in CO2 assimilation rate at leaf level.

Table 2.5. Comparison of annual ecosystem fluxes between a clear-cut site in 2001 and a mature 
pine stand aged 28 years in 1997–98 and 31 years in 2001 (Kowalski et al., 2003).

Annual exchange Clear-cut site 28-year-old stand 31-year-old stand

NEE (gC.m-2) 290 – 575 – 498

GPP (gC.m-2) 727 2255 2025

Reco (gC.m-2) 996 1680 1527
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The decline in photosynthesis with stand age

Most studies on photosynthesis in woody plants of different ages were not designed 
to isolate age-induced variation from all other sources of variation (e.g. that owing to 
size or environment). However, data from experimental studies generally indicate that 
both photosynthesis (Kull and Koppel, 1987; Yoder et al., 1994; Kolb and Stone, 2000) 
and stomatal conductance are reduced as trees get older (Ryan et al., 2000; Schafer 
et al., 2000). Recent results suggest that the hypothesis of cellular or molecular ageing 
is not convincing for trees (Mencuccini et al., 2005; Peñuelas, 2005): meristematic 
cellular senescence (age-related control) does not explain forest growth decline with age. 
Instead, extrinsic factors mediated by size, rather than irreversible senescence, have been 
proposed as driving decline in growth rates in old/tall trees.

Results from intensive measurements of biomass allocation, leaf water potential, 
photosynthetic capacity, sapflow and carbon discrimination across a maritime pine 
chronosequence in south-western France showed that the dramatic decline in growth 
with age was explained by increasingly negative hydraulic impacts as trees grew taller 
(Delzon et al., 2004, 2005). This conclusion is consistent with the hydric homeostasis 
hypothesis of Magnani et al. (2000). We demonstrated further that growth decline results 

Figure 2.16. Changes in productivity as a function of stand age in a maritime pine chronosequence 
in the Landes de Gascogne forest of south-western France using various measures: (a) aNPP 
(gC.m-2.year-1) represents above-ground net primary production (NPP) estimated using biomass 
increments and litterfall measurements per stand; (b) growth efficiency (gC.m-2.year-1) corresponds 
to the above-ground annual tree biomass increment expressed per unit leaf area; (c) stand leaf area 
(LAI: leaf area index; PAI: plant area index; m2.m-2); (d) tree number (ha-1).
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from structural compensatory adjustments to height-related hydraulic constraints and 
stomatal closure. Trees compensate for hydraulic limitation by reducing the amount of 
photosynthetic area relative to water-conductive area (the leaf to sapwood area ratio, 
where sapwood is the hydraulically active part of the stem) (Delzon et al., 2004). This 
structural compensation is, however, not sufficient to counteract the height effect on 
hydraulic conductance, causing a decline in stomatal conductance with tree height and 
reducing CO2 diffusion into the leaf (Figure 2.17).

This conclusion was also confirmed by a comparison of leaf photosynthetic capacity 
across the same chronosequence (Delzon et al., 2005). These results are consistent with 
Mencuccini et al. (2005), showing that photosynthetic capacity does not decline with 
tree age and indicating that senescence of the photosynthetic apparatus does not explain 
reduced forest growth.

Figure 2.17. Mean values of canopy conductance (a) and stomatal conductance (b) versus air 
vapour pressure saturation deficit (VPD) for four maritime pine stands of different age. gc was 
determined from sapflow measurements on six to seven trees per stand and gs was measured on 
1-year-old needles using a steady-state null balance porometer. (Redrawn from Delzon et al. (2005) 
with permission of Plant, Cell and Environment).
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Chapter 3

Dynamics of soil carbon and moder horizons 
related to age in pine and beech stands

bernarD guiLLet, Jean-robert Disnar, Denis Loustau, Jérôme baLesDent

Introduction

For a long time, the attention paid to soil organic matter (SOM) has been motivated 
by the well-recognized role that this constituent exerts on soil chemical, physical and 
biological properties (e.g. van Cleve and Powers, 1995; Robert, 1996; Karlen et al., 
1997). Increasing concern about climate change due to the release of greenhouse gases 
into the atmosphere now raises a question on the effective part played by soils, which are 
a major terrestrial reservoir of carbon (GIEC, 2000; Arrouays et al., 2002). With the aim 
of understanding and forecasting variations of stock, the dynamics of forest soil organic 
carbon is currently described by compartmental models, for example, the Century 
model Parton et al. (1987), which is included in many ecosystem carbon models. These 
models describe the relationships between input fluxes and the distributions of residence 
times depending on soil and climate conditions. However, the following points can be 
formulated as to the use of these models.

(i) If the input fluxes are easily accessible (excluding rhizodeposition), some values of  –
the parameters can be called into question because they are largely inherited from model 
calibration on either cultivated or grassland areas, or on tropical forest ecosystems where 
natural C isotope tracing has been largely used (Jenkinson et al., 1991, Trouvé et al., 1994; 
Balesdent and Mariotti, 1996). Such isotopic approaches cannot be applied in temperate 
and boreal forest ecosystems. In these latter systems the 14C isotope in natural abundance 
remains a valuable but insufficiently used tracer for measuring carbon residence times 
in forest soils (Balesdent and Guillet, 1982; Trumbore, 1996). Sites with a humus type 
moder, owing to their vertical stratification, are favourable for such a determination 
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because deeper layers of humus may be hypothesized to be older. Therefore, analysis of 
14C according to layer depth is expected to provide an insight into carbon dynamics.

(ii) The vertical stratification of carbon in holorganic O and organomineral A horizons  –
(Elzein and Balesdent, 1995), together with its variations, is not often taken into account 
in models. On the one hand, it implies varied responses of the dynamics to microclimatic 
and edaphic factors and, on the other hand, it depends on variations of edaphic conditions 
and on management practices.

(iii) Many models neglect the evolution of carbon stocks on the scale of a forest  –
ecosystem life cycle, from disturbance to regeneration, growth, maturation and 
senescence, especially in the description of the initial states. In addition, models do not 
take into account the evolution of the vertical stratification in relation to the life cycle. 
However, such an evolution has been clearly proved by, for example, Jolivet (2000), Nys 
et al. (2002) or Huet et al. (2004; pers. comm.).

The aim of the present contribution to the French project CARBOFOR was to quantify 
the dynamics of carbon in typical temperate forest ecosystems, and more precisely, the 
build-up and turnover of the carbon stocks of horizons O and A1. The work was carried out 
on two sites: the beech forest of Fougères (Brittany, France) and the pine forest of the Landes 
de Gascogne (Le Bray and Baudes stands, Aquitaine, France). In each case, we used the 
following approach to assess the temporal evolution of organic matter stocks in soil. Firstly, 
we established the relationship between the carbon content of humus and soil layers with 
stand age along chronosequences (Huet, 2004; Huet et al., 2004; pers. comm.). Secondly, 
we related quantitative data on net primary production (NPP) and annual litterfall to the 
carbon stock in humus to deduce the apparent “turnover” of the organic matter. Thirdly, 
we developed and applied a simple model to date the soil organic matter by radiocarbon 
determinations. In the two study areas, stands of contrasting age were analysed.

Study sites and methods

The Fougères beech forest
The national forest of Fougères is located in the north-east of the Ille-et-Vilaine 

department in Brittany (France) (48° 20’ N; 1° 10’ E) at an elevation of 115–191 m above 
sea level. It covers a total surface of 1660 ha and is sub-divided into 130 stands. Beech 
(Fagus sylvatica L.), either alone or mixed with oak (pedunculate Quercus robur L. and 
sessile Q. petraea Liebl.) cover approximately 76% of the surface of the forest (Toutain, 
1966). Coniferous trees, which have been planted for a few decades, occupy less than 
60 ha. The climate is of the oceanic type, that is to say, temperate and wet. The average 
annual precipitation is 881 mm, with more marked rainfall in December and October. 
The mean annual temperature is around 10.3°C, with a monthly minimum and maximum 
of 3.9°C and 17.3°C, respectively.

The forest of Fougères is divided into even-aged stands and undergoes a high level of 
forest management. Harvesting consists of successive thinnings and clear-cutting: a first 
thinning is followed by one or more subsequent thinnings and final clear-cutting. The 
current management of the forest is based on the duration of a complete 150-year rotation. 
Four stands of different ages, FOU1 to FOU4, were sampled. In each stand, five or six 
sample plots, A–E or F, were selected depending on the nature and density of plant species 
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in the understorey (Table 3.1). Nevertheless, the influence of these plants is negligible, the 
soil being frequently barren in most parts of the forest, except in the thicket.

In the largest part of the Fougères forest, the soils are of the slightly leached acid 
brown type, that is, Brunisol luvic according to the French nomenclature (Karroum, 2002) 
or alocrisol luvisol according to the FAO/UNESCO soil system (FAO, 1998). These soils 
developed on silty material, often mixed with sandy arena in the depth of the profiles. 
The soil cover is generally 1–2 m thick. According to whether they were formed on quasi-
pure silts, or silts mixed with granitic arena, schists or quartzitic or alluvial material, the 
soils do not have the same texture or the same morphology, but their formation always 
followed the same evolutionary path. The soils are acidic and base saturation is low. Some 
indices of hydromorphy and/or moderate podzolization can sometimes also be observed 
at depth, when they present a thick humus of the dysmoder-type (the formation of which 
is favoured by acidifying species such as beech).

Table 3.1. Spatial variability and floristic heterogeneity of the studied plots in the Fougères forest.

Reference
FOU1:  

10 years
FOU2:  

27 years
FOU3:  

87 years
FOU4:  

145 years

Plot A
Gramineae (5)  
and fern (+)

Fern (+)  
and ivy (+)

Fern (1), ivy (+),  
carex (+)  
and wavy hair-grass (+)

Ivy (2)

Plot B
Gramineae (5), 
bramble (+)  
and moss (+)

Fern (1)  
and ivy (1)

Ivy (3)  
and polytric (1)

Barren  
with ivy (3)

Plot C
Gramineae (5), 
bramble (+)  
and moss (+)

Fern (+)  
and ivy (1)

Ivy (2)
Barren  
with ivy (1)

Plot D
Gramineae (5),  
fern (+)  
and bramble (+)

Fern (+)  
and ivy (+)

Ivy (2)  
and oak (2)

Wavy  
hair-grass (5)

Plot E Fern (5)
Fern (1)  
and ivy (1)

Ivy (1)  
and polytric (+)

Ivy (5)  
and oxalis (1)

Plot F
Gramineae, bramble, 
honeysuckle,  
broom and moss

(+) = presence; from 1 to 5 = increasing surface cover (Karroum, 2002 after Lebret, 2002).

The pine forest of the Landes de Gascogne: Le Bray and Baudes sites
The site of Le Bray (Jolivet, 2000) consists of one adult stand of maritime pine 

(Pinus pinaster Ait.) seeded in 1970. It is located in a wet zone of the Landes, with some 
localized hillocks of mesophilic moors. The understorey vegetation is primarily made 
up of purple heath grass (Molinia coerulea M.) in the wetlands and western brackenfern 
(Pteridium aquilineum) on the mesophilic hillocks. The soil, a humic podzol with A2 (E) 
and iron pan, displays hydromorphy at depth (podzosol duric). At the time of sampling 
(2003), the stand was 33 years old. Silviculture here includes some tillage of the soil 
before seeding. The pines at the Baudes site were 92 years old in 2003, and the soil is 
also a humic podzol with iron pan partly covered with tussocks of Molinia.
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Soil sampling and analytical methods

Soil sampling and sample pre-treatment

At Fougères, three sample sets were used. In October 1997 all plots were sampled for 
carbon stocks. The 1997 sampling contributed to the ECOFOR programme (Guillet and 
Disnar, 2000, in Jabiol, 2000; Karroum, 2002; Karroum et al., 2005). The objective of 
this project was to estimate the carbon stock of the soil and its variability in the holorganic 
layers, as well as in the upper organomineral horizons (A1 sub-divided into A11 and A12 and 
occasionally E1). Additional samples were taken at FOU3 and FOU4 in February 2000 
(just after the severe storm in December 1999), and in March 2002 at FOU2 for additional 
carbon stocks and 14C determination. The sampling procedure of the five replicates was 
the same for each plot and was also applied in the Landes de Gascogne sites.

At the Landes site, soil sampling was carried out in January 2003. At each site, five 
plots were selected at random inside a 20 m radius circle near the micrometeorological 
tower. The hologanic O horizon layers were taken inside a 0.25 m2 square frame. The soil 
mineral horizons were extracted using a 15 cm long and 8 cm wide cylinder with a manual 
corer. The cores were separated into layers or horizons in the laboratory. The samples 
collected below the Molinia tussocks were treated separately taking care to measure the 
surface area that they occupied, their thickness and their wet weight. After separation of the 
roots from the soil, the intimately associated fine root fractions were weighed, processed 
and analysed separately. Annual litterfall values were estimated from measurements made 
on 24 litterfall traps collected monthly from 1996 onwards (data not shown).

Analysis

In the laboratory, the thickness of the horizons was measured and the various horizons 
or even layers were subsequently separated from one another “by scouring”. After having 
been weighed wet, all the samples, as well as the roots and large woody remains, were 
dried at 55°C and reweighed. The five replicates were treated separately for total organic 
carbon (TOC) and bulk density and pooled for 14C dating.

Soil bulk density was determined after oven drying at 55°C: the dry weight of the 
whole sampled horizon was divided by the surface area of either the frame (O horizons) 
or the corer (A and E), and then by the thickness, so that the stocks were not biased 
by uncertainty about thickness determination. The roots were separated from the soil 
samples and subsequently dried and weighed.

All the dry samples were submitted for organic carbon determination before any other 
treatment. In several cases, this analysis was a prerequisite for further analyses, especially 
the preparation of composite samples, such as those used for 13C and 14C isotopic 
measurements (see below). The organic carbon content of the Landes soils was determined 
by combustion using an elementary analyser (Flash EA, Thermofinnigan). The carbon 
and nitrogen content of the Fougères soil samples were determined either with a Leco 
CNS 2000 analyser, or by Rock-Eval® pyrolysis with a model 6 “Turbo” device (Vinci 
Technologies). The analyses were carried out on 100 mg of crushed sample under standard 
conditions (Disnar et al., 2003). Since this latter technique underestimates the TOC of the 
soils, we applied the following corrections as recommended by Disnar et al. (2003): the 
contents of the TOC provided by the apparatus were multiplied by 1.166 if they came from 
samples of litter (OL and OF) rich in polysaccharides, and by 1.092 for all the others.
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The stock of carbon in each horizon/layer was calculated as:

 C-stock (kgC.m-2) = thickness (m) × density (kg soil.m-3) × TOC (kgC.kg soil-1) (1)

14C and 13C measurements were carried out on composite samples made of aliquots 
of the five individual samples of each layer. The 14C activity measurements of the soil 
organic matter were made at the Centre of Radiocarbon Dating (Lyon, France) using 
liquid scintillation. The results are expressed as:

 D14C (‰) = 1000 × (A – Ao)/Ao (2)

where A is the activity of the sample and Ao is 0.95 × the activity of the NBS 
1154 standard. The unit D14C is corrected for isotopic fractionations.

The apparent age 14C (unit BP, Before Present with “Present” = 1950) is conventionally 
defined as:

 apparent age = – 8035 × Ln (A/Ao) (3)

Principle of interpretation of 14C activities
The measured radioactivity of a carbon sample is equal to the sum of the mean carbon 

activities of the various components of SOM, the age of which varies from zero (fresh 
leaves of the year) to several millennia. The 14C activity of atmospheric CO2 increased 
considerably after 1955 following the thermonuclear tests carried out in the atmosphere 
by the USA and USSR (Figure 3.1). After reaching a maximum in 1963, the production 

Figure 3.1. Database of tropospheric 14CO2 made up for the study (curve) and values measured 
in spring and summer at the European observatories of Vermunt and Schauinsland (according to 
Levin and Kromer, 1997 and Levin et al., 1994), and, for comparison, Wellington in 1953–59.
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of thermonuclear 14C decreased and is still decreasing. This 14C “peak” has turned out 
to be a fortuitous isotopic labelling, firstly of plants that use CO2 for their metabolism 
and, secondly, of SOM through the incorporation of 14C-enriched litterfall material. This 
radiolabelling of SOM allows us to determine carbon residence times, provided realistic 
assumptions can be made about the age distribution of the various components of the 
considered soil sample (Balesdent and Guillet, 1982; and the review by Wang and Hsieh, 
2002). In the present study, the activity data are interpreted in terms of age by means of 
the compartmental model described previously.

We built a database for the tropospheric 14C activities in the northern hemisphere from 
the arithmetic mean of measurements made each year from April to September by Levin 
and Kromer (1997) from 1979 to 1996, and Levin et al. (1994) from 1954 to 1978. The 
data for the period 1996–2001 are extrapolated and fixed on the values of 1998–99.

Results and discussion: experimental data

Organic carbon stocks

Fougères beech forest

The distribution of TOC in the Fougères forest soils and its variation with tree age can 
be defined when referring to the two datasets sampled in 1997 and 2000–02. The TOC 
values of the first sample set represent the mean of TOC determinations made on samples 
taken from the different layers of five to six soil profiles from a given beech stand. In 
contrast, for the 2000–02 sampling dataset, TOC determinations were carried out on 
composite samples that were mainly prepared for 14C analysis and were assembled from 
soil layer aliquots extracted in five different profiles from the same stand. The results 
obtained with the first sample set are presented in Tables 3.2 and 3.3 and are discussed 
below.

Table 3.2. Total organic carbon contents in the various layers or horizons of the soils of the 
 Fougères forest sampled in 1997 (average values and variation coefficient for five to six samples of 
a given horizon in a given stand).

FOU1: 10 years FOU2: 27 years FOU3: 87 years FOU4: 143 years

Average 
TOC

Variation 
coefficient

Average 
TOC

Variation 
coefficient

Average 
TOC

Variation 
coefficient

Average 
TOC

Variation 
coefficient

(mg.g-1) (%) (mg.g-1) (%) (mg.g-1) (%) (mg.g-1) (%)

OL 338.0 25.1 488.5 2.3 479.8 1.2

OF 462.9 2.1 451.9 12.3

OL, OF 432.3 6.7

OH 287.3 32.2 317.3 30.5 262.5 33.1

A11 115.1 33.6 138.9 44.7 87.8 30.4 75.3 44.9

A121 61.7 60.4 75.7 30.2 46.7 11.2 42.2 28.0

A13 29.7 18.7 43.6 24.7

TOC: total organic carbon.
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Table 3.3. Mean organic carbon stock values and coefficient of variation in the holorganic O 
and A1 horizons of soils of the four stands that were studied at Fougères.

FOU1  
(thicket)

FOU2  
(sapling)

FOU3  
(young high forest)

FOU4  
(old high forest)

Mean 
stock

Variation 
coefficient

Average 
stock

Variation 
coefficient

Average 
stock

Variation 
coefficient

Average 
stock

Variation 
coefficient

kgC.m-2 (%) kgC.m-2 (%) kgC.m-2 (%) kgC.m-2 (%)

OL 0.72 43.30 0.50 51.50

OF 0.59 30.40 0.83 47.30

OL + OF 0.43 28.20 1.20 47.00 1.31 31.60 1.33 45.10

OH 0.77 132.30 0.93 18.50 1.18 34.30

Total O 0.43 28.20 1.97 68.50 2.34 22.40 2.71 18.30

A1 4.03 32.40 5.48 30.70 1.96 24.00 2.05 26.90

Total soil 4.45 60.60 7.45 22.30 4.30 12.60 4.75 16.00

According to Guillet and Disnar (2000).

TOC values of 480–490 mg.g-1 in the OL soil layers of young and old mature forest 
stands (FOU3 and FOU4) are typical of recent dead plant material values, especially 
leaves (Guillet and Disnar, 2000). Slightly lower TOC values of 450–460 mg.g-1 in OF 
suggests a minor mineral contamination of this layer. The much lower TOC values in the 
OH layer (320 mg.g-1 in FOU3 and 260 mg.g-1 in FOU4) are consistent with the presence of 
organomineral aggregates as observed. The much greater variability in the OH (variation 
coefficient 30–33 mg.g-1) than in the OL and OF, mostly reflects specific features of the 
plots, such as the presence of Deschampsia flexuosa in one FOU4 plot (Table 3.1) and 
another unidentified factor in FOU3. The greater variability observed in A11 than in A12 is 
mostly attributable to some mixing between A11 and the overlying OH layer.

In FOU2, the percentages of organic carbon in the OL are lower than those observed 
in FOU3 and FOU4. While this is due to a mixing with fragments of litter of the OF type, 
it is mainly the result of the introduction of mineral matter by earthworms. The OH layer, 
sometimes absent (FOU2B, FOU2C), presents large variability of content, probably because 
of an imperfect control of sampling caused by irregular boundaries between OH and A11.

Variability is also large (45%, N = 7) in FOU2 horizons (A11 + A12). On average, they are 
richer in organic carbon (140‰) than in FOU3 (90‰) and FOU4 (75‰). This is presumably 
due to a stronger biological stabilization of organic matter by fine mineral fractions caused 
by the action of earthworms, which are more abundant in FOU2 and FOU1.

In FOU1, the variability of TOC contents of the OL is the largest of all the analysed 
litters. As the TOC values are also much lower than in other sites (340‰ on average), 
it can be assumed that this variability arises from a non-homogeneous SOM dilution 
with mineral matter, undoubtedly brought up by the mesofauna. In the organomineral 
horizons, the percentages of organic carbon are comparable to those observed in FOU2.

The average stock of organic carbon and its variability within each station are presented 
in Table 3.3 and Figure 3.2. The following points about the stock of organic matter and 
its vertical distribution are worth mentioning: in the soil of the sapling stand (FOU2), an 
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important organic carbon stock of moderate variability (22%) resulted from storage in the 
A1 horizon. The cause of this is certainly to be found in the activity of earthworms, which 
acted as stabilizers of the humus. In FOU2, there was also high stock variability (68%) 
within the O horizons due to the presence of both mull- and moder-like humus forms in 
this stand, the stocks in the mull type being necessarily lower than those of the moder type. 
In contrast, lower variability (30%) was observed in the A1 horizon at the same site.

In the high forest (FOU3 and FOU4), the organic carbon stocks were not significantly 
different in the OL + OF, OH and even the A1 horizon. The relatively low values of the 
coefficients of variation of the carbon stocks in the dysmoder are consistent with the visual 
impression of homogeneity observed at these two sites, but especially so in FOU3.

Table 3.4. Annual litterfall, carbon stocks in humus layers and estimated carbon mean residence 
times at the Fougères sites as calculated from 1997 and 2002 measurements.

1997 measurements FOU1 FOU2 FOU3 FOU4

Mean litterfall

Mass (kg dw.m-2.year-1) 0.21 0.38 0.39 0.47

Carbon (kgC.m-2.year-1) 0.089 0.161 0.165 0.2

Horizon OL + OF:

carbon stock (kgC.m-2) 0.424 1.179 1.299 1.323

K = flux/stock (year-1) 0.21 0.137 0.127 0.151

MTR = stock/flux (year) 4.76 7.32 7.87 6.62

2002 measurements
FOU2 
mull

FOU2
moder

FOU3 FOU4

Horizon OL + OF:

carbon stock (kg.m-2) 0.481 0.689 1.118 0.916

K = flux/stock (year-1) 0.335 0.234 0.148 0.218

MTR = stock/flux (year) 2.99 4.28 6.78 4.58

Annual litterfall from Lebret (2002). MTR: mean time of residence.

Figure 3.2. Carbon stocks in organic horizons of stands of different age at the Fougères (average 
and standard deviation for five or six profiles) and the Landes forests. All values in kgC.m-2.
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The Landes pine forest

The most striking differences between the profiles of Le Bray (32 years) and Baudes 
(92 years) are: (i) the absence of an OH horizon at Le Bray and the advanced development 
of the OH horizon at Baudes; (ii) a larger carbon stock in the 15-45 cm layer at Le Bray. 
Altogether, the carbon stock in the Baudes site soil + humus is 50% higher than that of 
Le Bray.

Vertical root distribution
At the FOU3 and FOU4 sites, the root biomass is distributed in a rather homogeneous 

way down to 15–20 cm (Figure 3.3). Although present in the O horizons, the roots mainly 
occur in horizons A (0–20 cm).

The soils of the sites of Bray and Baudes form a kind of mosaic made of two 
systems: humus with the traditional morphology of a moder and Molinia tussocks, the 
latter accounting for approximately 25% of the surface and below which Molinia roots 
are densely imbricated forming a mat of roots. The dry matter mass of this Molinia root 
mat accounts for 20% of litter at the two sites. The Molinia root system occurs in the 
OH horizon at the Baudes site and in the A1 horizon at Le Bray, where the OH horizon 
is missing. Apart from this Molinia root mat, the majority of roots are found exclusively 
in the A horizons, where their volumetric density decreases exponentially with depth 
(Figure 3.3).

Figure 3.3. Depth profiles of root mass per unit volume of soil. The roots of the pine forest Molinia 
tussocks (Le Bray and Baudes) are not represented.
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Vertical distributions of the 13C and 14C isotopes
The 13C profiles (Figure 3.4) in the young and mature high forest stands FOU3 and 

FOU4 are typical of temperate forest soils developed on a light and thick material, 
comprising an argillaceous phase (Balesdent et al., 1993). The enrichment of 2‰ to 3‰ 
with depth can be explained classically (Balesdent and Mariotti, 1996) by one or several 
of the following factors: (i) the evolution with increasing age of the photosynthesized 
CO2, the present day CO2 being depleted by 1.5‰ compared with pre-industrial CO2; 
(ii) the predominance of lignin (depleted in 13C) in the O horizons; (iii) the enrichment 
that occurs in the heterotrophic (microbial) trophic chain, the products of which become 
predominant in evolved matter; (iv) the downward transport of fulvic compounds rich in 
carboxyls and in 13C; (v) the possible presence of a background of carbon rich in 13C of 
periglacial times (Adams and Faure, 1996). The most noticeable fact is the low D13C in 
the O horizons of FOU2 plots that cannot be solely explained by the young age of the 
carbon. This seems to be related to a particular and transitory state; either to the trophic 
status of the young trees or to a high proportion of litterfall and root exudates from the 
understorey depleted in 13C.

In the Landes de Gascogne, the 13C distribution is identical at the two sites. The 
podzols of this area differ from the leached soils of Fougères by having a lower 
enrichment at depth. This can be related to the absence of clay fractions likely to 
retain the isotopically enriched fractions (see factors (iii), (iv) and (v) above). The 
little data available on Molinia plant 13C composition at the Bray site (unpublished 
data) suggests that the recycling of respired CO2 via photosynthesis is not significant 
here.

The 14C profiles (Figure 3.4) account for the enrichment in the thermonuclear 14C 
isotope. The 1964 peak of radioactivity (36 years old at the time of sampling) is located 
at the top of the profile, in the OH1 in the moder. This horizon is lacking in mull because 
of the incorporation of SOM in the A horizons by fauna. The profiles of FOU3 and FOU4 
are very similar. Overall, the O horizons at the FOU2 site with moder are younger than 
those of the high forest sites. Activity may also be slightly lower at this site due to the 
more recent sampling date. Below 20 cm, the figures correspond to apparent 14C ages 
greater than 1000 years.

In the two studied sites of the Landes, the 14C profiles are very similar to those 
of equivalent age in the Fougères beech forest. In the Landes, the addition of post-
bomb 14C is also higher in the 92-year-old stand (Baudes), with a maximum in the 
OH horizon. For all the horizons, the apparent age of the carbon is greater in the 
92-year-old stand (Baudes). It is more marked by the post-bomb C of the years 1960 in 
the O horizons, and is less active in the organomineral horizons. The Molinia root mat 
and the fine organic matter associated with it were dated separately. They have the same 
14C activities as those of the horizons from which they were separated, that is, OL and 
A1 for the 32-year-old stand and OH for the 92-year-old stand. As a consequence, in the 
dynamic study, the material of these Molinia tussocks were regarded as pertaining to 
these horizons, respectively. The origins (Molinia or pine) of the O horizons will thus 
be merged. These distributions are interpreted in the last section with the modelling 
results.
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Figure 3.4. Vertical profiles of the 13C and 14C carbon isotopic composition of the humus and soil 
organic matter at the Fougères and Landes sites.
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Results and discussion: modelled carbon dynamics

Model
The objective of the modelling was to determine the distributions of carbon residence 

times in the studied soils. We used here typically a regression procedure giving the 
best adjustment to observed stocks and 14C activities, horizon by horizon. The horizons 
were pooled to form three layers: OL + OF called OLF, OH, and A1 level 0–10 cm or 
0–20 cm.

The equation system for horizon age distribution is given by a box model (Figure 3.5). 
Typically, the carbon is transferred from OLF towards OH, and then from OH towards A1 
and each compartment is assumed to be perfectly mixed. In the case of transient modes, 
the biodegradation and transfer equations follow a first order law (dC/dt = – k.C). The 
14C activity at the date of sampling is calculated numerically accounting for the annual 
contributions of each year from infinite time until sampling.

In addition to the vertical transfer of carbon from litterfall, a sub-model for carbon 
injection into the soil from the roots accounts for the direct incorporation of young 
carbon at each depth. The following assumptions are incorporated:

the carbon flux injected into the soil down to 20 cm should be equal to 40% of the  –
litterfall input. This flux is directed towards the horizons in proportions equal to the 
respective measured root masses (Figure 3.3);

this flux also follows the same laws as the OLF horizon: a proportion is allocated  –
to a “resistant plant material” (RPM) compartment (Jenkinson and Rayner, 1977), 
corresponding to the root litter, with the same biodegradation rate value as that of the 
OLF horizon;

Figure 3.5. Model developed to describe the age distributions of organic carbon in the moder 
humus at the Fougères and Landes sites. RPM (resistant plant material) and HUM (humic and 
protected) refer to terms used by Jenkinson and Rayner (1977).
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a proportion of 10% is allocated to the compartments known as humic. This 10%  –
is inferred from: (i) the flux of transfer from litterfall into the A horizons; and (ii) 
the measurement of long-term stabilization of plant material in agricultural systems 
(Jenkinson and Rayner, 1977; Balesdent, 1996). This assumption mostly concerns A 
horizons.

Steady-state age distribution of carbon
At Fougères, in the 90-year-old and 148-year-old stands (FOU3 and FOU4), stocks 

and 14C activities are similar for all horizons. The system is thus considered to be in a 
stationary regime. This is valid for the OL, OF and OH horizons, whose mean times 
of residence (MTR) are largely lower than the time sequence age. The average flow of 
carbon at the two sites was thus used to adjust the model. An average annual litterfall-C 
flow value of 0.175 kgC.m-2.year-1 was retained, to which a flow of 0.07 kgC.m-2.year-1 
was added from the root contribution. The adjustment with observed data is excellent 
because of the small variation between the two sites and the low number of degrees of 
freedom (Figure 3.6). The predicted values of the carbon MTR in the O horizons are close 
to the values estimated using 14C activities. This is due to the strong thermonuclear 14C 
signal and small root contribution. The model performance is weaker for the E horizons 
because of the weight of the assumption on root flow and the possible contribution of an 
old and stable carbon pool. The Baudes site may also be considered to be in a stationary 
state, the MTR of the O horizon being mostly lower than 92 years. There is no adjustment 
here, the number of degrees of freedom for the model is nil in this case. Data for the Bray 
and Baudes sites are given in Table A1 in the Appendix.

The model results (Table 3.5) account for the heterogeneity of the MTR of carbon 
in the various soil horizons and the partitioning between carbon mineralization and its 
transfer to subjacent horizons. The most outstanding features are as follows.

The age varies from 5 years (Fougères) to 8 years (Landes) in the OLF horizon and 
from 60 years (Fougères) to 64 years (Landes) in the A1 horizon (0–10 cm).

Figure 3.6. Adjustment of the simulated versus observed 14C values and stocks for the FOU3 and 
FOU4 sites.
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The 14C activity in the OLF horizons is made compatible by partitioning the annual 
carbon input between two fractions:

a fraction consisting of a short residence time (<1 year) carbon, 40% at Fougères and  –
20% in the Landes;

a remaining fraction, 60% and 80% respectively, engaged in the construction of OLF  –
horizons with an MTR of 8–10 years.

This partitioning agrees with litter mass loss rates generally observed in the first year.
The mean carbon age in OH horizons is 33 years (Fougères) or 34 years (Landes). It 

is thus expected that in a sequence or rotation in which this horizon was initially buried, 
its rebuilding could extend over many decades.

The average age of the A1horizon (0–10 cm) is nearly 160 years. This value is higher 
than that predicted by standard models like Century or RothC, but the mean age of O + 
A is more consistent with the latter. The E horizons are even older. It is assumed that the 
participation of these horizons in soil respiration is primarily due to the contribution of 
the roots.

The source of heterotrophic respiration can be specified as 35% from OL + OF, 35% 
from OH and 30% in A11 (0–20 cm) according to the model in both sites.

The heterotrophic respiration of the A horizons is mostly due to roots. However, the 
organic matter present in these horizons comes mainly from litterfall.

The results obtained from Landes and Fougères are very similar. This was expected 
since similar 14C activities were found at both sites (Figure 3.7). The MTR in the OH and 
A horizons are almost identical. On the other hand, the Fougères site has a much higher 
proportion of litterfall with a short residence time (40%) than at Landes (20%). This is 
consistent with the larger OLF horizons and the biochemical composition of litterfall 
comprising mainly dead needles in Landes.

Detailed distribution of the ages of carbon  
in the profile of the old beech stand (FOU4)

The sampling of thin layers from the moder-type humus profile at the FOU4 beech 
stand makes it possible to propose a detailed age distribution in the O horizons. The 
carbon content and stocks of the various layers distinguished in the profile, as well as 
the corresponding 14C measurements, are presented in Table 3.6. The stock represented 
by all the layers of this 11 cm long section contains almost half of the “total carbon” 
stored in the top-soil. The positive 14C activity from OL to A12, which reveals an 
obvious contribution of organic matter marked “during their life” by the 14C of atomic 
bombs, was converted to ages according to the following hypothesis: inputs enter 
solely into OL, each layer being a perfectly mixed compartment transferring part of 
its carbon to the next underlying layer. Such an interpretation generates an increasing 
dispersion of ages with depth. The strongest positive 14C values were observed in OH1 
and OH2. Negative activity values in A13 to E1 correspond to older C (Figure 3.4), the 
age calculated for the carbon stock of E1 at a depth of 17 cm is 740 ± 30 years BP. The 
excessive age in OL may be attributed to an underestimation of the residence time of 
carbon within living trees between photo-assimilation and senescence. The results of 
this age model in cascade remain in general agreement with those of the generic model 
described above.
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Figure 3.7. Distribution of the ages of carbon in moder of the oldest stands of the forest of Fougères 
in stationary regime. The distribution is almost identical for the Landes site (not represented).

Evolution of stocks with increasing stand age
As discussed in the previous sections, the differentiation of soil profiles with stand 

age is dominated by the progressive formation of the OH horizon of the moder. In 
order to relate this phenomenon to the MTR of carbon, we calculated the kinetics of 
formation of the O horizons starting from an initial absence of O horizon and following 
the predictions of the dynamics modelling (Figure 3.8). The observed values of stocks 
were used to calibrate the model, except those of the 32-year-old stand. Although lower 
than expected, these latter values remain compatible with the model. This weakness can 
be explained by the fact that the model supposes that the litterfall flux is already at a 
maximum from the very start of tree growth, thus neglecting the progressive increase 
in primary production with increasing tree age. In fact, this latter factor must not be 
overemphasized, the amount of annual litterfall increases notably between the thicket and 
sapling stages (and thus before the beginning of moder formation), but tends to level off 
subsequently as trees age (Lebret et al., 2001 and references therein; see Chapter 2 in 
this volume). The appearance of OH horizons is progressive and spreads out over nearly 
100 years. Our model can be used for predicting the O horizons temporal dynamics even 
if several issues still need to be addressed:
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Figure 3.8. Kinetics of formation of the O horizons at the Fougères (left) and Landes (right) sites, 
as predicted by model 14C carbon dynamics, starting with an absence of initial O horizon. The 
carbon input to the soil is supposed to be constant from time zero. Ordinates: carbon stock (kg.m-2). 
Lines: model prediction. Symbols: stock data measured.

the sensitivity of these dynamics to the initial state (unknown here); –
the role of the progressive conversion of the mull-type humus (observed in FOU1,  –

10 years, and FOU2, 30 years) to moder-type humus (FOU2 moder, FOU3 and FOU4).
The latter can be related to the progressive disappearance of earthworms (Deleporte, 

2001; Ponge, 2003), together with the export of cations and the resulting acidification of 
beech litter and O horizons. This process thus appears central to the simulation of carbon 
dynamics in the O horizons in relation to the age of the stands.

Concluding remarks

The model we used to interpret 14C values and describe carbon dynamics was of 
the simplest, using only two compartments in each of the three layers investigated. The 
same model reproduced both the age distribution under steady-state regime (mature 
stands) and the kinetic build-up of stocks and layers. This means that, on the one hand, 
a model with first-order hypotheses appears sufficient for a general description of bulk 
carbon dynamics, and that, on the other hand, most of the dynamics can be described by 
the same parameters throughout the sequence. The other surprising finding is that the 
carbon dynamics appeared very similar in sequences with contrasting vegetation and 
soil type (i.e. beech Fougères forest versus pine Landes forest). This might result from a 
coincidence of factors acting in various directions, for example, acidity and aluminium 
in the Landes site reducing decay rates and compensating higher temperature than in 
the Fougères site. However, it strengthens confidence in the observed magnitude of 
carbon residence time. The magnitude of these residence times is compatible with those 
of models such as Century (Parton et al., 1987) or RothC (Jenkinson et al., 1991). The 
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OL and OF horizons are of an age close to that of structural or resistant plant material 
compartments of these models. In contrast, the OH horizon clearly belongs to the slow 
compartments. Root-derived carbon input has to be taken into account to explain carbon 
ages in the A horizons, and probably represents the major part of the heterotrophic 
respiration in the A horizon of moder-type humus.

During the first century of a rotation, the development of the O horizons will be 
determined by the previous history of the stand and the initial state of humus layers and A1 
horizon. If these horizons have been removed or buried, their rebuilding may extend over 
more than 50 years. The rate of this process will be also determined by the pedobiological 
differentiation of humus into mull or moder. In order to determine the impact on the total 
stock (O + A horizons), it would be necessary to analyse the mineralization rate of the O 
horizon material that has been incorporated in A1. It can be concluded from our results 
that the non-steady-state of O horizons must be taken into account when modelling the 
dynamics of forest soil carbon. The transition of humus from a mull-type to a moder-type 
appears determining for the simulation of carbon dynamics in relation to the age of the 
broadleaved forest studied, whereas accumulation of carbon in O horizons and thickening 
were the main age-related trends observed in the coniferous stand.
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Chapter 4

Estimating carbon stocks in forest stands: 
1. Methodological developments

Laurent saint-anDré, Patrick vaLLet, gérôme PignarD, Jean-Luc DuPouey, 
antoine coLin, Denis Loustau, christine Le bas, céLine mereDieu,  
yves caragLio, annabeL Porté, nabiLa hamza, antoine cazin,  
yann nouveLLon, Jean-françois Dhôte

Introduction

Biomass assessment has long been an important research topic in ecology (Boysen-
Jensen and Müller, 1927; Burger, 1929; or see, for example, the XVth IUFRO (The 
Global Network for Forest Science Cooperation) Congress in 1971, the working group on 
forest biomass studies and the emergence of complete tree utilization during the 1970s to 
1980s), which is being renewed by the present-day carbon and bio-energy issues linked to 
the role of carbon in the composition of most anthropogenic greenhouse gases.

Estimating carbon stocks in forest biomass can be based on forest inventories or on 
remote sensing. The inventory-based method includes two main approaches: a direct 
one using allometric equations, and an indirect one using volume equations and biomass 
expansion factors. The latter is mainly used in national forest inventories, whereas 
the direct one is, for example, used at a stand level and is recommended by Nabuurs 
et al. (2004) 2003 for afforestation/reforestation carbon projects. Both approaches are 
presented in this chapter. They require: (i) an inventory of the plants present; (ii) models 
for assessing carbon stocks based on the size of the individuals measured (models 
for biomass or models for volume multiplied by biomass expansion factors); and (iii) 
an assessment of the carbon contained in the dead mass (standing dead wood) and 
understorey vegetation. The models for estimating carbon stocks in forest biomass set out 
to link a factor that is difficult to measure (such as tree volume, mass or mineral content) 
with factors that are easier to assess, such as diameter at 1.30 m or tree height.
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This chapter sets out the state of development of models used for estimating the 
standing carbon stock above- and below-ground. The results presented, for example, the 
volume tables developed in France by LERFOB (Laboratoire d’Études Forêt-Bois) and 
the expansion factors obtained from the literature form the basis for a revised estimate of 
national forest carbon stocks per species and per region, based on data from the National 
Forestry Inventory (NFI) (see Chapter 5).

Standing carbon stock evaluation models

The form and degree of complexity of the models used to estimate the carbon biomass 
of standing trees may vary depending on the data used to construct them and/or the data 
with which they are used. This part successively presents:

(i) the methodological aspects inherent in estimating standing carbon stocks: despite 
their apparent simplicity, the equations used have to be adjusted carefully, using adequate 
regression techniques;

(ii) a bibliographical analysis of expansion factors (branches and roots) and leaf 
biomass for the main French species: the contribution made by architectural models such 
as those developed by the AMAP (botAnique et bioInforMatique de l’Architecture des 
Plantes) joint research unit on volume expansion factors is also covered;

(iii) five examples of biomass or volume estimates with error calculations in different 
forest systems (biomass for maritime pine, volume for the main French species).

Constructing biomass and volume equations

General considerations

According to Cailliez (1980), volume tables are tables of figures, formulae or graphs 
that give estimates of the volume of a tree or group of trees as a function of different 
variables that serve as entry values. Such tables are referred to as “individual” when they 
serve to estimate the volume of a single tree. In general, the correlations are good and 
the most commonly used functions are polynomial, logarithmic or power. The structure 
of the equations may be:

linear Y a b Xi s s i i$= + + f  (1)

or non-linear  Y a b Xi s s i
C

i
s$= + + fl  (2)

Yi is the biomass or volume of the tree for the compartment in question; Xi the 
principal independent variable (d .1 3 or r h.1 3

2
$

 
; where d .1 3 and r .1 3 are the diameter and 

radius of the tree at 1.30 m and h its total height); as, bs and cs are the parameters to be 
estimated by the model, s refers to the stand and if  and ifl  are the residual variances not 
explained by the model.

Despite their apparent simplicity, volume and biomass equations have to be fitted with 
care. Without trying to propose a standard method for building this type of model, we 
discuss the main difficulties that can occur with biomass/volume equations and we list a 
collection of key papers which give some solutions.
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The first difficulty is linked to data structure. First, the variance of biomass increases 
with tree age or diameter at breast height (DBH) leading to heteroscedasticity and, 
sometimes, non-normally distributed data. Application of ordinary least square regression 
under this variance heterogeneity generates: (i) estimated parameters that do not have the 
minimum variance; (ii) biased estimators of the variances of the estimated parameters; 
and (iii) false estimation of the residual variance (Cunia, 1964; Grégoire and Dyer, 1989; 
Parresol, 1993). Fortunately, regression coefficients are unbiased and converged to the 
true parameters as sample size increases (Kelly and Beltz, 1987), meaning that average 
biomass is little affected by heteroscedasticity. Conversely, variances may be badly 
estimated and this is a major drawback when the user wishes to give a valid confidence 
interval of the tree or stand biomass estimates. There are several solutions to deal with 
heteroscedasticity. Log-log transformations can be a way to stabilize the variance as tree 
size increases. However, this kind of transformation is not always suitable and non-linear 
forms of log-log regressions have also been reported (Návar et al., 2002). Furthermore, 
a conversion factor should be applied when calculating back-transformed values (see 
Dhôte and Hervé, 2000; Parresol, 2001; Zianis and Mencuccini, 2004; Joosten et al., 
2004; or the discussion given by Cienciala et al., 2006). The other way is to consider that 
residual variances are proportional to variable X in Equations (1) and (2):

 E Xi i i
k2 2 2

$=f v7 A  (3)

where v2 is the residual variance of the weighted model and k the weighting value. 
The main objective is to find the optimum value for k. This can be achieved using three 
different approaches: (i) calculating the biomass variance for each DBH class, and k is 
the slope of the relationship between the log of the diameter and the log of the variance 
(this method is the simplest but requires a large number of trees, which is rarely 
achievable in biomass studies); (ii) the use of the Furnival’s index of fit (FI) (Furnival, 
1961) for testing different possible weightings (i.e. different k values), the best model will 
be that with the lowest FIk (Williams and Gregoire, 1993; Uzoh and Ritchie, 1996; Bi, 
1999; Bi and Hamilton, 1999); (iii) the use of maximum likelihood techniques to fit 
simultaneously a model for the mean (e.g. Y a b Xi s s i$= +  for the linear model) and a 
model for variance ( Xi i

k2 2 2
$=v v ). The latter solution is the most flexible because any 

model formulation can be used for the variance.

The second difficulty is related to data sampling. Trees are generally felled from the 
same plots meaning that observations are correlated between each other. To deal with 
these correlated observations, linear and non-linear mixed-effects modelling approaches 
can be applied (e.g. see Zhang and Borders, 2004; Wirth et al., 2004; Levy et al., 2004; 
Sharma and Parton, 2007). Furthermore, biomass or volume equations are basically 
non-generic and should be applied with care to other trees or silvicultural regimes. The 
way the sampling is carried out may have a great influence on the coefficient estimators, 
their confidence interval and the residual variance (Cunia, 1964; Madgwick, 1971). If 
genericity is a desired property for the biomass equation, it is necessary, therefore, to 
take all the “between stand” and “within stand” variability into account (e.g. species, 
age, silviculture regimes, sites, etc.) for the equation building (Rennie, 1966; Wirth et 
al., 2004; Joosten et al., 2004; Saint-André et al., 2005; Sicard et al., 2006; Cienciala 
et al., 2006; Peichl and Arain, 2007; Antonio et al., 2007). Some general equations 
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were developed from a biome-wide database and can be useful for first approximate 
estimations (e.g. Cairns et al., 1997 for below-ground biomass; Brown, 1997 for tropical 
species in dry, wet and moist climatic zones; Niklas and Enquist, 2002 or Enquist and 
Niklas, 2002 for angiosperm and conifer species; Zianis and Mencuccini, 2003 for beech 
trees, Zianis and Mencuccini, 2004 for different species spanning the world, Chave et 
al., 2005 for tropical forests in America, Asia and Oceania; Muukkonen, 2007 for five 
tree species in Europe; Nabuurs et al. (2004) provide a list of biomass equations that 
can be used for both tropical and temperate species (in their tables 4.A1, 4.A2, 4.A3 and 
4.A4, pages 4.114–4.116); some monographs such as the one produced by Zianis et al., 
2005 for temperate species are also useful). Nabuurs et al. (2004) recommend verifying 
the equation by destructively harvesting a few trees of different sizes. They fixed a 10% 
admitted error (their page 4.101, Step 3 of the “direct approach”). We also recommend 
using modelling efficiency introduced by Mayer and Butler (1993) and checking for 
bias (a simultaneous test on the intercept, which should be null, and the slope of the 
regression, which should be equal to unity, between the measured biomass and the 
simulated one). The ideal case would be a modelling efficiency close to 1 and no bias 
between the measured and simulated biomass.

The third difficulty is linked to tree splitting into several compartments. When building 
models for each of them, the sum of the estimated biomass with the “compartments 
equations” might not lead to the estimated biomass from the “total equation” (see Kozak, 
1970 for an illustration; Cunia and Briggs, 1984; Reed and Green, 1985; Návar et al., 
2002). Parresol (1999) indicates three different methods to ensure additivity in biomass 
equations: (i) the total biomass equation computed by the sum of individually best fitted 
equations for each compartment; (ii) the total biomass and all compartment equations 
are of the same form and have the same weighted function, the regression coefficient of 
the total biomass equations being simply the sum of compartment coefficients; (iii) the 
total biomass and all compartment equations are all different, the additivity is ensured by 
setting constraints on coefficients (seemingly unrelated regressions, e.g. Parressol 1999, 
2001; Návar et al., 2002; Carvalho and Parresol, 2003; Saint-André et al., 2005; Antonio 
et al., 2007).

Developing models

Once trees are sampled in the different stands, there are two main ways of processing 
data. The simplest approach consists of using site variables such as site index, dominant 
height, altitude (used as a proxy for climate), age, etc., as additional variables to tree DBH 
or tree height in the equation (Joosten et al., 2004; Wirth et al., 2004). A second approach 
consists of fitting one or several candidate models to each sample unit (stand-level), then 
studying and modelling the parameter variations with site variables, and finally fitting a 
stand-dependent allometric relationship if significant variations among sites were found 
(Saint-André et al., 2005; Cienciala et al., 2006; Antonio et al., 2007).

Model selection can be performed as follows: if the two equations to be compared 
are nested, then a classical F-test can be applied (Brown and Rothery, 1994), otherwise, 
maximum likelihood-based criterion such as Akaike information criterion or Bayesian 
information criterion should be applied. These statistical tests can be used in combination 
with graphical analysis of residuals, as well as with several measures of residual 
dispersion and normality.
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Bibliographical overview of the situation  
regarding conversion factors

It has now been recognized that well-designed and statistically sound NFIs are useful 
tools for estimating carbon stocks and their dynamics at large scale. A conversion factor 
applies to forest inventories when the commercial volume is obtained either directly 
(derived from stem diameter measured at different heights on standing trees with 
instruments such as a Bitterlich relascope or laser dendrometer) or indirectly by volume 
or stem taper equations. It should be noted that such equations require the same sound 
procedure as biomass equations (genericity and heteroscedasticity). Once the commercial 
volume is known, it is converted to biomass using a density factor (tonnes of dry matter 
per cubic metre of green volume) and a biomass expansion factor (BEF) (to shift from 
commercial to whole tree biomass). Values of tree density for several tropical tree species 
can be found in Brown (1997, Appendix 1) and/or in Nabuurs et al. (2004) (Table 3A.1.9-1 
for temperate and boreal species, Table 3A.1.9-2 for tropical species). Default values of 
BEFs can be found in Nabuurs et al. (2004) (Table 3A.1.10, page 3.178). However, both 
quantities may vary considerably with species, stand age or/and site (Fang and Wang, 
2001; Fang et al., 2001; Brown, 2002; Lehtonen et al., 2004; Van de Walle et al., 2005; 
Tobin and Nieuwenhuis, 2007). In this part of the work, we also explored the solution 
of using mean expansion coefficients for the branches (“branch biomass + stem biomass 
divided by trunk biomass” ratio) and roots (“above-ground biomass + root biomass 
divided by above-ground biomass” ratio), instead of one single biomass expansion factor. 
The results presented here are based on two bibliographical synopses by Cannell (1982) 
and Vogt et al. (1996). We analysed leaf biomasses separately, and proposed mean values 
per area unit. The calculated mean values are given in Tables 4.1–4.3. From this analysis, 

Table 4.1. Mean and median (in brackets) branch expansion factors for 159 stands in temperate, 
boreal and Mediterranean zones. The number of samples used is indicated between dashes.

Broadleaved species Conifers All combined

Young < = 30 years 1.27 (1.24) – 6 – 1.43 (1.43) – 36 – 1.41 (1.39) – 42 –

Old > 30 years 1.27 (1.25) – 49 – 1.17 (1.16) – 68 – 1.21 (1.18) – 117 –

All combined 1.27 (1.25) – 55 – 1.26 (1.18) – 104 – 1.26 (1.19) – 159 –

Data: Cannell (1982).

Table 4.2. Mean and median (in brackets) root expansion factors for 239 stands in temperate, 
boreal and Mediterranean zones. The number of samples used is indicated between dashes.

All combined
Broadleaved 

species
Conifers Total

Root expansion factor:  
(above-ground + large + fine 
roots)/above-ground part

1.28 (1.24) – 80 – 1.30 (1.24) – 159 – 1.29 (1.24) – 239 –

< = 30 years 1.48 (1.29) – 14 – 1.37 (1.25) – 36 – 1.40 (1.28) – 50 –

> 30 years 1.24 (1.21) – 66 – 1.28 (1.24) – 123 – 1.26 (1.24) – 189 –

Data: Cannell (1982) and Vogt et al. (1996).
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a single value of the branch expansion factor can be applied to broadleaved species 
(1.25 irrespective of age based on median values), whereas a strong variation with stand 
development was found for coniferous species (1.43 for young stands and 1.16 for old 
ones). Average values of the root expansion factor also varied with species and stand age, 
whereas median values were relatively more stable (between 1.21 and 1.29).

Table 4.3. Mean and median values (in brackets) of leaf biomass for 92 stands in temperate, 
 boreal and Mediterranean zones. The number of samples used is indicated between dashes.

Conifers Broadleaved species

Leaf biomass (t DM.ha-1) 9.1 (7.8) – 121 – 3.4 (3.1) – 92 –

< = 30 years 7.3 (6.4) – 36 – 2.4 (2.7) – 19 –

> 30 years 9.8 (9.0) – 84 – 3.6 (3.2) – 73 –

Data: Cannell (1982).

As we do not have BEFs for the main species growing in France, we improved the 
evaluation of carbon stocks from the French NFI by: (i) building a set of total volume 
equations (including trunk and branches) from French forestry research archives (data 
gathered between 1920 and 1950), thus avoiding uncertainties from the branch expansion 
factor (especially for coniferous species); (ii) compiling literature to calculate wood 
specific gravity values per species in France; and (iii) using the root expansion factor 
calculated from the Cannell (1982) and Vogt et al. (1996) database.

Examples of the development of specific models

Case study 1. Total aerial biomass for maritime pine  
on the heathlands of Gascony

In this example, we look at two biomass models developed for maritime pine on the 
heathlands of Gascony. The two equations considered can be used to model total above-
ground dry biomass. The two forms chosen are as follows:

 ,W a Di s i
bs

i$= + f  (4)

 W a D Ai s i
bs

i
cs

i$ $= + fl  (5)

Wi is total aerial biomass (kg); Di, the principal independent variable, is tree diameter 
at 1.30 m (cm); Ai, the second independent variable, is age, counted from germination; 
as, bs and cs are the parameters to be estimated by the model, with s referring to the 
complete sample considered; and if  and ifl  are the residual variances not explained by 
the models. The two models are allometric (y = a xb). Introducing the age variable makes 
it possible to take account of variations in time.

The set of data came from four plots of maritime pine in Gironde (France), and 
was split into five age categories (one site was sampled twice). For each stand, a set of 
allometric relationships was established per compartment (Porté, 1999; Porté et al., 2000, 
2002). The total biomass of each tree was obtained by adding the estimates for each 
compartment. The adjustment made using model 2 is shown in Figure 4.1. The results 
of the two non-linear adjustments are shown in Table 4.4. The model including age as an 
independent variable was better than that using diameter alone.
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Figure 4.1. Adjustment of total aerial biomass of maritime pine trees using model 2. Empty circles 
are the predicted values.

Table 4.4. Parameters of the allometric models used to estimate total aerial biomass per tree.

Model Parameter a Parameter b Parameter c Sum of squares of residuals

1 0.137 (0.036) 2.217 (0.072) – 77801.2

2 0.094 (0.020) 1.992 (0.062) 0.330 (0.034) 41108.1

NB: Estimate of parameters and (standard error values).

Continuing with this work should lead to a revision of the weightings used for these 
total aerial biomass models and a calculation of the confidence intervals of the estimates. 
These models can be used routinely in tools for estimating carbon stocks throughout the 
life of stands. A study has been launched to check the validity of these models under a 
range of fertility conditions.

Case study 2. Biomass tables for eucalyptus plantations in Congo

A complete set of equations for below-ground and above-ground biomass of a 
natural eucalyptus hybrid in Congo was constructed and validated by Saint-André et al. 
(2005). Heteroscedasticity of data was taken into account by fitting weighted non-linear 
regressions using maximum likelihood estimates and seemingly unlikely regressions. 
Stand age was introduced as a complementary variable in the equations allowing the 
estimation of biomasses for 5- to 135-month-old stands. This system of equations 
includes: (i) model parameters for the mean; (ii) model parameters for the variance; (iii) 
the correlation matrix between parameters (within a given compartment and between 
compartments); and (iv) the correlation matrix between residuals. Using this information, 
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we used Monte Carlo simulations to calculate both the mean and confidence interval 
for the stand biomass estimates (see Sicard et al., 2006 for a detailed description of the 
applied methodology). In this study, we present the results obtained for the six plots 
described in Saint-André et al. (2005), where tree growth was monitored in permanent 
plots with manual band dendrometers over 2 years. The objective was to apply biomass 
models to the successive inventories, so as to update the biomass histograms for the plots, 
calculate the increments (total and per compartment for the years 2001 and 2002) and 
determine the confidence intervals for these estimates (Figure 4.2). The standard errors 
were small in terms of standing biomass: for instance, for stand G3B, total standing 
biomass at 100 months was 128 ± 1.9 t.ha-1, split between 104 ± 1.8 t.ha-1 of aerial and 
24 ± 1.0 t.ha-1 of underground biomass. These results tallied with what we expected 
insofar as the material was clonal and the model parameters were relatively stable.

Standing carbon stock (aerial and underground) increment was calculated for 
the years 2001 and 2002 (Table 4.5). The standard errors around the predictions 
represented 7% to 25% of simulated biomass increment. The figures increased with 
age, from 1 t (G3B) to 3 t for the old stands (G3D). In terms of carbon, for the plot 
monitored through eddy correlations (plot G3B), standing tree carbon increment was 
around 6 t.ha-1.year-1 ± 500 kg.

Table 4.5. Standing biomass increment for the years 2001 and 2002 (mean ± 1 standard error).

Plot
Age

(months)
Year Start date End date

Total biomass  
increment (t.ha-1)

G3A 9–22 2001 23/03/2001 23/03/2002 19.5 ± 1.6

G3A 22–34 2002 23/03/2002 02/04/2003 25.6 ± 3.3

G3B 26–38 2001 08/01/2001 27/12/2001 12.0 ± 0.9

G3B 38–49 2002 27/12/2001 28/11/2002 12.9 ± 1.0

G3C 49–61 2001 12/01/2001 11/01/2002 9.6 ± 1.9

G3C 61–74 2002 11/01/2002 31/01/2003 15.3 ± 2.4

G3D 74–86 2001 13/01/2001 11/01/2002 14.7 ± 2.9

G3D 86–99 2002 11/01/2002 31/01/2003 10.9 ± 2.8

As a conclusion, this study in the Congo revealed an age effect on “biomass/tree 
size” relations, and enabled the development of comprehensive biomass models. They 
were validated, in terms of the aerial part, using an independent sample. Using data from 
inventories, it was then possible to calculate biomass increments (aerial and underground) 
for the 2 years of the study, with their confidence interval at 95%. These intervals took 
account of the correlations between compartments and were still relatively large.

Case study 3. Volume tables for the total above-ground volume  
of the main French species (LERFOB tables)

Drawing up volume tables for the total above-ground volume of trees avoids 
multiplying the errors induced by branch expansion factors. As the aim of the study was 
to estimate the national resource, it was crucial that the sample be truly representative. 
The trees chosen constituted a database of 4543 individuals. The seven species for which 
we established volume tables were sessile oak, beech, Douglas fir, spruce, European 
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silver fir, pines (maritime, Corsican, Scots and black) and larch. Detailed information can 
be found in Vallet et al. (2006). We recall the main results here.

The heteroscedasticity of volume led us to work on the form factor. Volume was thus 
expressed as:

 v c h f4
1

tot tot130
2

$ $ $=
r

 (6)

where f was the form factor (no unit of measurement), c130 and htot girth and height in 
metres, and vtot volume in m3. We modelled variable f. The overall form was:

 a,f c h c h
c

c
1b c d ftot

tot
130 130

130

130
2# # $= + + + +_ f fi p p  (7)

where a, b, c and d were the parameters to be adjusted.
The results for each species are summarized in Table 4.6 hereafter. We observed 

similar changes in form factors as a function of c130 between some species. The “dark” 
conifers (i.e. spruce, Douglas fir and silver fir) showed a sharp reduction in the form 
factor in line with girth, that is, the larger they were, the more conical the shape of the 
tree. Conversely, the form factors for oak and beech both increased in line with the 
robustness of the tree, meaning that for a given girth, the stockier the tree, the more its 
volume was cylindrical in shape. The pines performed in a similar way to beech.

The aim of the study was to provide tools for estimating total aerial biomass on a 
national scale, but the available data corresponded to a mere sample taken from that 
resource some time ago. The work undertaken provided the following information:

there is geographical variability, but we did not identify any clear structure; –
the available data on the total volume of individuals are old, but we did not observe  –

any temporal trends;
we tested our tables on 35 coppice-with-standard reserves; the results were not  –

conclusive, but we used the same tables for coppice-with-standard;
according to NFI data, the species for which we gave a specific volume table account  –

for around 60% of the volume of the national resource. In particular, there were major 
gaps for various broadleaved species (except beech and sessile oak).

We drew up a table for “miscellaneous broadleaved species” using the data for beech 
and sessile oak, which gave good results with a set of 63 ash trees.

Case study 4. What modelling can contribute  
to plant architecture modelling to evaluate expansion factors

Analysing and modelling tree architecture make it possible to obtain highly botanically 
accurate three-dimensional plant structures (Fourcaud et al., 1997) and then offer the 
opportunity for developing branch expansion factors for the studied species. These 
models rely upon a detailed representation of canopy architecture. However, because 
such data are long and costly to collect, the number of sampled stands is generally limited 
(especially for the oldest stands). Hence making studies of architecture variability with 
site index or stand density is very complex. Conversely, growth and yield models have 
been calibrated using a larger range of situations and silvicultural trials. Simulations from 
these later models should then help in better tuning the architectural model parameters 
and then render BEFs appropriate for a large range of situations.
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The functions that modify tree architecture are sequential: first the size (elongation) 
of internodes is considered, then the number of internodes, and finally the number of 
leaves. Implicitly, the variation generated for the internodes has an impact on lateral 
branch and shoot distribution and, therefore, on canopy and tree size.

To this end, we used and developed the combination of a plant architecture simulation 
software (AMAPsim) (Barczi et al., 2008) and a platform that manages different types 
of growth and yield models (Capsis) (Coligny et al., 2003), testing datasets on various 
conifers and eucalyptus. Applying constraints to the simulation through the modifying 
functions resulted in a good restitution of tree size (Figure 4.3), that tallied with the 
pattern of height and diameter values for a virtual 12-year-old maritime pine stand.

(a)

 

(b)

 
Figure 4.3. Tree characteristics (height and diameter) obtained using the growth and yield model 
(Lemoine, 1991; Salas-Gonzales et al., 2001) and AMAPsim 3D simulations (Barczi et al., 2008), 
shown for 96 individual maritime pine trees ranked in increasing order of diameter. (a) AMAPsim 
3D simulations done without constraints; (b) AMAPsim 3D simulations done under constraint 
using the modifying functions.
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Using the topological and geometrical information related to each simulated tree with 
AMAPsim, it is possible to determine volume or leaf area at a given age, and also to split 
total volume into trunk volume and crown volume, while within the crown, volume can 
be sub-divided in line with branching order. Using the range of modifying functions and 
data obtained from the growth and yield model, average information on expansion factors 
can be obtained. For instance, the expansion factor of interest to the NFI is that which 
can be used to assess the total volume of a tree (trunk + branches), TrVol + BrVol, given 
the volume of a trunk with a top diameter of 7 cm, TrVol +7. The factor calculated using 
our simulation changed considerably for small diameters and tended to stabilize for larger 
values. The mean values for expansion coefficient were 2.39 for the 12-year-old stand and 
1.44 for the 40-year-old stand, and tallied closely with those in the bibliography.

We have presented some results, but in order to fully achieve the objectives set, we 
need to confirm certain points, and particularly: (i) to fine-tune the assumptions made 
about the modifying functions (work is under way on Scots pine and Austrian pine); and 
(ii) to validate not just the volume or biomass aspects but also the leaf areas or crown 
recession, so as to reflect the effects of stand density, for instance.

Discussion and prospects 
General comments

Establishing a system of equations for a forest gives good results in terms of accuracy, 
provided the calibration sample is representative of the variations in tree age and size. 
The compartments with the greatest evaluation errors are those with a high turnover 
(such as leaves), probably because the size of those compartments is highly dependent 
on carbon distribution within the tree, which itself depends on the climatic conditions. 
That said, those compartments account for only a small share of standing biomass (5% to 
6% on average). The greatest uncertainty surrounds the roots, since, because of sampling 
difficulties, very few data can be recorded. In terms of carbon increment (solely that 
contained in biomass), the errors are much the same as those observed for stocks.

The examples presented in this chapter tend to show that it is possible to establish 
generic equations, or at least an initial outline. Variable r2h is particularly interesting, 
since it is equivalent to tree volume, apart from the form coefficient. Introducing age 
into the equations showed that proportionality relationships change over time. Like the 
volume table established by LERFOB, while it is possible to hope to obtain a form of 
equation that works for all species, the adjusted parameters differ fundamentally from one 
species to another. The main difficulty lies in data collection. To obtain sufficiently robust 
equations, it is necessary to cover a sufficiently contrasting range of situations in terms 
of tree growth. Databases, or data cooperatives, are valuable tools that make it possible 
to increase the number of trees sampled little by little, and thus to cover the existing 
variability more effectively. At the same time, silvicultural trials, or instrumented sites, 
serve to test hypotheses (e.g. effects of age, fertility, stand density or stand structure) and 
thus to fine-tune the form of the equations.

Validation of the aerial volume tables compiled by LERFOB
Although it comprised over 4500 trees, the sample used by LERFOB was not wholly 

representative:
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many species are absent; of the broadleaved species, only  – Quercus petraea and Fagus 
sylvatica were considered. The aerial volume of the other broadleaved species was 
evaluated using an equation compiled by combining the figures for these two species 
(Table 4.6);

the forests from which the samples were taken were primarily in northern France; –
the figures are relatively old (1920–55), and several factors may have modified the  –

shape of the trees (e.g. silvicultural changes, genetic improvement, environmental 
changes, etc.);

the sample plots were exclusively set up in regular high forest stands. –
The last point is particularly important, as a result, on the one hand, of the differences 

in shape between high forest trees and standards from coppice-with-standards, and, on 
the other hand, the proportion of mixed high forest and coppice in the broadleaved forest 
resource (the 8.8 million ha of productive broadleaved stands in France are split between 
36% high forest, 24% simple coppice and 40% mixed high forest-coppice).

As trees in mixed high forest-coppice are characterized by their large crown 
development, one could think that the equations compiled based on high forest trees 
underestimate the total volume. However, the chosen model gives an important role 
to the √ (girth at breast height)/total height variable, representing the robustness of 
the tree, which could ensure a coherent performance outside the range in which it was 
developed.

The elements available to verify this are very sketchy. The results of a test on a limited 
sample, which LERFOB judged unrepresentative, were not conclusive. We feel that the 
most comprehensive synthesis concerning the national broadleaved resource is the one 
produced by Bouchon et al. (1981) as shown in Table 4.7. They give the results of recent 
work on simple coppice on the one hand and high forest on the other. For coppice, the 
following values were chosen: branch expansion factor for recordable coppice: 1.82; 
wood specific gravity: 0.55.

Branch expansion factors were calculated per diameter class for high forest oak and 
beech indicating mean values from 1.23 to 1.25 for oak and around 1.30 for beech. It 
is worth noting that the samples used by Bouchon et al. (1981) to study broadleaf high 
forest and by LERFOB to compile allometric equations were primarily subsets of the 
same overall sample, that of trees measured in forestry research sample plots from 1920 
to 1955.

As regards coppice-with-standards, for want of recent usable data, the authors give a 
synopsis of the old technical literature. In particular, they recall the ratio used by foresters 
until the mid-20th century to assess reserve oak branch wood in coppice-with-standards, 
which they say roughly corresponds to 0.67 m3 of firewood per m3 of stemwood, to 
which bundles of sticks should be added to obtain the total wood figure. They primarily 
based their work on the Expériences forestières entreprises de 1871 à 1874 par M. Le 
Chauff, Inspecteur des forêts à Moulins, Allier, observing that the inspector in question 
was known to be highly conscientious and that Hüffel on occasion referred to his work 
and confirmed its merits. After confirming the close correlation between Le Chauff’s 
estimates and those calculated by the Station de Sylviculture et de Production for (old) 
high forest oaks, the authors proposed adopting Le Chauff’s data and opting for a branch 
expansion factor of 1.66 (rounded down to 1.6 for the sake of caution) for coppice-with-
standards oaks with a diameter of more than 40 cm. Having observed a lack of similar 
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data for beech and the existence of a certain consensus of opinion that beech crowns in 
coppice-with-standards are denser than those of oaks, they chose a value of 1.7 for large 
beech trees in coppice-with-standards (diameter of more than 37.5 cm at 1.30 m).

To take account of the existence of stands in mid-conversion in NFI “mixed high forest-
coppice”, they recommended using the following values for the branch expansion factor: 
1.5 for oak and 1.6 for beech. Table 4.7 compares the branch expansion factors resulting 
from using the LERFOB allometric equations with the values proposed by Bouchon et al. 
(1981). The results obtained with the allometric equations were calculated on a national 
scale, but also for Lorraine, the region that undoubtedly has forest characteristics most 
similar to those of the samples used to compile the LERFOB equations and by Bouchon 
et al. (1981). It transpires that:

generally speaking, the factors calculated for France as a whole are higher than those  –
for Lorraine: this could reflect the fact that stands were converted and broadleaved 
species began to be managed as regular high forest longer ago than in other regions;

the expansion factors resulting from the LERFOB volume allometric equations for  –
regular high forest are significantly higher than those proposed by Bouchon et al. (1981): 
the difference, which is large for France as a whole, is less marked for Lorraine;

as regards coppice-with-standards, the values are similar for oak, while the expansion  –
factors obtained with the allometric equations are a little higher for beech (although 
Bouchon et al. (1981) were less certain about the figure for this species than about that 
for oak);

the figures tallied closely for coppice. –

Table 4.7. Branch expansion factors for broadleaved species: comparison of the result of applying 
the LERFOB allometric equations with the values proposed by Bouchon et al. (1981).

Bouchon et al. (1981)
LERFOB  

equations France
LERFOB  

equations Lorraine

HF CWS SC HF CWS SC HF CWS SC

Quercus robur 
and Q. petraea

1.23–1.25 1.5–1.66 1.5 1.57 1.39 1.5

Fagus sylvatica 1.3 1.6–1.7 1.61 1.86 1.54 1.8

Other broadleafs 1.73 1.99 1.57 1.68

All broadleafs 1.82 1.72 1.71

HF: regular high forest; CWS: coppice-with-standards (or NFI mixed high forest-coppice); SC: simple coppice.

It is difficult to draw any definite conclusions from these comparisons, but it is worth 
noting that the stands classified as regular high forest by the NFI include stands that have 
been managed as regular high forest from the outset and others resulting from the more 
or less recent conversion of coppice-with-standards. The trees in this second class of high 
forest have an intermediate form, somewhere between high forest stem and standards. 
It is thus logical that the expansion factors calculated for regular high forest in the NFI 
sense should fall between the values for true regular high forest calculated by Bouchon 
et al. (1981) and those calculated for standards.

The comparison was reassuring as regards the validity of the LERFOB allometric 
equations insofar as the results obtained for mixed high forest-coppice and for simple 
coppice, that is, a field not covered by the sample, tallied with the available evaluations. There 
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are two points that are even more delicate, since the available data are largely inadequate for 
a satisfactory study: the geographical validity of the volume allometric equations (a question 
prompted by the differences observed between the estimates for France and Lorraine); and 
the validity of the estimates for broadleafs other than oak and beech.

As regards conifers, a few rough comparisons were made for Lorraine, between 
the LERFOB allometric equations and a series of allometric equations in a European 
database. In practice, only the spruce was really studied, based on references from 
Germany, Denmark and Scandinavia. The mean branch expansion factor calculated from 
the LERFOB equations for Lorraine (1.26) is lower than the values calculated from the 
other European allometric relations (1.29, 1.31, 1.32, 1.33, 1.38, 1.40, 1.65 and 1.67). 
However, it is difficult to interpret these comparisons with any accuracy for want of 
detailed information on the origin of the equations and given the obvious errors in the 
database.

From the LERFOB allometric equations, it is possible to calculate average branch 
expansion factors, particularly the values they take on each successive inventory. Table 
4.8 presents the average branch expansion factors obtained for the eight species or group 
of species for which an allometric equation is available. A systematic increase of this 
factor is observed between the two inventories for all groups but the Douglas fir.

Table 4.8. Average branch expansion factors based on the LERFOB allometric equations, by 
 species or group of species.

Species 1984 1996

Quercus spp. 1.51 1.55

Fagus sylvatica 1.58 1.66

Other broadleaved species 1.70 1.73

Pseudotsuga menziesii 1.18 1.18

Picea abies 1.18 1.22

Abies alba 1.24 1.29

Larix spp. 1.29 1.31

Pinus spp. 1.28 1.33

To what extent could this increase be explained by changes in the diameter 
distribution of the trees between the two inventories? Figures 4.5 and 4.6 show how the 
average expansion factor varies with diameter for broadleaved and coniferous species 
(last inventory). For all broadleaved species and pines, the branch expansion factor 
increases with diameter, above diameters of 25–30 cm. This somewhat unexpected 
pattern is certainly due to the way volumes are estimated by the NFI and to the underlying 
nature of the French forest resource: these species are characterized by an abundance of 
large branches, which implies removal of more wood during sawing and a subsequent 
reduction of the merchantable volume in comparison to the volume of a tree with more 
regular shape. The increase in average branch expansion factor between 1984 and 1996 
is thus in agreement with observed changes in forest characteristics: for the eight tree 
species or group of species, the average diameter increased by 1–2 cm between the two 
inventories. Only the group composed of spruce and other coniferous species displayed 
stable diameters.
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Other coniferous species (i.e. Douglas fir, spruce, larch and silver fir) display a more 
classical decrease of the branch expansion factor with increasing diameters. In these 
cases, the observed increase in average diameter with time cannot explain the increase of 
the average branch expansion factor. A more in-depth analysis is required to understand 
this phenomenon.

Figure 4.4. Variation of branch expansion factor according to diameter at breast height (DBH) for 
broadleaved species.

Figure 4.5. Variation of branch expansion factor according to diameter at breast height (DBH) for 
coniferous species.
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Figure 4.6. Distribution of merchantable volume of beech by diameter classes.

Figure 4.7. Distribution of merchantable volume of other broadleaved species by diameter 
classes.

Figure 4.4 suggests that the expansion factors used for the largest beech or other 
broadleaved trees over 50 cm in diameter are perhaps too high. However, Figures 4.6 
and 4.7 show that the corresponding total volumes are very limited. Thus, the possible 
positive bias introduced into the calculations of carbon stocks due to this overestimation 
of branch volumes for the biggest trees by directly using the LERFOB equations probably 
remains low.
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Chapter 5

Estimating carbon stocks and fluxes in forest 
biomass: 2. Application to the French case  
based upon National Forest Inventory data

Jean-Luc DuPouey, gérôme PignarD, nabiLa hamza, Jean-françois Dhôte

Introduction

The carbon balance of terrestrial ecosystems is still a matter of debate (Ito et al., 
2008). Even in Europe, estimates for the forest sector vary by a factor of 10 (Nabuurs 
et al., 2003). Although they were originally more oriented towards wood production 
issues, today the National Forest Inventories (NFIs) are valuable tools for estimating the 
carbon balance of forests owing to the quantity and quality of data they have accumulated 
on forest resources (Goodale et al., 2002).

Among the various methods of evaluation of carbon fluxes, they have two main 
advantages:

the possibility of defining precisely the spatial extent of measurements of fluxes on  –
varied scales from the stand to biome level. This aspect is particularly important when the 
assessments of fluxes have to be used for national carbon accounting;

the impacts of silviculture or other disturbances of the forest ecosystems are directly  –
taken into account and integrated over large scales.

The French NFI is based on the measurement of about 110,000 temporary plots every 
12 years since the early 1960s. Plots are randomly selected on the nodes of a regular 
grid according to a stratified sampling scheme in order to represent all major forest 
types in France. The sampling intensity is high: one point for every 130 ha of productive 
woodland on average.

Using these data and a new set of values for branch volume and wood density, we present 
here estimates of carbon stocks and fluxes in living biomass (above- and below-ground) of 
French forests, which significantly modify our own former calculations (Dupouey et al., 
1999; Pignard et al., 2000).
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Comparison of various estimates

We define the net carbon flux to the forest living biomass as the balance between 
photosynthesis, gross primary production (GPP), on the one hand, minus autotrophic 
respiration, Ra, fellings and natural losses, on the other hand. It corresponds to the net 
increment in carbon of the forest biomass. According to definitions listed in Chapter 1, the 
net carbon flux defined here is the net primary production (NPP) minus carbon losses through 
harvest, mortality and natural disturbances. Several estimates of carbon stocks and fluxes in 
forest biomass in France have been published in the past 5 years. The results obtained fall 
within a relatively broad range of estimates, although most were based on the same NFI data.

There are many factors behind the variations observed among the different estimates.
The estimates concerned different dates or periods. Strong trends in terms of •	

accumulation of standing material and increased productivity over the past several 
decades have meant similar variations in carbon stocks and fluxes in the biomass.

The compartments considered were not strictly identical: some, for which few data •	
are available and whose quantitative importance is generally limited, were in some 
cases overlooked or evaluated on an inclusive basis. This category includes the foliage, 
herbaceous and shrubby strata, dead wood and also trees smaller than the measurement 
thresholds set by the NFI (diameter of less than 7.5 cm at 1.30 m). The share of these 
compartments in the total biomass of forest stands is relatively small on a national level, 
but varies considerably depending on the type of stand (shade/light species, young/
mature stands) or region (e.g. the relative contribution of the herbaceous and shrubby 
strata is considerably greater in the Mediterranean zone).

Different methods and parameters were used to assess tree biomass based on NFI data:•	
for each sample tree, the NFI measures girth at 1.30 m (C – 1300) and total height (HTOT), 

data which are used to calculate the individual volume of the tree (VIFN). In NFI jargon, 
the estimated volume, VIFN, is the standing timber volume over bark, that is, the stem 
volume to a top diameter of 7 cm, also called hereafter the “merchantable volume”. This 
general definition may be adapted in the event of very substantial stem deformation 
that would otherwise prevent the tree from being used for timber; such deformations 
are primarily seen in broadleaved species and some conifers (Figure 5.1). In this 
occurrence, the volume taken into account is practically restricted to the volume below 
the deformation, up to a section cut according to its form (secondary logs on the stem, 
above the saw point, may sometimes be taken into account in the protocol of volume 
calculation provided they satisfy such stringent size and form criteria that they generally 
only represent a minor proportion of the stem volume above the saw point). Adopting 
this definition is warranted by socio-economic considerations, since the NFI’s primary 
objective when it was set up was to assess the production potential of French forests with 
a view to supplying the timber and paper pulp industries. The volume estimated by the 
NFI, therefore, represents only part of the total aerial volume of a tree; in particular, it 
excludes the branches.

two different approaches were used: –
 calculating the total aerial volume of the tree by applying mean branch expansion i. 
factors to the stem volume estimated by the NFI;
 more precise calculation based on ii. C1300 and HTOT of the total aerial volume of the 
tree, or its biomass, using adapted allometric relationships.
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The mean branch expansion factor is a convenient way of comparing different •	
estimates. It often differs between broadleaved species and conifers, and is defined as 
the ratio of total aerial volume to merchantable volume. The factor varies substantially 
depending on the species, site conditions, age and silvicultural methods used and is 
particularly difficult to evaluate without taking complex, destructive measurements. The 
branch expansion factor may either be one of the key parameters used in the calculation 
of carbon stocks, or be calculated a posteriori, when allometric relations are used 
(Somogyi et al., 2007), as a simple informative parameter.

Root expansion factors can then be used to integrate the below-ground part of the •	
wood volume or tree biomass; these values are difficult to ascertain, and are another 
source of variability.

Calculating biomass (excluding foliage) means multiplying the total volume of the •	
trees by the wood specific gravity, which also varies depending on the species, tree 
growth rate, position within the tree (for instance, the bark is less dense), etc.

Lastly, multiplying the total biomass of the tree by the average carbon concentration •	
gives carbon mass. This carbon concentration is apparently less variable than expansion 
factors or wood densities. It is generally between 0.45 and 0.5.

Calculating an overall ratio, defined as the ratio of total carbon mass to merchantable 
volume, which is equal to the product of the branch and root expansion factors, the wood 

Figure 5.1. Tree measurement by the National Forestry Inventory (NFI).
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specific gravity and the carbon concentration, makes it possible to condense each of the 
estimates considered into a few key values (mean overall ratio for the main groups of 
species such as broadleaved species and conifers).

In addition to the previous sources of variation, two main methods were used for 
evaluating net carbon fluxes:

through stock variations, comparing two successive inventories; or –
through the difference between influx (growth) and outflux (wood removal and mortality). –
The latter approach is certainly more difficult, since it relies on calculating the 

difference between data from different sources, which are often heterogeneous. The NFI 
evaluates volume growth and mortality, although it has some difficulties with mortality due 
to accidental causes (e.g. windfall, fires, etc.), as a result of the low inventory frequency 
(approximately every 12 years). Wood removal figures are often both diverse and partial: 
the volume felled but left in the forest (sometimes burned) is not taken into account, the 
cubage method varies depending on the end use of the timber (e.g. sawmill, paper pulp 
or other such as poles, etc.), and the estimates for the self-consumed volume (mainly for 
fuelwood) are very imprecise, which amount to 25% to 30% of the total volume removed 
in France. However, this approach is recommended by the Intergovernmental Panel on 
Climate Change and is used by the Interprofessional Technical Centre for Studies on 
Atmospheric Pollution (CITEPA), the French national organization responsible for the 
annual inventory of greenhouse gas emissions (Fontelle et al., 2003).

Table 5.1 enables a comparison of different estimates including that proposed on 
completion of the present CARBOFOR project. This last estimate, the results of which 
are given in “Methodology used for revised estimates of carbon stocks and fluxes within 
French forest biomass” hereafter, is based on:

using the total aerial volume allometric equations compiled by Vallet •	 et al. (2006) 
from French forestry research archives (data gathered 1920–50) and presented below;

the root expansion factors and wood specific gravity values based on an analysis of •	
existing literature (see “Comparaison of various estimates” for wood density; Chapter 4 
for root expansion factors).

The overall ratio values corresponding to the preceding estimates are relatively 
uniform in terms of broadleaved species; for conifers, the CITEPA estimate is around 
20% higher than the other two. The CARBOFOR estimate is based on a markedly higher 
overall ratio value for broadleaved species (around +25%) and a value towards the top of 
the range for conifers. The branch volume allometric equations used are the main reason 
for this re-evaluation, which will be discussed below.

Table 5.2, from Löwe et al. (2000), summarizes the values used for the annual inventory 
of greenhouse gas emissions in various European countries. Given that it is left to the 
signatories of the convention to decide whether to take account of below-ground biomass, 
there is some doubt surrounding the expansion factors quoted. The values obtained and 
used in the present CARBOFOR project (Table 5.1) are in the highest part of the European 
range (Table 5.2). However, the European values used in 2000 for biomass expansion were 
not always based on truly representative samples of adequately sampled trees. Instead, they 
often resulted from literature analysis. It is interesting to note that Levy et al. (2004), after 
a reassessment of expansion factors using a large dataset of tree measurements, obtained 
a mean branch expansion factor of 1.43 and a mean root expansion factor of 1.36 for 
coniferous trees in the UK, higher than our values (1.34 and 1.30, respectively, Table 5.1).
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Table 5.2. Factors used to estimate the forest carbon sink in the inventory of greenhouse gas 
emissions (from Löwe et al., 2000).

Country Species

Branch  
expansion  

factor:
above-ground 

biomass  
volume/

stem volume

Overall 
expansion 

factor:
total biomass 

volume/
stem volume

Wood 
specific 
gravity

Carbon 
concen-
tration

Overall 
ratio

(tC.m-3)

Austria
Conifers 1.45 0.39 0.49 0.28

Broadleafs 1.46 0.53 0.48 0.37

Denmark
Conifers 2.001 0.38 0.504 0.38

Broadleafs 2.001 0.58 0.504 0.58

Finland
Pine 1.5272 0.39 0.519 0.31

Spruce 1.8592 0.39 0.519 0.38
Broadleafs 1.6782 0.49 0.501 0.41

France

(CITEPA 
1999)

Conifers 1.60 0.43 0.504 0.34
Poplars 1.60 0.35 0.504 0.28

Broadleafs 1.60 0.54 0.504 0.43

Germany

Pine, larch 1.14 0.43 0.504 0.25
Spruce, fir, 
Douglas fir

1.14 0.37 0.504

0.21
Oaks, beech 1.24 0.56 0.504 0.35

Other broadleafs 1.24 0.55 0.504 0.34

Ireland
Conifers 1.30 0.37 0.43 0.21

Broadleafs 1.30 0.55 0.45 0.32
Netherlands All species 1.20 0.504 0.504 0.30

Portugal
Conifers 1.247 0.38 0.45 0.21

Broadleafs 1.237 0.70 0.45 0.39
Spain All species 1.603 0.504 0.45 0.36

Sweden
Conifers 1.30 0.42 0.45 0.25

Broadleafs 1.50 0.58 0.45 0.39

UK
Conifers 1.39 0.35 0.504 0.24

Broadleafs 1.52 0.55 0.504 0.42

1 Includes “some carbon in the undergrowth and soil”.
2 “Also contains foliage”.
3 Includes “part of the surrounding shrub vegetation”.
4 IPCC default values.

They pointed to the need for an upward revision of estimated carbon fluxes in UK forests. 
Tobin and Nieuwenhuis (2007) reached the same conclusion after a re-evaluation of 
biomass expansion factors of Picea sitchensis in Ireland.

Methodology used for revised estimates  
of carbon stocks and fluxes within French forest biomass

Annual carbon stocks and fluxes in French forests have now been reassessed based on 
the last two sets of departmental inventories. The calculation method was as follows:
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application of total aerial volume allometric equations of Vallet  – et al. (2006) to 
merchantable volume of NFI sample trees. In each of around 110,000 plots, all trees above 
a threshold diameter (7.5 cm within a 6 m radius circle, 22.5 cm within a 9 m radius circle 
and 37.5 cm within a 15 m radius circle), that is, 11 trees on average were measured and 
subsequently used for the calculation of total aerial volume. Table 5.3 presents the set of 
eight parameter values used for applying the equation used (Equation 1), the tree species 
used to calibrate the equation and the species for which the equation was used;

application of constant root expansion factors of 1.28 for broadleaved species and 1.30  –
for conifers;

application of a carbon concentration in the wood of 0.475; –
the foliage, herbaceous and shrubby strata, trees below the inventory threshold  –

diameter and dead wood were not taken into account;
trees outside the forest (e.g. hedges and tree rows, parks and gardens) are not  –

accounted for. However, they can represent a significant proportion of the wood stock 
in some regions of France, for example, in Brittany or in the Paris area (Dupouey and 
Pignard, 2001). Poplar plantations have also been excluded from our calculations for 
several reasons. They have a shorter rotation length (10–20 years) and a very specific 
management system, which induce different dynamics to the remaining French forest. 
Moreover, there was no branch allometric equation available for this species and lastly, it 
represents only 220,000 ha (less than 1.5% of the total French forest area).

Table 5.3. Parameters and species used for the branch allometric equations.

Tree species used  
to calibrate the equation

Species for which  
the equation was used

Parameters of the equations

a b c d

Quercus petraea
Quercus petraea, Q. robur, 
Q. pubescens, Q. rubra

0.471 – 0.345 0.377 0

Fagus sylvatica Fagus sylvatica 0.395 0.266 0.421 45.4

Quercus petraea  
and Fagus sylvatica

Other broadleafs 0.428 – 0.191 0.456 0

Pseudotsuga menziesii Pseudotsuga menziesii 0.534 – 0.530 0 56.6

Pinus spp. Pinus spp. 0.311 0.405 0.340 191

Larix spp. Larix spp. 0.550 – 1.350 0.322 0

Abies alba Abies spp. 0.550 – 0.749 0.277 0

Picea abies
Picea abies and other 
coniferous species

0.631 – 0.946 0 0

Equation:
total above-ground volume = shape factor C130#b l × HTOT/(40,000 × P)

with:
C130: girth at breast height (cm)

HTOT:  total height (m)

rob:  robustness = C HTOT130b l

and shape factor = b C 1000 c roba 130# # #+ +a k  1 d C130+b l
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Results

The French forest carbon stock and its temporal change
The carbon stock in forest biomass (above- and below-ground) was assessed at  

71.2 tC.ha-1 on average at the time of the last inventory in 1996, the merchantable volume 
was 154 m-3.ha-1. This value per hectare was estimated for the area of productive woodland, 
that is, 13.8 million ha in 1996, which gives a total stock of 984 MtC. “Non-productive” 
forests, where wood production is not the main target (e.g. protected areas, peri-urban 
woodlands, unexploited forests on steep slopes of the mountains), are not inventoried by 
French NFIs. If the previous stock per hectare is extrapolated to the whole woodland area, 
that is, 14.9 million ha, this gives an overall estimate of 1059 MtC in 1996.

The carbon stock in forest biomass (above- and below-ground) was assessed at 
59.4 tC.ha-1 on average at the time of the previous inventory in 1984, the merchantable 
volume was 133 m-3.ha-1. The stock was estimated for the area of productive woodland, 
that is, 13.4 million ha in 1984, which gives a total stock of 795 MtC. If this stock is 
extrapolated to the whole woodland area, that is, 14.0 million ha, this gives an overall 
estimate of 830 MtC in 1984.

By calculating the difference in stocks, these two inventories were used to calculate 
the net annual carbon flux in forest biomass: 15.6 MtC.year-1 based on productive 
woodland and 18.7 MtC.year-1 if the whole woodland area is considered. It is important to 
note that the results quoted here barely take account of the impact of the December 1999 
storms as the departmental inventories, conducted since 2000, have concerned regions 
that were not severely affected.

Without even considering the methods used to evaluate the carbon mass in the trees, 
these results were affected by several types of bias resulting from the forest inventory 
system:

it is debatable whether it is wise to extrapolate the estimate to the forest area as a  –
whole, since those forests that the NFI classes as non-productive are primarily stands 
on steep slopes, and to a lesser extent, stands with considerable recreational uses. It is 
reasonable to assume that stocks and primary biomass production in such forests are 
lower, but the same can doubtless also be said for wood removal. The relative value 
therefore seems to be valid;

some changes over time in the inventory methods resulted in bias when calculating  –
the variations in carbon stocks; around 250,000 ha, primarily Mediterranean heathlands, 
were included in the previous survey but not in the last one because of their low economic 
impact. Such stands had a low merchantable volume: around 52 m-3.ha-1 (32 tC.ha-1) at 
the time of the previous inventory. The mean stock per hectare was thus overestimated 
in the last inventory, since the biomass of these stands was not counted along with the 
productive areas, and the variation in the stock was also overestimated. However, the 
impact was relatively limited: around 0.5 tC.ha-1 for the stock estimate and 0.5 MtC.year-1 
for the estimate of mean annual storage;

some areas, abandoned by farmers, that became woodland between 1984 and 1996 as  –
a result of natural colonization already had some trees in 1984, and this biomass, which 
is difficult to assess, needs to be deducted from the variation in stocks calculated above. 
Although such natural woodland now accounts for over 80% of forest recolonization in 
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France, it still has only a limited impact on carbon storage estimates. If we assume that 
80% of the areas corresponding to forest increase over the period 1984–96 contained 
an initial volume of 10 m-3.ha-1, the annual storage estimate will be reduced by just 
0.3 MtC.year-1;

the values for net annual carbon storage in forest biomass quoted above may, therefore,  –
be overestimated by around 0.8 MtC.year-1, which gives an estimate of the forest sink of 
around 14.8 MtC.year-1 for productive woodland and 17.9 MtC.year-1 for French forests 
as a whole.

These estimates are a significant increase on previous evaluations, notably those 
proposed by Dupouey et al. in 1999 (Figure 5.2). The total stock was estimated at 
54.8 tC.ha-1 in 1991 and 48.5 tC.ha-1 in 1979, considering only the biomass compartment 
of recordable trees. The main reasons for this re-evaluation are the use of new volume 
allometric equations and the adoption of higher root expansion factors.

The upward revision of net annual storage (calculated as stock variation) is much 
more marked, since the overall carbon sink for the period 1979–91 was estimated at 
10.5 MtC.year-1. This is a result of the combined effects of adjusting the method (an 
increase of around 25% in the overall carbon mass to NFI volume ratio) and a real 
increase in net annual storage. The latter is in turn the result of several factors:

the volume growth per area unit has been increasing, for reasons that have yet to be  –
determined, by an average of 1% per year for at least two to three decades (see IFN/
MAP, 2000, for a more in-depth analysis of this phenomenon), while wood removal has 
progressed less rapidly, and has been stagnating since the early 1990s (until the 1999 
storms);

since the mid-20th century, the area of forest has been growing steadily and this  –
increase has remained strong despite a reduction in artificial reforestation: an average 
of +73,000 ha.year-1 between 1984 and 1996, that is, 0.5% per year, primarily through 
natural recolonization of land abandoned by farmers. This spread has also contributed to 

Figure 5.2. Comparison of carbon stock estimates per area unit in forest biomass in two successive 
studies.
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the increase in total growth in volume. The impact of an increase in forest area on carbon 
storage and biological production, assessed using NFI data, is not generally noticeable for 
some 10 to 20 years (excluding poplars), which corresponds to the time taken for young 
trees to reach the threshold diameter for inventory. Any increase in area between two 
successive inventories thus has only a limited impact on the stock variations calculated 
between these two inventories. Moreover, if the increase in area is considerable, it will 
reduce the mean stock calculated for the forests as a whole (mean of stock in existing 
woodlands and the lower stock in new woodlands). On the other hand, the increases in 
forest area that occurred before this period have a significant impact on the carbon stock 
and flux, because the stands of intermediate age (20 to 40 years) have a high production 
and weak wood removal. Large areas have been afforested in France in the second half of 
the 20th century, mainly with coniferous species (Figure 5.3). They contribute positively 
to the current carbon sink, but this impact should gradually decrease when these stands 
are harvested.

Table 5.4 summarizes some of the key changes in French forests previously 
discussed.

Table 5.4. Main data related to French forests (except poplar plantations). The overall branch 
expansion factor is the ratio of total aerial volume calculated for the whole of France to the total 
merchantable volume measured by the NFI for the whole of France.

Unit 1984 1996

Total area 1000 ha 13,988 14,875

Growing stock m3.ha-1 133 154

Gross increment m3.ha-1.year-1 5.7 6.5

Part of regular high forest (area) % 43.5 48.5

Average age of high forests year 64.4 64.6

Carbon stock (biomass) tC.ha-1 59.4 71.2

Branch expansion factor (overall) 1.46 1.50

Figure 5.3. Area of forest stands managed as regular high forest by age and species group (average 
date: 1996).
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The change over time of carbon stocks and fluxes in the forest biomass can be 
analysed more precisely. A third inventory was carried out between 1971 and 1980 
and is available for nearly half of France (55 departments). We applied the method 
described above to all inventories and carried out a linear interpolation to calculate in 
each department the carbon stock for each year between two successive inventories; we 
also used this linear equation to evaluate the carbon stock before the oldest inventory 
and beyond the most recent inventory. These data made it possible to calculate 
the national carbon stock for each year, and we only retained the years for which 
fewer than 15 departments (out of 90) had extrapolations of more than 5 years. The 
annual carbon flux was assessed by the difference between two successive estimates 
of the carbon stock. The results are presented in Figures 5.4 and 5.5. The latter 
clearly highlights the increasing trend in annual storage, which increases from about 
14.6 MtC.year-1 in 1976 to 18.7 MtC.year-1 in 1996, which means an increase in the sink 
of 4.1 MtC.year-1 in 20 years. However, because of the method used, there is the same 
biases here as for the average flux in the period 1984–96 and the variation of the sink 
in 20 years is certainly lower and nearer to +3.3 MtC.year-1 than to +4.1 MtC.year-1. 
There is a strong increase in annual biomass storage during the decade 1980–90, and 
two periods of stagnation before 1980 and after 1990. The stagnation at the end of the 
1970s could be partly a consequence of the drought of 1976, which had a strong and 
lasting effect on the productivity of stands.

The curve in Figures 5.4 and 5.5 is, however, to be analysed carefully because of the 
method of interpolation. For example, the similarity between the evolution of the sink 
and that of the wood harvest (Figure 5.6) is surprising: it implies that the increase in 
harvest during the 1980s would have been more than compensated for by the increase of 
the gross increment.

Figure 5.4. Carbon stock of the biomass in French forests from 1976 to 1996.
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Figure 5.5. Annual change in the carbon stock of the biomass in French forests from 1976 to 
1996.

Figure 5.6. Volume of wood harvested and marketed in France between 1976 and 2001 (volume 
in million.m-3 over bark).

A detailed analysis of the results reveals a number of points:
despite a lower NFI volume, which can be attributed to the existence of coppices  –

(143 m3.ha-1 compared with 173 m-3.ha-1 for conifer stands), broadleaved species 
generally have a higher carbon stock per hectare: 76 tC.ha-1 compared with 62 tC.ha-1 
for conifers. This situation results from their higher wood density and proportion of 
branches. The stock variation for the two groups of species is much the same, that is, 
around +1 tC.ha-1.year-1;

as regards distribution per ownership category, the carbon stock ranking is the same  –
as for merchantable volume: 85 tC.ha-1 in state-owned forests (191 m-3.ha-1), 81 tC.ha-1 
in other state-managed woodlands (181 m-3.ha-1) and 67 tC.ha-1 in private woodlands 
(143 m-3.ha-1). However, the gaps are shrinking, and the variations for the period 
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1984–96 were in the reverse order: +6 tC.ha-1 in state-owned forest, +9 tC.ha-1 in other 
state-managed woodlands, and +13 tC.ha-1 in private woodlands. This ranking is closely 
correlated to the relative extent of reforestation and to wood mobilization rate in the three 
ownership categories, 83%, 67% and 62% over the 1984–96 period, respectively. Overall, 
storage in productive stands was + 1MtC.year-1 in state-owned forest (1.4 million ha), 
+2.5 MtC.year-1 in other state-managed woodlands (2.2 million ha) and +12.1 MtC.year-1 
in private woodlands (10.1 million ha);

the carbon stock per hectare is 80 t on average in regular high forest and mixed high  –
broadleaved forest-coppice and only 39 t in simple coppice. Mixed high conifer forest-
coppice and irregular high forest have an intermediate stock per hectare, calculated to 
be 70 tC.ha-1 and 52 tC.ha-1, respectively. These average values are highly dependent on 
stand distribution in terms of age category;

figure 5.7 shows the mean carbon stock in forest biomass per area unit, department by  –
department. It shows that the highest stocks on a departmental level are in north-eastern 
France: Alsace, Lorraine and Franche-Comté, in the northern Alps, and in the western 
Pyrenees. Mediterranean regions have the lowest values for this estimate, which only 
takes account of the biomass of recordable trees. A table (see Table A1 in the Appendix) 
summarizes the main figures, region by region;

Figure 5.7. Mean carbon stock per area unit in forest biomass per department.
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figure 5.8 shows net annual carbon storage in forest biomass. On a departmental  –
scale, the most significant sinks follow a broad diagonal line from the south-west to 
the north-east, with Aquitaine, Burgundy and Auvergne prominent. This situation was 
doubtless considerably disrupted by the December 1999 storms, which caused severe 
damage across a large part of the zone. It must be pointed out that these figures are 
global sequestration accumulated per department and that, at this scale of integration, 
sequestration depends first on the forest area of each department.

Figure 5.8. Annual variation of carbon stock in forest biomass per department averaged over the 
period 1984–96.

Impact of the storms of December 1999
The total volume of wood damaged by the storms of December 1999 is not known 

precisely. The conclusion of all works carried out by the French NFI (IFN/AFOCEL, 
2004) is that this volume could reach 170 million m3, which is about 8% of the growing 
stock, or two times the annual gross increment, or three times the annual harvest (the 
annual harvest is about two-thirds of the gross increment). The use of a reduction factor 
of 0.92 allows the assessment of carbon stock of the forest biomass after the storms. 
However, the implicit model, which only takes into account the pool of living biomass, 
is too simple to describe the phenomenon correctly.
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As of 1 January 2000, this pool was actually reduced by 8%, but the total carbon stock 
in French forests had not changed. The carbon contained in the damaged trees was simply 
transferred to dead wood or litter.

A fraction of the carbon stock contained in the damaged trees has been exported 
subsequently from the damaged stands during the 2 years following the storms. These 
removals have partly replaced the usual harvest, which has been temporarily avoided 
and delayed. According to the annual survey on harvested and marketed wood the 
harvests in 2000 and 2001 were respectively, 1.28 and 1.12 times the harvest in 1999. 
It can be supposed that in 2000 and 2001, a volume equivalent to two times the harvest 
of 1999 was taken in damaged wood. About 2 to 3 years after the storms, the main 
impact on carbon stock in the forest biomass, with the above assumption, is a loss of 
approximately one annual harvest, which is approximately two-thirds of the annual 
current production or average annual storage for 2 years). This loss is evaluated to be 
approximately 1.8 tC.ha-1. It will result in an emission to the atmosphere through the 
decay or burning of the residual biomass, which is more or less delayed, according to 
whether the residual damaged wood is burnt or left in the forest.

Another impact of the storms is the re-setting of highly damaged stands dynamics to 
a younger age class of the same or a new growth trajectory. Since about 450,000 ha (3% 
of the forest area) suffered a loss of more than 50% of forest cover, this impact must also 
be taken into account. A more complete calculation of the impact of the 1999 storm on 
the carbon budget is presented in Pignard et al. (2009).

Discussion: results validation and fine-tuning

Validation of the aerial volume calculated with allometric equations
Calculating the ratio of total above-ground volume/stem volume showed that the present 

estimations, based on new allometric equations (Vallet et al., 2006), produced a significantly 
higher figure for branch volumes in comparison with previous estimates, particularly with 
regard to broadleafs (Table 5.1). The mean value of this ratio for the last inventory in the 
present study is 1.61 for broadleaved species, whereas it was only 1.30 in our previous work 
(Dupouey et al., 1999). This re-evaluation is commented in depth in Chapter 4. In short, 
although it comprised over 4500 trees, the sample used to build the new allometric equations 
was perhaps not fully representative of the entire French forests because:

many species are absent; of the broadleaved species, only  – Quercus petraea Lieb. and 
Fagus sylvatica L. were considered. The aerial volume of the other broadleaved species 
was evaluated using an equation compiled by combining the figures for these two species 
(Table 5.3);

the forests from which the samples were taken were primarily in northern France; –
the figures are relatively old (1920–55), and several factors may have modified the  –

allometric relationships within trees (e.g. silvicultural changes, genetic improvement, 
environmental changes, etc.);

the sample plots were exclusively set up in regular high forest stands. –
However, as far as we could check these different points, no real biases have been 

found (see Chapter 4) and this set of allometric equations is currently the best available 
way of calculating total tree aerial volume in France.
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Using an allometric approach for the calculation of branch volumes, instead of 
constant branch expansion factors, lead to an increase of the overall mean branch 
expansion factor for the whole of France between the two last inventories, from 1.46 
to 1.50 (Table 5.4). The causes for such an increase are discussed in Chapter 4. We 
calculated that this apparent change in the shape of trees was responsible by itself for 
13% of the 17.9 MtC.year-1 carbon flux into forest biomass between 1984 and 1996.

Impact of wood density estimates
Two sets of wood specific gravity values per species were used for France. They 

were compiled from bibliographical references. One older reference (Mathieu, 1877), 
proposes much higher values for most species. These differences may be due to some 
type of systematic bias in measuring the samples used, in which case it would no doubt 
be best not to use those measurements. This reasoning resulted in an initial set of 
values, including corrected values for Mathieu samples, which was used for the present 
CARBOFOR estimates presented above. There is another possibility: Mathieu’s sample 
may be more representative of the French forest resource. Woods from mountain regions 
or the Mediterranean zone, which are characterized by higher density, are more common 
in Mathieu’s work than in the other sources, which were primarily published by authors 
from northern Europe. One way to shed light on this discrepancy would be to look again 
at Mathieu’s samples, which are still available at l’École Nationale du Génie Rural des 
Eaux et des Forêts (ENGREF) (Nancy, France). Extensive campaigns of wood density 
measurements should also be launched in order to obtain new and more representative 
estimates at the national scale for a large range of species. In the meantime, a second 
set of wood specific gravity values has been compiled, primarily based on raw Mathieu’s 
results.

This second set was used to calculate a second estimate of the carbon stock in French 
forest biomass. This produced a mean carbon stock figure of 77 tC.ha-1, that is, 8.1% 
more than the first estimate. Mean wood specific gravity values were 0.593 for broadleafs 
(+8.6%) and 0.467 for conifers (+6.7%).

Accuracy of carbon stock and flux estimates
Evaluating the error made in estimating carbon stocks and fluxes in forest biomass is a 

complex task. It involves not only sampling and modelling errors (applying the allometric 
equations to NFI sample trees), but also some forms of bias difficult to pinpoint:

applying equations compiled from data on oaks and beech to other broadleaved  –
species;

applying volume equations outside the field for which they were developed (e.g. types  –
of stand, regions, species, etc.);

using data for which the degree of error is not known (e.g. wood specific gravity,  –
carbon concentration, etc.).

We attempted to estimate the uncertainty in the global carbon flux by three different 
ways: (i) recalculating this flux based on different, selected sets of parameters for wood 
density, branch volume and carbon concentration; (ii) building a random distribution of 
possible input values by Monte-Carlo simulation; and (iii) using an input/output budget 
approach, instead of measuring the difference between carbon stocks on two different 
dates.
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Table 5.5 presents eight estimates of total carbon stock in 1996 and annual flux during 
the 1984–96 period, by combining two different sets of wood specific gravity values (see 
above), two different estimates of branch volume (allometric equations on one hand and 
branch expansion factors obtained from a literature analysis on the other hand, that is, 
1.27 for broadleafs and 1.26 for conifers (see Chapter 4), and two different values for 
carbon concentration. The highest estimates differ from the lowest by 36% for stocks and 
51% for fluxes. The estimates based on allometric equations, the lowest specific gravity 
values and the 0.475% carbon concentration seem to be the most adequate according to 
our present knowledge.

Table 5.5. Estimates of carbon stock per hectare in 1996 and annual fluxes during the 1984–96 
period in the French forest biomass according to different sets of values for branch volume, wood 
density and carbon concentration (first value: 0.475%, second value: 0.5%). Values retained in the 
current study are shown in bold.

Branch volume

Branch expansion factors
from the literature

Allometric equations
(Vallet et al., 2006)

Wood specific 
gravity

C stock 1996

(tC.ha-1)

Annual C flux

(MtC.year-1)

C stock 1996

(tC.ha-1)

Annual C flux

(MtC.year-1)

Low values 59.7–62.8 13.5–14.2 71.2–74.9 17.9–18.8

High values 64.5–67.9 14.5–15.3 77.0–81.1 19.3–20.3

We extended these calculations of fluxes for a limited number of different values 
of the input variables to a more general Monte-Carlo simulation approach, following 
general guidelines given by Heath and Smith (2000) and Smith and Heath (2001).

According to the following simplified formula, carbon stock Si at a given date ti 
depends on five input variables:

 EF EF WSG CS Vi b r# # # #=

where V is the total merchantable volume, EFb and EFr the average branch and root 
expansion factors, respectively, WSG the average wood specific gravity and C the average 
carbon concentration. S1 and S2 are the stocks at two points in time, t1 and t2, the calculated 

flux is S S t t2 1 2 1- -a ak k.

The ranges of possible values for the 10 input variables (the five previous variables on 
the two study dates) were represented by beta distributions (Figure 5.9(a)–(e)). The beta 
distribution allows a bounded and asymmetric representation of uncertainty. The four 
parameters of each beta distribution (i.e. minimum, maximum, skewness and narrowness 
of the distribution) were determined by expert judgement. Symmetric distributions were 
chosen except for the branch expansion factor, which was skewed towards negative values, 
and wood density, slightly skewed towards positive values, according to the previous 
discussion. A correlation was introduced for each of the five pairs of corresponding 
variables between the two sampling dates (e.g. between carbon concentrations on the 
first and second sampling dates): 0.5 for merchantable volume, 0.7 for branch and root 
expansion factors and 0.8 for wood density and carbon concentration.
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(a) (b)

(c) (d)

(e) (f)

Figure 5.9. Simulated distributions of the input variables based on expert assessment and resulting 
distribution for the annual carbon flux: (a) merchantable volume (M.m-3); (b) branch expansion 
factor; (c) root expansion factor; (d) wood density; (e) carbon concentration; (f) resulting distribution 
of values for the calculated annual carbon flux (MtC.year -1). Distributions (a)–(d) are given for the 
second sampling date only. They are similar on the first sampling date. Distribution of carbon 
concentration is identical on the two sampling dates. Vertical axes are scaled to a mean of 1.
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The resulting distribution of values for the annual carbon flux (Figure 5.9(f)) was 
calculated from 100,000 random sets of the 10 previous variables. Its 95% confidence 
interval was 4.1–30.3 MtC.year-1. Only 0.5% of the values fell below 0. The coefficient 
of variation of the distribution, an estimate of the relative error on the carbon flux 
calculation, was 40%.

Another way to evaluate possible bias in our calculations is to estimate the carbon flux 
using another, independent, method.

Calculation of carbon flux with the input/output budget method
Wood fluxes in French forests can be estimated by using the equation linking annual 

production, P, removal, R (wood volumes exported out of the forest), stock variation, S, 
and tree mortality, M:

 P R S M= + +

Production and mortality are estimated by the French NFI at each inventory for 
a period including the last 5 years preceding the inventory. We calculated the uptake 
from the annual survey of forest industry activities (including all forest activities but 
non-commercial fuelwood collection), conducted by the French Ministry of Agriculture, 
and from estimates of fuelwood uptake from French forests (Dupouey et al., 1999). From 
these data, we estimated S, the resulting flux of carbon sequestration. The different terms 
of this balance are given in Table 5.6 in merchantable volumes.

Table 5.6. Production, wood uptake, stock increase and mortality in French productive forests 
(merchantable volumes). Poplar plantations and protection forests were excluded.

Annual production per unit area (m3.ha-1.year-1)
1984 1996

5.7 6.5

P Total annual production from 1984 to 1996 (millions m3.year-1) 87.2

R Annual removal between 1984 and 1996: (millions m3.year-1)

– construction timber 19.3

– fuelwood 18.4

– pulpwood and industrial timber 11.4

Total 52.4

S Variation of stock between 1984 and 1996 (millions m3.year-1) 30.7

M Annual mortality between 1984 and 1996 (millions m3.year-1) 4.2

P: production; R: wood removal; S: stock increase; M: mortality.

With this budget method, we obtained a value of 30.7 millions m-3.year-1 of average 
annual increase in the growing stock between 1984 and 1996 in French productive forests 
(excluding poplar plantations). The lag with value (31.4 millions m-3.year-1), calculated by 
the difference in merchantable volume stocks between these two same dates, is very low 
(2%), although the two methods are based on very different data. This agreement suggests 
that the errors in the estimation of merchantable volume changes in French forests are 
probably small. However, this small lag could also partly be fortuitous considering the 
large uncertainty about the estimation of non-commercial fuelwood uptake. Moreover, 
because of the self-declarative nature of the statistics concerning the volume of wood 



Forests, Carbon Cycle and Climate Change

120

used in the industry, there could be an unknown underestimation of the annual uptake of 
wood from forests, leading to an overestimation of the increase in forest stock.

The three preceding error analyses give different views on the uncertainty of carbon 
flux. The crude Monte-Carlo simulation provides a large confidence interval from 
3.7 MtC.year-1 to 30.1 MtC.year-1, from which we can conclude that the flux of carbon 
to French forests is clearly positive. A more reasoned choice of a limited set of possible 
values gives a more limited range for the carbon flux, between 13.5 MtC.year-1 and 
20.3 MtC.year-1. This latter interval does not include errors on merchantable volumes, 
which are most probably the smallest among all the sources of errors. Finally, a new 
and partly independent method of evaluation provides, perhaps fortuitously, an exactly 
identical value for the change in stock volume.

Conclusion: recommendations and improvement  
of methods for French reporting under the framework  
of international conventions

The new volume equations used in the present work have helped to improve 
significantly the estimate of total above-ground volume of trees and enabled a 
reassessment of expansion factors previously used in France. A comparison of the 
last two inventories showed that the branch expansion factors have increased for 
all species, sometimes quite substantially (see Table 5.4). Systematic use of these 
allometric equations, therefore, seems preferable to a simplistic approach based on 
constant expansion factors. Annual inventories of greenhouse gas budgets for the 
whole of France, conducted under the responsibility of CITEPA, should take these 
new results into account. It must be pointed out that, although switching to the use of 
adapted allometric equations is obviously an improvement on the previous method, it 
would be useful to continue calculating and publishing global, averaged, expansion 
factors aggregated at the national scale for all countries reporting under the carbon 
conventions. If this is not the case, it will become difficult to compare the different 
national protocols for carbon assessment and reporting, because even large differences 
between countries in their conversion parameters (i.e. branch and root expansion 
factors, wood density and carbon concentration values) will be “hidden” and scattered 
throughout a multitude of allometric equations.

French forests have certainly been sequestrating carbon in their biomass during 
the studied period between 1984 and 1996, according to our uncertainty analysis. We 
estimate this flux at 17.9 MtC.year-1. Interestingly, the recent reassessment of carbon flux 
into forest biomass in Germany gave a close value of 14.9 MtC.year-1 for a total forest 
area of 10.4 m ha only (Dieter and Elsasser, 2002). However, large uncertainties remain 
in our calculations of carbon stocks and fluxes in forest biomass. Several perspectives 
could be explored in the future to improve or confirm results presented here:

architectural models of trees offer obvious opportunities for the evaluation and  –
partitioning of above-ground biomass; such models, which already exist for pines (Pinus 
pinaster Ait., P. sylvestris L., P. nigra J.F. Arnold subsp. austriaca var. austriaca) (see 
Chapter 4) should be built for other forest species;
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developing a better knowledge of wood density variations seems also of high priority.  –
Density values could be improved by two actions: measuring wood specific gravity 
on a subset of the thousands of cores sampled during NFIs and developing models of 
the internal structure of stems (Leban et al., 1996), which allow the calculation of an 
average wood specific gravity for each tree of the NFI sample. Such models are already 
available for oak, spruce, Douglas fir and Corsican pine and should be developed for 
more species.

The Kyoto Protocol, which recently came into force, but whose forestry issues 
are still under discussion, will take into account only a limited fraction of previously 
calculated fluxes. How much of the previous fluxes will be accounted for is the subject 
of many debates because it could have a large impact on national carbon accounts. For 
France, the annual 17.9 MtC carbon sink in forest biomass represents more than 18% 
of current carbon emissions from fossil fuels (98 MtC.year-1 on average between 1984 
and 1996, according to Marland et al., 2003). Only deforestation and afforestation or 
reforestation directly resulting from human activities since 1990 will be completely 
accounted for. Is natural recolonization, which is the dominant way of reforestation 
today, directly resulting from land-use management decisions, for example, as a 
consequence of European common agricultural policy rules, or is it a process out 
of our control? After a first phase of rejection of this carbon sink from national 
carbon accounts in the framework of the Kyoto Protocol, the trend is now towards 
its inclusion. The current increase of standing wood volume in existing forests will 
only be marginally accounted for (Pignard and Dupouey, 2002). One of the reasons 
for this is the difficulty in separating the respective roles of voluntary actions (e.g. 
silvicultural decisions) and uncontrolled environmental changes (e.g. atmospheric 
CO2 increase, nitrogen deposition, climatic change, etc.) in the increasing productivity 
of forest stands. NFIs which, in a first step, provided a sound basis for international 
negotiations will now contribute to the establishment of national carbon budgets 
helping to implement and control the application of the Kyoto Protocol. However, 
the Kyoto Protocol in its current state needs some data which are difficult to provide 
with NFI data only. Land-use exchanges between forest and non-forest states are not 
always finely monitored. Joint effort with agricultural statistics (Teruti-Lucas survey) 
has been undertaken to better meet the requirements of the Kyoto Protocol. The French 
NRI also recently switched to a new method of sampling, which needs to be evaluated 
in the context of carbon calculations. This new method should allow reporting fluxes 
over a shorter time window of integration, that is, 5 years instead of 12 years as in the 
present study. First results, covering the period 2004–09 should soon be available. This 
will be particularly welcome in a context of increasing demand for forest products, 
both for economic and environmental purposes, which could lead to an inversion of the 
historical trend of increasing carbon stock in forest biomass.
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Chapter 6

Possible future climates in France

micheL Déqué, emmanueL cLoPPet

Introduction

The assumption is often made that climate is constant and only conditioned by latitude, 
topography, altitude or proximity to the sea. According to another point of view, climate 
seems to change each year: a cold winter may be followed by a warm winter. Modern 
climatologists consider climate does not correspond to these extreme approaches. According 
to the World Meteorological Organization’s definition, a 30-year period is used to define 
climate as the ensemble of statistical parameters of the distribution of weather variables. 
This definition does not exclude the fact that climate can change over a century, but rejects 
the assertion that inter-annual variability is an expression of climate change. Observations 
made during the 20th century showed without doubt that climate changed in many regions 
of the world including France, resulting essentially in a clear warming trend.

What can we expect for future climate? Global warming is likely caused primarily 
by an increase in the concentration of greenhouse gases (GHGs). Their concentration 
will probably increase further and the negative feedback due to CO2 uptake by oceans 
will play a lesser role as sea surface temperatures (SSTs) increase. Indeed, part of the 
emitted CO2 is absorbed by the ocean, but the warmer the ocean, the less the absorption. 
However, many parameters remain unknown. The projection of future climate change 
depends partly on the assumptions made about future population or economic growth, 
which cannot be predicted beyond 50 years. To forecast after 2050 alternative scenarios 
have to be used, which describe future development paths in various sectors such as 
energy, and estimate the emissions of GHGs. The use of various models allows us to 
study the impact of these scenarios on forestry. In this chain of models, the regional 
climate models give some insights into the effect of the evolution of GHG concentration 
and SST on a country scale.



Forests, Carbon Cycle and Climate Change

134

This chapter focuses on responses of the ARPEGE climate model, the regional 
model of Météo-France, in which the simulations are driven by SRES-B2 and SRES-A2 
scenario radiative forcing. A study of the uncertainties due to the choice of a particular 
model in analysing climate response over Europe may be found in Déqué et al. (2007). 
A description of the model and the experiment can be found in the section hereafter. 
Generally climate change studies are based on simulations performed on short periods 
(20- or 30-year periods) in order to save computing time while maximizing the statistical 
significance of the result. However, a project like CARBOFOR requires a long period 
of data. A long-term continuous forcing is needed to model tree growth (an adult tree 
at the end of the 21st century will grow during the whole of the next century). The 
numerical simulations are described in “The climate model”. In order to summarize 
the results, we will first show the evolution of mean temperature over France during 
the whole simulations (see “Mean temperature evolution along the simulations”). Then 
we will focus in “Spatial and seasonal distribution of the climate reponse at the end of 
21st century” on the geographical distribution of the differences between the last 30 years 
of the 21st century and the reference period (1960–89).

The climate model

Three types of regionalization techniques have been developed by modellers to provide 
regional and local climate information. They are high-resolution general circulation 
models (GCM) (Cubasch et al., 1995), regional models nested in a GCM (Giorgi and 
Mearns, 1999) or statistical downscaling (Wilby et al., 1998). In the present study, we used 
the first method, which offers advantages in providing globally consistent simulations. 
The second method shows computational limitations and the statistical methods are based 
on the assumption that statistical relationships found for the present climate will also be 
valid for the future climate under different forcings. The first method is obviously the most 
expensive of the three methods. This is why high-resolution was restricted to Europe and 
the Mediterranean basin (Déqué and Piedelievre, 1995). SST data are provided by a coarser 
resolution simulation of ARPEGE coupled to an ocean model (Royer et al., 2002).

Machenhauer et al. (1998) showed that a variable resolution climate model 
realistically reproduces seasonal and geographical variations of the main climatological 
parameters over Europe. Déqué et al. (1998) focused on responses of the first version of 
the ARPEGE climate model to a doubling of CO2 concentration.

Simulations used here were performed with the third version of the ARPEGE climate 
model. These two versions are very different. Version 3 is described in Gibelin and 
Déqué (2003), so only model details are repeated here. The model uses semi-lagrangian 
advection and a two time-level discretization. The variable resolution configuration has 
a T106 spectral truncation. There are 31 vertical levels (the same as ECMWF ERA 
15 reanalysis data, see Gibson et al., 1997). The time step is 30 minutes. The pole of 
stretching is in the Tyrrhenian Sea (40°N, 12°E) and the factor of stretching is 3. The grid 
has 120 pseudo-latitudes and 240 pseudo-longitudes with a reduction near the pseudo-
poles to maintain isotropy (the so-called reduced Gaussian grid). The resolution thus 
varies from 0.5° in the Mediterranean to 4.5° in the southern Pacific.

The convection scheme is a mass flux approach with closure by moisture convergence 
(Bougeault, 1985). The Morcrette (1990) scheme is used to calculate radiative fluxes; it 
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includes the effect of four GHGs (CO2, CH4, N2O and CFC) in addition to water vapour 
and ozone, and five aerosol types (i.e. land, sea, urban, desert and sulphate). All aerosols 
are prescribed. Sulphate aerosols may change from month to month and from decade 
to decade. The indirect effects of sulphate aerosols are parameterized as an empirical 
function for the cloud drop effective radius (Hu et al., 2001). The cloud-precipitation-
vertical diffusion scheme uses the statistical approach of Ricard and Royer (1993). The 
soil vegetation hydrology scheme is the Interactions Soil-Biosphere-Atmosphere (ISBA) 
scheme (Douville et al., 2000). Representation of orographic gravity wave drag is 
described in Déqué et al. (1994), modified by Lott and Miller (1997) and Lott (1999).

The climate scenario

The experimental conditions are described in Gibelin and Déqué (2003). Radiative 
forcings (GHG and sulphate aerosol concentrations) are those of the SRES-B2 and 
SRES-A2 scenarios defined by the Intergovernmental Panel on Climate Change (IPCC, 
2001). These scenarios are calculated by a model describing the evolution of society during 
the 21st century. In the A-family of scenarios, priority is set for economics, while in the 
B-family the priority is set for the environment. The number of the scenario evaluates the 
level of international cooperation. In A2 and B2, decisions are taken at a regional level, 
whereas in A1 and B1 a global optimum is searched. As a result of the demography, economic 
development and carbon surface absorption, the A2 scenario leads to a triple concentration 
of CO2 by 2100 with respect to the pre-industrial value, whereas a B2 scenario leads to a 
doubling in concentration. In neither scenario are measures against GHG increase taken.

SSTs are precalculated. From 1960 to 2000, monthly mean observed SSTs are 
used (Reynolds and Smith, 1994). This allows validation of the model by comparing 
the simulation with observations. The simulated climate is compared successfully with 
climatology data from the Climate Research Unit (New et al., 1999). The main difference 
over France is an overestimate of winter rainfall amounts due to a too zonal circulation 
in ARPEGE bringing too much mild moist oceanic air across the country (Gibelin and 
Déqué, 2003). The temperature bias is less than 1 K in all seasons except spring, where 
it reaches this value. A detailed validation of rainfall amounts on the Alps can be found 
in Frei et al. (2003).

Artificial monthly SSTs were created from 2000 through to 2099 by adding 30-year 
monthly anomalies updated every 10 years to the above described observed SSTs. These 
anomalies are calculated with two coarser resolution coupled simulations (Royer et al., 2002). 
The same version (V3) of the ARPEGE climate model is used with a uniform T63 horizontal 
resolution and a higher vertical resolution with 45 levels. It is coupled with the global sea 
ice-ocean model OPA8.0-GELATO (Salas-Mélia, 2002). A 150-year control simulation 
uses radiative forcings of 1950. Two additional simulations use the above described radiative 
forcings (observations then B2 or A2 forcings). The use of these two simulations makes it 
possible to correct the 1 K/century drift, which is obtained in global mean SSTs due to a 
slight imbalance in the energy fluxes at the ocean surface. The correction is applied pointwise 
and for each calendar month separately. We also paid attention not to take into account twice 
ocean warming during the 1960–2000 period. Details on the procedure of SSTs and sea-ice 
extent pre-computation are given in Gibelin and Déqué (2003). This procedure relies on the 
assumption that the SST inter-annual variability does not vary during the 21st century.
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Mean temperature evolution along the simulations

Figure 6.1(a) shows winter temperature averaged over France during the two 
simulations. In this chapter we consider climatological seasons, winter means DJF 
average, spring means MAM average, etc. During the 20th century, as the forcing comes 
from observations, the two series are identical and labelled as B2 (black diamonds). Note 
that the chronology along the x-axis is just a reference to the external forcing (SST and 
GHG concentration), not to the observed meteorological events. For example, the coldest 
winter over France, which occurred in 1963 (0.2°C on average), is not particularly cold in 
the simulation. One can see that cold winter (less than 3°C) can still occur at the end of the 
21st century in the B2 simulation: the warming is not just a linear increase. As expected, 
the A2 simulation (grey diamonds) produces warmer temperatures, but the year-to-year 
variability is still large. The 0.05 and 0.95 quantiles of the model temperature distribution 
during the 1960–99 period (thick horizontal black lines) indicate that beyond 2020 warm 
winters are significantly more frequent than during the reference period.

Figure 6.1(b) shows the same variables in summer (JJA). In 2003, the mean observed 
temperature was 22.5°C, more than 3°C above the 20th century average. This high value 
becomes usual in both scenarios beyond 2070. Beyond 2090, in the A2 simulation, it even 
becomes a lower boundary; the last 10 summers are warmer than 22.5°C.

Comparing (a) with (b) in Figure 6.1 shows an asymmetry in the distributions: in 
winter extreme values are on the cold side whereas in summer they are on the warm 
side. Due to this asymmetry and to the large inter-annual variability, a simple 30-year 
mean model response is not sufficient to describe the climate change over France in the 
first part of the 21st century. However, in the last 30 years of the simulations, the signal 
(response to GHG increase) to noise (natural inter-annual variability) ratio is small 
enough to prove that the climate is warmer (most points are outside the 90% interval 
bounded by the horizontal black lines).

It should be remembered that the year-to-year variability at the end of the scenario 
is possibly biased by the assumption of stability of SST variability. In the forthcoming 
regional scenarios, this constraint is removed.

Spatial and seasonal distribution  
of climate response at the end of 21st century

In order to get a more stable and accurate idea of possible climate change over France, 
the differences between two climate normals at the beginning and end of the simulations 
have been computed. We have followed the traditional use of 30-year means to define 
normals. We thus consider here the periods 1960–89 and 2070–99. Although the model 
covers the whole globe, we concentrate on model points covering France, excluding sea 
points. Indeed, in CARBOFOR, only the 360 grid-points of this area were distributed 
to partners. Figure 6.2 (see Plate 1) indicates the location of these points over France, 
together with geographical information about the model. A colour code gives additional 
information about elevation (Figure 6.2(a)), maximum soil water content (Figure 6.2(b)), 
field capacity (Figure 6.2(c)) and soil water content at wilting point (Figure 6.2(d)). The 
last three fields are discussed in “Results” (chapter 5).
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(a)

 

(b)

 

Figure 6.1. Mean simulated temperature over France year by year for (a) winter and (b) summer. 
Black diamonds correspond to the B2 simulation. Grey diamonds (beyond year 2000) correspond 
to the A2 simulation.
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In the PRUDENCE European project (Christensen and Christensen, 2007), the data 
have been analysed over Europe. As far as temperature and precipitation are concerned, 
the quality of the control simulation is discussed in Gibelin and Déqué (2003). A 
comparison with observations over France can also be found in Déqué (2007).

2 m temperature
Figure 6.2 shows temperature at screen level (referred to as 2 m temperature in the 

following) difference maps for the four seasons (a: DJF, b: MAM, c: JJA, d: SON) in the 
B2 scenario. The direct consequence of an increase in GHG concentration is a warming. 
During the 20th century, France has warmed up by almost 1 K, according to homogenized 
observations (Moisselin et al., 2002). The simulated warming is maximum in summer 
and higher in the southern part of the country. Autumn has the second highest simulated 
warming. In winter and spring, mountain regions exhibit the maximum warming, due to 
the snow-albedo feedback. The highest warming is 3 K and is seen in the south and west 
in summer.

With scenario A2 (see Figure 6.3, see Plate 1), the same spatial patterns are obtained, 
as expected, with higher temperatures. In summer and autumn the warming is 1 K more 
than in scenario B2; in winter and spring, it is a little less. It can be noted that warming 
is generally attenuated in the vicinity of the sea, due to the inertia of the oceans in 
responding to the GHG forcing.

Precipitation
The expected impact of GHG concentration increase on precipitation is an increase, 

as a warmer atmosphere can contain, and thus transport more water vapour from oceans 
to continents. This is true at a global scale but not at local scale as modifications to the 
circulation are at least as important as changes in atmospheric water content. Figure 6.4 
(see Plate 2) shows the response for precipitation for the four seasons in scenario B2. 
There is an increase of about 0.5 mm.day-1 in winter, which corresponds approximately 
to 20% of the present amount. This increase is maximal along the Atlantic and English 
Channel coasts, as well as over mountainous areas. These regions have the most rain 
in the present climate. During the other three seasons, precipitation decreases by about 
0.25 mm.day-1, which represents about 10% of the present amount. The largest decrease 
is found north of the Pyrenees chain and is maximal in spring. The response is minimal 
in autumn.

The spatial patterns in the A2 scenario (see Figure 6.5, Plate 2) are similar to those 
in the B2 scenario. However, contrary to temperature, the response is not systematically 
enhanced. In winter, the increase in precipitation is less than in the B2 scenario. In 
summer, the decrease is larger. In spring and autumn, A2 and B2 responses are similar, 
the B2 decrease being slightly larger in spring, and the A2 decrease being slightly larger in 
autumn. This mechanism can be explained as follows and is confirmed by an examination 
of soil moisture response in “Results” (chapter 5). The soil moisture depletion is more 
intense in A2 because of higher temperatures and enhanced evaporation. As a result, 
recycling precipitation is less in A2 than in B2, which explains the winter and summer 
behaviours. The reason why this precipitation decrease is little changed between B2 and 
A2 in the other two seasons results from a compensation between the depletion of soil 
moisture (which reduces the response of A2) and the direct effect through precipitable 



139

Possible future climates in France

water increase in a warmer atmosphere (which increases the response of A2 because the 
soil is not dried out as in summer). A slight precipitation increase in northern France in 
autumn can also be noted in both scenarios. This mechanism is not exclusive and other 
contributions have been examined by Rowell and Jones (2006). In particular, the fact that 
the warming of the ocean is slower than that of the atmosphere increases the land-sea 
temperature contrast in summer and reduces evaporation from the sea: in the present 
climate, a relatively cold sea often implies a dry coastal climate (e.g. Peru, California, 
Angola, etc.).

2 m atmosphere moisture
As mentioned in the last section, atmospheric specific humidity may increase in a 

warmer atmosphere due to the Clausius-Clapeyron relation. As France is surrounded by 
seas on more than 50% of its boundaries, water availability for the atmosphere is ensured 
and, in addition, the main advection streams come from the west (i.e. a wide ocean). 
Indeed, there is an increase in 2 m specific humidity in all seasons and scenarios (not 
shown). However, as far as the hydrological cycle is concerned, the important parameter 
is relative humidity. In its vapour phase, water is just a GHG. Interaction with the surface 
occurs only when saturation is reached.

Figure 6.6 (see Plate 3) shows the response in relative humidity at screen level (ratio 
of water vapour pressure over saturation pressure at 2 m above the ground, expressed 
in percent) in the B2 scenario. In winter the response is almost zero. Vapour brought 
by the general circulation is enough to fill the additional capacity due to the warmer 
temperature. The strongest effect is seen in summer, with a strong decrease in the western 
part of the country (except the Atlantic coast). In spring, the drying effect is moderate and 
concentrated in the south. Autumn is similar to spring, but with a slightly larger response. 
The reason why the reduction is smaller in intermediate seasons than in summer is due 
to the fact that summer in experiencing the largest warming, the Clausius-Clapeyron 
relation plays the major role.

Figure 6.7 (see Plate 3) indicates that, as for temperature, the A2 scenario produces 
a stronger response, but keeps the same spatial patterns and maintains the chronology of 
the seasonal cycle of the response.

Soil moisture
As we have mentioned above, soil moisture may be a key parameter in explaining 

the details of climate change over France. Indeed, analysis of seasonal mean 
precipitation gives a partial insight into the impact of climate change on hydrology. 
Over a year, compensating effects of precipitation responses may occur. An increase 
in winter precipitation may produce heavy rainfall; in addition, warmer temperatures 
reduce the solid part of precipitation. This contributes to an increase in river runoff 
in winter. Warmer temperatures favour enhanced evaporation in all seasons. The 
latter parameter is not easy to analyse over a continent and may lead to erroneous 
conclusions due to a “chicken and egg” problem: if the soil becomes drier, evaporation 
decreases and the surface water budget appears little modified. This may suggest 
that the impact on hydrology is weak. An alternative method is to analyse potential 
evapotranspiration (PET). PET is the maximum water flux from the surface (including 
vegetation) obtained if there was no constraint on soil moisture availability (over seas 
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or lakes it is equivalent to evaporation). Empirical formulae have been calibrated from 
in situ data but they are not suitable for atmospheric model output. Indeed in a GCM, 
all parameters are linked with each other by physical feedbacks, which is not the case 
with PET. In fact ARPEGE, as for the other GCMs, includes a simple soil hydrology 
scheme named ISBA (Douville et al., 2000), which interacts at each time step with low 
level atmospheric parameters.

Figure 6.8 (see Plate 4) shows the response in soil water content. The reservoir 
corresponds to the root zone and is able to evaporate through the canopy. The depth of 
this reservoir varies between 2 and 4 m over France in the model, according to the type 
of vegetation and the constraint of physiography. The content of this reservoir, which 
depends on precipitation, evapotranspiration, runoff and soil texture, is expressed 
in kg.m-2. This parameter is the best suited to evaluation of the impact of climate 
change on water availability for vegetation. In the CARBOFOR project, it is of utmost 
importance, although local 1D models with more refined soil discretization and better 
description of biological processes of the vegetation have been used for particular 
regions and species (see further chapters in this volume). In particular ARPEGE 
neglects the fact that higher CO2 rates may reduce evaporation through increased 
stomatal resistance. Nevertheless, Figure 6.9 (see Plate 4) provides a synthetic view 
over France to a first order of accuracy. In winter, soil wetness increases, except in the 
plains of south-west France, in the eastern Pyrenees and in parts of northern France. 
This increase is consistent with enhanced precipitation. It is maximum in mountain 
regions because in cold regions soil water may freeze and is no longer accounted for 
as water available for vegetation. In these regions warming produces soil ice (not to be 
confused with snow cover) melting. A part of the solid precipitation becomes liquid 
and thus directly feeds the soil reservoir, which explains the maximum response in 
soil moisture. However, this increase is just a shift in the seasonal cycle, not a net 
effect. Indeed snow and ice would have melted later in spring in a colder climate. As 
expected, soil moisture decreases in spring, partly due to this shift, but also in regions 
of low elevation due to a decrease in precipitation. In higher elevation regions (core of 
the Alps), the lagging effect of ice and snow melt is still observed. Maximum drying 
is obtained in summer in the west and north (30 kg.m-2 lost for vegetation), and this 
strong depletion persists in the north in autumn. This is probably the major threat of 
climate change for France.

In the A2 scenario the reduction in soil water content is even stronger, particularly in 
summer and autumn. The average loss in summer is 33 kg.m-2 for France. It corresponds 
to a halving of the relative available soil moisture (0.41 in the reference to 0.19 in the 
scenario) where this index is defined as the ratio:

 wilt fc wiltW W W W- -_ _i i (1)

where W is the actual soil moisture, Wwilt soil moisture at wilting point and Wfc soil 
moisture at field capacity. Wfc and Wwilt correspond to the two extremes of possible 
water extraction by the roots (see Figure 6.2(c) and (d)). They are less than the maximum 
water that the soil can contain (see Figure 6.2(b)).This phenomenon explains why the 
highest warming is found in summer and in the south-west of France. The absence of 
thermal regulation of the surface by soil and canopy evaporation may lead, as observed 
in summer 2003, to heat waves.
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Global radiation

Changes in the temperature of the atmosphere and the hydrological cycle produce 
changes in cloud cover and cloud water content in the scenario. From the tree point of 
view, this results in a modification of the incoming solar radiation at the surface. In the 
B2 scenario, a weak decrease is obtained in the Mediterranean area in winter. In summer, 
radiation increases everywhere with a minimum along the coasts. In the intermediate 
seasons, a weak increase is obtained over most of the country. Similar behaviour is 
obtained with the A2 scenario, with a larger response in summer. These features can be 
linked to the atmosphere drying, which leads to fewer clouds.

Conclusion

The numerical experiment carried out and which provided input to our partners is 
characterized by a temperature rise in all seasons, particularly in summer, by an increase 
in precipitation in winter in the coastal regions (except the Mediterranean Sea) and 
the mountains (except the Pyrenees) and a decrease in precipitation during the other 
seasons. From a hydrological point of view, the availability of soil water for vegetation is 
significantly reduced, except in winter.

The basic scenario of this study is SRES-B2. The more pessimistic SRES-A2 
scenario, used in the French project IMFREX (Déqué, 2007) or in the European 
project PRUDENCE, is about 1°K warmer over France in spatial and annual mean. The 
precipitation increase in winter is reduced and the summer decrease is enhanced. The soil 
moisture depletion in summer is enforced. The conclusions drawn from the CARBOFOR 
project should, therefore, be considered as a moderate or even optimistic projection of 
climatic change for France at the end of the current century, if GHG emissions continue 
their exponential growth as in the last century.
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Chapter 7

Forest tree phenology and climate change

isabeLLe chuine

Introduction

Phenology is the study of periodic biological events in animals and plants triggered 
by the environment (Schwartz, 2003). The major phenological events in trees are leaf 
unfolding (or budburst), flowering, fruit maturation and leaf senescence (leaf colouring). In 
forest trees, leaf unfolding is by far the most widely monitored phenological trait, followed 
by leaf colouring or fall. Few investigations have been undertaken on flowering and fruit 
maturation. While leaf phenology is a major determinant of tree primary productivity and 
net gas fluxes, flowering and fruit maturation may take on more importance in the context 
of global climate change in the problem of natural regeneration of forest stands. In this 
chapter, I review first, the phenological changes documented on tree species during the 
20th century with a special focus on forest tree species; second, the different process-based 
models currently used to simulate and predict the phenology of trees; third, projections of 
phenology change for the 21st century provided by these models.

Observed changes in forest tree phenology

Phenological traits are among the traits that are most sensitive to climate change. 
Although under strong genetic control (Howe et al., 2003), they also are under strong 
environmental control. Studies which have searched for fingerprints of climate change in 
living organisms all concluded that the two main fingerprints were phenological traits and 
species distributions (Walther et al., 2002; Parmesan and Yohe 2003; Root et al., 2003). 
These studies show that spring phenological events now occur earlier, while autumn 
phenological events occur later.

Parmesan and Yohe (2003) showed, using a meta-analysis, that 62% of 678 species 
have had significant forward shifts in spring phenological events with a mean rate of 
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2.3 days.decade-1, while 9% of the species have had significant backward shifts in these 
events. Root et al. (2003) reviewed trends in spring phenological events in 694 plant and 
animal species and concluded that spring events had shifted significantly earlier since 
the 1950s with a mean rate of advancement of 5.1 days.decade-1. This meta-analysis also 
showed that flowering and leaf unfolding of tree species have moved forward at a mean 
rate of 3.0 days.decade-1, which is lower than herb species (5.1 days.decade-1). Walther 
et al. (2002) found a mean rate of advancement of flowering and leaf unfolding in trees 
of 1.4–3.1 days.decade-1 for Europe depending on the species and 1.2–3.8 days.decade-1 
in North America. Focusing on flowering, Fitter and Fitter (2002) have also shown 
differences in the response to climate change among plant types; annual herb species 
have a higher rate of advancement than perennial herb species.

In reviewing studies, which looked specifically at trends in European and North 
American tree species phenophases during the 20th century (Tables 7.1 and 7.2), I 
estimated a mean advancement since the 1950s of 2.9 days.decade-1 in leaf unfolding 
(17 species), and 3.4 days.decade-1 in flowering (46 species). Observations on fruit 
maturation and leaf colouring are much rarer. From Penuelas et al. (2002), I estimated that 
since 1974 fruit ripening of Mediterranean woody species (N = 20) has been significantly 
delayed in 35.3% of the species at a mean rate of 8.6 days.decade-1, and significantly 
advanced in 52.9% of the species at a mean rate of 8.0 days.decade-1. When considering 
only forest Mediterranean tree species (N = 6), I estimated from the same study that since 
1974 fruit ripening has been significantly delayed in 16.7% of the species at a mean rate 
of 7.1 days.decade-1, and significantly advanced in 50.0% of the species at a mean rate 
of 9.7 days.decade-1. From Menzel et al. (2001), I estimated that leaf colouring has been 
delayed since 1951 at a mean rate of 0.7 day.decade-1 based on observations for Betula 
pendula Roth, Quercus robur L. and Fagus sylvatica L. These observations are consistent 
with satellite data and atmospheric CO2 data showing that between 1982 and 1990 the 
start of the growing season has advanced by 8 ± 3 days (7 days between the 1960s and 
1990s) (Keeling et al., 1996), while the end has been delayed by 4 ± 2 days (Myneni 
et al., 1997).

In summary, there is now much evidence that spring phenological events, such as 
flowering, leaf unfolding and sometimes fruit maturation, have shifted significantly 
forward in a majority of tree species, while autumn events such as fruit maturation and 
leaf colouring have been significantly delayed. The rate at which these events have moved 
forward or backward is species-specific, however (Table 7.2).

Phenological models

Predicting species phenology for the 21st century has become a major issue for 
several fundamental as well as applied scientific questions. Accurate phenology 
predictions for the 21st century would: (i) increase the accuracy of predictions of 
ecosystems productivity, gas exchanges between the vegetation and the atmosphere, 
and thereby climate; (ii) allow a better understanding of populations dynamics in multi-
species interactions (especially between plants and animals) systems; (iii) help farmers 
and foresters in selecting the most adapted provenances or varieties for the new climatic 
conditions. Therefore, development of phenological models has been especially intense 
in the last few decades.
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Relationship between climate and phenology
The observed advancement or delay in tree phenophases is related to climate change 

(Parmesan and Yohe, 2003; Root et al., 2003). The relationship between temperature or 
degree-days and phenophases, especially flowering and leaf unfolding, is well known and 
has been widely studied (see for review Schwartz, 2003). The evidence for the role of 
photoperiod in tree phenology is conflicting, depending on species and location (Heide, 
1993; Kramer, 1994b; Falusi and Calamassi, 1996). However, photoperiod alone cannot 
explain the annual variability of phenology at a given location because photoperiod 
is the same each year. Further experimental work on the impact of the interaction of 
photoperiod and temperature on leaf unfolding and flowering dates is required to use 
photoperiod appropriately in phenological models.

Phenological models used in forestry
Reaumur (1735) first realized that a plant develops quicker at a higher temperature 

and introduced the concept of degree-day sum, that is, daily average temperatures 
accumulated between an arbitrary date of onset and the date of an observed phenological 
event. He proposed that plant development is proportional to the sum of temperature 
over time rather than to temperature during the phenological event itself. Reaumur’s work 
deeply influenced phenology and degree-day sums have been widely used since because 
they can provide accurate predictions of many species flowering or leaf unfolding dates.

Three main types of phenology models have been used to predict phenophase 
occurence: theoretical models, statistical models and process-based models (Chuine 
et al., 2003). Theoretical models are based on the cost/benefit trade-off of producing 
leaves to optimize resource acquisition (Kikuzawa, 1991, 1995a, 1995b, 1996; Kikuzawa 
and Kudo, 1995) and have been designed primarily to understand the evolution of leaf 
lifespan strategies in trees. Statistical models relate the timing of phenological events to 
climatic factors with various mathematical linear equations (Boyer, 1973; Spieksma et 
al., 1995; Emberlin et al., 1997; Schwartz, 1998, 1999). Process-based models formally 
describe known or assumed cause-effect relationships between biological processes and 
some driving exogenous factors. Most of the models described in the literature are of 
this type.

A first category of process-based models, inherited directly from Reaumur’s finding, 
consider that temperature has an effect only during the quiescence phase, that is, the 
period during which the rate of ontogenetic development increases with increasing 
temperature (Lamb, 1948; Campbell and Sorensen, 1973; Landsberg, 1974; Cannell and 
Smith, 1983). The thermal time model (Robertson, 1968; Cannell and Smith, 1983) or 
spring warming model (Hunter and Lechowicz, 1992) has been used for many species 
and in many locations. It is one of the simplest phenology models, requiring three 
parameters (F*, t0, Tb1):

 y such that S x R x F*
f t f t

t

y

0

= =b bl l!  (1)

 
if
if >

R x
x T

x T x T
0

f t
t b
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where y is the date of the phenological event; xt is the daily mean temperature; Rf(xt ) 
is the rate of development during quiescence; Sf is the state of development; Tb1 is the 
threshold temperature and t0 is the day when rate of development starts to accumulate. Rf 

is also commonly called “degree-days” or “forcing units”, and Sf is the sum of degree-
days or state of forcing.

However, experimental evidence shows that bud dormancy (endodormancy) needs to 
be broken before plants enter the quiescence phase. Lower temperatures are required to 
break dormancy (Sarvas, 1974; Hänninen, 1990). However, the dormancy release process 
remains a black box in process-based phenology models because there is no method for 
direct measurement of the state of development during dormancy that could be used to 
assess the accuracy of the model parameter estimates.

The first type of model described here does not take dormancy into account. These 
models thus assume either that at t0 the chilling requirements of the species to break 
dormancy have been met, or that the species does not have chilling requirements. Five 
process-based phenological models take dormancy into account: (i) the sequential 
model (Richardson et al., 1974; Sarvas, 1974; Hänninen 1987, 1990); (ii) the parallel 
model (Landsberg, 1974; Sarvas, 1974; Hänninen, 1990); (iii) the alternating model 
(Cannell and Smith, 1983; Murray et al., 1989; Kramer, 1994b); (iv) the deepening rest 
model (Kobayashi et al., 1982); and (v) the four phases model (Vegis, 1964; Hänninen, 
1990). The sequential model assumes that forcing (warm) temperatures are not effective 
unless chilling requirements are fulfilled because plants have no competence to respond 
to forcing temperatures as long as chilling requirements are not met. The parallel model 
assumes that forcing temperatures are active simultaneously with chilling temperatures. 
The alternating model assumes a negative exponential relationship between the sum 
of forcing units required for completion of quiescence and the sum of chilling units 
received. The four phases model assumes three phases of dormancy (i.e. pre-rest, true-
rest and post-rest) before the quiescence phase. This is formalized by an increasing 
temperature threshold for forcing during pre-rest and a decreasing temperature threshold 
for forcing during post-rest, and buds cannot respond to forcing temperature at all 
during true-rest.

In the different models, the developmental responses to temperature during dormancy 
and during quiescence have been described by various types of functions (Figure 7.1).

Forcing units have commonly been formulated either as degree-days (Equation 2) or 
as follows (Figure 7.1(b)–(d)):
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with a = 28.4, b = – 0.185, c = 18.4 (Sarvas, 1974; Hänninen, 1990).
Chilling units have commonly been formulated as chilling days:
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where Tb2 is the base temperature (Figure 7.1(a)), or as a more complex function:
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where To is the optimal temperature, Tm = – 3.4 and TM = 10.4 (Sarvas, 1974; Hänninen, 
1990) (Figure 7.1(c)).

The variety of model assumptions and formulations led some authors to propose 
model comparison, as well as formulation and notation homogenization (Hänninen, 
1990; Kramer, 1994a, 1994b; Hänninen, 1995; Chuine, 2000). For example, Chuine 
(2000) developed a unified model based on two general functions that describe the 
relationships between temperature and the rates of chilling and forcing development:

 R x
e1

1
c t a x c b x ct t

2=
+ - + -

b
b b

l
l l

 (6)

 R x
e1
1

f t d x et

=
+ -

b
b

l
l

 (7)

where Rc(xt) is the rate of development during dormancy and Rf(xt ) is the rate of 
development during quiescence. Most of the mechanistic models described above are 
special cases of the unified model, depending on the choice of parameter values in 
Equations (6) and (7), and a few additional parameters (for details see Chuine, 2000).

Figure 7.1. Examples of responses to temperature used to calculate chilling: (a) Equation (4); 
(c) Equation (5); and forcing units (b) Equation (2); (d) Equation (3). Tb1, Tb2, base temperatures, 
To, optimal temperature.
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Methodological problems
Process-based model parameter estimation involves least squared residuals methods. 

The classically used method, consisting of fixing all but one parameter to a given value 
and finding the value of the free parameter that minimizes the sum of squared residuals, 
usually does not provide accurate estimates for the following reasons. First, parameter 
values are estimated independently from each other although they are usually not 
independent. Second, the least squares function usually has several local optima and it is 
almost impossible to find the global optimum without a more systematic search.

More efficient methods consist in estimating all parameters simultaneously using 
optimization algorithms. Traditional optimization algorithms, for example, downhill 
simplex, Newton methods (Press et al., 1989), however, rarely converge towards the 
global optimum (Kramer, 1994b). Simulated annealing algorithms, which are especially 
designed for functions with multiple optima, have proven to be more efficient in fitting 
phenology models (Chuine et al., 1998).

Accurate parameter estimation is a first step towards accurate predictions of 
phenology. A second step consists of an adequate testing method of the model and 
parameter estimates. Cross-validation (Chatfield, 1988) is an adequate method, but is not 
always possible to use when observations are scarce so that it is impossible to split the 
dataset into two parts, one to fit the model, and the other to test its prediction accuracy.

Forest tree phenology under climate change

The observed changes in tree phenophases during the last decades suggest that leaf 
unfolding, flowering, fruit ripening and leaf colouring will occur in the next few decades 
at much different dates than currently. The review of changes in leaf unfolding dates in 
major forest trees (Table 7.2) shows that on average leaf unfolding has advanced at a mean 
rate of 2.7 days per decade since 1950. Considering that the global surface temperature 
has increased at a rate of 0.1°C per decade since 1950 (IPCC, 2001), leaf unfolding has 
thus advanced on average at a mean rate of 27 days per °C. Considering that the global 
surface temperature is projected to increase by 1–2°C over the period 2000–50, that is a 
mean increasing rate of 0.2°C to 0.4°C per decade, leaf unfolding should thus advance on 
average at a mean rate of 5.4–10.8 days.decade-1 over the period 2000–50. Thus, by 2050 
leaf unfolding of forest trees could occur on average 27 to 54 days earlier than currently. 
This tremendous change should have major consequences on forests productivity and 
species composition.

Few studies have projected leaf unfolding dates of forest tree species under climate 
change scenarios (Kramer, 1994a; Kellomäki et al., 1995; Kramer et al., 1996; Leinonen, 
1996; Linkosalo et al., 2000). These studies were aimed primarily at projecting frost 
damage risk for particular populations. Some authors have indeed argued that frost 
damage risk could increase because of climate change (Hänninen, 1991). This paradoxical 
situation would arise because leaf unfolding would occur much earlier due to warming, 
but at a period when frost occurrence is still possible. Morin et al. (2006) have calibrated 
and validated leaf unfolding phenological models for 22 North American temperate tree 
species, and projected their frost damage under climate scenarios A2 (+2.6°C by 2080) 
and B2 (+1.6°C by 2080) run with a HadCM3 climate model. This study showed that 



Forests, Carbon Cycle and Climate Change

152

leaf unfolding of the 22 species studied should move forward, but the amount of change 
depends on the species (up to 26 days for Acer rubrum L. by 2100), and only three 
species showed an increase of frost damage risk over their distribution.

Global simulation of forest tree species phenology and frost risk have never been 
undertaken to our knowledge, while several recent studies have modelled ecosystem 
phenology at a global scale (Botta et al., 2000; Cook et al., 2004; Arora and Boer, 2005; 
Jolly et al., 2005). Projections of global ecosystem phenology under climate change have, 
however, rarely been undertaken (Cook et al., 2005). One reason why global simulations 
of tree species phenology remain difficult is the lack of large phenological datasets 
allowing the calibration of phenological models for several populations of tree species. 
Chuine et al. (unpublished data) have undertaken such a study for four major forest tree 
species: Betula pendula, Fagus sylvatica, Larix decidua L. and Quercus robur. In this 
study the unified phenological model (Chuine, 2000) was used to simulate leaf unfolding 
of 8–21 populations of these species evenly distributed over Europe. These models were 
used to project leaf unfolding dates under two climate change scenarios A2 (+2.6°C by 
2080) and B2 (+1.6°C by 2080) run with the climate model HadCM3. These projections 
show that leaf unfolding could advance by 10 to 20 days by 2050 and 30 to 50 days in 
some regions by the end of the century. These estimates are slightly lower than what can 
be extrapolated from current observed changes for tree species, but this study concerned 
only four species.

One major problem ecologists face in projecting the impact of climate change 
on species and ecosystems is their diversity; each species and each ecosystem has a 
particular response to climate. Biodiversity is extremely difficult to handle in global 
vegetation models, even in species-specific models, because climate exerts a strong 
selective pressure on populations, which adapt genetically locally. Indeed, forest tree 
species exhibit steep genetic clines along climatic gradients for many traits, such as 
phenology and cold hardiness (Rehfeldt et al., 1999; Howe et al., 2003; Savolainen et al., 
2004). In contrast, genetic differentiation among populations in neutral genetic markers 
such as allozymes is low, showing that gene flow among populations is high (Hamrick 
and Godt, 1990). Thus, natural selection exerted by climate within species distributions 
appears to be strong enough to counterbalance gene flow which hampers local adaptation 
(Lenormand, 2002). Selection by climate of ecotypes does not prevent, however, a high 
genetic diversity within populations, which can be the result of either strong gene flow 
or a differential selection regime both in time and space, which is the case with climate. 
Genetic local adaptation of forest tree species can be taken into account in process-
based models by using different parameter estimates for each provenance. This requires 
gathering observations for several populations evenly distributed within the species 
distribution and testing for differentiation (Chuine et al., 2000). When local adaptation 
is strong, using homogeneous parameter estimates over all the species distribution 
may flaw the model predictions. The phenology of the vegetation significantly affects 
the productivity of the ecosystems (Rotzer et al., 2004; Loustau et al., 2005) and the 
exchanges of heat and gas between the Earth’s surface and the atmosphere. Although 
current geographical patterns in phenology changes can be estimated from satellites, 
we still lack the ability to predict accurately and widely future trends in the response of 
phenology to climate change. While progress has been made in phenology modelling, 
the physiological bases of the control of environment on leaf phenology are far from 
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being completely understood. Further progress in phenology modelling requires new 
experimental investigations on the determinism of tree phenology.
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Chapter 8

Forest tree phenology in the French Permanent 
Plot Network (RENECOFOR, ICP forest network)

françois Lebourgeois, erwin uLrich

Characteristics of the French Permanent Plot Network 
(RENECOFOR)

In 1992, a forest network was created by the French National Forest Office to complete 
the existing French forest health monitoring activities. The main objective of this French 
Permanent Plot Network for the Monitoring of Forest Ecosystems (RENECOFOR), 
covering the whole of France, is to detect possible long-term changes in the functioning 
of a great variety of forest ecosystems, selected as regionally representative stands, 
and to determine the reasons for such changes. It consists of 102 permanent plots and 
26,000 trees (10 different species), which are to be monitored for at least 30 years. Each 
plot has an area of about 2 ha, the central 0.5 ha of which is fenced (Ulrich, 1995). 
A total of 36 trees were numbered trees per plot for observation purposes. Stands were 
sampled in the different French bioclimatic areas (i.e. oceanic, continental, mountain 
and Mediterranean) and covered a wide range of ecological conditions (Table 8.1). The 
general topography is gently rolling (mean slope = 10%) with elevation ranging from 
18 to 1850 m a.s.l. (mean = 501 m). The examined forests are composed of pure stands 
from 30 to 180 years, naturally regenerated or derived from plantations. The stands are 
structurally uniform with a closed canopy. Trees are mostly managed in high forests with 
regular thinnings (Lebourgeois, 1997; Cluzeau et al., 1998).

Phenological observations (i.e. leaf unfolding and leaf yellowing) have been performed 
annually for 90 stands since 1997 (48 broadleaved stands and 42 coniferous forests) 
(Figure 8.1). Oak stands were mainly sampled in plain areas of northern France with 
a homogeneous distribution from west to east (20–350 m a.s.l.; mean: 200 m). Beech 
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stands are located in the north-eastern plain (250–570 m a.s.l.; mean: 413 m) and in 
mountain areas in the south and south-east of France (400–1400 m a.s.l.; mean: 1031 m). 
Norway spruce, silver fir and larch stands correspond to high altitude forests in the east of 
France (400–1850 m a.s.l.; mean: 1000 m). For pine and Douglas fir stands, geographical 
locations and ecological conditions are more heterogeneous (15–1670 m a.s.l; mean: 
450 m). From 1997 to 2003, 81 stands were observed continuously for 5 years and 46 
stands during the whole period (7 years). Thus, from 1997 to 2003, a total of 503 and 278 
observations, respectively, for leaf unfolding and leaf yellowing are available (Table 8.1). 
The course of phenological events was observed by local foresters at a weekly time step 
with binoculars (in most cases) between March and June for leaf unfolding (all species) 
and September and November for leaf yellowing (broadleaved trees and larch). Each year, 
the same local forester noted the date in julian days (jd) at which a given percentage of the 
36 numbered trees presented a given stage of phenological development (Lebourgeois et 
al., 2001). For budburst, the first date (bb1) corresponds to the day of year on which 10% 
of the trees present at least 20% of open buds in the crown: new green leaves are clearly 
visible but not completely developed. The second date (bb9) corresponds to the day of 
year on which 90% of the trees have reached the same stage of crown development. The 
notation principle for leaf yellowing is similar. The dates ly1 and ly9 correspond to the 
days of year on which 10% or 90% of the trees present at least 20% of crown yellowing. 
For oak, beech and larch stands, the length of the growing season (lgs) has been evaluated 
in four different ways according to the stage of development taken into account. In all 
cases, the duration is the number of days between a date for budburst and a date for leaf 
yellowing. The four lengths are the number of days between bb1 and ly1 (lgs11), bb1 and 
ly9 (lgs19), bb9 and ly1 (lgs91) and bb9 and ly9 (lgs99), respectively.

Table 8.1. Characteristics of the phenological data available in the French Permanent Plot Network 
(RENECOFOR) for the period 1997–2003. The two values in square brackets indicate the number 
of broadleaved and coniferous stands, respectively.

Species

Number of stands 
with phenological 

data only
(number  

of observed trees)

Number of stands 
with phenological 
and daily climatic 

data

Number  
of phenological 

observations

Budburst
Leaf  

yellowing

Abies alba (AA) 10 (360) 10 (360) 66

Fagus sylvatica (FS) 19 (684) 18 (648) 117 121

Larix decidua (LD) 1 (36) 1 (36) 7 7

Picea abies (PA) 8 (288) 8 (288) 53

Pinus nigra ssp. laricio (PN) 2 (72) 2 (72) 10

Pinus pinaster (PP) 5 (180) 2 (72) 13

Pinus sylvestris (PS) 11 (396) 10 (360) 65

Pseudostuga menziesii (PM) 5 (180) 4 (144) 27

Quercus petraea (QP) 19 (684) 15 (540) 89 95

Quercus robur (QR) 8 (324) 8 (324) 50 49

Mixed QR-QP 2 (72) 1 (36) 6 6

Total 90 [48, 42] (3276) 79 [42, 37] (2880) 503 278
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Figure 8.1. Geographical location of the 90 stands (48 broadleaved stands and 42 coniferous 
stands) sampled in the French Permanent Plot Network (RENECOFOR). For beech stands, two 
plots were sampled in the Grand-Duchy of Luxembourg.
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Daily meteorological data from January 1997 to December 2003 were obtained from 
the RENECOFOR meteorological sub-network (20 stations) (Ponette et al., 1996) and 
from the French National Climatic Network “Météo-France” (58 stations). Monthly 
minimum, maximum, mean temperatures and monthly sunshine durations were calculated 
for each year and for the whole period 1997–2003. Climatic data were complemented 
with global radiation estimations (in MJ.m-²). A GIS-based solar radiation model was 
used, taking both local parameters (topography) and global parameters (cloudiness and 
latitude) into account. The latter was run for the whole extent of French territory with a 
50-m digital elevation model and for each month of the year.

The relationships between the annual timing of phenological phases and monthly 
climatic parameters and local ecological data (i.e. latitude, longitude, altitude, aspect 
and slope) were established by using simple or multiple regression analysis. The main 
objective of this first analysis of the French forest database is to provide simple models 
usable at a large regional scale. The results of multiple regression analysis are derived 
from the means of the period 1997–2003. Multiple regression procedure leads to an 
estimate of a linear equation of the form:

 a b b bp pY X X X1 1 2 2# # #f= + + + +  (1)

The regression coefficient b represents the contributions of each independent variable 
X (e.g. climatic data, geographical variables, etc.) to the prediction of the dependent 
variable Y (phenological phase). In each case, the selected model was the simplest and 
easiest to understand from a biological point of view. Each model is adjusted according 
to least squares criterion. Thus, the model maximizes the percentage (r²) of variance 
explained. Relative model quality has been evaluated by the mean absolute error (MAE) 
and the root mean square error (RMSE). RMSE is representative of the size of a “typical” 
error but is more sensitive than other measures to the occasional large error: the squaring 
process gives disproportionate weight to very large errors. The RMSE is evaluated by 
the equation:

 RMSE n
1

= P Oj j
j

n 2

1
-

=

a k!  (2)

where Pj is the value predicted by the model, Oj the actual value and n the total number of 
observations. By means of the resulting equation, phenological phases can be calculated 
for any location or species within the area covered by the network.

Average phenological events in forest stands

On average, the beginning of the growing season starts on 24 April (bb1, jd 114), but 
greatly depends on species (Table 8.2 and Figures 8.2 and 8.3). In oak stands, budburst 
starts at the first week of April (jd 96), whereas the onset for beech stands occurs on 
21 April (jd 111). The difference between both broadleaved species averages 15 days. The 
latest onset of spring can be observed at high altitude forests of silver fir, spruce and larch 
trees. For these stands, budburst starts on 10 May. For all species, the difference between 
the onset (bb1) and the end (bb9) of budburst averages 10 days. For broadleaved trees, the 
end of the growing season begins on 5 October (jd 278). The crown appears totally yellow 
on 22 October (jd 295). The average length of the growing season lasts between 153 and 
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204 days according to the species and phenological stages taken into account (Table 8.2). 
Compared with oak stands, a shorter duration of about 22 days can be observed in beech 
stands as a consequence of later budding and earlier autumn leaf colouring.

Table 8.2. Average characteristics of the growing season for each species in the French  Permanent 
Plot Network (RENECOFOR). Means have been calculated from the period 1997–2003. The 
 different dates are expressed in julian days (jd). For spring and autumn phases and for each 
 species, the first line corresponds to the stage 10% (bb1; ly1) and the second line to the stage 
90% (bb9; ly9).

Species Date of budburst (bb1/bb9) Date of leaf yellowing (ly1/ly9)

(Number of stands) Mean STD Min. Max. No. Mean STD Min. Max. No.

Quercus petraea 94 9.5 78 124 95 282 14.1 248 330 101

(19) 106 10 88 131 299 14.1 154 330

Quercus robur 97 14.3 48 125 50 281 14.4 251 326 49

(8) 111 17.2 55 137 298 14 147 326

Fagus sylvatica 111 11.2 71 138 117 274 16.5 223 326 121

(19) 120 8.6 98 143 291 16.5 105 326

Pinus pinaster 113 9.5 99 131 13

(2) 124 7.7 111 136

Pinus nigra laricio 120 17 104 159 10

(2) 131 16.4 114 166

Pseudostuga menz 120 11.8 97 141 27

(5) 133 12.9 111 161

Pinus sylvestris 123 12.3 90 154 65

(11) 135 13.2 104 164

Larix decidua 129 4.6 122 134 7 272 3.8 264 293 7

(1) 139 6.2 129 146 287 3.8 133 293

Picea abies 130 11.5 97 152 53

(8) 140 10.7 114 162

Abies alba 131 11.7 102 172 66

(10) 140 11.1 116 179

Mean 114 278

124 295

Species
Lgs11 Lgs19 Lgs91 Lgs99

Mean STD Mean STD Mean STD Mean STD

Quercus petraea 187 16 204 14 176 17 192 15

Quercus robur 184 25 201 25 170 28 187 26

Fagus sylvatica 162 22 179 23 153 20 170 21

Mean 175 24 192 24 164 23 181 22

Lgs: length of the growing season in days (see text for details); no.: number of phenological observations from 1997 to 2003.
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Figure 8.2. Average dates (in julian days) of budburst (in bold) and length of growing season 
(lgs 19) for broadleaved species (means for the period 1997–2003).
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Figure 8.3. Average dates (in julian days) of budburst (bb1) for coniferous species (means for the 
period 1997–2003). 
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The timing of spring and autumn events shows strong regional variations and depends 
highly on the local ecological parameters such as altitude or mean air temperature. On 
average the green wave in France shifts annually by 3.6 days per degree of longitude from 
west to east (Figure 8.4). For oak stands, an early onset of the growing season between 
10 and 15 days can be observed in oceanic and south regions (at the end of March) 
(Figure 8.2). In these warmer regions, the length of the growing season is often above 
210 days. A later budburst occurs in the continental part of France (in the middle of April) 
with a growing season of 180–190 days. For oak trees, the regression equation indicates 
a mean delay of leaf unfolding and duration of growing season by 2.4 days and 4.6 days 
per degree of longitude from west to east, respectively.

Figure 8.4. Relationship between longitude and average date of budburst (bb1: 90 stands) and 
length of growing season (lgs19: 48 broadleaved stands) in the French Permanent Plot Network 
(RENECOFOR). Means have been calculated for the period 1997–2003.
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Concerning the effect of altitude, the regression equation indicates that a 100 m 
increase in altitude is associated with a delay in budburst and length of growing season of 
about 2 and 3 days, respectively (Figure 8.5). For all phenological parameters, temperature 
is the most important driving force for the timing of the different events. Correlations 
with the mean annual temperature appear highly significant (r values superior to 0.6), but 
the highest correlations are observed with monthly spring conditions. Thus, an increase 
of 1°C in March–April mean temperature corresponds with an advance of budburst by 
about 6 days and with an extension of the growing season by about 10 days (Figure 8.6). 
Analyses of autumn phases show that high maximum September–October temperatures 
delay the onset of leaf colouring. The response to temperature is about +3.8 days per °C 
(r = 0.63; 42 broadleaved stands).

Figure 8.5. Relationship between altitude (m) and average date of budburst (bb1: 90 stands) and 
length of growing season (lgs19: 48 broadleaved stands) in the French Permanent Plot Network 
(RENECOFOR). Means have been calculated from the period 1997–2003. 
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Figure 8.6. Relationship between early spring temperature and average date of budburst (bb1: 
90 stands) and length of growing season (lgs19: 48 broadleaved stands) in the French Permanent 
Plot Network (RENECOFOR). Means have been calculated from the period 1997–2003.

Predictive models of phenological events

The different models explain between 47% and 92% of the variance depending on 
species and phenophases (Table 8.3 and Figure 8.7). Altitude, latitude and temperature 
play a major role in the timing of the growing season for the studied forests. For leaf 
unfolding, leaf yellowing and length of the growing season, the best adjustments have 
been observed for bb1, ly9 and lgs19, respectively. In all cases, the goodness of fit r² for 
leaf yellowing was always smaller. The accuracy of the models varies from 3 to 10 days 
according to the species and phenological parameters taken into account. For budburst 
(bb1), the global model explains 81% of the variance with a mean absolute error of 
5.7 days. The goodness of fit is higher for broadleaved trees than for coniferous stands 
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with values of 79.3% and 60.5%, respectively. The mean absolute error of the regressions 
is 5.6 days and 6.6 days, respectively. The onset of spring events is predicted with an 
accuracy of less than 3 days for beech and silver fir stands.

Figure 8.7. Observed and predicted dates of budburst (bb1 in julian days) (see Table 8.3 for details).
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Table 8.3: continued.

Species Phase r² F MAE RMSE

All species (79)
bb1 80.6 77.0 5.7 7.1

bb9 75.3 56.4 5.9 7.6

Broadleaved species (42)

bb1 79.3 48.6 4.3 5.6

ly9 50.4 19.7 6.1 7.8

lgs 19 78 45 7.5 9.8

Fagus sylvatica (18)

bb1 92.7 59.1 2.3 2.9

ly9 47.3 6.7 7.7 9.7

lgs 19 76.6 15.3 8.5 10.4

Quercus sp. (24)

bb1 76.8 22.01 3.9 4.7

ly9 50.7 10.81 4.4 5.3

lgs 19 72.4 17.49 6.2 7.6

Coniferous (37) bb1 60.5 25.9 5.3 6.6

Abies alba (10) bb1 91.9 39.46 1.9 2.6

Pinus sylvestris (10) bb1(*) 55.6 4.382 4.1 6.3

bb1 and bb9: budburst; ly9: leaf yellowing; lgs19: length of the growing season (see text for details). Sp: species (code 0 for 
broadleaved trees; code 1 for coniferous species); m: mean temperature; x: maximum temperature; Rg: monthly sum of global 
solar radiation. Insol: sunshine duration. r²: coefficient of determination. MAE and RMSE: mean absolute error and root mean 
square error. The number in brackets corresponds to the number of stands.
All the equations are significant at the 99.9% level excepted (**) P < 0.01 and (*) P < 0.05.

Conclusions

On average, the spring phase starts on 24 April and the growing season lasts 181 days 
in the French Permanent Plot Network. Our observations are in agreement with the 
average growing season observed in national phenological networks in Central Europe, 
which starts on 23 April and lasts 188 days (Chmielewski and Rötzer, 2001). Moreover, 
phenological events show high species and spatial variability. The growing season for 
oak stands in western and southern France starts at the beginning of April and lasts at 
least 210 days whereas the budburst of high altitude coniferous stands located in eastern 
France occurs in the middle of May. Compared with oak stands, the length of the growing 
season is reduced by about 20 days in beech forests (about 170 days). The difference of 
spring events averages 15 days (later leaf unfolding for beech trees at the beginning of 
May).

The regression models for the calculation of the different phenophases of forest 
stands, which are presented in this chapter, are intended to provide a simple improvement 
to phenological models at a large regional scale. The equations described are particularly 
suitable because of their low input requirements, that is, altitude, latitude and mean 
monthly temperature. As previously observed for Europe (Kramer, 1995a; Chmielewski 
and Rötzer, 2001, 2002; Rötzer and Chmielewski, 2001; Menzel et al., 2003), the annual 
timing of spring and autumn phenophases is to a great extent a response to temperature. 
In the forest network, phenological events highly reflect the thermal regime in France. 
The mean annual temperature is a decisive parameter, but higher correlations are also 
often observed with the spring thermal regime (March–April for leaf unfolding) or 
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early autumn conditions (September–October for leaf yellowing). Thus, a temperature 
increase of 1°C leads to an advance in leaf unfolding of 6 days, a delay in leaf colouring 
of 4 days and a lengthening of the growing season by 10 days. Our observations agree 
with observations made throughout Europe. On average, an increase by 1°C in the mean 
February to April temperature, T24, corresponds to an advanced beginning of growing 
season by 6.7 days (period 1969–1998; budburst = 149.4 – 6.68 × T24; r = – 0.83) 
(Chmielewski and Rötzer, 2001). In Germany, such an increase promotes earlier leaf 
unfolding by 6.4 days and 2.7 days for beech and pedunculate oak, respectively (Menzel 
et al., 2003). In England, thermal conditions in early spring explain 70% and 50% of the 
leaf unfolding of pedunculate oak and beech, respectively (Sparks and Carey, 1995; Sparks 
and Yates, 1997). Leaf colouring in autumn seems to be a more complex process and less 
dependent on air temperature. The goodness of fit is largely lower than for spring phases 
(about 50% against 80% or more) and no significant relationship to air temperature has 
been observed for oak stands. Further more detailed studies are necessary. The goodness 
of fit and the accuracy of our models appear to be very similar to those obtained with 
more sophisticated models that have a complex structure or need several hourly or daily 
climatic input data. The MAE and the explained variance average 4.6 days and 76.7% 
for leaf unfolding and 7.5 days and 78% for duration of the growing season. These 
values are close to the MAE of 4.4–5.0 days found by Rötzer et al. (2004) for the daily 
temperature leaf unfolding models of beech, oak, pine and spruce in southern Germany. 
In the Netherlands, the sequential thermal model of Sarvas (1974) predicts leaf unfolding 
of beech with accuracy between 4 and 6 days (Kramer, 1994, 1995b).

Timing of phenological events play a major role in calibrating forest growth models 
(Chuine et al., 1999; Kramer and Mohren, 1996; Kramer et al., 1996, 2000). The impact 
of global warming on the extension of the growing season will depend on the extent 
of the change in leaf unfolding and leaf fall in the future (Menzel, 2000; Ahas et al., 
2002). Thus, further investigations have to be carried out to elaborate predictive models 
at a lower temporal scale and to analyse the interrelations on phenology and tree growth 
(Rötzer et al., 2004). In this first step of the work, we intended only to study spatial and 
species variability for French forest ecosystems and to define simple phenological models 
usable by foresters or researchers at a large-scale with simple local variables.
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Chapter 9

Modelling tools for predicting the carbon cycle

henDrik Davi, christoPhe françois, Jérôme ogée, éric Dufrêne,  
PhiLiPPe ciais, aLexanDre bosc, Denis Loustau, guerric Le maire

Introduction

Predicting the effect of climatic change on the carbon cycle requires the use of models 
to represent adequately the complexity and connectivity of the various processes. The aim 
of this chapter is to review the various existing models for predicting the carbon cycle and 
to evaluate some of these models. This chapter is composed of three parts ranging from 
generalities to a case study: (i) the general state-of-the-art regarding existing models; 
(ii) an evaluation of three models against eddy-flux data; and (iii) a detailed investigation 
of one model using an uncertainty analysis.

The first part discusses the existing models and areas of active research. Schematically, 
the models can be classified using two criteria: accuracy in representation of the 
processes (forestry models versus process-based models) and the spatial scale over which 
the models are used (stand level versus regional level). In the second part, we test three 
process-based models (from the more to the less specific) and the discrepancies between 
simulations and measurements are analysed. This part by combining simulations and 
eddy-flux measurements can help to improve understanding of carbon cycling in forests. 
It also allows the testing of the error level when a regional model is used in comparison 
with specific models. Finally, the third part gives a precise description of model sensitivity. 
This is obviously an essential step in determining the accuracy of the model. However, it 
is a preliminary study for scaling-up of these processes because it provides an exploration 
of the sensitivity of the spatially variable input parameters of each model.
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Diversity of models at various scales

Model type: growth and yield models versus process-based models
During the last century, several types of forest models were developed with different 

objectives. Among the oldest, the empirical “growth and yield” models predict stem 
growth with a time step of one year or more (Schober, 1975; Dhôte, 1990, 1991). These 
models use empirical rules based on large datasets from field plots. They are able to 
reproduce tree growth over a century, according to forest management and age, but they 
do not consider seasonal and inter-annual climatic changes. Climate change, however, 
probably explains the increase in radial growth (Becker et al., 1994) and tree height 
(Dhôte and Hervé, 2000).

During the last two decades, several biophysical models have been developed to 
simulate carbon and water fluxes. These models may consider the canopy as a single 
layer (i.e. “big-leaf’), a multi-layer or a three-dimensional volume (Wang and Jarvis, 
1990; Aber and Federer, 1992; Amthor, 1994; Baldocchi and Harley, 1995; de Pury and 
Farquhar, 1997). They assess mass and energy exchange between the canopy and the 
atmosphere by coupling the fluxes of CO2 and water vapour. The physiologically based 
photosynthesis model of Farquhar et al. (1980), linked with a stomatal conductance 
model (Jarvis, 1976; Ball et al., 1987; Collatz et al., 1991) provides a representation of 
leaf fluxes that can be spatially integrated to canopy level. These process-based models 
integrate canopy functioning over time from minutes to days (Caldwell et al., 1986; 
Baldocchi, 1992; Leuning et al., 1995; Williams et al., 1996; Wang and Leuning, 1998). 
Some daily time step models also use a physiologically based canopy photosynthesis 
model, for example, Sands (1995).

These models are not designed, however, to predict the seasonal and inter-annual 
variations of tree growth and stand biomass increment. On the other hand, forest growth 
models based on ecological and biogeochemical principles focus on how carbon and 
water fluxes vary from daily to annual and decadal time scales. These models are able 
to predict changes in plant carbon pools (i.e. organs) taking into account their respective 
size and turnover time (Mohren, 1987; McMurtrie et al., 1990). Some of these models 
consider litter and soil mineralization processes to predict soil organic matter dynamics 
(Running and Coughlan, 1988; Korol et al., 1991; Running and Hunt, 1993; Hoffmann, 
1995; Bossel, 1996). They tend to ignore, however, the effects of microclimate spatial 
variability within the plant canopy. Moreover, as they generally use a daily time step, 
they often use empirical (i.e. not physiologically based) leaf and canopy photosynthesis 
sub-models. Since hydrological processes control the drought effect on photosynthesis 
(Schulze, 1986), soil carbon and nitrogen dynamics (Parton et al., 1987), some of these 
models also couple the carbon budget with a simulation of the water cycle. The rainfall 
reaching the ground is partitioned between soil evaporation, transpiration, interception, 
infiltration and runoff. Depending on the application domain, the hydrology models are 
more or less sophisticated. For example, the evapotranspiration (ETR) can be calculated 
as a function of potential evaporation or estimated following Monteith (1965) or 
Shuttleworth and Wallace (1985). The soil can be divided into numerous layers (Braud 
et al., 1995) or parameterized into one or several buckets (Eagleson, 1978). Detailed 
models are difficult to use for the investigation of spatial and temporal variability of land 
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surface fluxes. The large number of parameters involved requires detailed field studies 
and experimentation to derive parameter estimates (Boulet et al., 2000).

In conclusion, various models have been developed in order to respond to different 
scientific questions. What is forest production? How does the environment influence 
vegetation functioning? Both questions converge today: the current need to understand 
the relative impacts of climate and forest management on wood production and carbon 
sink size makes it necessary to couple mechanistic approaches based on ecophysiological 
rules with empirical forestry knowledge (Mäkelä et al., 2000; Johnsen et al., 2001). 
This should help to improve predictions of forest production under global change. Such 
couplings between process and empirical models have been carried out for a few years 
and evaluated using stand-level forestry data such as basal area, volume or dominant 
height (Mäkelä, 1988; Sievänen and Burk, 1993; Landsberg and Waring 1997; Valentine 
et al., 1997; Bartelink, 2000).

Spatial scale: stand-level models versus global models
Numerous studies using process-based models have assessed the effects of climate 

change on the net ecosystem exchange (NEE) at stand (Kirschbaum, 1999; Grant 
and Nalder, 2000), regional (Häger et al., 1999; Coops and Waring, 2001; Joos et al., 
2002; Minkkinen et al., 2002; Nabuurs et al., 2003), and global scales (Sellers et al., 
1997; Cramer et al., 1999; Kicklighter et al., 1999; White et al., 2000; Cramer et al., 
2001). Modelling the exchanges of energy, water and carbon between continents and 
the atmosphere has been performed through three generations of global models (Sellers 
et al., 1997). The first generation, developed in the late 1960s and 1970s, was based 
on simple aerodynamic bulk transfer formulae and often on uniform prescriptions of 
surface parameters over the continents. In the early 1980s, a second generation of models 
explicitly recognized the effects of vegetation in the calculation of the surface energy 
balance. At the same time, global, spatially varying data of land surface properties were 
assembled from ecological and geographical surveys published in the scientific literature. 
The latest models use modern theories relating photosynthesis and plant water relations 
to provide a consistent description of energy exchange, ETR and carbon exchange by 
plants (Krinner et al., 2005).

Now, regional and global models often estimate the carbon balance using the same 
algorithms as process-based models developed at stand level, with a broader resolution 
(typically at least 50 km × 50 km) in order to be coupled with a global circulation model 
(GCM) and with a simplification of the input parameter description. To date, model 
parameterization is based on studies performed at the stand level or using remotely sensed 
data, and is homogeneously applied at broader scales using spatial aggregation of the 
input parameters. Carbon and water fluxes, however, are controlled by a combination of 
several biophysical processes (e.g. photosynthesis, respiration, transpiration, evaporation, 
drainage, etc.), which generally do not respond linearly to the biochemical and structural 
properties of ecosystems. Consequently, the use of an arithmetic average of spatially 
variable parameters could be inappropriate when processes exhibit strong non-linear 
responses to this parameter. This can lead to a significant bias in output variables 
(Kicklighter et al., 1994; Wollenweber, 1995; Arain et al., 1999). In spite of non-linear 
responses of simulated NEE to the leaf area index (LAI) and wood biomass, Davi et al. 
(2006a) have shown at three different scales that using parameters averaged over the 
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whole area induces only a slight bias in the estimation of carbon fluxes and almost no bias 
in the estimation of water fluxes. This last result tends to show that the use of a process-
based model at larger scales may be justified.

Scaling-up from stands to region and from regions to the globe also requires: (i) the 
determination of the parameters needed by the model at the different scales; and (ii) 
the evaluation of the models at the different scales. Scaling-up can be achieved using 
methodology proposed by Running et al. (1999). At stand level, canopy measurements 
and soil characteristics (e.g. leaf nitrogen content, LAI, wood biomass and wood growth, 
soil water content, soil carbon biomass, etc.), as well as carbon and water fluxes estimated 
from correlation methods, allow the parameterization and validation of the models in 
the complex ground-vegetation-atmosphere (see le Maire et al., 2005). Then at regional 
level, remote sensing data and databases can be used to parameterize the models on 
an area of 100 km². This can be done using algorithms connecting the main canopy 
characteristics to reflectance measurements with relationships determined on ancillary 
sites. Simulations at the regional scale can then be used to validate global models such 
as products of the Earth Observation System (EOS).

Summary
Many models exist in the scientific community. Each model has been developed 

to answer a particular question and falls more or less into one type of model. We can 
draw a classification following the two criteria: process-based model/forestry model and 
stand-level model/regional model. However, often the models are hybrid and there is a 
continuous gradient from forestry models to process-based models (Table 9.1).

Table 9.1. Classification of models.

Process-based model Forestry models

Stand level CASTANEA1/GRAECO2 FAGACEES4

Regional level ORCHIDEE3

1 Dufrêne et al. (2005); 2 Porté (1999); 3 Krinner et al. (2005); 4 Dhôte (1991).

Model evaluation using measurements

In recent years several research programmes have been monitoring CO2 and water 
fluxes above temperate, boreal and tropical vegetation canopies (see Chapter 2). There 
is a global network (FLUXNET), which consists of more than 250 long-term, eddy-
flux stations (Running et al., 1999, Baldocchi et al., 2001) and the number of stations 
is rapidly increasing. With the increase of longer datasets, there is a new challenge for 
testing coupled carbon-water flux models on multi time and spatial scales. Some studies 
have been carried out in this direction (Aber et al., 1996; Grant et al., 1999; Kimball 
et al., 1999; Law et al., 2000a, 2000b), but often using only integrative measurements 
(i.e. estimating the carbon and water fluxes of the whole ecosystem and consequently 
summarizing all the carbon and water processes) with the eddy-covariance method. 
Recent studies have shown that there are some discrepancies between integrative flux 
measurements and other independent NEE measurements (Granier et al., 2000; Ehman 
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et al., 2002; Davi et al., 2005). Another issue is to evaluate the accuracy of specific 
models (i.e. a model developed for one type of forest canopy) and global models on 
several sites representing the diversity of ecosystems.

Presentation of the three evaluated models

In this study, three process-based models were evaluated against flux measurements. 
The first model, GRAECO, was developed to simulate the growth and functioning of 
maritime pine stands (Porté, 1999; Loustau et al., 2005). The second model, CASTANEA 
(Dufrêne et al., 2005), was developed with the aim of bridging the gap between SVAT 
(soil-vegetation-atmosphere transfer) and growth models. CASTANEA consists of a 
multi-layer, process-based physiological model coupled with a carbon allocation model 
and a soil model. CASTANEA was first parameterized and evaluated for beech (Fagus 
sylvatica L.) and has also been adapted to other forest ecosystems (Davi et al., 2006b), 
either dominated by deciduous species (Quercus robur L.), coniferous species (Pinus 
pinaster Ait., P. sylvestris L.) or sclerophyllous evergreen species (Quercus ilex L.). The 
third model, ORCHIDEE (Krinner et al., 2005), is a dynamic global vegetation model 
designed to study the coupled atmosphere-biosphere system.

The three models are conceptually similar. They are all based on ecophysiological 
processes (e.g. photosynthesis, respiration and transpiration) and physical principles 
(e.g. soil water transfer and radiative budget). They describe canopy photosynthesis and 
transpiration, maintenance and growth respiration, seasonal development, partitioning of 
assimilates, ETR, soil heterotrophic respiration, water and carbon balances of the soil. Net 
primary productivity (NPP) is calculated as the difference between gross photosynthesis 
and plant respiration. The net ecosystem exchange (NEE = Reco-GPP (gross primary 
production), see Chapter 1) between soil-plant system and atmosphere is calculated as 
the difference between total respiration (soil + plants) and gross photosynthesis. The 
meteorological driving variables are global radiation, rainfall, wind speed, air humidity 
and temperature (either half-hourly or daily values). It is beyond the scope of this 
chapter to describe precisely all the equations implemented in the models (Krinner et 
al., 2005; Dufrêne et al., 2005) and we only focus here on the main differences between 
the three models. How is the vegetation represented? Which formulation is used for the 
computation of photosynthesis and stomata conductance? How is the carbon allocation 
modelled? What are the differences in the calculation of soil carbon budget? All these 
differences reflect the limits and uncertainties of knowledge as well as the different 
goals pursued by each model and the diversity of the study sites where they have been 
developed and tested.

Representation of the vegetation

In CASTANEA and ORCHIDEE no between-tree variation is taken into account; that 
is, one “average” tree is considered as representative of the whole stand. In contrast, in 
GRAECO, the carbon is allocated to each tree. ORCHIDEE is a generic global model 
that does not consider the fertility and history of each site. CASTANEA and GRAECO 
take into account the nitrogen (leaf nitrogen content) and water status (soil depth and 
soil texture) in a more or less empirical way, and the effects of forestry practices can 
be represented via the initialization of the stand biomass and soil carbon content. 
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ORCHIDEE and CASTANEA do not represent either the understorey or heterogeneous 
stands (it is not possible to take into account two species in the same stand). In contrast to 
these two models, GRAECO explicitly represents the understorey since it was developed 
for a homogeneous maritime pine forest (Pinus pinaster) with an important understorey 
composed mainly of grass (Molinia coerulea L.).

Photosynthesis and stomatal conductance

Owing to the non-linearity of the photosynthetic light response curve, the canopy 
in CASTANEA and ORCHIDEE is vertically sub-divided into a variable number 
of layers (i.e. multi-layer canopy model). Leaf gas exchange is represented using 
the biochemical photosynthesis model of Farquhar et al. (1980), coupled with the 
stomatal conductance model of Ball et al. (1987). The CO2 demand is determined as 
the minimum of Rubisco carboxylation and RuBP regeneration, while CO2 supply 
depends on the difference in CO2 concentration between the air outside the leaf and 
the carboxylation sites. The leaf nitrogen effect on photosynthesis is modelled by 
assuming a linear relationship between the maximal carboxylation rate (Vcmax) and 
leaf nitrogen content per unit area, and a fixed ratio between Vcmax and the potential 
rate of electron flow (Vjmax). Consequently, both the leaf nitrogen content and the 
absorbed light drive the photosynthetic rate. Leaf nitrogen is assumed to be constant 
in ORCHIDEE for a given plant functional type (generic approach) and is forced in 
CASTANEA according to the site. In GRAECO, photosynthesis is calculated using 
a fitted response curve of photosynthesis and conductance to light, vapour pressure 
deficit, CO2 concentration, soil water reserve and a fertility index. These response 
curves were fitted beforehand using simulations of MAESTRO (Wang and Jarvis, 
1990), a detailed three-dimensional model simulating water and carbon fluxes in 
conifer canopies. The optimized parameters are Vcmax and Vjmax using a constant ratio 
between the two. The fitting was done “manually” in this study but gave similar results 
as in a more detailed work (Santaren et al., 2006).

Phenology, maintenance respiration and carbon allocation

The phenology and respiration modules are similar across the three models. 
Phenological events (i.e. budburst, full leaf area development, full leaf maturity, start of 
leaf yellowing, complete canopy yellowing) depend on day-degrees and day duration. 
Only the parameterization changes from one model to another. Maintenance respiration 
is calculated assuming an exponential relationship to account for temperature dependence 
(Ryan, 1991). In CASTANEA, the base respiration also depends on the nitrogen content 
of living biomass.

The allocation schemes differ considerably across the models (Figure 9.1). In all three 
models, photosynthesis is calculated at the stand level. GRAECO allocates the carbon to 
each tree in proportion to its leaf area. For each tree, the carbon is allocated either to the 
above-ground biomass or to the roots according to a water stress index. ORCHIDEE and 
CASTANEA allocate the carbon to four compartments: reserves, fine roots, leaves and 
wood (divided into trunk, branches and coarse roots). In ORCHIDEE the allocation is 
driven by environmental stress indices, while in CASTANEA the carbon is first allocated 
to leaves (priority sink during leaf growth). The remaining assimilates are then allocated 
to other compartments using allometric rules.
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Figure 9.1. Description of allocation module in GRAECO, ORCHIDEE and CASTANEA.

Carbon cycle in the soil

In CASTANEA and ORCHIDEE, the soil organic carbon sub-model is based on the 
soil organic matter sub-model of CENTURY (Parton et al., 1987). Soil organic carbon 
is divided into three major components including active, slow and passive soil carbon. 
The model also includes a surface microbial pool, which is associated with decomposing 
surface litter (mainly leaf litter). Carbon flows between these pools are controlled 
by decomposition rate and microbial respiration loss parameters, both of which are 
a function of soil texture, soil temperature and soil water content. GRAECO uses a 
unique soil compartment with a decomposition rate depending on soil water content, soil 
temperature and carbon inputs arriving at the soil.

Evaluation of the models using eddy-flux measurements
The three models were evaluated on three sites (Hesse, le Bray and Puéchabon) 

belonging to the CARBOEUROFLUX network. The water and carbon fluxes simulated 
by the model (NEE and ETR) were compared with fluxes estimated by eddy covariance. 
These three sites are dominated by different species (Fagus sylvatica, Pinus pinaster and 
Quercus ilex) and have contrasting climates (continental, oceanic and Mediterranean). 
ORCHIDEE was evaluated on all three sites whereas CASTANEA was evaluated on the 
Fagus sylvatica and Quercus ilex sites and GRAECO on the Pinus pinaster site. Two 
versions of ORCHIDEE were evaluated, a “basic” version and an optimized version 
where the photosynthetic parameters were fitted to minimize the bias between simulated 
and measured NEE and ETR.
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Description of sites

The Hesse site is located in the east of France (48°40’ N, 7°05’ E, altitude 300 m) 
and is mainly composed of beech with a very sparse understorey. The studied plot covers 
0.63 ha of a pole beech forest (30 years old in 1997) with a density of 3482 trees.ha-1 
and a dominant height close to 14 m. The soil type was intermediate between a luvisol 
and a stagnic luvisol, with a clay content ranging between 25% and 40%. The annual 
precipitation is 820 mm and average temperature 9.2°C. For more details see Granier 
et al. (2000) and Chapter 2 of this volume.

The Bray site is located in the south-west of France (44°43’ N, 0°46’ W, altitude 61 m) 
and is composed of homogeneous maritime pine trees seeded in 1970. The stand density is 
520 trees.ha-1 and the understorey consists mainly of grass (Molinia coerulea). The soil is 
a sandy podzol lying over a hard iron pan. The water table never goes deeper than 200 cm 
and sometimes during the winter its level may reach the soil surface (Ogée et al., 2003). 
This limitation to water drainage can also increase the water available at the beginning of 
summer. The climate is temperate oceanic with an annual mean temperature of 13.5°C 
and 930 mm of precipitation, and is characterized by a strong seasonal contrast in water 
condition. For more details see Loustau et al. (1990) and Berbigier et al. (2001).

The Puéchabon site is located in the Puéchabon State Forest in the south of France 
(43°44’ N, 3°35’ E, altitude 270 m). This woodland has been managed as a coppice 
for centuries and the last clear-cut was performed in 1942. The vegetation is largely 
dominated by holm oak (Quercus ilex) with a sparse understorey mainly composed of 
a shrubby layer with Buxus sempervirens L., Phyllirea latifolia L., Pistacia terebinthus, 
L. and Juniperus oxycedrus L. The stand density is 8500 trees.ha-1. The soil is classified 
as calcareous fersiallitic with high clay content. The stone and rock fraction is about 
90% across the whole-soil profile. The area has a Mediterranean-type climate. Rainfall 
occurs during autumn and winter with about 75% falling between September and April. 
Mean annual precipitation is 883 mm and mean annual temperature is 13.6°C over the 
1984–2002 period. For more details see Hoff et al. (2002).

In the Hesse and Bray sites, the windstorm of December 1999 led to the fall and 
consequent change of the flux tower and all the measuring instruments. This may 
consequently bias the conclusions concerning the inter-annual dynamics.

Seasonal variations

At Hesse, CASTANEA and ORCHIDEE correctly reproduce the variations in ETR 
and NEE, but with a constant positive bias for ETR (Figure 9.2, Plate 5). This bias may 
be due to an underestimation of measured ETR when the canopy is wet. In previous work 
(Davi et al., 2005), in Hesse in 1997, CASTANEA simulated an annual transpiration 
(329 mm) close to that derived from sapflow measurements (313 mm). At the same time, 
however, the simulated total ETR was much higher in the model (603 mm) than the 
measured total (351 mm). This difference was attributed to a bias during rainy days when 
the eddy-covariance measurements underestimate ETR. This hypothesis was confirmed 
by the analysis of the annual water balance. This phenomenon probably also explains the 
overestimation of ETR at Hesse observed in this study, particularly in 2001 and 2002, 
which were rainy years.

In the sites dominated by evergreen species (Pinus pinaster and Quercus ilex), the 
seasonal variations of NEE are not as well simulated (see Figure 9.3, Plate 5 and Figure 9.4, 
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Plate 6). Several studies have demonstrated that the photosynthetic capacity of the canopy 
shows seasonal variation (Wilson et al., 2000; Frak, 2002; Ogée et al., 2003; Davi et al., 
2005). These variations are generally badly taken into account in the models because they 
do not simulate the mechanisms involved in nitrogen allocation. This study confirms that 
all the seasonal variations are not reproduced, particularly in evergreen species where two 
or three cohorts of leaves (with different photosynthetic capacities) coexist. Nevertheless, 
seasonal variation in respiration rates could also be behind this mismatch.

Lastly, GRAECO and CASTANEA show stronger variation than ORCHIDEE and the 
latter underestimates the carbon sink in ecosystems dominated by evergreen species.

Inter-annual variations

At Hesse, where we have the most complete long-term dataset, CASTANEA 
accurately predicts NEE from 1997 to 1999 and underestimates it from 2000 to 2003. 
It is the opposite for ORCHIDEE and it seems that the windstorm during the winter 
1999–2000 separates the two periods.

After the storm, the measured NEE at Hesse decreased (increase of the carbon sink). 
Since the tower was changed for a taller one, the footprint was modified and it is difficult 
to know whether the change in NEE is due to a direct effect of the storm on the forest 
ecosystem or an indirect effect of footprint modification. Nevertheless, neither model was 
able to predict accurately the inter-annual dynamics before and after the storm. When 
tree clearing occurs, the remaining trees experience a change in light environment and a 
modification of nutrient availability. Light regime and soil water balance are taken into 
account in the models and, therefore, their effect, when tree fall occurred, can be partially 
reproduced even if the effects of the storm are highly spatially variable and may not be 
well represented by a homogeneous canopy model. However, this is not the case for 
nitrogen availability. The inter-annual variations of nitrogen are at best only empirically 
taken into account in CASTANEA by forcing the measured leaf nitrogen content.

All the models show similar patterns even if the specific model gives better results. 
The optimized version of ORCHIDEE should be used if one wants to limit bias. An 
interesting avenue to explore is to use the specific model to parameterize the optimized 
version of ORCHIDEE. The next model improvement appears to be the introduction of a 
mechanistic approach simulating nitrogen and carbon allocation between trees and inside 
a tree. Such an improvement would help to improve the simulation of seasonal and inter-
annual dynamics and to provide a link between the fluxes and tree growth simulations.

Uncertainty estimation and model precision
In the preceding sections, simulations were compared with available measurements 

(mainly fluxes and growth data). These comparisons allowed the assessment of the errors 
made by the model for a limited number of output variables. As underlined in Knorr 
(2000), the identification of the relative importance of the various sources of uncertainty is 
necessary to improve our ability to model carbon cycling and to identify the weak points in 
the models. We present in this section a systematic uncertainty analysis method to predict 
and quantify the uncertainty (error ranges) associated with the output variables of an 
ecosystem functioning model. Such methodology allows us to assess the model precision 
(or uncertainty) before measurements are available for long-term simulations, for instance. 
It also allows us to be able to predict the uncertainties on all simulated variables, not only 
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on variables where validation measurements are available. The last objective is to identify 
which parameter is most responsible for the uncertainties in the simulations.

The method consists of screening the input model parameters (about 200) in order 
to select only the sensitive parameters. Sensitive parameters are defined with respect 
to chosen output variables. The chosen output variables are, in this study, NEE and the 
above-ground woody biomass growth (AWBG). For the subsequent uncertainty analysis, 
only the 30 most important (i.e. sensitive) input parameters are kept. The second stage 
is to evaluate the uncertainty of each of these key parameters. The last stage is the 
uncertainty study itself: it consists of performing a series of simulations (here 1500), 
where the key parameters are randomly varied around their nominal value through a 
normal distribution whose standard deviation is given by the parameter uncertainty.

This section is divided into four parts: the site and model presentation, the sensitivity 
study (parameter screening), the uncertainty determination for each of the key input 
parameters and the results of the predicted uncertainty of the output variables.

Study site and forest process model presentation
We consider here, as an illustration, a beech stand in Fontainebleau, which was 

55 years old in 1970. Thirty years of simulations were performed from 1970 until 1999. 
The beech stand has a summer LAI plateau ranging between 4 m2.m-2 and 6 m2.m-2 for 
the considered years. The forest process model used is CASTANEA, described above. 
For the uncertainty analysis, the model is used in its dynamic version, that is, where the 
maximum LAI is simulated and computed each year at budburst, as a function of the 
available reserves.

Sensitivity study
First, the 200 input parameters were set to their nominal value and a reference 

simulation was performed for the 30 years. Then a series of simulations was performed 
in which each parameter was individually set to ±10% of its reference value. For each 
parameter, the average variation coefficient for the 30 years D10% is computed for both 
NEE and AWBG.

First, the average variations D+ 10% and D– 10%  over the 30 years are computed for each 
parameter on each of the studied outputs Y (here NEE and AWBG):
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Then the maximum variation D10% (in absolute value) between D+ 10%  and D– 10%  is 
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The results for the 41 most influential variables are given in Table 9.2. The most 
sensitive parameters (but not necessarily the most uncertain, and thus not necessarily the 
most important) are: the wood and roots construction cost; the maintenance respiration 
nitrogen dependency; the allocation to carbohydrate reserves; the dependency between 
Vcmax and leaf nitrogen density; the quantum yield; the leaf mass per area of sun leaves; 
the ratio between Vcmax and Vjmax; leaf, branch (and, somewhat less significantly, fine root) 
nitrogen content; the critical value of state of forcing for budburst; the storage allocation 
coefficient; the initial ratio between fine roots and leaf biomass; the fine root mortality; the 
soil extractable water; the clumping factor; and the maximum carbohydrate reserve stock.

Table 9.2. Results of the screening sensitivity study of the CASTANEA model (41 most sensitive 
parameters over 200). Right columns represent the average variation coefficient over the 30 years 
for AWBG and NEE when the input parameter is varied by 10%. The positive (resp. negative) sign 
indicates that an increase in the input parameter tends to increase (resp. decrease) the considered 
output variable (AWBG or NEE).

No. Variable Name

AWBG 
variation 
coefficient 

(%)

NEE 
variation 
coefficient 

(%)
1 Wood construction cost (gC.gC-1) CRwood – 27.3 16.5
2 Nitrogen dependency for all organs(gC.gN-1.h-1) MRN – 15.1 15.5
3 Allocation coefficient to carbohydrate reserves GSS – 15.2 6.7

4
Dependency between Vcmax

1 and leaf nitrogen 
density (µmolCO2

.gN-1.s-1) a Na

13.6 – 14.6

5 Quantum yield a 12.3 – 13

6 Leaf mass per area of sun leaves (g.m-2) LMAsunmax – 2.2 – 11.9

7 Ratio between VCmax
1 and VJmax

2 b 10.6 – 11.3

8 Leaf nitrogen content (gN.g-1) Nmleaves 10 – 10.9
9 Critical value of state of forcing for budburst (K) FcritBB – 10.7 10.5

10 Initial ratio between fine roots and leaf biomass coefROOTS – 9.7 6.5
11 Fine roots construction cost (gC.gC-1) CRfine roots – 9.1 7.3
12 Fine roots mortality (year-1) TMRF – 7.8 3.8
13 Extractable water (mm) EW 5.9 – 7.4
14 Clumping factor Agreg – 5.3 6.1
15 Maximum carbohydrate reserve stock (gC.m-2) BSSmax – 5.1 3.3
16 Coarse roots construction cost (gC.gC-1) CRcoarse roots 0 4.3
17 Proportion of living biomass in branches co_liveBRAN – 1.4 4.1
18 Branch nitrogen content (mgN

.gdm
-1) NBR – 1.4 4.1

19 Slope of the Ball relationship (maximum value) g1max – 2.9 3.9
20 Initial biomass of aerial wood (gC.m-2) Bwoodinit – 1.7 3.7
21 Ratio between coarse root and living biomass rootshoot – 3.5 – 0.4

22
Coefficient for LAI computing from 
carbohydrate reserves

coefLAI
3.4 – 2.7

23 Leaf mass per area decrease coefficient KLMA 2.2 3.1
24 Leaf construction cost (gC.gC-1) CRleaf 0.3 2.9
25 Root percentage in the soil (first 20 cm) (%) proots – 2.4 – 2.7

. . .
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No. Variable Name

AWBG 
variation 
coefficient 

(%)

NEE 
variation 
coefficient 

(%)
26 Q10 temperature effect for branch respiration Q10BR – 2.6 1.5
27 Fine roots nitrogen content (mgN

.gdm
-1) NRF – 0.9 2.5

28
Exponential coefficient for LAI computing  
from carbohydrate reserves

coefLAI2
– 2.5 1.9

29 Lignin fraction in root structural carbon (g.gdm
-1) LIGNroot 0 – 2.5

30 Proportion of living biomass in stem wood co_liveSTEM 0.3 2.1
31 Critical value of state of forcing for leaf fall (K) FcritLF 1 – 2.1
32 Q10 temperature effect for root respiration QDIXrac – 1.9 0.5
33 Stem wood nitrogen content (mgN

.gdm
-1) NTV 0.2 1.8

34 Slow carbon pool initial value of top soil (gC.m-2) slowCtop 0 1.5
35 Initial carbohydrate reserve biomass (gC.m-2) BSSinit – 0.7 1.5
36 Soil maximal conductivity for evaporation (m.s-1) gsolmax – 0.9 1

37
Q10 temperature effect for carbohydrate reserve 
respiration

QDIX
– 0.4 0.9

38 Ratio between branch and wood biomass co_ratioBR1 – 0.9 0.8
39 Depth of total soil root zone (m) hsol 0.3 – 0.9
40 Coarse root nitrogen content (mgN

.gdm
-1) NRG 0.1 0.8

41 Cuticular conductance (molH2O
.m-2.s-1) g0 – 0.3 0.7

1 VCmax: maximum carboxylation rate.

2 VJmax: maximum electron transport rate.

Parameter uncertainty

The uncertainty of a parameter is defined as the standard deviation of this parameter, 
v. This means that the actual value of the parameter has a probability of 0.68 to be 
comprised between its mean value and +/- v. This allows us to define the output error as 
the standard deviation on the output variables. This uncertainty is composed of the 
variability of the parameter and an uncertainty on the measurement of the parameter. The 
determination of the uncertainty v of each parameter is a difficult task since measurement 
errors are not always available. Table 9.3 sums up the estimated uncertainty expressed as 
a percentage for each parameter. When available, the reference for the parameter 
uncertainty has been given in Table 9.3 Assuming linearity of the parameter sensitivity 
around the 10% shift and combining it with the parameter uncertainty, the effect on the 
model of each parameter uncertainty is obtained, that is, its influence:

 % % %E U 10
%10

#=
D

_ _ ei i o (4)

where %10
%10D

 
is the variation coefficient of the studied parameter for a 1% variation (i.e. 

the variation of the output for a 1% variation of the parameter), U (column 4 in Table 9.2) 
is the uncertainty of this parameter (i.e. its expected variation in %), and E (last column 
in Table 9.3) is the error one expects due both to U and to model sensitivity to this 

Table 9.2. (continued)



185

Modelling tools for predicting the carbon cycle

parameter. D10% was chosen as the absolute maximum between D10% for AWBG and D10% 
for NEE (column 3 in Table 9.3, obtained from columns 4 and 5 in Table 9.2, see also 
Equation 3). Finally we obtain a sorted list of the most influential parameters, that is, the 
parameters that will be considered in the random simulations with a noise given by the 
uncertainty column in Table 9.3. This sorted list differs from the sensitivity list given in 
the Table 9.2. Some parameters are very sensitive in the model but their uncertainty is low, 
so that their total effect E is moderate (e.g. wood construction cost, dependency between 
Vcmax and leaf nitrogen density). Conversely, some parameters are not very sensitive in the 
model but their uncertainty is high, so that their total effect E is moderate or high (e.g. 
allocation coefficient to carbohydrate reserves, maximum carbohydrate reserve stock).

Table 9.3. First 29 most influential parameters of the CASTANEA model, given the parameter 
uncertainty (column 4) and model sensitivity (column 3), sorted in decreasing order according to 
their influence (total error, last column and Equation 1).

Variable Name

Max (AWBG or 
NEE) absolute  

variation  
coefficient D10%

Parameter uncertainty (U)
and reference

Total 
error 
(E)

Allocation coefficient  
to carbohydrate reserves

GSS 15.2%
25%  

(Barbaroux, pers. comm.)
38.0%

Initial ratio between fine 
roots and leaf biomass

coefROOTS 9.7% 17% (Davi, pers. comm.) 16.4%

Nitrogen dependency  
for all organs (gC.gN-1.h-1)

MRN 15.5% 10% (Ryan, 1991) 15.5%

Wood construction cost 
(gC.gC-1)

CRwood 27.3% 5% (Damesin et al., 2002) 13.6%

Leaf nitrogen content 
(gN.g-1)

Nmleaves 10.9% 11% (unpublished) 12.0%

Extractable water (mm) EW 7.4% 15% (Granier et al., 2000) 11.1%

Leaf mass per area of sun 
leaves (g.m-2)

LMAsunmax 11.9% 8.8% (unpublished) 10.4%

Quantum yield α 13% 8% (unpublished) 10.4%

Maximum carbohydrate 
reserve stock (gC.m-2)

BSSmax 5.1%
20%  

(Barbaroux, pers. comm.)
10.1%

Fine roots construction 
cost (gC.gC-1)

CRfine roots 9.1% 10% (unpublished) 9.1%

Dependency between Vcmax 
and leaf nitrogen density 
(µmolCO2

.gN-1.s-1)
α Na 14.6% 6.1% (Liozon et al., 2000) 8.9%

Clumping factor Agreg 6.1%
14%  

(Soudani, pers. comm.)
8.6%

Fine roots mortality (year-1) TMRF 7.8% 10% (Davi, pers. comm.) 7.8%

Initial biomass of aerial 
wood (gC.m-2)

Bwoodinit 3.7% 15% (Bouriaud, 2003) 5.5%

Coefficient for LAI 
computing from 
carbohydrate reserves

coefLAI 3.4% 15% (unpublished) 5.1%

. . .
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Variable Name

Max (AWBG or 
NEE) absolute  

variation  
coefficient D10%

Parameter uncertainty (U)
and reference

Total 
error 
(E)

Critical value of state  
of forcing for leaf fall (K)

FcritLF 2.1% 22% (Bouriaud, 2003) 4.5%

Critical value of state  
of forcing for budburst (K)

FcritBB 10.7% 4.1% (Bouriaud, 2003) 4.4%

Proportion of living 
biomass in branches

co_liveBRAN 4.1% 10% (Davi, pers. comm.) 4.1%

Branch nitrogen content 
(mgN

.gdm
-1)

NBR 4.1% 10% (unpublished) 4.1%

Root percentage in the soil 
(first 30 cm) (%)

proots 2.7% 15% (unpublished) 4.0%

Slope of the Ball relationship 
(maximum value)

g1max 3.9% 10% (Davi, pers. comm.) 3.9%

Exponential coefficient 
for LAI computing from 
carbohydrate reserves

coefLAI2 2.5% 15% (unpublished) 3.7%

Ratio between VCmax  
and VJmax

β 11.3% 3% (Liozon et al., 2000) 3.4%

Initial carbohydrate reserve 
biomass (gC.m-2)

BSSinit 1.5%
20%  

(Barbaroux, pers. comm.)
2.9%

Fine roots nitrogen content 
(mgN

.gdm
-1)

NRF 2.5% 10.6% (unpublished) 2.7%

Q10 temperature effect  
for branch respiration

Q10BR 2.6%
10%  

(Damesin, pers. comm.)
2.6%

Lignin fraction in root 
structural carbon (g.gdm

-1)
LIGNroot 2.5% 10% (unpublished) 2.5%

Coarse roots construction 
cost (gC.gC-1)

CRcoarse roots 4.3% 5% (unpublished) 2.2%

Proportion of living 
biomass in stem wood

co_liveST 2.1% 10% (Davi, pers. comm.) 2.1%

Results: uncertainty prediction for the output variables
In order to predict the uncertainty of AWBG and NEE, 1500 series of 30 years simulations 

were performed. In these simulations, the 29 most influential parameters (total error > 2%) 
given in Table 9.3 are affected by a random noise following a Gaussian distribution whose 
standard deviation is given by the parameter uncertainty U (column 4 in Table 9.3).

The results of the noisy simulations are given in Figures 9.5–9.7 (respectively AWBG, 
NEE and simulated LAI). The uncertainty is given as error bars (standard deviation on 
the 1500 simulations). For comparison, the reference noise-free simulation is plotted on 
the figures. The reference simulation sometimes significantly differs from the mean of 
the 1500 simulations, indicating that a single simulation with average parameters is not 
equivalent to the average of simulations taking into account the variability or uncertainty 
of the parameter. The available growth measurements are also plotted in Figure 9.5.

Table 9.3. (continued)
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The percentage uncertainty values are computed for each year i as follows:

 CV m100i
i

i=
v

 (5)

where CVi (gC.m-2.year-1) is the coefficient of variance expressed as a percentage, vi 
(gC.m-2.year-1) the standard deviation of AWBG or NEE over the 1500 runs and mi the 
mean of AWBG or NEE over the 1500 runs.

Figure 9.5. Above-ground woody biomass growth (AWBG) simulated by the CASTANEA model 
at Fontainebleau from 1970 to 1999. Uncertainties due to parameter uncertainty are shown with 
error bars. Open circles indicate measured values obtained from tree-ring data and the dotted line 
shows the original noise-free simulation.

Figure 9.6. Net ecosystem exchange (NEE) simulated by the CASTANEA model at Fontainebleau 
from 1970 to 1999. Uncertainties due to parameter uncertainty are shown with error bars. The 
dotted line shows the original noise-free simulation.
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The year to year uncertainty variations for AWBG and NEE are plotted in Figures 9.8 
and 9.9, both in raw and percentage values. The statistics of the uncertainties in raw 
and percentage values are given in Tables 9.4 and 9.5 (mean values, minimum and 
maximum).

Figure 9.7. Leaf area index (LAI) simulated by the CASTANEA model at Fontainebleau from 
1970 to 1999. Uncertainties due to parameter uncertainty are shown with error bars. The dotted 
line shows the original noise-free simulation.

Figure 9.8. Uncertainties in above-ground woody biomass growth (AWBG) and NEE estimated by 
the CASTANEA model at Fontainebleau for the period 1970–99. Uncertainties are calculated as 
standard deviations of the 1500 random simulations.
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Figure 9.9. Uncertainties in above-ground woody biomass growth (AWBG) and NEE expressed as 
percentages derived from raw uncertainties given in Figure 9.8.

Table 9.4. Statistics of the uncertainties presented in Figure 9.8 (in raw values).

AWBG uncertainty 
(gC.m-2)

NEE uncertainty 
(gC.m-2)

LAI uncertainty 
(m2.m-2)

Minimum 47 53 1.0

Average 59 79 1.3

Maximum 78 128 1.7

Table 9.5. Statistics of the uncertainties presented in Figure 9.9 (in percentages).

AWBG uncertainty
(%)

NEE uncertainty
(%)

LAI uncertainty
(%)

Minimum 19 14 18

Average 26 26 27

Maximum 58 76 41

Effect of noise on the simulations

The first remark is linked to the difference between noise-free simulations and 
the average of the noisy simulations (solid and dotted lines in Figures 9.5–9.7): the 
difference is low on average over the 30 years for AWBG growth and NEE (respectively 
– 6 gC.m-2.year-1 and 0 gC.m-2.year-1), with a moderate standard deviation (respectively, 
18 gC.m-2.year-1 and 24 gC.m-2.year-1) (Figures 9.5 and 9.6). On the other hand, for LAI, 
the average bias between the noise-free and noisy simulations is 0.7 m2.m-2 and the 
standard deviation 0.2 m2.m-2 (Figure 9.7).
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Uncertainty variations
In raw values the uncertainties are very stable for AWBG (around 60 gC.m-2.year-1) 

(Figure 9.8 and Table 9.4). The raw uncertainty is more variable for NEE (around 
79 gC.m-2.year-1) (Figure 9.8 and Table 9.4), while the percentage uncertainty is more 
stable (26% in average for NEE, as well as for AWBG) (Figure 9.9 and Table 9.5). Note 
the uncertainty peaks during dry periods in 1976 and 1990, when NEE raw values are 
very low. The high uncertainty values during the first 2 years of simulations for NEE 
(Figure 9.8) are due to the uncertainty of the initial aerial wood biomass, which has a 
relatively low influence on average during the 30 years (Table 9.3), but is very important 
during the first years (Figure 9.10).

In order to assess the quality of the uncertainty prediction, we compared the actual 
error, that is, the average standard deviation over the 30 years defined as the average of 
the standard deviations of the differences (average simulation-measurement), with the 
simulated error, that is, the average simulated standard deviation as given in Table 9.4 
(59 gC.m-2). The actual average standard deviation of the error between the average 
simulation and the measurements is 56 gC.m-2. Since the errors are in agreement with 
the observed model-measurements errors, one may conclude that the uncertainties are 
correctly estimated by the model and the parameterization given in Table 9.3 (column 4). 
Note, however, that the differences between AWBG measurements and simulations are 
assumed to come only from input parameter uncertainties, which is partly wrong since 
they also come from the process simulations, from processes that are not simulated and 
from errors on AWBG or NEE measurements. If taken into account, this would tend to 
increase the simulated uncertainty.

Inter-annual variation of parameter influence
The inter-annual variation of parameter influence was investigated by changing the 

initial value (first year) of a parameter, and analysing the effect of this change on the 29 
following years. A 15% increase was applied to the four chosen parameters: initial above-
ground woody biomass, the allocation coefficient to carbohydrate reserves (GSS), the leaf 
nitrogen content (Nmleaves) and the ratio between fine root and leaf biomass (coefROOTS).

The results show that the inter-annual variation of the parameter influence is very 
variable, either with a clear tendency (a decrease for the aerial wood biomass influence) 
(Figure 9.10), an important inter-annual variability (GSS and Nmleaves) (Figures 9.11 and 
9.12), or a quasi-constant influence (coefROOTS) (Figure 9.13).

The effect of the initial aerial wood biomass decreases as the years go by because of a 
negative feedback on NEE: the higher the aerial wood biomass, the higher the maintenance 
respiration and the lower the NEE (in absolute value), and thus less available carbon for tree 
growth so that the biomass increases less. Conversely, a lower initial wood biomass will 
lead to a higher NEE (in absolute value) and more available carbon for growth, and finally a 
higher biomass. Note, however, that even with this negative feedback, the initial aerial wood 
biomass still has noticeable effects (variability) throughout the 30 years. For parameters 
that influence photosynthesis such as Nmleaves (Figure 9.12), the influence is variable and 
more important in the “extreme” years (dry years like 1976 and 1990, or “good” years like 
1981 and 1987). When all parameters are taken into account and varied, the effect on NEE 
(the uncertainty) (Figure 9.8) is smoothed out, but the outstanding years still clearly appear 
(low uncertainties in 1976 and 1990, and high uncertainties in 1981 and 1987).
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Figure 9.10. Effect on NEE of a 15% increase in initial above-ground woody biomass for a 
simulation by the CASTANEA model at Fontainebleau for the period 1970–99. 

Figure 9.11. Effect on NEE of a 15% increase in the allocation coefficient to carbohydrate reserves 
(GSS) for a simulation by the CASTANEA model at Fontainebleau for the period 1970–99. 

Figure 9.12. Effect on NEE of a 15% increase in leaf nitrogen content (Nmleaves) for a simulation by 
the CASTANEA model at Fontainebleau for the period 1970–99. 
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Figure 9.13. Effect on NEE of a 15% increase in the initial ratio of fine roots to leaf biomass 
(coefROOTS) for a simulation by the CASTANEA model at Fontainebleau for the period 1970–99. 

Conclusions

Developing and testing process models simulating carbon and water fluxes at various 
scales allows the gap between the measurements (see Chapter 2) and the forecast of 
climate effects (see chapter 10) to be bridged. In this chapter, we presented a review of 
the various tools for predicting the carbon cycle and the main ways to improve them. We 
presented an evaluation of three models and an uncertainty analysis for one of them. The 
evaluation of the models showed that the models give good predictions of carbon and 
water fluxes if compared with the measurements described in Chapter 2. Moreover, when 
the global model (ORCHIDEE) is calibrated on each ecosystem, it gives good results. 
On the contrary, the simulation of above-ground wood biomass is not so good, since 
the allocation processes are less well understood than the photosynthesis or respiration 
processes.

The first objective of the uncertainty study was to show the feasibility and applicability 
of the uncertainty estimation method: we were able to estimate the year to year 
variations of the simulation uncertainties using ensemble simulations and uncertainties 
on the key parameters, identified as the most influential parameters on the studied 
outputs, AWBG and NEE. The uncertainties obtained (around 60 gC.m-2.year-1 for 
wood growth and 80 gC.m-2.year-1 for NEE, that is, an uncertainty of 26% on average) 
give an indication of our capacity to simulate stand carbon fluxes. Concerning NEE, the 
uncertainty magnitude of 80 gC.m-2.year-1 is to be compared with the 300 gC.m-2.year-1 

NEE inter-annual variations: the ratio is small enough to give confidence in the inter-
annual variations of the simulated NEE. The picture is less favourable for AWBG 
since the AWBG range of variation is about 150 gC.m-2.year-1, while the uncertainty 
reaches 60 gC.m-2.year-1. This is not surprising since the carbon allocation scheme is 
the most innovative part of the model and for now, the less robust part. In order to 
decrease this uncertainty, the identification of sensitive parameters shows where efforts 
have to be made: allocation, growth and maintenance respiration, nitrogen cycle and 
soil water stress. Note also that in this study the noise only concerned the parameters 
and not the processes. This prevents us from identifying the processes that generate 
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most uncertainty. This supplementary step would be important in linking simulated 
uncertainties and observed errors.

To conclude, this work confirms the necessity of improving the link between models 
based on ecophysiology and growth models. A recent study seems to point out that taking 
into account the variations of allocation coefficients between sites and years (Davi, 2005) 
using functional rules strongly improves the simulation of growth.
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Chapter 10

How will the production of French forests 
respond to climate change? An integrated 
analysis from site to country scale

PhiLiPPe ciais, Denis Loustau, aLexanDre bosc, Jérôme ogée,  
éric Dufrêne, christoPhe françois, henDrik Davi, nicoLas viovy,  
françois DeLage, shiLong Piao

Introduction

Climate change effects on tree growth have been evidenced in various forests over 
Europe and France in the last decades (Becker et al., 1994; Spiecker, 1999). Increased 
growth in response to warming was reported in the northern range of species distribution 
area (Dhote and Hervé, 2000), but neutral or decreased growth was conversely observed 
in the southern range (Piovesan et al., 2008). Forest production and carbon balance are 
limited in the French metropolitan area by a variety of environmental abiotic factors such 
as soil nutrients, temperature, CO2 atmospheric concentration, and water balance. The 
potential change impacts are, therefore, complex to predict (Nellemann and Thomsen, 
2001). With 25% of its area covered by a wide variety of forests, the French metropolitan 
zone provides an interesting case study from this point of view as an area of convergence 
of different climate influences and biomes. Moreover, future changes in temperature, air 
vapour saturation deficit (VPD), or rainfall are not expected to be uniform across the 
whole country (see Chapter 6), making it even more challenging to predict the future of 
forest growth. The case of French forests is interesting in a broader context as a test-bed 
of impacts and adaptation over Europe because of its ecotonal nature, spanning from 
summer-dry Mediterranean species to cold temperate species in the mountains and in the 
east of the country.

Growth and yield empirical models are widely used for decision-making in forestry. 
However, because they are mainly based on inventory data, their predictive power is 
limited to reproducing situations observed in the past, which prevents them predicting 
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effects of un-experimented conditions (Garcia-Gonzalo et al., 2007). Models based on 
the physical and biological processes involved in primary production and tree growth 
offer the potentiality for simulating the influence of climate variables outside their 
present range because they incorporate the response of processes such as photosynthesis, 
respiration, phenology or growth allocation to increased CO2 concentration, higher 
temperature and VPD, and soil water deficit (see Chapter 9 of this volume; Loustau 
et al., 2001, 2005; Milne and Van Oijen, 2005). However, the complex interactions 
between plant and ecosystem physiology and the environment are not fully understood, 
which poses a challenge for mechanistic models to reproduce faithfully the effects of 
environmental changes on forest ecosystem production and carbon balance. In addition, 
mechanistic models provide a good understanding of the response of fluxes to changes 
in climate and environmental factors, but they usually lack any description of forest 
management. This shortcoming hinders the evaluation of mechanistic models against 
the observed biomass stocks, as measured extensively by forest inventories or ecological 
studies (Masek and Collatz, 2006; Zaehle et al., 2007; Ciais et al., 2008).

This chapter investigates the effects of a climate scenario on the gross primary 
production (GPP), growth and evapotranspiration (ETR) of the main forest types over 
the French metropolitan area at a range of spatial scales from the site to the entire 
country. The mechanistic models used here are assessed in detail in Chapter 9 where their 
performance is discussed. Three modelling approaches have been carried out. First, site-
based predictions were produced by the site-specific models GRAECO and CASTANEA 
for a range of forest sites and forest management scenarios parameterized from 
datasets obtained from observed forests covering a range of climate, soil, species and 
management conditions. Second, the global model ORCHIDEE was parameterized with 
spatially uniform values of soil and species and integrated over the entire metropolitan 
area to project the potential climate change effects at regional and national scales. Here, 
tree growth and canopy development were modelled to reach values in equilibrium with 
future climates so that the ORCHIDEE results shown are steady-state, potential values 
of future forest production and ETR, rather than the transient state of forest vegetation 
perturbed by climate and management actions.

We have restricted our approach to an analysis of the direct impacts of changes 
in climate variables and CO2 concentration upon primary production and ETR. Other 
factors implied in global change, such as nitrogen and ozone depositions (Ollinger 
et al., 2002; Felzer et al., 2004), and the increase in diffuse/direct light fractions (Gu 
et al., 1999; Roderick et al., 2001; Niyogi et al., 2004) are not considered. The study 
described in this chapter is thus rather an analysis of the sensitivity to climate factors and 
CO2 concentration of the main ecophysiological processes that determine tree growth 
and production than a realistic prediction of the future of forests in France. The main 
questions we address in this study are: (i) Will climate change decrease or increase the 
productivity of French forests in the next century? (ii) What are the regional differences 
in the effects of rising CO2 and climate change on forest productivity and ETR? (iii) How 
will water-use efficiency (WUE), defined as the ratio of CO2 gains to water vapour losses, 
change in the future?

After describing the regional climate scenarios and the three models (see “Materials 
and methods”), we investigate the forest response to climate at selected sites (see 
“Results”), and the potential response over the whole country.
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Materials and methods

Regional climate scenarios
Version number three of the Météo-France atmospheric model ARPEGE has been 

used to simulate present climate and 21st century climate through a 140-year numerical 
experiment (Gibelin and Déqué, 2003). The greenhouse gas and aerosol concentrations 
were prescribed by the so-called IPCC-B2 hypothesis or IS92a (IPCC, 2001). This 
scenario provides an intermediate amount of climate change among the IPCC scenarios 
(see Chapter 5). The global ARPEGE climate model covers the whole globe with a 
variable spatial resolution reaching a maximal value of 50 km over metropolitan France 
(N = 360 grid-points). The ocean surface temperatures are provided by a model with a 
coarser resolution that is coupled to an oceanic water circulation scheme (Royer et al., 
2002). The radiative forcing scheme includes four greenhouse gases (CO2, CH4, N2O and 
CFC) in addition to water vapour and ozone, and five aerosol classes, land, marine, urban, 
desert and sulphate, respectively (Morcrette, 1990). The CO2 curve between 1990 and 
2100, cloudiness, precipitation and vertical diffusion are implemented according to the 
statistical approach described by Ricard and Royer (1993). The hydrology-soil-vegetation 
surface scheme is modelled according to the Interactions Soil-Biosphere-Atmosphere 
(ISBA) approach (Douville et al., 2000).

Models description and comparative analysis
The models used in this study, CASTANEA (Dufrêne et al., 2005), GRAECO (Porté, 

1999) and ORCHIDEE (Krinner et al., 2005), are described in Chapter 9. CASTANEA 
and GRAECO are specific forest growth models developed for site-scale studies, while 
ORCHIDEE is a dynamic global vegetation model designed to be run at the global scale 
and thus not specific to any site or species (Krinner et al., 2005; Sitch et al., 2008). 
CASTANEA and GRAECO include a detailed ecophysiological knowledge obtained 
locally for representative temperate forest species and were evaluated against long-term 
CO2 and water flux data (Berbigier et al., 2001; Medlyn et al., 2002; Dufrêne et al., 2005; 
Davi et al., 2005) as well as growth data issued from long-term plots (see Chapter 9 of 
this volume; Davi et al., 2006).

All three models include a description of the carbon and water cycles in the soil-
vegetation-atmosphere system and the related processes (air-to-leaf CO2 diffusion, 
photosynthesis, ETR, respiration, carbon allocation, growth, phenology, mortality 
and mineralization), together with their sensitivity to climate variables and air CO2 
concentration. ORCHIDEE includes the complete SVAT model SECHIBA (Ducoudré 
et al., 1993) to calculate the hydrological and surface energy budget. ORCHIDEE 
describes the turbulent surface fluxes of CO2, water and energy (i.e. transpiration, 
photosynthesis, respiration) using a big-leaf approximation, the dynamics of water and 
carbon pools (i.e. soil moisture budget and allocation, growth, mortality, soil carbon 
decomposition) and processes of longer-term ecosystem dynamics (i.e. fire, sapling 
establishment, light competition). No explicit nitrogen cycle is modelled. The fluxes of 
CO2, water and heat are calculated each hour, and carbon pools each day in response 
to varying meteorology.
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Tree structure is described by a combination of five functionally different parts: 
foliage, stems, branches and coarse and fine roots. A carbohydrate storage compartment 
is also considered for broadleaved trees (i.e. in ORCHIDEE and CASTANEA), equivalent 
to reserves.

The GRAECO allocation scheme is derived from the 3-PG modelling approach 
(Landsberg and Waring, 1997) with the following changes: (i) it distinguishes two canopy 
layers; and (ii) allocates net primary production (NPP) among individual trees according 
to their contribution to stand leaf area index (LAI). Allocation between above- and below-
ground biomass is driven by a stress index whereas the above-ground NPP is distributed 
among stemwood, bark, foliage and branch according to allometric characteristics of the 
species (Porté et al., 2002).

The allocation scheme in CASTANEA is made according to a fixed priority scheme 
that can be implemented seasonally (Dufrêne et al., 2005). The allocation scheme in 
ORCHIDEE calculates dynamically the fraction of assimilates to be allocated to the 
different plant parts taking into account environmental influences (i.e. light availability, 
temperature and soil water) (see Friedlingstein et al., 1998). Phenology is also fully 
prognostic and based on growing degree-days, chilling or soil water content indexes 
specific to each plant functional type (PFT) and calibrated on remote sensing data (Botta 
et al., 2000).

For the soil organic carbon cycle, the CENTURY model was implemented in 
CASTANEA and ORCHIDEE. In the GRAECO model heterotrophic respiration is 
dependent on soil temperature and moisture and constrained by the average litter input.

Table 10.1 summarizes the objects and scales modelled in each simulation experiment. 
GRAECO and CASTANEA were used for modelling climate change effects at the local 
scale in Experiments 1 and 2, whereas ORCHIDEE was used here for spatially explicit 
predictions covering the entire national territory in Experiment 3.

Table 10.1. Objects modelled and scales assessed in the three simulation experiments.

Exp. Model
Stand  

and tree 
growth

Management
Site  

conditions
Stand  

conditions
Area  

covered

1 CASTANEA
None (fixed 
canopy)

Standard High fertility
Five species, 
mature 
stands

Four 
locations

(CARBO-
EUROPE 
main sites)

2
CASTANEA 
GRAECO

Yes, from 
regeneration 
to final cut

High, 
medium 
and low 
management 
intensities

High and low 
nutrient levels

High and low 
water holding 
capacity

Three 
species, 
whole 
rotation

Seven 
locations 
covering 
species area 
in France

3 ORCHIDEE
Only 
equilibrium 
values shown

None
High and low 
water holding 
capacity

Three plant 
functional 
types

Whole  
of French 
metropolitan 
area
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Simulations at representative forest sites  
and across the whole metropolitan area

Site selection

Experiment 1: site-level simulations without management
Experiment 1 was run over selected sites representative of ecosystems of the French 

plains. The sites include (i) broadleaved deciduous forests, sessile oak and beech stands 
at Fontainebleau (central: temperate) and beech stand at Hesse (north-east: temperate/
continental); (ii) one broadleaved evergreen stand, a holm oak coppice at Puéchabon 
(south-east; Mediterranean: summer dry); and (iii) two temperate needle-leaved forests, 
a maritime pine stand at Le Bray (south-western: temperate oceanic) and a Scots pine 
stand at Fontainebleau. Among these, five sites are part of a network of sites studied by 
several European projects since 1996 (e.g. the CARBOEUROPE integrated project). For 
Experiment 1, the soil conditions were those measured at the sites.

The annual energy, carbon and water exchanges of the six selected forest stands were 
simulated over 140 continuous years. For this experiment, the canopy keeps a similar 
structure throughout the period. Canopy characteristics were fixed at their present values 
according to observed characteristics at six stands grown on four sites monitored on a 
long-term basis, that is, the vegetation does not grow or age. This experiment is thus 
called “without management”, because forest canopy structure was prescribed: Le 
Bray (one maritime pine stand); Fontainebleau (three stands of beech, oak and Scots 
pine); Puéchabon (one holm oak stand); and Hesse (one beech stand). All were mature 
stands with LAI close to its maximum value (Table 10.2). The simulation of Experiment 
1 represented, therefore, the sensitivity of ecophysiological processes to the climate 
scenario as described through time series of GPP, NPP, net ecosystem exchange (NEE), 
respiration and ETR.

Experiment 2: site-level simulations including management
Experiment 2 was run in northern France over three locations, Fontainebleau, 

Bar-le-Duc and Sarrebourg, forming a west-east transect where most production forest 
composed of social broadleaved species grow. In southern France, four locations covering 
the climate range of the maritime pine production forest were chosen, Aire-sur-Adour, 
Belin-Beliet, Marmande and Toulouse.

This experiment consisted of a simulation of four climate time slices in the late 
20th century and the 21st century. For each climate time slice, the CASTANEA and 
GRAECO models were run from tree regeneration to final clear-cut, and rotation 
averages of carbon and water fluxes were calculated. Climate forcing data for the 
models were obtained by using 30-year-long slices of the climate scenario covering 
the periods 1961–90 (T0), 2001–30 (T1), 2031–60 (T2) and 2081–95 (T3). Forest 
management scenarios were defined for each species in terms of the age of trees at 
the final cut and the thinning regime (Table 10.3), according to standard management 
practices applied in the respective geographic zones under consideration. Only even-
aged monospecific tree rotations were modelled. Additional sensitivity tests were 
performed and the results are discussed as a function of two integrated ecosystem 
parameters, the foliar nitrogen concentration (N in gN.g dry matter) and the soil 
water holding capacity (WH) (in mm). For each species, the sensitivity simulations 
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consisted in imposing 2–3 nitrogen levels determined according to the range observed 
in available published data, and 2–3 classes of soil WH fixed from soil inventory data 
related to the species and area point considered.

Table 10.3. Management scenarios implemented in Experiment 2.

Species Quercus petraea Fagus silvatica Pinus pinaster

Area (N) (N) (SW)

Short rotation
Duration (years)

Number of thinnings
Not implemented

30

2

Standard rotation
Duration (years)

Number of thinnings

135

12

99

7

45

5

Long rotation
Duration (years)

Number of thinnings

160

11

150

9

90

5

Experiment 3: spatially explicit simulations without management
In this experiment set-up, the ORCHIDEE global dynamic vegetation model 

(ORganizing Carbon and Hydrology In Dynamic Ecosystems) (Krinner et al., 2005) was 
integrated over the French metropolitan area to simulate the space and time distribution 
of the equilibrium values of CO2 and water fluxes, for present-day and future climate 
and atmospheric CO2 concentration conditions. No management was considered as in 
Experiment 2 and the age of the forests was set to 200 years for calculating equilibrium 
fluxes. By construction, the biomass pools have reached steady state and the forest does 
not grow in Experiment 3.

In the ORCHIDEE model, the vegetation was described by eight distinct PFTs 
over Europe. Of interest in this study are PFT4 (needle-leaved forest) representing 
Scots pine and maritime pine, PFT5 (evergreen broadleaved) corresponding to holm 
oak or similar Mediterranean tree species, and PFT6 (deciduous broadleaved forest) 
corresponding to sessile oak or beech. These three PFTs shared the same governing 
equations in the model but had distinct physiological parameter values (Krinner et 
al., 2005). The equations controlling the onset and phenological development were, 
however, different between the PFTs, following Botta et al. (2000). The onset and 
senescence of foliage was modelled to depend on a critical leaf age, plus water and 
temperature stresses.

In the Experiment 3 setup, PFT4–6 were assumed to cover the whole domain, 
irrespective of plausible bioclimatic zones of existence. By doing so, the potential 
impact of climate change on productivity and transpiration could be compared between 
grid-points and regions. Assuming 100% coverage of each PFT in each simulation 
modified, however, the competition for surface water, which occurred in ORCHIDEE 
when different vegetation types coexisted in the same grid-point (de Rosnay and Polcher, 
1998). Water reservoirs were calculated in Experiment 3 for each PFT separately, 
implying that CO2 and water fluxes simulated for each PFT might have been (slightly) 
different from the configuration where different types of vegetation were assumed to 
coexist in each grid-point.
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Model spin-up
No adjustments were made to the ORCHIDEE parameterizations in order to calibrate 

the response of vegetation to present-day climate variability. However, the model had 
been evaluated against eddy-flux measurements and shown to partition well each month 
the net surface radiation into latent and sensible heat (Krinner et al., 2005). The seasonal 
and diurnal cycles of NEE were well reproduced by ORCHIDEE at the Hesse beech forest 
(PFT6) but underestimated a little at the Bray maritime pine forest (PFT4). At the live 
oak forest of Puéchabon (PFT6), the seasonal cycles of NEE and LE were also realistic 
with the characteristic maximum NEE uptake between April and June, just before the 
summer dry period. Similarly, the modelled LAI and soil water content were comparable 
with observations (see Chapter 9). This gave us confidence in the performances of the 
ORCHIDEE model to simulate the dynamics of CO2 fluxes for present-day conditions, 
but no particular clues to the projection of future changes in these fluxes.

We performed four equilibrium simulations of CO2 and water fluxes corresponding to 
time slices of 15 years duration each: T0 = 1961 – 75, T1 = 2001 – 15, T2 = 2041 – 55 and 
T3 = 2081 – 95, respectively. For each time slice, ORCHIDEE was forced by inter-annual 
variable climate and fixed CO2. A model spin-up was calculated for 200 years by repeating 
the climate of each time slice, starting from bare soil in order to grow forests over each 
grid-point and let their biomass reach steady-state equilibrium with climate. Such a long 
spin-up was necessary for safe analysis of the modelled equilibrium GPP and NPP for 
present and future conditions. This is because the mass of the biomass pool controls the 
autotrophic respiration flux, and must hence reach its equilibrium value. However, a 200 
years spin-up is still too short for soil carbon to reach its equilibrium, which led us to 
exclude any analysis of equilibrium values of NEE changes in this study.

Soil depth and field capacity sensitivity tests
ORCHIDEE calculates how much water is available for plants using a simple 

two-bucket scheme with a rain-fed surface bucket capping a deeper bucket. The size 
of the deep soil bucket, corresponding to soil depth, was uniformly prescribed to the 
value of 2 m (Ducoudré et al., 1993). The dynamics of soil moisture, i, in each grid-
point was calculated on a daily time step from the modelled balance of transpiration, 
soil evaporation, runoff and canopy interception fluxes. The soil field capacity, if, was 
another essential model variable because it defines the threshold sensitivity of GPP and 
stomatal closure to soil water stress (Krinner et al., 2005). The soil water stress was 
modelled as a scaling factor of GPP and ETR, which remained equal to unity when the 
relative root extractable water (REW) > 0.3 (no stress) and decreased linearly with REW 
reaching zero when REW = 0 at the wilting point (maximum stress, i min), where REW 
was defined by REW = (i – if)/(if – imin). The modelled GPP and transpiration were 
multiplied each day by the water stress factor calculated in that manner, therefore being 
forced to zero at the wilting point.

In global simulations with ORCHIDEE, the field capacity if was usually prescribed 
using globally gridded information on soil texture (Krinner et al., 2005). However, 
such global soil texture maps did not capture realistically the spatial heterogeneities of 
forest soils in France (Arrouays et al., 2001), and instead we preferred to use a spatially 
uniform value of if over the entire domain. Two sensitivity simulations were done, with 
if = 0.1 cm3.cm-3, that is a water reserve of 20 cm over a total soil depth of 2 m, and 
with if = 0.2 cm3.cm-3, respectively. Generally, the smaller the prescribed field capacity, 
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the lower the equilibrium GPP, but non-linear and seasonal carry-over effects of soil 
water stress also modulate this expected response of GPP to varying if. It must be also 
be noted that our lower field capacity of 0.1 cm3.cm-3 may still exceed the observed if 
in forest regions where the soil depth was very shallow (e.g. Landes forest, southern 
Massif Central, Burgundy and most of the Alps) (Arrouays et al., 2001). Therefore, 
our simulations were most likely to be biased towards too high GPP because of an 
overestimated if.

Results

Changes in fluxes at representative sites without management 
(Experiment 1)

Among the flux variables considered, the inter-annual variations are lower for 
respiration and largest for NEE and GPP (see Figure 10.1, Plate 6). The difference 
between sites is also large for GPP and respiration and least for NPP and carbon-use 
efficiency (CUE), defined as the ratio of NPP to GPP. The time courses of GPP, Ra and 
NEE over the 1960–2100 period show contrasted patterns among species and locations. 
Beech and sessile oak GPP increases continuously, with a small inflexion from 2040 to 
2080, whereas pines and holm oak GPP level off from as soon as 2000. The deciduous 
species benefit from the increasing length of their growing season by up to + 25 days 
by the end of the 21st century, which explains a more pronounced enhancement of their 
GPP compared with the evergreen species. The autotrophic respiration, Ra, increases 
linearly from 1960 to 2100 with little difference between species or location. Note 
that none of the GRAECO or CASTANEA models account for acclimation of Ra to 
higher temperatures (Atkin and Tjoelker, 2003; King et al., 2006). The heterotrophic 
respiration Rh curve exhibits a high inter-annual variability with no long-term trend 
apart from the beech stand at Hesse (data not shown). The NEE changes are contrasted 
among the five sites (Figure 10.1). The Hesse beech forest NEE shows a positive 
anomaly (sink) maintained throughout the 1960–2100 period, a similar pattern being 
predicted for the holm oak NEE at Puéchabon, although less pronounced. The maritime 
pine stand NEE at Bray is a continuously increasing sink from 1960 to 2000, but shows 
no clear trend afterwards. At Fontainebleau, the NEE of the Scots pine and sessile oak 
stands decreases sharply from 2000 to 2060 as opposed to beech that does not change 
during this period.

Among the five sites, CUE is both higher and less sensitive to climate change for 
younger forest stands (beech at Hesse and holm oak at Puéchabon), where values of 
CUE reach slightly above 0.50, than for older ones (oak and Scots pine at Fontainebleau). 
However, the CUE curve shows a higher responsiveness to climate change at the end of 
21st century. CUE values in older stands fluctuate between 0.25 and 0.40. This differential 
response according to age is explained mainly by the stronger increase of Ra in older 
stands in response to warming. The ratio of GPP over ETR defines the annual amount 
of carbon assimilated per kilogram of water lost by plants and soils, usually referred 
to as the water-use efficiency (WUE), is predicted to increase from 0.7 gC.kg H2O

-1 to 
1.2 gC.kg H2O

-1 between 1960 and 2100 (data not shown). This increasing trend in WUE is 
almost linear over 1960–2100 with little inter-annual fluctuation. The WUE enhancement 
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is higher for oaks followed by beech and pines, whichever site is considered. This was 
attributed to the stimulation of photosynthesis by increased CO2 and to the reduction in 
stomatal conductance due to lower soil water and higher VPD, all being well described 
in the models used.

Opposite to GPP, the ETR flux was more stable throughout the next century, despite 
large changes in VPD and temperature. The amplitude of the change in ETR reaches 
50–100 mm, at maximum over the whole period 1960–2100, which corresponds to 
10–15% of the mean value of that flux. The ETR of forest is controlled by stomatal and 
canopy conductances, which tend to compensate for the climate variations, for example, 
the VPD effect on evaporation (see Chapter 2 of this volume; Granier et al., 2000). 
The differences in ETR between sites are large, with the holm oak at Puéchabon and 
the Scots pine at Fontainebleau having 30% lower ETR values than the maritime pine, 
sessile oak or beech stands. Such inter-site differences are explained by the difference 
in the modelled canopy structure and local climate. Globally, the model results may be 
explained primarily by distinct geographical variations of climate change, especially 
of the precipitation regime and VPD, and secondarily by the distinct sensitivity of tree 
species to climate and CO2. The changes in climate are contrasted between north and 
south. The reduction in summer and autumn precipitations and the enhancement in mean 
annual VPD are more pronounced in the south and in the centre of the French metropolitan 
area, with a doubling of VPD in south-western France (see Chapter 6). The forest NEE 
is favoured most for the beech stand at Hesse in north-eastern France where limitations 
by low temperature and CO2 are relieved by climate change and the annual amount in 
precipitation remains unchanged. In contrast, the drastic diminution of the Scots pine 
NEE at Fontainebleau in the centre of France from 2010 to 2040, can be attributed to 
the increased respiratory carbon losses not compensated for by GPP enhancement, the 
weakest among species and sites simulated. These changes are primarily attributed to 
increased VPD and temperature.

The differential stomatal response of temperate tree species to changes in CO2 and 
water deficit explains a part of the simulated higher sensitivity of GPP at the sessile or 
holm oaks and beech stands compared with the pine stands. The stomatal response of 
Pinus to CO2 is neutral whereas Quercus species close their stomata at elevated CO2 
concentration thus enhancing their WUE (Medlyn et al., 2001).

Changes in fluxes and growth at representative sites including 
management (Experiment 2)

The effects of simulating several cycles of rotations show the large interactions 
between forest management, site conditions and future impacts of climate change. From 
that point of view, the most striking result is the contrast between southern and northern 
France illustrated by Figures 10.2 and 10.3, which show the 1980–2080 changes for 
fertile (high nitrogen status) site conditions.

Northern France

In the northern part, the change in production (GPP, NEE and mean annual increment 
(MAI)) shows two distinct phases. The first from 1960 to 2000 where production is 
enhanced dramatically, followed by a second phase up to the end of the 21st century 
where, under the effect of climate change, the mean forest production and carbon 
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Figure 10.2. Evolution 1960–2080 of the gross primary production (GPP), net ecosystem exchange 
(NEE) (gC.m-2.year-1) and the net annual wood increment MAI (m3 stem.ha-1.year-1) averaged over 
entire rotations for two management scenarios of beech forest at three different locations along 
a west-east transect across northern France. The predictions are those estimated for fertile site 
conditions (nitrogen = 2.2 gN.100g dm-1, WH = 200 mm).

balance become neutral or slightly positive in accordance with results from Experiment 
1. The net anomaly over the period 1960–2080 is positive in any case. The evolution of 
forest production shows some differences between eastern and western sites with minor 
interactions with the management strategy. This is well exemplified by Figure 10.2, which 
compares the mean GPP, NPP, NEE and mean biomass carbon stock along a west-east 
transect in northern France for fertile site conditions (high nitrogen and WH). The overall 
trend in Experiment 2 is a continuous increase in GPP whereas NEE and MAI tend to 
level off from 2000 onwards. The trend predicted for MAI is similar to NEE although 
between the two time slices 2045 and 2070, the change in MAI varied among sites from a 
slight increase in the east (Bar-le-Duc) to a neutral trend in the centre (Fontainebleau). At 
low WH (not shown), a slight decrease of MAI at the Fontainebleau location is predicted. 
Whereas the simulated management (rotation length) does not affect the mean GPP, the 
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mean NPP, NEE and MAI are higher for the standard rotation than for the fixed canopy 
of Experiment 1, caused by the sensitivity of autotrophic and heterotrophic respiration 
to temperature and to the lower standing biomass and litter input. There is no interaction 
between management options (i.e. rotation lengths) and climate effects, the time course 
of GPP, NEE or MAI being strictly parallel along the period 1960–2100.

Southern France

In the southern part, the situation is different from the north for both the 
predicted production trends and the interactions between climate, site and management 
(Figure 10.3). During the period 1960–2100, GPP, NPP and MAI increase until 2015–45 

Figure 10.3. Evolution 1960–2080 of the gross primary production (GPP), net ecosystem exchange 
(NEE) (gC.m-2.year-1), net annual wood increment MAI (m3 stemwood.ha-1.year-1) and biomass 
carbon stock, W (tC.ha-1), averaged over entire rotations for three management scenarios of maritime 
pine forests at four different locations in south-west France. The predictions are estimated for fertile 
site conditions (nitrogen = 2.2 gN.100 g dm-1, WH = 150 mm) by the GRAECO model.
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but decline subsequently and reach lower values in 2080 than in 1980. NEE declines or 
remains constant in a few cases from 2000 onwards, a consequence of the temperature-
driven enhancement in autotrophic and heterotrophic respiration. Interestingly, MAI in the 
south of the French metropolitan area shows opposite trends among forest management 
scenarios between 1980 and 2015 with a systematic increase in short rotation, a stable 
evolution or increase in standard scenario and a decrease in all locations but Toulouse in 
the long rotation scenario. MAI decreases systematically after 2015 with a steeper slope 
in the standard scenario until 2045 and in the short rotation scenario until 2080. Overall, 
the net changes in GPP, NEE, NPP and MAI from 1980 to 2080 are systematically 
negative. This can be interpreted as an interaction between the management scenario and 
climate effects, the short and medium rotations scenario being more sensitive to climate. 
The MAI range between management options is therefore reduced by climate change.

Similarly, a net decrease over the period 1960–2080 is predicted for the biomass 
carbon stock, W, in all management options (Figure 10.3). Interestingly, the model 
predicts that the high carbon stock build-up in long rotations is the most vulnerable to 
climate effect among management scenarios and is drastically reduced at the end of the 
simulation period. This trend seems to be in contradiction with the lower sensitivity of the 
primary production to climate predicted for the long rotation. Actually, in this simulation, 
the average carbon stock in standing biomass for the intensive and standard management 
options is closely controlled by management that keeps constant the standing volume 
scenario whereas the amount of wood volume exported by thinning and harvest is 
reduced severely (not shown). For the long rotation, the carbon stock build-up averaged 
along the rotation declines dramatically as compared with the other management 
scenarios. This is because it depends more directly on primary production, that is, it is 
not modulated by thinning, which does not occur beyond an age of 40 years. The stock 
changes shown in Figure 10.3 must thus be regarded as a response to the combined 
effect of stand management and climate change rather than an ecological acclimation of 
biological processes.

An interesting interaction between site conditions, forest management and climate 
is illustrated for two representative locations, Bar-le-Duc (north-eastern France) and 
Marmande (south-western France) and species, beech and pine, in Figures 10.4 and 10.5, 
respectively. Whatever the location and species considered, the effects of management 
and climate are maximized under fertile conditions (i.e. high nitrogen and WH). NEE 
and MAI under short rotation at high nitrogen and WH are the most responsive variables 
to climate forcing as compared with GPP and NPP. Conversely, NEE and MAI under 
long rotations are less sensitive to climate, especially in the lower range of nitrogen and 
WH. At Bar-le-Duc, beech rotations show a higher sensitivity to soil WH, than to foliar 
nitrogen, which has a negligible effect. Conversely, nitrogen exerts a closer control on 
NEE and MAI than WH for maritime pine rotations at Marmande, which is consistent 
with the conclusions drawn by Loustau et al. (1999) in their review on the limiting factors 
of maritime pine growth in this area.

For both northern and southern France, the CASTANEA and GRAECO models predict 
that management does not differentiate much in GPP as compared with NEE, NPP and 
MAI (Figures 10.4 and 10.5). We conclude, therefore, that management does not create 
large differences in the mean LAI and radiation absorbed but rather reduces ecosystem 
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respiration and increases allocation to stemwood. Indeed, because the standing stock is 
reduced by shorter rotations, the autotrophic respiration is attenuated accordingly.

Changes in fluxes over the metropolitan area (Experiment 3)
For analysis of the ORCHIDEE model response, France was sub-divided into five 

regions, north-west (NW), north-east (NE), south-west (SW), south-east (SE) and 
mountain (M) regions, respectively. The longitude and latitude boundaries separating 
between these regions are respectively, 3°E and 46°N. The mountain region was defined 
according to a mean annual temperature (MAT) criteria of MAT < 5°C. This encompasses 
roughly all grid-points in the Massif Central, Alps and Pyrénées mountains with an 
elevation higher than 1000 m.

Figure 10.4. Values of the gross primary production (GPP), net ecosystem exchange (NEE), mean 
annual increment (MAI) and net primary production (NPP) averaged over complete rotations 
of beech forest at Bar-le-Duc for four consecutive time periods. For each variable, four plots 
corresponding to combinations of low and high soil water holding capacity (WH), 75 mm and 
200 mm, respectively, and foliar nitrogen concentration, 2.2 gN.100 g dm-1 and 2.9 gN.100 g dm-1, 
respectively, are shown. Labels are given only in the GPP plots for clarity.
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GPP changes in response to climate and CO2

Mean GPP changes in the metropolitan area

First, we look at equilibrium GPP changes, DGPP, between different time slices in the 
future and present day averaged across the model domain. Only potential, not actual, GPP 
changes are discussed, as we assumed full coverage of each region with the same type of 
vegetation (PFT). The results are shown in Figure 10.6 (Plate 7) for the difference between 
the 2080s (T3) and the 1960s (T0). The spatial and temporal patterns of DGPP look 
broadly similar between the three PFTs (see also Figure 10.7). The simulated mean GPP 
increases everywhere in response to higher CO2 concentration, both through a reduction 

Figure 10.5. Values of the gross primary production (GPP), net ecosystem exchange (NEE), mean 
annual increment (MAI) and net primary production (NPP) averaged over complete rotations of 
maritime pine forest at Marmande and for four consecutive time periods. For each variable, four 
plots corresponding to combinations of low and high soil water holding capacity (WH), 75 mm and 
150 mm, respectively, and foliar nitrogen concentration, 1.0 gN.100 g dm-1 and 1.5 gN.100 g dm-1, 
respectively, are shown. Labels are given only in the GPP plots for clarity.
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of stomatal conductance avoiding water losses and through increased carboxylation rates. 
Additionally, GPP is increased in spring and autumn by longer growing seasons. In our 
modelling set-up, higher CO2 and longer growing seasons hence dominate over increased 
water stress during dryer summers. The projected future increase in GPP over France is 
significant, GPP being a factor 1.06 to 1.24 higher during T1 (2040s) and a factor 1.29 
to 1.37 higher during T3 (2080s) than during T0 (1960s), the range spanning across the 
three different PFTs and five regions of France considered (see Figure 10.7). However, 
the magnitude of GPP changes in ORCHIDEE over each region is comparable with the 
changes found in the more realistic and better calibrated site-scale models, GRAECO and 
CASTANEA, as shown in Figure 10.1.

For the three forest PFTs modelled, GPP increases linearly with time between T0 and 
T3, suggesting no saturation effect. This apparent lack of saturation effect on GPP during 
the second half of the 21st century is obtained despite more frequent drier summers 
causing stress on photosynthesis. Hence, longer growing seasons in autumn and spring 
could compensate for increased summer stress. In total, 53% to 56% of the mean GPP 
increase between the late 20th century (T0) and the late 21st century (T3) is realized 
between T1 and T2.

Regional GPP changes
In our simulations, out of all the PFTs, the smallest regional GPP increase between 

T0 and T3 occurs in the mountain region (M) (Figure 10.7). In contrast, the largest GPP 
increase takes place in the north-east region (Figures 10.6 and 10.7). This reflects primarily 
the relieved temperature limitations on the length of the growing season (Berthelot et 
al., 2002). As expected, a higher prescribed field capacity causes a higher DGPP value 
(Figure 10.8, Plate 8). Regional contrasts of DGPP are also greater in the experiment with 
a lower soil field capacity (see top panel of Figure 10.8), especially over the southern 
and western regions, which suffer more from water stress during 2081–95, under the low 
scenario if = 0.1 cm3.cm-3. Among these “hot-spot” areas where increased water stress 
is projected to limit the increase of GPP, the south-west of France between the Bay of 
Biscay and the Mediterranean sea, shows this clearly for all three PFTs (Figures 10.6 
and 10.8). In that context, we note that forested regions which sustain high GPP today, 
that is, the western half of France and particularly the Landes forest, experience a lower 
DGPP than other regions, both between T0 and T2 and between T0 and T3 (Figure 10.8). 
Conversely, currently less productive forested regions in the north-east, that is, the Vosges 
forests, will realize a regionally higher DGPP.

Forests in the Landes and more generally in south-western France are projected to 
suffer from water stress in summer caused by a westwards shift towards the Atlantic of 
the Mediterranean climate regime. In this particular south-western ecotone region, it is 
seen from the climate model predictions (Figure 7.5 in Chapter 7) that an annual rainfall 
deficit of 130 mm.year-1, that is, 10% less rainfall than at present, begins to develop 
during T2, and spreads further to the whole south-west of France during T3 near the end 
of the 21st century. Mountain regions (e.g. the Alps and Massif Central) which today have 
the lowest GPP (Figure 10.6), realize a systematically lower DGPP than anywhere else in 
the country. In other words, the geographical distribution of GPP, which is characterized 
today by a decrease of 20% along a continentality gradient between the south-west and 
the north-east of France (GPP values ranging from 2000 gC.m-2.year-1 near the Atlantic 
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down to 1600 gC.m-2.year-1 in the east of France according to Figure 10.6), tends to 
become spatially more heterogeneous in the future.

Figure 10.7 shows the changes in GPP averaged over each of the five regions and 
for the three PFTs. It can be seen that the modelled GPP increase is linear for all PFTs. 
However, the rate of increase of GPP is slightly different between PFTs, so that by the 
end of the next century (T3), the GPP gradient over the metropolitan area between PFT6 
(oak and beech) and PFT4 (maritime pine and Scots pine) becomes smaller than today 
(Figure 10.7).

Figure 10.7. Mean values of the annual gross primary production (GPP), net primary production 
(NPP), evapotranspiration (ETR) and water-use efficiency (WUE) for the five French ecoclimatic 
regions and at four climate periods as simulated by the ORCHIDEE model. Each bar is the average 
value of the three forest functional types in each region. Soil water holding capacity is fixed at 
0.1 cm3.cm-3 everywhere.
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NPP changes

Present-day spatial distribution of NPP versus GPP
Maps of the NPP present-day distribution and future changes, DNPP expressed as 

anomalies from the present, are shown in Figure 10.9, Plate 9. As for GPP, the simulated 
present-day NPP decreases with continentality along a diagonal from the south-west 
to the north-east of France. The simulated continentality NPP gradient follows broadly 
the MAT gradient, suggesting that MAT controls the annual value of NPP as well as 
GPP through the duration of the growing season. This modelled response of NPP, GPP 
to MAT is confirmed by GPP observations from 23 eddy-covariance data in Europe 
(Reichstein et al., 2007) and by the more than 300 NPP observations of the large 
database of ecological measurements of Luyssaert et al. (2007). In ORCHIDEE, the 
autotrophic respiration Ra is expected to decreases inland with MAT, because Ra is 
parameterized as a linear function of MAT and sapwood biomass (for maintenance 
respiration) and as a function of GPP, which also decreases with MAT (for growth 
respiration). Thus, the continentality gradient of present-day mean annual NPP in 
ORCHIDEE is controlled by the concurrent sensitivities of two processes: the decrease 
of Ra with MAT and the decrease of GPP with MAT. We found that Ra decreases more 
than GPP for a given temperature gradient, which flattens the spatial distribution of 
present-day NPP compared with that of GPP (Figure 10.9). As a result, the present-day 
(T0) CUE, defined as the ratio of NPP to GPP, shows an increase from 40% to 45% 
from the south-west to the north-east of the metropolitan area (Figure 10.10, Plate 10). 
Over the Alps where the coldest climate conditions prevail, CUE is also the highest 
and reaches up to 47%.

Regional changes in CUE
The pattern of regional potential NPP changes (DNPP) between T3 and T0 is shown 

in Figure 10.9, for PFT4 (maritime pine and Scots pine). The modelled pattern of DNPP 
is parallel to that of DGPP (Figures 10.6 and 10.8). In a first-order approximation, the 
modelled autotrophic respiration, Ra, stays proportional to GPP under future climate 
conditions. This is an interesting result because it suggests that roughly the same fraction 
of GPP increase will remain available to increase NPP and the production of woody 
biomass. For instance, over the south-western forests, which become more vulnerable to 
water stress during the T3 time slice, the DNPP map (Figure 10.9) shows a pronounced 
regional minimum for PFT4 (also the other two PFTs), but this regional DNPP minimum 
remains roughly half of the DGPP minimum (Figure 10.6), suggesting that regional 
differences in warming (see Figure 6.3 in Chapter 6) might have a little influence on the 
ratio of Ra to GPP and on the CUE patterns.

Looking now at second-order effects, we estimated CUE for the five regions and 
three PFTs. We modelled that CUE tends to decrease everywhere by 1.5% to 0.7% as 
temperature increases (lower plots in Figure 10.10). The largest decrease in CUE is found 
over the Alps (–1.9%). Under a future warmer climate in France, CUE is hence predicted 
to decrease slightly more in the south-west than in the north-east, thereby amplifying 
the present-day spatial gradient of CUE (see above). The CUE spatial gradient is 
projected to increase from 38.5% to 44.3% (range 5.8%) between the Landes and Vosges 
forests during T3, compared with a present-day gradient from 40% to 45% (range 5%). 
Comparing regional changes in NPP summarized in Figure 10.7 together with GPP 
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changes, we can see that NPP increases linearly with time, just like GPP. However, the 
between-PFT differences are different for NPP than for GPP. Over the north-east region 
with the largest warming signal, the NPP of PFT6 increases faster than for PFT4. On the 
other hand, over this region, PFT5 (green oak, which is not present today) is predicted to 
have the largest increase in NPP, suggesting that there is a potential for southern species 
to acclimate further north in the future.

Differential NPP changes between forest types
Figures 10.7 and 10.10 provide the present-day simulated NPP distribution and its 

changes in the scenario with if = 0.1 cm3.cm-3 prescribed everywhere. The less productive 
PFT5 (live oak) shows a smaller DNPP than the others, except in the north-east region. 
On the other hand for PFT5, the negative impacts on DNPP of soil drying in southern 
France are less pronounced than for other PFTs. DNPP of PFT5 is even maximal along 
the Mediterranean coast where the climate scenario gives the most pronounced warming 
signal, unlike for the other vegetation types. Such a surprising model response (more 
warming in an already dry region causing greater NPP) is due to the fact that PFT5 
has permanent LAI, allowing its NPP to immediately increase in winter and spring 
when the temperature is warmer but rainfall is still sufficient. A pine forest growing 
under very dry summer climate conditions in the Negev desert (Maseyk et al., 2008) 
was indeed measured to grow mainly during the wet winter and spring, and to decrease 
foliage respiration during the summer through acclimation. Acclimation of respiration, 
although likely to be widespread for foliage (Atkin et al., 2005) is not included in the 
ORCHIDEE fomulations, but we expect that this process would further enhance DNPP 
over summer-dry regions.

Evapotranspiration changes

Effects of different prescribed soil field capacities on ETR changes
Figure 10.11 (Plate 11) shows ETR changes for different future time slices. We can 

see that ETR increases everywhere over France in T2 (2040s) and T3 (2080s), with DETR 
increasing from 3 W.m-2 (+10%) near the Mediterranean to 9 W.m-2 (+20%) over central 
France (Figure 10.11). Our simulations further indicate small differences in DETR 
between the low and high soil field capacities scenarios. This can be seen for instance by 
comparing the lower and upper row of plots in Figure 10.11. This result suggests that, 
even in the sensitivity experiment with a lower field capacity, there is enough water in 
the soil to sustain evaporative demand under increased VPD (see Figure 6.7 in Chapter 6) 
and warmer temperatures. Only when the warming and summer drying become very 
pronounced at the end of the 21st century (T3), do the differences in DETR between the 
experiments with if = 0.1 cm3.cm-3 and with if = 0.2 cm3.cm-3 become significant. The 
region where ETR increases more than all the PFTs is the ecotone area between the Bay 
of Biscay and the Mediterranean, including the Landes forest along the Atlantic coast. In 
this region, the enhancement of DETR seen in Figure 10.12 (Plate 12) closely parallels 
that of VPD, not surprisingly since atmospheric dryness exerts a strong control on ETR 
in ORCHIDEE via stomatal conductance (Ball et al., 1987) and evaporative demand. 
This marked response of ETR to VPD is further confirmed by the fact that in the 2000s 
(T1), the VPD decreases below its values during T0 (i.e. slightly wetter conditions) and 
the ETR lock steps this decrease.
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Differential ETR changes between vegetation types
For comparing ETR changes between the different PFTs as illustrated in Figure 

10.7, it is interesting to note that PFT6 (beech and oak), which makes most of its LAI 
in summer, has a higher DETR and hence suffers more from water stress than PFT5 
(live oak) and PFT4 (maritime pine and Scots pine). This is clearly seen in Figures 10.7 
and 10.12 in the south-east and south-west regions, where DETR of PFT6 increases 
by 8–10 W.m-2, against 6–7 W.m-2 for PFT4 and a smaller 4–5 W.m-2 for PFT5. Both 
PFT4 and PFT5 have the advantage of retaining a permanent LAI, hence better able 
to regulate their water losses all year round. A distinct response of ETR to soil water 
stress for each PFT is also apparent in Figure 10.12 when comparing DETR between the 
sensitivity experiments if = 0.1 cm3.cm-3 and if = 0.2 cm3.cm-3. The larger the difference 
in DETR when if is changed, the more limited is ETR by soil moisture. In contrast to 
PFT6, there is little difference in DETR between if = 0.1 cm3.cm-3 and if = 0.2 cm3.cm-3 

for PFT5. PFT5 corresponding to forests like live oak, has, however, no specific drought 
tolerance parameterization such as stomatal closure (Reichstein et al., 2002, 2003). 
Thus, its better resilience to a prescribed smaller field capacity comes entirely from the 
fact that a permanent LAI allows a better utilization of soil moisture during spring and 
autumn, while GPP and ETR are brought down to near zero values in the hot and dry 
summer. Therefore, on average over a year as indicated in Figure 10.12, we expect that 
PFT5 will accumulate less water stress on ETR (and on GPP) compared with deciduous 
broadleaved forests (FPT6) and even temperate conifers (PFT4).

Discussion and model limitations
One should keep in mind a number of limitations inherent to the application of the 

ORCHIDEE model at the metropolitan scale. Firstly, the maps of Figures 10.6– 10.10 are 
likely to be too smooth compared with the real situation. Local heterogeneities in soil WH 
are not resolved, and are likely to be much higher than the range bracketed by our scenarios 
(if = 0.1 cm3.cm-3 to 0.2 cm3.cm-3). Secondly, trees in the real world are adapted to particular 
climate and soil conditions, whereas in ORCHIDEE, the basic vegetation response to climate 
change is described by PFT parameters that are spatially and temporally uniform. Thirdly, 
no disturbances or growth limitation factors (e.g. pathogens, lagged effects of extreme years, 
climate induced mortality, etc.) are accounted for in this version of ORCHIDEE. Fourthly, 
the model equilibrium simulations describe old-growth forests which have reached their 
maximum LAI and biomass everywhere. Doing so ignores the greater sensitivity of young 
trees to summer drought (see “Results”). It is likely the reason why in Figure 10.7 GPP and 
NPP increase linearly in each region × PFT whereas in GRAECO (Figure 10.3) GPP and NPP 
both begin to decrease after 2000. The ORCHIDEE response to CO2 and climate is similar 
to that of the site-specific models in the northern regions, but overestimates the increase of 
production in southern regions. Finally, in the regional climate scenarios, in particular over the 
Mediterranean regions, the occurrence of extreme events and convective precipitations may 
be underestimated, producing a too smooth response of the vegetation to climate change.

Discussion: synthesis of the different modelling approaches
Despite differences, the results issued from the different modelling approaches at a 

range of spatial scales allow us to draw a consistent picture of the main trends expected 
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according to this particular climate scenario. They show that the response of forests to 
the climate scenario 1960–2100 varies: (i) geographically; (ii) from one PFT or species 
to another; and (iii) is not a linear function of time.

The geographical pattern of future changes contrasts the north-east and the south of 
France, and to a lesser extent, the east and west. Expansion of a warmer and seasonally 
drier climate northwards induces a corresponding shift of forest potentialities. These 
geographical differences are superimposed on the spatially uniform increase of CO2 
concentration that favours GPP and growth. The resulting predictions are greater 
depending on local site and management conditions, which open opportunities to forest 
managers. More precise and local adaptation strategies will need, however, impact 
assessments at a finer scale, and better information on soil and site fertility.

In north-eastern France, the future climate will relieve limiting factors of tree growth, 
elevated CO2 and temperature inducing a positive response, whereas drought or extreme 
temperatures do not appear to offset significantly this response. The management options 
analysed here differ very little and management scenarios show a similar behaviour in 
response to climate forcing. The broadleaved forests receive a significant amount of 
nitrogen and are less sensitive to fertility. For this region, at similar values of soil WH, 
the ORCHIDEE and site-based predictions converge very well for broadleaved species 
GPP whereas ORCHIDEE predicts a less severe increase in respiration than CASTANEA 
and consequently a larger elevation of NPP.

In south-western France, site-scale predictions were parameterized with a much lower 
soil water reserve, 75–150 mm, than ORCHIDEE, 200–400 mm. Moreover, annual ETR 
values predicted by ORCHIDEE are lower than in GRAECO or CASTANEA. These 
differences explain why site-based predictions show a much larger effect of drought than 
ORCHIDEE. Where droughts are expected to increase in frequency and severity, water 
increasingly becomes a limiting factor for growth and production and the potential effects 
of other controlling variables, such as higher atmospheric CO2 levels, do not appear.

Again, it should be kept in mind that the predictions shown here were produced 
according to only one business-as-usual median climate scenario (B2), which has been 
seriously overtaken by the recent trends. Moreover, this particular climate scenario fails 
to predict extreme events of which both the frequency and severity are expected to 
increase. Our results must, therefore, be regarded as an optimistic version of the future 
of French forests.

Outlook: adapting forest management  
to future climate change

We found that the contrast of each management scenario in their sensitivity to climate 
is caused essentially by the age class structure. The larger sensitivity to climate of the 
short rotation scenarios is dominated by the sensitivity of the juvenile phase that precedes 
canopy closure. At this stage, the standing biomass and, therefore, respiration are low, 
while productivity is high. Competition is absent so that individual trees may improve 
resource capture through the growth of their root and foliage areas. Juvenile trees respond 
straightforwardly to any change in CO2, light or water availability. Conversely, due to 
competition, root and foliage expansion is increasingly constrained by limiting resources 
in older stands after canopy closure: hydraulic limitations (Delzon et al., 2004; Magnani 
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et al., 2000) and nutrient sequestration in biomass and soil organic matter. Therefore, 
a change in CO2 or water availability will not greatly affect tree growth and GPP in 
old stands subject to long rotation scenarios, which are additionally constrained by soil 
nutrients. Hence, with increasing age, stand productivity decreases while the standing 
biomass stock increases.

The differential interactions of climate change with forest management between the 
northern and southern zones are explained mainly by the contrast between management 
scenarios in Experiment 2, which is extreme for the south-western pine forests and weakly 
contrasted for the broadleaved forests in the north. The short rotation scenario applied 
to the south-western pine forest corresponds to intensively managed forests, optimized 
toward fibre production, while the long rotation scenario exceeds by 40 years the date of 
final cut currently applied in this area. Difference in age at the final cut between these two 
extreme scenarios is 55 years (or about 60% of the final age of the long rotation) and the 
strong response to climate of the south-western pine forest is due mainly to an age effect. 
Conversely, the difference in age between the two management scenarios at the final cut 
is only 15 years (10%) and 50 years (33%) for the northern oak and beech, respectively.

Although a sustainable forest management adaptation strategy should rely primarily 
on site-specific characteristics and data, we think that our results provide some valuable 
and important knowledge about the regional forcing trends constraining the future 
evolution of the forest physical environment. Where climate change effects are beneficial 
to forest production, our results suggest that forest management should target the 
reduction of limiting factors effects, for example, through increased rooting depth and 
fertilization. Conversely, where detrimental effects of the future climate are expected, the 
enhancement of resistance to drought, for example, through species substitution, LAI 
optimization by intensive thinning regimes and site preparation may be appropriate for 
attenuating the drought impacts on forest growth.

The differential changes in MAI between sites between 1980 and 2080 suggest that 
maps of potential forest production are expected to evolve in the near future, at least for 
species like maritime pine, Scots pine and beech. At the country scale, the scenario will 
provoke a global shift of optimal climate conditions towards the north-east of France. 
At the local scale, the contrast between site fertility classes may be amplified in north-
eastern France, where climate will favour growth, and reduced in other regions (i.e. in 
the centre and southern zones).

From these conclusions, several steps for improving future impact assessment 
studies may be suggested as a basis for decision-making in forestry. First, and most 
important, forestry should use these results for drastic innovations. The main message is 
that the forest environment is not stable, but changes continuously in a non-linear way. 
Management should adapt forest stands dynamically with a response time of less than a 
decade. Creating specific adaptive management scenarios seems to be a relevant option 
since climate effects depend strongly on the management options. Forest with a long 
rotation could be managed to allow a continuous adaptation to climate: the phenotypic 
responsiveness and genetic adaptation potential may be improved, for example, allowing 
different age classes to grow together and mixing species by introducing southern 
vicariants. Conversely, shortening and intensifying short rotations based on even-aged 
stands may be an option for minimizing adverse climate change effects over a rotation, 
and renewing forest species or varieties at increased frequency. Second, synthetic 
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predictions combining local characteristics of soil and forest stands on GIS datasets 
must be operated using higher resolution climate scenarios. Sufficient knowledge is now 
available for model implementation at this finer scale (Nuutinen et al., 2006). Finally, 
additional climate and CO2 future scenarios should be utilized. Recent data show that 
the median B2 scenario used in our study underestimates currently observed trends 
(Canadell et al., 2007), which tentatively means that our results should be regarded as a 
minimum conservative prognosis of the future changes. The real ones may occur much 
more rapidly and be more severe. Finally, models used for future impact assessments 
should consider nitrogen effects, with a likely increased deposition in the scenarios and 
an increase in soil mineralization.
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Introduction

Currently, the scientific community generally acknowledges the ongoing climate 
change (IPCC, 2001), and the results obtained for the Holocene period have shown 
that considerable geographical shifts in the distribution of species have occurred as a 
consequence of former climatic changes (Bradshaw et al., 2000; Brewer et al., 2002; 
Bradshaw and Hannon, 2004). In this context, many studies have been undertaken to 
quantify the species-environment relationships in an attempt to assess the impact of 
environmental changes on species distributions (Walther et al., 2002; Parmesan and 
Yohe, 2003). The renewed interest in highlighting the main drivers of species distribution 
concerns all types of living communities (e.g. mammals, birds, reptiles, plants, parasites 
and pathogens, etc.) at the species level (Iverson and Prasad, 2002; Pearson et al., 2002; 
Vetaas, 2002), the community level (Gignac et al., 2000; Iverson and Prasad, 2001), or 
the biome level (Kirilenko et al., 2000; Enquist, 2002; Malcolm et al., 2002; Peñuelas 
and Boada, 2003).

A great deal of literature has also been published on the methodologies and 
mathematical data management tools (e.g. Manel et al., 1999; Guisan et al., 2000; 
Pearce and Ferrier, 2000; Lehmann et al., 2002, 2003; Guisan, 2003; Thuiller, 2003; 
Rushton et al., 2004). Guisan and Zimmermann (2000) published a synthesis of the 
methodological aspects of “predictive habitat distribution models”. Two types of models 
– either static or dynamic – are generally used to study species-climate relationships. The 
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dynamic models try to reproduce phenomena like competition, migration or mortality 
whereas the static models (also called biogeographical models or niche models) aim at 
reproducing the potential niche of species “at equilibrium”, that is to say, the presence/
absence of species for a given set of ecological parameters. The static models can integrate 
physiological or ecophysiological processes, but commonly, the niches are estimated by 
using environmental variables taken as surrogates for physiological variables (Thuiller et 
al., 2003). So the static models are often statistical models.

The mechanistic models make it possible to understand the distribution of species 
through physiological aspects. However, to use these models, the biology of the species 
has to be known (e.g. phenology, resistance to frost and drought, carbon allocation, 
migration rates, etc.), but unfortunately, these data are still very incomplete for the 
majority of forest species.

The geographical scales vary greatly from one study to the next, from the local or 
regional scales (e.g. Jelaska et al., 2003) to the global scale (e.g. Korner and Paulsen, 2004). 
Objectives may include biodiversity conservation or the development of management 
tools (Margules and Pressey, 2000; McKenzie et al., 2003, Thuiller et al., 2005). Generally 
speaking, predictive modelling of species distribution is limited by the available data, 
both for dependent and independent variables. Consequently, studies simulating shifts in 
species (or habitats) distribution have concerned small regions with a high geographical 
resolution (McKenzie et al., 2003; Pinto and Gégout, 2005), or larger areas with a loss in 
precision (Lenihan, 1993; Huntley et al., 1995; Sykes et al., 1996; Pearson et al., 2002).

In 2002, when we carried out this work, no result was available at our national scale: 
France was just a small part of European maps (Sykes and Prentice, 1995, 1996; Sykes et 
al., 1996; Sykes, 2001; Bakkenes et al., 2002; Pearson et al., 2002; Thuiller, 2003). So the 
published maps were not sufficiently detailed for French foresters (in an attempt to anticipate 
tree reaction to global change) and not representative enough of French biogeographical 
diversity. If no study had ever been undertaken at the national scale in France, it was mainly 
due to the lack of data. Until recently, species distribution maps for France were relatively 
approximate. The distribution maps in Atlas Florae Europaeae are published at a 50 × 50 km 
spatial resolution (Jalas and Suominen, 1972–94); Dupont (1990) uses a 20 × 20 km grid, but 
does not consider all the French species. Such grids are too coarse for accurate full-territory 
extrapolations, especially in mountainous areas. For some regions, more precise maps are 
available: 10 × 10 km grids for Loire-Atlantique and Vendée (Dupont, 2001); 5 × 5 km for 
Burgundy (Bugnon et al., 1998); 5 × 3.5 km for the Drôme (Garraud, 2003). However, as 
their names indicate, these publications concern only small regions. These remarks are also 
true for French climatic data and, as a result, previous works may not be very accurate at the 
national scale (e.g. 10’ gridded meteorological datasets).

Thus, our study is an original contribution to the topic because we wanted to combine a 
“whole French territory” approach with the finest possible geographical resolution. To work 
at a high resolution was possible due to, on the one hand, the data from the French National 
Forest Inventory (NFI), and on the other hand, the gridded climatic data from the National 
Weather Service (Météo-France). The results presented here are the first we obtained with 
these datasets and the main objectives for the CARBOFOR project was as follows:

to identify the species whose geographical distribution is primarily controlled by  –
climatic constraints;

to calibrate niche models to estimate current species occurrences; –
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to draw the potential shift of the most sensitive species to climate by using a global  –
warming scenario for the 21st century;

to provide, if possible, a supplementary tool for forest managers to help them to select  –
appropriate species for reforestation.

Materials and methods

Species data
The tree species occurrences were extracted from two NFI databases: the “tree database” 

and the “floristic database”. Usually used at a regional scale, these data had never been 
aggregated on the national scale, so a first homogenization step was necessary.

The “tree database” includes tree measurements and is used by the NFI to assess the 
wood resources in French forests. Data are available for the whole country, and many of 
the 96 French administrative divisions (departments) have been surveyed several times 
(at 12-year intervals on average). However, these observations were not used generally 
because of the following constraints:

the tree database gathers observations on 41 individual species and 22 species  –
groups (e.g. willows, birches, ashes, fruit trees, maples, etc.). Some groups include a 
very large number of species (i.e. fruit trees, willows and other indigenous broadleaved 
with 31 different species). In these groups, many species, with different distributions 
and ecology, are unfortunately put together under the same heading (e.g. Fraxinus 
angustifolia and Fraxinus excelsior; Tilia cordata and Tilia platyphyllos; Acer campestre 
and Acer monspessulanus, etc.);

as the NFI survey is designed to supply information for wood production estimates,  –
only adult trees with a circumference of at least 22.5 cm diameter at breast height (DBH) 
are taken into account. This size threshold can sometimes lead to a serious underestimate 
of species occurrence at the regional scale (e.g. Mediterranean regions).

The “floristic database” supplies more precise information regarding the occurrence 
of species. Each one is clearly identified, so the tree database species groups can be 
clarified. The species are observed whatever their size, thus, on the one hand, the floristic 
database supplies observations on shrubs, which are subjected less to human impacts than 
commercial tree species. On the other hand, if a tree species is present in the database we 
cannot know if it is an adult tree or a seedling.

The first floristic inventories were performed in the middle of the 1980s in the north-
eastern quarter of France and in the Mediterranean region, but they have been systematic 
for the whole territory only since 1992. When we began this work, the “standard 
floristic database” was available for 74 departments (80,087 survey points). Thus, some 
important gaps existed, notably for the north-west, Burgundy, the western Pyrénées, the 
Massif Central mountains and the Limousin region. To supplement the standard floristic 
observations, we used older floristic inventories carried out by the NFI teams in Montpellier 
and Nancy. These earlier data concern eight departments and 9061 survey points (Pyrénées-
Orientales, Ariège, Aude, Tarn, Bouches-du-Rhône, Alpes-Maritimes and Corsica). For 
these points, the inventory methods do not correspond exactly to the standard protocol 
adopted in 1992 (e.g. inventory on 100 m² versus the current standard 700 m² surface).

For the other departments without floristic inventories, the original tree database field 
notes were revised in order to split species groups into individual species. This point 
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concerned 14,614 sites and 12 departments (i.e. Somme, Aisne, Eure, Eure-et-Loire, Loiret, 
Côte-d’Or, Saône-et-Loire, Haute-Vienne, Corrèze, Cantal, Puy-de-Dôme and Creuse).

This makes a total of 104,259 sites surveyed from 1985 to 2001 (i.e. an accuracy of 
one sample site for every 135 ha of forest) (Figure 11.1, Plate 13), and data were analysed 
for the occurrence of 67 different species (Table 11.1).

Table 11.1. Occurrence of the 67 studied species in the 104,259 survey points.

Species
Number  

of presences
 Species

Number  
of presences

Abies alba 15,907  Laurus nobilis 225

Acer monspessulanum 2662  Mespilus germanica 1204

Acer opalus 3172  Olea europaea 414

Acer platanoides 1807  Ostrya carpinifolia 285

Acer pseudoplatanus 11,072  Phillyrea angustifolia 2517

Alnus incana 266  Phillyrea latifolia 2155

Alnus viridis 330  Picea abies 15,290

Amelanchier ovalis 5448  Pinus cembra 242

Arbutus unedo 2589  Pinus halepensis 2820

Betula pendula 19,446  Pinus pinaster 10,162

Betula pubescens 1197  Pinus pinea 234

Buxus sempervirens 7144  Pinus sylvestris 19,674

Carpinus betulus 27,153  Pinus uncinata 1206

Castanea sativa 19,846  Pistacia lentiscus 937

Cedrus atlantica 749  Pistacia terebinthus 1122

Cedrus brevifolia 14  Prunus brigantina 42

Celtis australis 23  Quercus ilex 8351

Cercis siliquastrum 17  Quercus petraea 31,544

Cotinus coggygria 519  Quercus pubescens 15,849

Cupressus sempervirens 84  Quercus pyrenaica 2211

Erica arborea 2557  Quercus robur 37,762

Erica scoparia 4936  Quercus suber 1148

Euonymus latifolius 140  Rhamnus alaternus 2181

Fagus sylvatica 36,748  Rhamnus alpinus 544

Ficus carica 62  Rhus coriaria 45

Frangula alnus 8196  Sambucus racemosa 2945

Fraxinus angustifolia 365  Sorbus aria 13,578

Hippophae rhamnoides 69  Sorbus aucuparia 9363

Juniperus communis 11,946  Sorbus domestica 1457

Juniperus oxycedrus 3389  Sorbus mougeotii 382

Juniperus phoenicea 702  Tilia cordata 3424

Laburnum alpinum 59  Ulmus glabra 902

Laburnum anagyroides 1184  Viburnum tinus 1196

Larix decidua 2280    
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Current climatic data

We recovered climatic maps from the National Weather Service’s AURELHY 
model (Benichou and Le Breton, 1987). These maps give 30-year monthly norms for 
precipitation, minimum and maximum temperatures (period 1961–90), and the number 
of days with frost (Tmin < 0°C, Tmin < – 5°C and Tmin < – 10°C) (period 1971–2000). These 
parameters are available on a 1 × 1 km grid (i.e. 551,716 coordinates for the whole 
French territory).

We also recovered surface solar irradiance from the Space Observation Meteorological 
Processing and Storage Service (SATMOS Météo-France/National Centre for Scientific 
Research (CNRS)). The monthly means of global irradiance are obtained from the visible 
wavelength channel of Meteostat sensors using a method derived from Gautier et al. 
(1980). Solar irradiance was available from 1996 to 2002 on a 0.034° grid (~3 km grid). 
For each coordinate of the AURELHY grid, we retrieved a monthly solar irradiance 
value from the SATMOS grids using the nearest neighbour method of ArcMap. Other 
parameters, like wind speed or relative humidity, are important to take into account in the 
description of climates, however, such data are not available at the national scale.

From all these data, other indices were calculated in order to describe better the 
habitats:

mean monthly temperature:  – Tmoy = (Tmax + Tmin)/2;

mean annual temperature and extremes for minimum, maximum and average  –
temperatures;

temperature ranges: highest  – Tmax – lowest Tmin, highest Tmin – lowest Tmax, highest Tmean – 
lowest Tmean;

monthly potential evapotranspiration (PET) according to Turc’s formula; –

monthly precipitation deficits (P – PET) and occurrence of water deficit (1 if (P – PET)  –
< 0 and 0 if (P – PET) ≥ 0).

Cumulative values, two-monthly and quarterly means complete the dataset (see 
Table 11.2 for an exhaustive list of the climatic variables used in the project).

Future climatic data

Future climatic data were extracted from the ARPEGE climate model (Gibelin and 
Déqué, 2001; see Chapter 6 of this volume), forced by an effective greenhouse effect 
corresponding to the provisional Intergovernmental Panel on Climate Change (IPCC) B2 
scenario (Special Report on Emission Scenarios – www.ipcc.ch).

Daily outputs were summarized into monthly 30-year norms: (i) the current period 
(1961–90); (ii) a near future (2020–49); and (iii) a distant future (2070–99).

AURELHY and SATMOS data were plotted against the ARPEGE current period. 
We noticed a systematic bias between the observed data and the modelled data and 
poor correlations, whatever time period was used (1961–90, 1971–2000 or 1996–2002). 
Thus, for each of the 240 ARPEGE coordinates, anomalies between future periods and 
the current period were calculated. Then, the future climatic conditions for the whole 
territory were estimated by adding the ARPEGE anomalies to the current AURELHY 
and SATMOS values.
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Soil characteristics
Since 1992 the NFI gives a systematic description of the environmental characteristics 

of each survey plot (e.g. altitude, slope, aspect, bedrock, soil and humus type, etc.). 
However, like the floristic inventories, such descriptions still lacked considerable portions 
of the French territory when we began this work.

With the objective of filling these gaps, we wanted to use the French soil database (1: 
1,000,000-scale/Infosol Unit/French National Institute for Agricultural Research (INRA), 
Orléans (Jamagne et al., 1995). Unfortunately, the comparison between the two datasets 
revealed that the NFI soil types (when available), do not usually correspond to the 
national soil map. This can be partially explained by the fact that the data of the French 
soil database come mainly from observations performed on agricultural soils.

So, using the 1: 1,000,000-scale soil database to rapidly estimate forest soil 
characteristics was impossible. However, to obtain a general indication of soil 
characteristics for the whole territory, which was easy to integrate into our models, we 
used pedotransfer rules to transform the national soil map into a three-level soil acidity 
map (i.e. calcareous, acidic and neutral soils) (Figure 11.2, Plate 13).

Table 11.2. Summary of the climatic variables used in the study. The two-monthly and quarterly 
values correspond to the average (or the sum) of 2- or 3-month values consecutive with a 1-month 
shift throughout the year (e.g. Jan./Feb., Feb./Mar., Mar./Apr., etc. and Jan./Feb./Mar., Feb./Mar./
Apr., Mar./Apr./May, etc.).

Number of values
Total

Monthly Extreme
Two-

monthly
Quarterly Annual

Minimum temperatures 12 2 12 12 1 39

Maximum temperatures 12 2 12 12 1 39

Mean temperatures 12 2 12 12 1 39

Temperature range 3 3

Irradiance 12 12 12 1 37

Precipitations 12 12 12 1 37

Potential evapotranspiration 12 12 12 1 37

Precipitation deficits 12 12 12 1 37

Drought index 12 12 12 1 37

Number of days of frost 
(T < 0°C)

12 12 12 1 37

Number of days of frost 
(T < – 5°C)

1 1

Number of days of frost 
(T < – 10°C)

    1 1

Total 108 6 108 108 14 344
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Data analysis

Analysis of species distribution maps

Species distribution maps were drawn and compared with those published in the 
Atlas Florae Europaeae (Jalas and Suominen, 1972–94) and the Flore Forestière 
Française (Rameau et al., 1989; 1993). This step allowed us: (i) to verify the coherence 
of maps; and (ii) to check if the prevalence of species was sufficient or not for individual 
modelling. For example, the olive tree (Olea europaea) and the stone pine (Pinus pinea) 
are two Mediterranean species but their presence in forest areas is occasional. So the NFI 
data are unsuitable to calibrate a niche model for these two species.

However, even if the individual frequency is weak, species can supply information 
on regional climates, once grouped together. Thus, we grouped together the 67 ligneous 
species into 13 chorological groups according to a visual assessment of the individual 
distribution areas (Figure 11.3, Plate 13).

Defining homogeneous biogeographical zones

A principal components analysis (PCA) of the 344 climatic variables × the 104,259 
NFI points was carried out. The PCA allowed us to perform some classical analyses of 
the correlations between the variables or the variance explained by each factorial axis, 
and to classify each NFI point along these axes.

We calculated the average position of each species along the principal components 
of the PCA in order to verify whether or not the 13 chorological groups defined earlier 
remained coherent with the climatic variability.

Finally, discriminant function analyses were used to determine which climatic 
variables are the best predictors of the chorological groups. A first series of analyses was 
performed on each chorological group against all the others to identify which populations 
were the most characteristic from a climatic point of view. Another series of analyses was 
then performed to determine which variables discriminate between all (or a subset) of the 
chorological groups. The discriminant function analyses were performed with the entire 
set of climatic variables with no preliminary selection (e.g. after a PCA as for Bakkenes 
et al., 2002).

Species distribution modelling

Logistic regression is one of the classic methods used for analysing binary data, 
and particularly to characterize species/environment relationships (Austin et al., 1984; 
Ter Braak and Looman, 1986; Coudun and Gégout, 2005). The presence/absence of 
five species was analysed with a “logit” link (logistic procedure, SAS 8.2, 1999). The 
344 climatic variables and the soil acidity were taken as explanatory variables and were 
selected stepwise according to Chi2 values. The spatial autocorrelation was not taken into 
account at this step.

Selecting the best models was the most sensitive part of the procedure. Owing to 
the sample size (104,259 survey points), the majority of the climatic variables were 
significantly correlated with the presence/absence of the species. Numerous explanatory 
variables could be added to the models with a significance level lower than 0.0001 and 
the use of a subset to calibrate the statistical models (from 100% to 25% of the original 
NFI dataset) had no influence on the results (best correlated variables, estimates and 
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confusion matrix). Significant differences could appear if the calibration set was smaller 
than 25%, but the differences were then due to re-sampling bias within the geographical 
zones where the real probability of occurrence of a species decreases substantially.

As classical criteria (Akaike’s information criterion, pseudo R2) were not efficient for an 
automated selection of the models (Shtatland et al., 2001, 2002), an expert-based selection 
procedure was used. We subjectively and strongly limited the number of explanatory 
variables in the models by avoiding collinearity between them. At each step, we checked if 
the addition of a new variable had improved or not the concordance between the modelled 
and observed occurrences: (i) by studying how effective the model was in reclassifying 
species (confusion matrix, receiver-operator characteristic curves (ROC) and area under the 
ROC curves (AUC)); and (ii) by a visual assessment of the produced maps.

The confusion matrix depends on the selected threshold probability at which the 
presence of a species is accepted (e.g. 0.5) (Manel et al., 1999, 2001). Furthermore, the 
distribution curve of the probabilities varies from one species to the next, which makes 
the comparison between species difficult. The ROC curves were used to measure overall 
model performance (Zweig and Campbell, 1993; Fielding and Bell, 1997). They are 
obtained by plotting sensitivity (defined as the percentage of correctly predicted presences 
(true presences/total number of presences in the sample) versus 1 - specificity (true 
absences/total number of absences in the sample). The AUC indicates the performance of 
the model: usually AUC values from 0.5 to 0.7 indicate a low accuracy, 0.7 to 0.9 indicate 
an average accuracy and values > 0.9 indicate high accuracy.

Sensitivity and specificity were also plotted in a raw form against the whole range of 
probability values to take into account the intermittent character of the species. Indeed, 
the observed species distribution does not necessarily correspond to the potential species 
range. This is especially true for commercially managed tree species and for NFI data, 
which concern forested areas only. As a result, cases of “false absences” in our data were 
modelled as “presences” and integrated into the tests as “false presences”, lowering the 
results of the model’s predictive power (compare the example of beech in Figure 11.11). 
This problem was exacerbated by the fact that we modelled occurrences using inventory 
points rather than a continuous grid (e.g. 10 × 10 km raster), which would have buffered 
artificial spatial variations in species presence/absence (e.g. forest management) (Pearce 
and Ferrier, 2000).

Once we determined that a model was rather robust, it was used to calculate species 
occurrence probability based on the climatic variables simulated for the near and distant 
future.

Results

Principal component analysis of current climatic variables

The PCA reduced our 344 climatic variables × 104,259 points to six main factors, 
which accounted for more than 90% of the total variance (respectively, 55%, 16%, 11%, 
4%, 3% and 2%). The first four factors were easily recognizable:

the first axis was essentially correlated with temperatures (positive correlations with  –
Tmin, Tmax and PET and negative correlations with the number of days of frost);
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the second axis was correlated with irradiance levels, particularly for the months from  –
September to March;

the third axis was essentially correlated with precipitation and precipitation deficit  –
(positive correlation), but also with irradiance levels and the number of days of frost 
(negative correlations);

the fourth axis was linked to temperature range and, to a lesser extent, to maximum  –
springtime temperature.

Figure 11.4 (Plate 14) shows the geographical distribution of the NFI points according 
to their location on these four factors. The first factor contrasts the Mediterranean region 
and the south-western quarter of France on the one hand with the mountainous regions and 
the north-eastern part of the country on the other hand. The second factor structures the 
NFI points according to latitude; this corresponds to the increased irradiance intensity from 
north to south. The third factor essentially puts in evidence regions with high precipitations. 
Factor 4 shows a contrast between the Atlantic coastal regions and the interior of the 
country. The patterns observed do tend to show the robustness of climatic parameters in 
spatially discriminating the survey points and the major climatic zones in France.

Species classification and main climatic factors

Figure 11.5 presents the average position of the 67 species along the first two factors 
of the PCA presented above. Two sets of species are clearly opposed on the first factorial 
axis. On the one hand, we found the mountainous species (Pinus cembra and P. uncinata, 
Alnus viridis, Larix decidua, Sorbus mougeotii, Prunus brigantina and Rhamnus alpinus); 
on the other hand, we found the Mediterranean species (Quercus ilex and Q. suber, Pinus 
halepensis, Olea europaea, etc.). This contrast is coherent with the definition of the first 
factor based on a temperature gradient.

For the second factor, both sets of species mentioned above (Mediterranean and 
mountainous) contrast with Carpinus betulus, Betula pubescens and B. pendula, Quercus 
petraea and Q. robur, and Tilia cordata. These species are completely absent in the 
Mediterranean regions and southern Alps. Thus, the second factor separates species from 
regions with high levels of solar irradiance and species from the northernmost regions 
under study.

Using this result, we verified the coherence of the 13 chorological groups defined 
earlier from the individual distribution maps (Figure 11.3).

The first three chorological groups correspond to mountainous species.
Group 1 is mostly represented by species from the inland Alps (•	 Pinus cembra, Alnus 

viridis, Laburnum alpinum and Prunus brigantiaca) but also includes species that may 
be found as far afield as the Massif Central (Sorbus mougeotii) or the eastern Pyrénées 
(Pinus uncinata, Rhamnus alpina). This group corresponds to the “subalpine species”.

Group 2 includes the species mostly present in the mountain zones in the Alps, but •	
at lower altitudes than Group 1 (Acer opalus, Alnus incana, Euonymus latifolius and 
Hippophae rhamnoides), the eastern Pyrénées, the south-western edge of the Massif 
Central and Jura mountains.

Group 3 corresponds to the species that are commonly found in all the mountainous •	
regions in France (the Alps, Pyrénées, Massif Central, Jura, Vosges and the Ardennes) 
and at foothill elevations in the north-eastern quarter of the country (Abies alba, Picea 
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abies, Sorbus aria, S. aucuparia, Sambucus racemosa, Laburnum anagyroides and Ulmus 
glabra). Silver fir and spruce, in particular, have been introduced into the north-west.

Larch (•	 Larix decidua), although typical of Group 1, was kept apart since the 
introduction of the species at foothill elevations has shifted its area of distribution toward 
an intermediate position between Groups 1 and 3.

Group 4 is an extension of Group 3. It is made up of species that are common in mountainous •	
regions (up to mountain elevations), yet are also very often found in the plains of northern 
France (Fagus sylvatica, Acer platanoides, A. pseudoplatanus and Pinus sylvestris).

The species in Group 5 are mostly found in foothill regions but may also climb to •	
mountain elevations (except in the southern Alps). They are very common throughout 
a considerable part of the territory excluding the Mediterranean region (Quercus robur, 
Q. petraea, Carpinus betulus, Betula verrucosa, B. pubescens and Tilia cordata).

Group 6 is an intermediate between Groups 5 and 7. It contains species from the •	
foothill zone that are frequent in the south and west but scarcer in the north and north-east 
(Castanea sativa, Mespilus germanica and Frangula alnus).

Group 7 includes species that mostly occur in western France. Sub-group 7a includes all •	
the species that commonly grow in the western half of the country (mainly in the Landes de 
Gascogne region, the mountains of Brittany and the Sologne region) but that may extend as 
far as southern France (Pinus pinaster, Erica scoparia and Quercus pyrenaica).

Figure 11.5. Average positions for the 67 studied species on the first factorial space calculated by 
the principal component analysis (PCA) of the climatic variables.
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Sub-group 7b covers a similar distribution area to Sub-group 7a but the species •	
are differentiated by a relatively lower frequency of occurrence in the west (and in the 
Landes de Gascogne in particular) and a relatively higher frequency of occurrence in the 
Mediterranean area. The two main species in this sub-group are Quercus pubescens and 
Sorbus domestica, which share the same distribution area. The two sub-species Juniperus 
communis and J. nana are also included in this sub-group.

Group 8 corresponds to the Mediterranean species. If Figure 11.5 does not allow •	
any sub-group to be distinguished, a visual assessment of the species distribution maps 
revealed four different sets.

Sub-group 8a: species are strictly limited to the Mediterranean Basin ( – Juniperus 
oxycedrus, Pinus halepensis, Phillyrea angustifolia, Pistacia lentiscus, Juniperus 
phoenicea, Olea europaea, Ostrya carpinifolia, Pinus pinea, Cupressus sempervirens, 
Rhus coriaria and Celtis australis);

Sub-group 8b: species that extend beyond the Mediterranean basin into the Aveyron,  –
Lot, Tarn or Tarn-et-Garonne departments (Erica arborea, Phillyrea latifolia, Pistacia 
terebinthus, Ficus carica and Cercis siliquastrum);

Sub-group 8c: Mediterranean species that are fairly frequent in Aquitaine and Poitou- –
Charente (Rhamnus alaternus, Viburnum tinus, Fraxinus oxyphylla and Laurus nobilis);

Sub-group 8d: species that extend even farther west to the Loire region (Pays de la  –
Loire), mostly along the coastline, but that do not reach the frequency levels of the species 
in Group 7 (Quercus ilex and Q. suber, Acer monspessulanum and Arbutus unedo).

Finally, •	 Buxus sempervirens, Amelanchier rotondifolia and Cotinus coccygia, species 
found mostly in the southern Alps in the supramediterranean vegetation belt make up 
Group 9, which is an intermediate group between Mediterranean and mountainous 
species groups.

Defining homogeneous biogeographical zones  
as a function of current climatic parameters

The first series of analyses showed that some groups could not be easily distinguished 
from others. Sub-groups 8a, 8b, 8c and 8d cannot be differentiated, which confirms the 
above result, and perhaps, that the visual assessment of these sub-groups was flawed. 
It was not possible to distinguish Sub-group 7b (which covers the same climatic zones 
as 7a and 8), or Group 9 (which overlaps groups 1 + 2 + 3 and 8). As Group 5 extends 
over a wide range of climatic conditions the NFI points were often re-classified into 
other groups (especially Groups 3, 4, 6 and 7a). Conversely, some groups were easy 
to separate from the others with only a limited number of climatic variables. The July 
PET was enough to separate 8a + 8b (N = 7838) from all the other groups. This single 
parameter allowed the correct re-classification of 95% of the points of these two groups 
with a probability threshold ≥ 0.5 (Figure 11.6(a), Plate 15). For groups 1 + 2 (N = 7146), 
three parameters were required to re-classify correctly 72% of the NFI points: the annual 
number of days with minimum temperatures below -5°C, the February solar irradiance 
and the November PET (Figure 11.7(a), Plate 15).

In a second step, by putting all the groups together, the best differentiation was 
obtained using chorological Groups 1, 2, 3, 4, 6, 7a and 8a. The use of five climatic 
variables allowed the correct reclassification of 40% of the NFI points. Table 11.3 
summarizes the correct reclassification percentages for each chorological group and 
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shows generalized squared distances between groups. Groups 1 (subalpine), 7a (west) 
and 8 (Mediterranean) have the highest percentage of correctly reclassified points (55%, 
56% and 74%, respectively); Groups 1, 2 and 3 (mountain species) are very close and 
Group 4 is the least differentiated. The discriminant function includes the PET for 
January, the PET for June + July, the PET for November, the solar irradiance from May 
to July and the mean temperature for February.

When we applied the function to the 551,716 points of the AURELHY grid, we obtained 
a map of the French broad biogeographical regions (Figure 11.8, Plate 16). This map was 
globally coherent with previous published results (Lamarck and De Candolle, 1805 in 
Ebach and Goujet, 2006; Goujon, 1932 in Grandjouan, 1982; Rameau et al., 2000) and 
seven zones can be clearly distinguished: a Mediterranean zone (corresponding to Group 
8a), three mountainous zones (Groups 1, 2 and 3), an Aquitaine zone (Group 7a), an Atlantic 
zone (Group 6) and a more continental north-eastern zone (Group 4). It is useless to attempt 
a more precise interpretation of this map, particularly with regard to the delimitation of 
boundaries for each zone, since calculations were based on 40 ligneous species only sorted 
into seven coarse chorological groups. Figure 11.9 (Plate 16) shows the probabilities 
associated with the biogeographical map. For current climatic conditions, the Mediterranean 
area, the mountainous zones and the Aquitaine region were all associated with strong 
probability values (0.80 on average for Group 8, 0.78 for Group 1 and 0.56 for Group 7a). 
Conversely, probabilities associated with Groups 6, 3 and 4 were quite low (0.43, 0.41 and 
0.38, respectively). Many of the grid-points were attributed to one or another of these three 
zones not because of a strong probability of occurrence in that zone, but only because that 

Table 11.3. Discriminant analysis results for seven chorological groups. Number of points in each 
group, correct reclassification percentages and  inter-group distances are shown.

Groups N
Reclassified binary response

G1 (%) G2 (%) G3 (%) G4 (%) G6 (%) G7a (%) G8 (%)

G1 4122 55 21 12 8 2 0 2

G2 3536 12 52 12 7 2 0 14

G3 38308 16 13 32 22 10 2 5

G4 30183 12 14 20 25 21 3 6

G6 25748 0 4 6 11 44 27 7

G7a 12082 0 1 0 0 24 56 19

G8 11663 0 7 0 0 3 15 74

Groups N
Inter-group distances

G1 (%) G2 (%) G3 (%) G4 (%) G6 (%) G7a (%) G8 (%)

G1 4122 – 3.5 2.8 3.7 8.6 12.8 13.8

G2 3536 3.5 – 1.7 1.8 5.3 8.6 7.2

G3 38308 2.8 1.7 – 0.2 3.2 7.3 9.9

G4 30183 3.7 1.8 0.2 – 2.0 5.5 8.5

G6 25748 8.6 5.3 3.2 2.0 – 1.0 5.3

G7a 12082 12.8 8.6 7.3 5.5 1.0 – 3.6

G8 11663 13.8 7.2 9.9 8.5 5.3 3.6
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probability was somewhat higher than for the other groups; they were classified by default. 
Thus, the predictability of membership of one of the seven chorological groups is much 
better in mountainous areas and the Mediterranean region than in other regions.

Lastly, the discriminant function was used for mapping the chorological groups 
for a forecasted climatic scenario (Figure 11.8(b) and (c)). According to scenario B2, 
the greatest increase should occur for Group 7a (17% of the territory under current 
climatic conditions versus 46% in 2100) and for Group 8 (9% of the territory under 
current climatic conditions versus 28% in 2100). All the other chorological groups can 
be expected to shrink, particularly in the mountainous regions with Groups 1, 2 and 3 
decreasing from 16% of the territory to 6%.

Reaction of individual species to climate
The maps in Figures 11.10–11.14 (Plates 17 to 21) show the results obtained after 

analysing the presence/absence of five tree species with logistic regressions. Each figure 
presents: (i) the current species distribution as observed by the NFI; (ii) the modelled 
species occurrence as a function of current climatic parameters; (iii) the current climatic 
niche obtained after applying the model to the whole AURELHY grid; (iv) and (v) the 
two potential climatic niches modelled for predicted future climatic variables. The curves 
in the graphs show the distribution for sensitivity and specificity.

Evergreen oak (Quercus ilex)

As in the previous exercise (chorological Groups 8a and 8b), the PET of July proved 
sufficient to identify the survey points with evergreen oak along the Mediterranean 
region (positive indicator of oak occurrence). For this model the AUC = 0.967. By 
adding temperature range (maxTmean – minTmean) and the number of days of frost with 
temperatures below –10°C (negative effect of the two variables), we were able to decrease 
the species occurrence in the southern Alps and better estimate its presence along the 
Atlantic coast. However, the value of AUC was not much modified (0.973).

Using these three variables, the model was able to correctly reclassify more than 70% 
of the NFI survey points where this oak is present with a probability threshold ≥ 0.5. 
Nevertheless, to represent the occurrence of evergreen oak along the Atlantic coast, very 
low probability thresholds have to be taken into account. Conversely, because Q. ilex 
is present almost everywhere in the forests of the Mediterranean basin, the number of 
false presences is weak in this region, even if very low levels of probability are retained 
(compare the sensitivity and specificity curves).

The potential distribution by 2050 and 2100 modelled for evergreen oak corresponds 
to the results obtained for the chorological groups, and showed a strong extension from 
the Mediterranean area towards the Aquitaine region.

Beech (Fagus sylvatica)

Beech occurrence was very strongly (and negatively) correlated to the increase 
in cumulative precipitation deficit for the months of June + July (AUC = 0.77). With 
this variable, the model was able to estimate beech occurrence for the whole territory 
except for the Mediterranean region. For all the mountainous regions, as well as for the 
plains in the north-western quarter, the north, Normandy and Brittany, beech occurrence 
corresponds to a probability threshold of 0.3.
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This result is coherent with those obtained in previous studies. According to 
Badeau (1995) and Granier et al. (1995), the total soil water deficit for June to August, 
calculated for the current and previous year, can explain more than 70% of beech annual 
radial growth. This result, obtained in Lorraine (north-eastern France), was confirmed 
by Lebourgeois (2005) at a national scale within the RENECOFOR network (level II 
plots). He noticed the strong influence of the early summer soil water deficit on beech 
radial growth and that the deficit in June alone explains a large part of the radial growth 
variability (mean value of 26.6%). Badeau and Bréda (1997) also showed a strong 
relationship between the intensity of summer water stresses and beech leaf loss the 
following year (besides the correlations with the fructifications).

By adding maximum temperatures for the month of October, we were able to 
balance occurrence predictions on the Atlantic coast and in the Garonne River valley 
and to increase probability rates for the north, Brittany and Normandy (AUC = 0.79). 
Although adding the variable improved the statistical robustness of the model, its effect 
was difficult to interpret from a functional/physiological point of view. The two-variable 
logistic model was able to predict more than 80% of the points where the species 
occurs at probability thresholds ≥ 0.3. In a comparable study including beech and other 
species in Switzerland, Bolliger et al. (2000) report a 70% prediction rate with P > 0.21. 
Visual verification of the maps revealed that a threshold value of 0.3 produced areas 
corresponding to the major beech current wood production regions. For other areas where 
probability threshold values were below 0.3 (blue zones on maps in Figures 11.11(c) 
and (d), beech is in fact much less frequent in the forested areas inventoried by the NFI 
even though it is always present (Jalas and Suominen, 1972–94; Rameau et al., 1993; 
Dupont, 2001). An AUC equal to 0.79 indicates an average accuracy for the model from a 
statistical point of view: the value is lowered by the increasing number of false presences. 
Nevertheless, these false presences are mainly located in geographical areas where the 
beech is abundant. Thus, the AUC simply indicates that the statistical model cannot take 
into account the choices of the forest owner, even in the major beech producing regions 
and even if the climate is not a limiting factor.

Contrary to Quercus ilex, predictions for potential climatic niches showed that beech 
could decline considerably leaving the species confined to the north-eastern part of the 
country and mountainous areas. Without going into details, these maps are in accordance 
with those produced by Sykes and Prentice (1995, 1996) or Thuiller (pers. comm.).

Silver fir (Abies alba)

As for beech, silver fir occurrences were strongly correlated to precipitation deficit, 
but this time accumulated from April to June (AUC = 0.85). As was the case for beech, 
this result is in accordance with the inter-annual variations in radial growth for silver 
fir in the Jura and Vosges mountains (Bert, 1992; Becker, 1989). In these two studies, 
the correlation between the radial growth and water availability at the beginning of the 
growing season (May and June for years N and N-1) was clearly demonstrated.

The second variable selected in the model was the number of days of frost in January. 
It did not modify the value of the AUC (0.86 instead of 0.85), but on the one hand, fir 
disappeared from the predicted range in Brittany and Normandy, and on the other hand, 
the model was more accurate for all the southern half of France especially the Atlantic 
Pyrénées, the Vaucluse, the northern Alps (Alpes de Haute-Provence) and the coastal 
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Alps (Alpes-Maritimes). This led us to question the validity of including this variable 
in the model: (i) silver fir is actually present in the north-western plains, but it was 
artificially introduced; (ii) the frequency of frosts made this variable consistent with the 
species preference for mountain habitats.

Forecasted scenarios for 2050 and 2100 showed that, like the beech, silver fir could 
undergo a drastic reduction in its range, especially at lower altitudes.

Spruce (Picea abies)

Spruce shows similarities to silver fir in its geographical distribution but it is less 
frequent in the Pyrénées mountains and more common in the north-western plains. 
Spruce was artificially introduced into these two regions. The NFI data revealed that 
the current spruce occurrences extend far beyond the borders of its natural range (the 
Jura and the Alps and probably the Vosges mountains). Even so, a model including the 
cumulative rainfall for June and July (positive effect) and the mean temperatures from 
January to March (negative effect) predicted the occurrence of spruce throughout France 
(AUC = 0.87), even in areas where the species was mostly introduced (i.e. Morvan, 
Massif Central, Ardennes and the north-eastern plains).

The potential redistributions of spruce for 2050 and 2100 were very similar to the 
forecasts calculated for silver fir.

Maritime pine (Pinus pinaster)

As in the case of spruce, maritime pine has been widely introduced into France and 
its current distribution largely exceeds its natural range. However, whereas our climatic 
model was able to estimate accurately occurrence for spruce, this was not the case for 
maritime pine. The variable with the best correlation to maritime pine occurrences was 
January PET (positive effect). In a model with two variables, the second one was the 
mean temperature for January and February (positive effect). However, at this step: (i) 
this variable was closely correlated to January PET; and (ii) the positive effect of the 
previously entered PET variable turned into a negative effect. The third variable used 
in the model was frost frequency in March. Surprisingly, this variable appeared to have 
a positive effect on species occurrence for maritime pine. All three variables proved to 
be unsatisfactory predictors for well known ecological and physiological reasons (as 
evidenced by the maps produced). Nevertheless, from a statistical point of view, the 
AUC = 0.91 indicates the high accuracy of the model.

Using one, two or all three of the variables only modified the level of probability of 
occurrence and did not change the general shape of the distribution areas shown on the 
maps. We therefore chose to retain only one variable (PET for January) in the final model. 
Even though the geographical distribution produced by the model for maritime pine did 
not correspond to the actual observed distribution, it did broadly encompass the regions 
where maritime pine is present, from the Cotentin region to the surroundings of Nice. 
However, probability thresholds were very low and the strongest probabilities did not 
correspond to the current areas with the densest populations of maritime pine.

When future scenarios were modelled, the results were similar whether one, two or 
three variables were used: maritime pine was shown to spread north up the Rhone Valley 
and west to the Paris basin.
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Discussion, conclusion and perspectives

One of the key points of this study was to group together different databases in 
order to create a tool for the analysis of the species-environment relationships: (i) at the 
national scale; and (ii) with a high level of detail.

As regards the environmental parameters, we can say that the AURELHY model is 
currently the most accurate in characterizing the climatic conditions of the territory. It 
provides only 30-year monthly norms; it covers only the French territory (and it is not 
free), but the high resolution grids are interpolated from the whole climatic database 
of the National Weather Service (Météo-France). This is not the case for others gridded 
datasets (e.g. Mitchell et al., 2003; Hilmans et al., 2005), making debatable the general 
quality of some parameters (e.g. precipitation). One of the most important climatic 
variables, from a vegetation point of view, is the incoming solar radiation, which 
drives temperature and PET and, as a result, soil water availability. For this parameter, 
ground data observations are not sufficient to draw accurate interpolated surfaces, but 
associated with satellite data one can obtain a realistic tool. So, the SATMOS data 
were useful for our study and their current spatial resolution of 3 × 3 km should evolve 
in years to come. Within the CARBOFOR project, we did not use a homogenous soil 
database. The NFI observations were not available for the whole territory and the 
French Soil Geographical Database cannot be used without caution for forest soils. 
Thus, in this work, we were not able to study the soil-dependent species (e.g. Acer 
campestre) (Coudun et al., 2006).

As regards the occurrence of species, the NFI databases allowed us to work with 
104,259 geo-referenced sites covering the entire French territory, evenly distributed 
throughout the country, and sampled with a standardized protocol. This accuracy had 
never been reached previously. Thuiller et al. (2005) worked at the European scale with 
Atlas Florae Europaeae maps, that is, with 2089 grid cells for Europe and only 291 for 
France. Coudun (2005) and Coudun et al. (2006) worked at the French national scale 
with 3286 sites from the EcoPlant database. Therefore, our analyses based on NFI data 
in conjunction with high-resolution climatic datasets represent a serious step forward in 
an attempt to objectively define and demarcate biogeographical zones and to determine 
the causes underlying species distribution in France.

On the other hand, if the NFI databases and the high-resolution climatic datasets 
offer merit in spatial precision, they do not allow us to avoid all possible bias. Even if 
several species present a climatic limit on French territory, we did not determine the 
whole climatic range for these species (both the southern and northern range). These 
restrictions in the environmental ranges can lead to an underestimation of the response 
curves (Thuiller et al., 2004).

We chose a statistical species distribution model to analyse the data in our study. This 
classical approach assumes that species presence at any given point in space is determined 
by a finite number of climatic parameters and that any modification in these parameters 
immediately induces a change in vegetation (Kirilendo et al., 2000). Such models do not 
include dynamic processes such as migration capability, competition with other species, 
dieback and decline or mortality, etc. However, we are forced to admit that, from a practical 
standpoint, we do not yet have precise enough knowledge of each species’ autecology 
to interpret adequately current distributions at a national level (even by avoiding all the 
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problems bound to climate change). So, although this approach has certain inherent 
limitations, among the numerous and widely used niche-based modelling techniques (Guisan 
and Zimmerman, 2000; Thuiller, 2003), it still remains “the best-known and the simplest 
method for predicting the equilibrium response of potential vegetation to climate change” 
(Peng, 2000). It can be quickly operated and enables the testing of a large number of working 
hypotheses (e.g. concerning species, species groups, climatic variables, etc.). We therefore 
felt this method would be the most adapted within the time scale of our project.

Even though a limited number of tree species, climatic parameters and statistical 
techniques were considered in this study, we were able to define several broad 
biogeographical zones; a not evident result because most of the studied species have been 
managed by foresters for centuries. We successfully modelled geographical distributions 
for several species. In some cases, the parameters retained in the models may also be 
related to tree physiology. For beech and silver fir, the climatic factors that determined 
their occurrence turned out to be the same variables shown to explain radial growth, at 
least at the regional level. This illustrates the importance of using bioclimatic indices and 
more explicitly physiological parameters to better explain species distribution. In other 
cases, the parameters have only a statistical significance: it is another limit to our work. 
It therefore seems essential to combine presence/absence analyses with more functional/
physiological approaches such as dendroecological analyses. Combined information 
taken from the NFI floristic inventories and tree measurements database should enable 
further progress in this direction by linking parameters such as stand characteristics, 
basal area and radial growth to species occurrence.

The results we presented here could be criticized on several points. Only a few 
statistical methods were used among all those that have been published. We did not 
compare the advantages and disadvantages of the statistical niche models with the 
mechanistic process-based models. We did not present how our projections agree or 
not with other published works, and so on. We agree that all these points are perfectly 
acceptable but all aspects of the problem could not be undertaken in the framework of the 
CARBOFOR project and work is still ongoing.

Even if we want to carry our approach further by applying deeper and more rigorous 
statistical analyses, the results already obtained exhibit the magnitude of potential shifts 
for climatic niches (although the B2 scenario is one of the most optimistic). Although 
we accept that the scenario used does indeed reflect the climate we can expect in 2100, 
these results do not constitute a forecast for our forests as many uncertainties still 
remain concerning the behaviour of forest species. Will they be capable of adapting to 
competition from new species? What balances will develop with new types of pathogens 
and mutualist organisms (see Chapter 12)? What will be the role of genetic variability? 
To what degree will species be able to colonize new climatic niches? The migration 
capability of forest species (not only the trees) will not be as fast as the niches shift, 
as shown by post-glacial recolonization dynamics (Brewer, 2002; Magri et al., 2006; 
Giesecke, 2007; Muller et al., 2007). For this century global warming will occur over a 
period shorter than the lifespan of a tree. Should we expect surges of massive dieback 
in our forests, or shall we see more diffuse and gradual mortality amongst the least 
adapted trees? Thus, in an attempt to help forest managers in their choices concerning 
the species most adapted to reforestation, we have to improve our knowledge of species 
autecology.
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Chapter 12

Simulating the effects of climate change  
on geographical distribution  
and impact of forest pathogenic fungi

marie-Laure DesPrez-Loustau, vaLérie beLrose, magaLi bergot,  
giLLes caPron, emmanueL cLoPPet, cLauDe husson, Dominique Piou, 
gregory reynauD, céciLe robin, benoît marçais

Introduction

Along with the presence and density of hosts (resource availability), climatic factors 
are key drivers in the dynamics of pathogen populations and their impact (Coakley, 
1988). A large body of literature is available that deals with the relationships between 
meteorological conditions and disease development, explaining the between-year or 
geographical variation in disease severity (e.g. Houston and Valentine, 1988; Jahn et al., 
1996). The effects of climate on disease include not only direct effects on the pathogens, 
but also indirect effects through host physiology and parasite-associated organisms such 
as vectors or hyperparasites (Harrington et al., 2001; Harvell et al., 2002).

Ongoing climate change with its magnitude and speed is likely to induce severe 
perturbations, which may favour an amplification of parasite impact. Indeed, these 
organisms have numerous traits related to an r-strategy:

high reproductive potential (e.g. short generation times, asexual reproduction and  –
large populations) allowing greater adaptation potential than their host plants (Goudriaan 
and Zadocks, 1995; Coakley et al., 1999; Davis and Shaw, 2001; Saxe et al., 2001; 
Etterson and Shaw, 2001); the rapid development of races of parasites able to break 
down resistance in resistance-bred cultivars is a clear illustration of this high adaptation 
potential (Mc Donald and Linde, 2002);

high dispersal potential, through different spore types, human-mediated transport (e.g.  –
infected seeds and plants);
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high phenotypic plasticity, enabling them to develop within large ranges of  –
environmental variation.

Climatic change may first affect current pathosystems. In particular, warming may 
increase fungal parasite development in temperate regions by relaxing constraints 
on the life cycles of these poïkilothermic organisms, that is, winter survival, growth, 
reproduction and dispersal (Harrington et al., 2001). Most fungi have temperature optima 
in the range 20–25°C and minimum winter temperatures can be a limiting factor in 
survival (Harvell et al., 2002).

A more dramatic effect of climate change may be the emergence of new pathosystems. 
Indeed, range shifts are an expected response of many species to climate change. 
Extensions or shifts in geographical distributions have been demonstrated in response to 
climatic changes during the Quaternary period (Davis and Shaw, 2001). Recent changes 
associated with changing climate in the last decades have already been observed for 
some species (Parmesan et al., 1999; Parmesan and Yohe, 2003). Range shifts for a given 
species result both from changes in its climatic envelope (i.e. climatically suitable regions 
according to species requirements) and its own capacities for migration and establishment, 
among other factors. It seems, therefore, highly probable that climate change will have a 
differential impact on different species and will lead to rearrangements in communities 
(Walther et al., 2002), in particular in the case of host-parasite interactions. Due to 
the high dispersal potential of many fungi, the colonization of new regions becoming 
climatically favourable may put them into contact with naive populations (genotypes or 
species), that is, with no co-evolution or co-adaptation history, with the same potentially 
dramatic consequences as those observed with introduced parasites (Harvell et al., 2002). 
The pine processionary caterpillar, which has shown a recent latitudinal and altitudinal 
shift together with a host shift (first reported on Douglas fir), provides an example of such 
changes (Goussard et al., 1999).

The aim of our study was: (i) to describe the current spatial distribution in France of 
some forest diseases caused by pathogenic fungi; (ii) to derive the main climatic drivers 
of pathogen development and the diseases they cause from an epidemiological analysis 
of these data complemented by experimental literature data; (iii) to simulate the effects of 
climatic change on the potential geographical range or local impact of parasite species by 
using several epidemiological or population-dynamic models with the “ARPEGE climate 
scenario (see Chapter 6).

Materials and methods

Disease data
The parasite species for study were selected from among those most frequently 

reported in France on oaks, pines, chestnut and poplar or because of their recent evolution 
or thermophilic habit. The main source of geographical distribution data was the database 
of the French Forest Health Service (Département de Santé des Forêts, DSF), created 
in 1989, which today contains more than 60,000 records on diseases, insect or abiotic 
damage. Most records are “spontaneous”, that is, made by forest service observers on 
encountering disease damage, but a few are from specific surveys. Such a systematic 
survey was carried out for chestnut canker caused by Cryphonectria parasitica in 
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1996–97 on 1100 plots, corresponding to a sampling rate of one plot per 1000 ha in the 
affected area (south) and one plot per 500 ha in the zone considered to be disease-free at 
that time (the northern part of the country) (de Villebonne, 1997, 1998). The percentage 
of infected trees (PIT), estimated on 100 trees) and site characteristics (i.e. altitude and 
topography) were recorded. In the case of Phytophthora cinnamomi, data from the DSF 
were complemented by observations from the French National Institute for Agricultural 
Research (INRA) and the Plant Health Service (SPV) (Vettraino et al., 2005). Finally, the 
distribution of the different Melampsora spp. causing poplar rust was established from 
a specific database of the SPV including systematic observations made in 311 nurseries 
monitored for a quarantine survey of Melampsora medusae from 1993 to 2003. Only 
detections made on non-discriminant poplar clones, that is, susceptible to all species, 
were taken into account. Data from a study aimed at monitoring first infection dates 
in larch (alternate host of M. larici-populina) since 1998 in Nancy were also analysed 
(Pinon, unpublished results).

Standardization of disease data
Data from the DSF database had to be standardized in order to reduce variation linked 

to host prevalence and observers’ reporting activity. The general principle, as used in 
medical epidemiology, was to relate the case counts for a given disease to a reference 
constituted by the total number of records of all other diseases on the same host(s), taking 
into account age classes if an effect of age on that disease has been reported. When 
spatial distributions were studied, the aggregation unit for case counts and reference data 
was either administrative (departments) or ecological (National Forest Inventory (NFI) 
units). When temporal variations were studied, wider geographical areas were used as 
units and the annual reference was calculated as the sum of the mean annual numbers of 
records per observer over all the observers in each area.

Distribution data of poplar rusts from the SPV database also required standardization 
as only records of occurrence of each of three species were available. Records of 
M. larici-populina, which is widely distributed in the whole study area, were used as a 
reference for the two other species, M. allii-populina and M. medusae, assuming that the 
presence of M. larici-populina is a good indicator of the occurrence of poplar rusts in a 
nursery (poor control). In the absence of any reference data, no analysis could be done 
for M. larici-populina.

Specific models of pathogen response to climate

Statistical models

Oak powdery mildew, Erysiphe alphitoïdes
Reports from the DSF database were analysed using a generalized linear model (SAS 

genmod procedure). The model is as follows:

 expY R $= h^ h (1) 

where Y is the annual number of case counts for powdery mildew in the zone used for 
aggregation; Y is assumed to follow a Poisson distribution; R is the number of reports 
used as reference; h is the linear predictor, including explaining variables.
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A limited number of climatic variables chosen for their epidemiological significance 
were tested. The first hypothesis is that the initiation of epidemics at budburst may 
be a key factor in the dynamics and final severity of the disease. Winter (January–
February–March) temperatures and precipitation, which may explain the phenology 
of the host and parasite in spring, were therefore included, as well as variables relating 
to the time of budburst (i.e. mean temperature, number of frost days, precipitation in 
April–May). Climatic variables during the vegetative season were also considered (i.e. 
mean temperature and sum of precipitations in May–June–July). Climatic variables were 
taken from the meteorological station representative of the five geographical zones of 
aggregation within the Météo-France network. All variables were tested separately and 
in pairs and the best models were then studied more thoroughly.

Melampsora allii-populina and M. medusae on poplars

The proportion of clones affected in each nursery was analysed by a logistic 
regression with a “logit” link (SAS logistic procedure). The climatic variables tested 
were the trimestrial means over the 1961–90 period: minimum, maximum and mean 
daily temperatures, number of frost days, sum of precipitations, water index = sum of 
precipitations minus evapotranspiration and the annual number of days with a minimum 
temperature below –5°C and –10°C. Climatic data for each site were obtained from the 
Météo-France network using the AURELHY interpolation method. All models using one, 
two or three variables were tested. Those associated with the highest deviance decrease 
were studied in more detail (i.e. residuals and influent points). The best model with the 
least variables was selected.

Chestnut canker, Cryphonectria parasitica

A logistic regression was performed, as described for poplar rusts, using PIT per plot 
as the dependent variable and climatic variables as explaining variables. The data used 
to fit the model were a random sub-sample (432 points) of the 586 “positive” points 
(i.e. affected by disease), the remaining points being used for validation.

Mechanistic model: Phytophthora cinnamomi on oaks

Considering the tropical origin of this pathogen (Zentmyer, 1980), its sensitivity to 
frost and the differences in distribution of the diseases it causes on oaks and chestnuts 
(compare hereafter), Delatour (1986) hypothesized that lethal frost effects on the 
pathogen could be a major factor limiting disease range in oaks. Indeed, winter survival is 
likely to be more critical when the pathogen overwinters in the aerial system (in Quercus) 
than in roots (in Castanea), as freezing temperatures seldom occur in soils below 
10–30 cm deep in temperate regions. A model of P. cinnamomi survival in oak trunks as 
a function of air temperature and tree characteristics was then developed (Marçais et al., 
1996). This model was used to map the climatic risk of ink disease in oaks by mapping 
the probability of survival of the parasite as a function of climatic data for the 1968–98 
period, and by relating the survival probability to an actual disease index using the DSF 
survey data (Desprez-Loustau et al., 2002; Marçais et al., 2004). The mapped index (F0.5) 
is the frequency of annual survival rate (ASR) of P. cinnamomi lower than or equal to 
0.5. This threshold value is the lowest survival value allowing a perennial development 
of disease (cankers).
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The CLIMEx model

General description

CLIMEX is a dynamic simulation model developed by the Commonwealth Scientific 
and Industrial Research Organization (CSIRO) (Sutherst et al., 1999) to predict the 
potential geographical distribution, or bioclimatic envelope, of a given species, that is, the 
locations were the target species can develop according to its climatic requirements. The 
specific values for parameters that describe the organism’s response to temperature and 
moisture are inferred from the known geographical distribution and seasonal phenology 
of the species; laboratory data can also be used to fit some parameter values.

The main model output is an ecoclimatic index (EI), which gives an overall measure 
of suitability of locations for permanent occupation of the target species. This index 
is calculated from the combination of two indices: the annual growth index (GI) and 
the annual stress index (SI). Annual indices are the sum of weekly indices combining 
temperature and moisture indices as follows:

 EI GI SI#=  (2)

 100GI GI 52w#= R  (3)

 GI TI MIw w w#=  (4)

where TIw is the weekly temperature index, scaled from 0 to 1, using four parameters: 
DV0 (lower temperature threshold); DV1 (lower optimum temperature); DV2 (upper 
optimum temperature); and DV3 (upper temperature threshold). MIw is the weekly 
moisture index, scaled from 0 to 1, using four parameters: SM0, SM1, SM2 and SM3, 
defined as above.

The SI is also calculated from weekly indices for each of four primary stresses: heat 
stress, cold stress, wet stress and dry stress, and their interactions. A threshold value and 
an accumulation rate define all stresses. In the case of cold stress, two types of stress 
are defined: a lethal stress at very low temperatures and a chronic stress, when thermal 
accumulation is too low to maintain metabolism. In all cases, it is assumed that the 
accumulation of stress is exponential during the year.

Application

For all selected species, a thorough analysis of the literature dealing with the response 
to climate (including seasonal variation of susceptibility to disease) and geographical 
distribution was performed (Table 12.1). Geographical distributions derived from the 
DSF database were used for France.

The parameter values relating to species responses to temperature were defined from 
a laboratory experiment. For each species, three isolates (from the north-east, centre and 
south-west of France, in most cases) were used to establish mycelial growth-temperature 
curves. Isolates were sub-cultured on malt-agar or PDA media with five Petri dishes 
per isolate and temperature. In the case of oak powdery mildew, an obligate biotroph, 
isolates were inoculated on young excised oak leaves. After an initial growth period 
at 22°C (first growth assessment), Petri dishes were distributed in growth chambers at 
2°C, 6°C, 10°C, 14°C, 18°C, 22°C, 26°C, 30°C, 34°C and 38°C. The second growth 
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assessment was performed when cultures had reached approximately half of the 
diameter of the dishes. Daily linear growth rate was calculated for each temperature. 
The four temperature parameter values used in CLIMEX were defined as follows: 
DV0 = lowest temperature with growth = 10% of maximal growth; DV1 = like DV0 with 
70%; DV2 = highest temperature with growth = 70% of maximal growth, DV3 = like 
DV2 with 10%. Results are presented in Figure 12.1. Most species have a wide 
temperature range allowing growth, covering 25°C to 30°C, which reflects the great 
plasticity of fungal species and differs notably from the parameter templates provided 
with CLIMEX, mainly for animal and plant species. After the analyses of variance 
and comparisons of means, B. mediterranea, S. sapinea, P. cinnamomi, C. parasitica, 
A. tabescens could be assigned to a thermophilic group, C. sororia and C. batschiana 
to a psychrophilic group, the other species being intermediate. No general effect of 
geographical origin of isolates (north-centre-south of France) could be evidenced. Mean 
values were then used for each species.

Table 12.1. Main references used for selecting initial values of parameters in the CLIMEX model.

Species Map* References

Melampsora pinitorqua 389

Desprez (1983)

Kurkela (1969, 1973a, 1973b)

Siwecki (1974)

Dothistroma pini 419 (1997)
Gibson (1972, 1974)

Peterson (1973)

Sphaeropsis sapinea 459 (1992)

Blodgett et al. (1997)

Keen and Smits (1989)

Stanosz et al. (2001)

Phytophthora cinnamomi 302 (1991)

Benson (1982)

Grant and Byrt (1984)

Marçais et al. (1996)

Phillips and Weste (1985)

Shew and Benson (1983)

Zentmyer (1981)

Zentmyer et al. (1976, 1979)

Cryphonectria parasitica 66 (1994)

Anagnostakis and Aylor (1984)

Guérin and Robin (2003)

Guérin et al. (2001)

Robin and Heiniger (2001)

Melampsora larici-populina

M. allii-populina

M. medusae

569 (1986)

547 (1991)

Somda and Pinon (1981)

Biscognauxia mediterranea Vannini and Valentini (1994)

*Commonwealth Mycological Institute, then CABI Publishing: Distribution Maps of Plant Diseases.



259

Simulating the effects of climate change on geographical distribution

Figure 12.1. Response to temperature (in vitro growth) of several species of forest pathogenic 
fungi; the four values (lower ends of line and block, upper ends of blocks and lines) corresponds 
to 10%, 70%, 70% and 10% of maximal growth of the species (indicated by an horizontal line in 
the block).

For all other parameters, initial values were chosen from the templates provided with 
CLIMEX (i.e. temperate, Mediterranean and wet tropical) according to knowledge of 
species origin and distribution. A lethal stress at cold temperatures was only used for 
P. cinnamomi. In all cases, final values were obtained by an iterative parameter-fitting 
process until a good fit to geographical distribution and seasonal variation data was 
obtained.

Climatic data
Past climatic data for the 1961–90 period (or 1968–98 in the case of P. cinnamomi) 

were obtained from Météo-France. This past reference period was compared with the 
2070–99 period by using simulated data extracted from the ARPEGE climate model. 
No intermediary period was considered in order to focus on the signal due to radiative 
forcing, which is more important than the natural fluctuations in climate beyond 2060. The 
comparison of observed and simulated data for the 1961–90 period clearly showed good 
agreement for means but the limiting ability of the climatic model to reproduce natural 
variability. To cope with this difficulty, we used the anomaly method, which enables the 
natural variability of climate to be retained while taking into account climate change at 
regional and temporal scales. Monthly mean anomalies between the final period and the 
initial reference period were calculated from simulated data for all climatic variables 
at all ARPEGE grid-points. These anomalies were added to the observed daily data for 
the 1961–90 period in order to generate comparable data for the 2070–99 period. In the 
case of the P. cinnamomi risk mapping, anomalies were interpolated to the 503 points 
corresponding to meteorological stations (Bergot et al., 2004).
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Distributions, simulation results and discussion

Melampsora pinitorqua
Most records of pine twisting rust in the DSF database are related to Pinus 

pinaster Ait. (62%) or P. sylvestris L. (33%). Reports are widely distributed within 
the geographical range of the two host species, except in the south-eastern part of the 
country (Figure 12.2). The absence of the disease in the Mediterranean area might be 
explained by the low occurrence or even absence of alternate hosts, mainly aspens, in 
this zone, preventing the fungus from completing its biological cycle. For both pine 
species, a trend of positive association between disease (standardized disease rates, SDR) 
and aspen abundance (% of occurrence in NFI plots) in departments with records of 
disease, was observed (r = 0.44 and 0.44, probability = 0.05 and 0.11 for P. pinaster and 
P. sylvestris, respectively). This relationship may also partly explain the lower SDR for P. 
pinaster in the Landes forest, included in the natural range of the species, as compared 
with more northern and eastern zones, where P. pinaster has more recently been used in 
plantations.

The relationship between aspen occurrence and pine disease may also be a result 
of common climatic requirements between the two species M. pinitorqua and Populus 
tremula L. M. pinitorqua is assumed to be adapted to a cool and humid temperate 
climate (Kurkela, 1973a, 1973b). The climatic envelope simulated for M. pinitorqua with 
CLIMEX 1961–90 climatic data is in good agreement with observations, especially for its 
absence in the Mediterranean area (Figure 12.3, Plate 22). The simulation with climatic 
data for the 2070–99 period indicates a general decrease in climatic suitability for the 
development of the fungus in the whole country as compared with the reference period 
(Figure 12.3). Nearly all the southern part of the country would become unfavourable 
for the disease.

Dothistroma pini
Dothistroma pini (= D. septosporum, teleomorph: Mycosphaerella pini = Scirrhia 

pini), the causal agent of red band disease of pines, was first described in France in 
1967 (Morelet, 1967). Disease impact was relatively low in subsequent years (Lanier 
et al., 1976), but has shown an increasing trend in the recent period, both in France (de 
Villebonne and Maugard, 1999) and other European countries (Brown et al., 2002), and in 
North America (Woods et al., 2005). D. pini is a major pathogen in intensively managed 
plantations of exotic pines, especially Pinus radiata D. Don, in the southern hemisphere 
(Gibson, 1972, 1974; Harrington and Wingfield, 1998). The fungus is assumed to be 
endemic in Central America (Evans, 1984) and in the Himalayas (Ivory, 1994).

In the DSF database, more than 92% D. pini reports occurred on P. laricio Poir, 
which confirms the high susceptibility of this species within pines. The highest 
standardized disease rates are observed in the western part of the country, except 
in the south-Atlantic zone (Figure 12.4). Two-thirds of reports were made between 
1998 and 2002, corresponding to rainy years, especially in spring. These spatial and 
temporal patterns may be explained by climatic conditions required for successful 
infections, that is, mean daily temperatures close to 20°C and high moisture (Gibson, 
1972; Gadgil, 1984). The low SDR in the eastern part of the country and in the Landes 
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area where P. pinaster Ait. is the main species, might be explained by the absence of 
susceptible hosts. CLIMEX simulations for the 1961–90 period suggest that most areas 
should be climatically suitable for D. pini development (Figure 12.5, Plate 22). Slightly 
less favourable conditions may result from climate change in the 2070–99 period in 
relation to decrease in precipitation during the growing season (mean anomaly in 
EI = – 5%, TI = + 5%, MI = – 12%) (Figure 12.5).

Figure 12.2. Distribution of Melampsora pinitorqua reports on Pinus sylvestris and P. pinaster 
(ratio of standardized disease rates (SDR) to the mean species rate).
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Figure 12.4. Distribution of Dothistroma pini reports (ratio of standardized disease rates (SDR) to 
the mean species rate).

Sphaeropsis sapinea
Sphaeropsis sapinea (anamorph: Diplodia pinea) was not considered to be a major 

pathogen in France in the 1970s (Lanier et al., 1976), yet this parasite has been one of 
the most commonly reported in the DSF database during the last 15 years. Approximately 
85% of reports are related to four Pinus species: P. laricio 46.1%, P. nigra Arnold 21.7%, 
P. sylvestris 12.2% and P. pinaster 4.7%. The high susceptibility of black pines had 
already reported in Europe and North America (Piou et al., 1991). Most reports come 
from P. laricio in south-western and north-central France and P. sylvestris in the north-
eastern part of the country (Figure 12.6, Plate 23).

Drought and hail have often been reported as predisposing factors frequently 
associated with S. sapinea damage (Swart and Wingfield, 1991; Smith et al., 2002). In 
accordance with these reports, the highest SDR were observed during the 1990–92 period 
(Figure 12.7), following the severe 1989 drought. Moreover, 20% of hail reports in the 
DSF database were associated with S. sapinea damage and the zones affected by frequent 
hail episodes partly correspond to zones of high S. sapinea damage (Figure 12.8). Our 
laboratory experiment confirmed S. sapinea thermophily, with a growth optimum at 
around 30°C (Keen and Smits, 1989). The warm conditions prevailing in the last decade 
of the 20th century might explain the positive evolution of the disease.
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Figure 12.7. Temporal variation in Sphaeropsis sapinea reports in the DSF database.

Figure 12.8. Distribution of hail damage reports in the DSF database from 1989 to 2002.
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Simulations of S. sapinea climatic envelope with CLIMEX using available knowledge 
on the parasite ecophysiology and past climatic data showed a potential development of 
the disease all over the country, in accordance with observations. However, a higher 
potential was observed in the south in simulations, whereas high SDR were also observed 
in north-eastern France (Figure 12.9, Plate 23). A general increase in parasite activity was 
simulated for the 2070–99 period under the ARPEGE climate scenario.

The discrepancy between the climatic envelope simulated for the current period and 
the actual disease reports might be explained by the biology of the parasite. S. sapinea 
is an endophyte fungus, which turns pathogenic producing visible symptoms only after 
host trees are affected by stress factors, especially drought (Blodgett et al., 1997; Stanosz 
et al., 2001). The fungus might be present in a latent form in wide areas under various 
climates, but becoming visible only occasionally and/or locally in response to favouring 
factors (drought and hail).

Erysiphe alphitoïdes
Oak powdery mildew, caused by Erysiphe (= Microsphaera) alphitoïdes, suddenly 

appeared in France and other European countries in 1907 and has become one of the 
most common diseases on oaks since then (Desprez-Loustau, 2002). Reports of oak 
powdery mildew are distributed over the whole range of Quercus robur L., Q. petraea 
Liebl. and Q. pubescens Willd., its main hosts (Figure 12.10, Plate 24). A relatively 
high number of reports have been associated with a previous insect defoliation or frost, 
especially in the north-east (38% of all reports). When all other reports on mature trees 
were considered, the highest SDR were observed in the south-west (Pyrenean piedmont 
and the south-west edge of the Massif Central). An important annual variation was 
observed with three epidemic peaks in 1990, 1997 and 2001 within the period (Figure 
12.11). These years were also characterized by relatively early disease reports (10% in 
May, instead of 2% as in other years), as a result of an early development of the disease, 
which unusually affected the first flush. This early development of infection may 
explain the higher disease severity at the end of the season due to a higher potential 
number of infection cycles.

The statistical analysis of SDR in the south-west in relation to several climatic 
variables showed that mean winter temperature was the main explaining variable of 
annual variation. A temperature threshold of 8.2°C was defined, above which all epidemic 
years occurred (Figure 12.12). The relationship between winter temperatures and disease 
severity, estimated by SDR, suggests that phenological synchrony between oaks and the 
parasite might be important in explaining the early initiation and final severity of oak 
powdery mildew epidemics in the south-west. Data from the European Forest Health 
network, available since 1997, are in good agreement, with two epidemic peaks for the 
reporting period associated with early budburst in oaks.

If the 8.2°C value is assumed to be the mean winter temperature threshold associated 
with the probability of occurrence of an epidemic in a given year, the frequency of years 
with a mean winter temperature above this threshold can be used as a risk index in a 
given location. Since this threshold was defined for the south-west region, the analysis 
was performed for the same area, using two meteorological stations for the 1968–98 and 
2070–99 periods. A dramatic increase in the epidemic risk index was observed between 
the two periods, from approximately 10% in the initial reference period to 48% and 71% 
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Figure 12.11. Annual variability of oak mildew Erysiphe alphitoïdes reports on mature Quercus 
petraea, Q. pubescens and Q. robur, with no previous defoliation by insects or frost damage (DSF 
database). Emply circles: Pyrenean piedmont; dots: north of Aquitaine basin; filled triangles: western 
plains; line without any symbol: central and northern plains; empty squares: north-eastern plain.

Figure 12.12. Relationship between oak mildew Erysiphe alphitoïdes severity (expressed as 
standardized disease rates (SDR) from the DSF database) and mean air temperature in January, 
February and March. , Pyrenean piedmont; , north of Aquitaine basin; , western plains;  

, central and northern plains; , north-eastern plain.
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for the two meteorological stations in the future period. It is noteworthy that the risk index 
calculated for the 1968–98 period is already lower than the frequency of epidemic peaks 
observed during the last 15 years (approximately 20%). This may result from the warmer 
years, especially in the winters, during this latter period as compared with 1968–98.

Phytophthora cinnamomi
Phytophthora cinnamomi (Marçais et al., 2004; Bergot et al., 2004) is an exotic 

parasite in France, first reported in 1860 as the causal agent of ink disease of chestnuts, 
with primary symptoms of root necrosis leading to tree decline. Most chestnut grove 
areas were affected within 40 years after this first record of the disease (Grente, 1961). 
The first report of P. cinnamomi on oaks (red oak, Quercus rubra du Roi and pedunculate 
oak, Q. robur), causing a bleeding trunk canker, also called “ink disease”, is much more 
recent (Moreau and Moreau, 1952). The current distribution of the parasite covers a 
large south-western part of the country, with a wider distribution on chestnuts (groves 
and forests) than on oaks (Figure 12.13, Plate 25). Chestnut is affected in most of its 
geographical range, except in the area around Paris and in Alsace. In this latter region, 
ink disease was shown to be caused by P. cambivora (Fleish, 2002). Ink disease on oaks 
is very restricted in its geographical range as compared with the host range. In Europe, 
P. cinnamomi has been reported as a chestnut or oak pathogen in Spain, Portugal, Italy, 
Switzerland, UK, Slovakia and Romania (Vannini and Vettraino, 2001). The distribution 
of P. cinnamomi in nurseries is much wider than in forest stands, both in France (Vegh 
and Bourgeois, 1975) and in Europe (Themann et al., 2002).

The comparison of risk maps obtained with the P. cinnamomi specific model for 
the two study periods shows a great extension of zones at risk for disease whatever the 
oak species (see Figure 12.14, Plate 26 for pedunculate oak). Under current climate, 
high risk areas are restricted to the Mediterranean zone, the south-west and Brittany, 
including locations where disease was reported. In the future, the simulation results in 
a great extension of high risk areas (F0.5 < 10%) for oak species, approximately 100 km 
eastward from the Atlantic coast and northward from the Mediterranean zone into the 
Rhone valley. Locations with a moderate disease risk (10% < F0.05 (1968–98) < 40%) 
may become even more favourable to disease and, more remarkably, many locations 
previously excluded from disease risk (40% < F0.5 (1968–98) < 75%) are expected 
to become at risk (F0.5 (2070–99) < 40%). As a whole, the distribution of F0.5 for the 
503 stations in the three risk classes (high – moderate – null) changes from 20–25–55% 
to 36–37–27% for red oak (data not shown), and from 26–25–49% to 40–44–16% for 
pedunculate oak between 1968–98 and 2070–99, respectively.

Results of CLIMEX simulations were in very good agreement with the risk mapping 
for oaks (Figure 12.15, Plate 27). The different values of cold stress parameters used 
when P. cinnamomi was considered either as a root pathogen or as a canker agent resulted 
in a much wider range for the root disease (Figure 12.16, Plate 27). The simulation for 
the current period is consistent with disease reports. The evolution predicted for the 
root disease between the two periods is less important than for oaks, with a stable mean 
index over the country. Easternmost locations, previously unfavourable to the disease 
due to the temperature constraint, may become at risk; however, these positive evolutions 
are counterbalanced by a decrease in parasite development potential in many locations, 
resulting from a decreased moisture-growth index due to higher water constraints.
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Cryphonectria (= Endothia) parasitica
Cryphonectria parasitica is also an exotic parasite, originating from China. It was 

first reported in France in 1956 from Ardèche (Rhone valley) and the disease is still 
spreading. The first systematic survey completed in 1996–97 showed that the disease 
was almost exclusively found in the southern part of the country (De Villebonne, 1997, 
1998). Since then, new disease records have been made in Brittany, Île-de-France 
and Alsace (Figure 12.17, Plate 28). The main explaining variables for C. parasitica 
prevalence derived from the logistic analysis were the summer minimum temperature, 
spring precipitations and summer water deficit. The model showed a satisfactory level 
of external validation (correlation predicted-observed values in the validation data set 
= 0.6; df = 152). The odds ratio, 1.3 for each 1°C increase, 1.2 for each 10 mm increase in 
spring precipitations and 1.15 for each 10 mm increase in summer water deficit, indicate 
that C. parasitica occurrence is favoured by warmer and drier summer climate and 
increased spring precipitations. The latter effect may result from favourable conditions 
for ascospore dispersal (Guérin et al., 2001). The map produced from this model with 
current climatic data fitted well with observations, especially for high disease incidence 
in the south (Figure 12.18, Plate 28). The model indicated low suitability of climate in 
the northern part of the country except in a few areas (e.g. Brittany and Alsace), where 
the disease had not been detected in the first survey but has been reported since then. 
EIs produced with CLIMEX under the same climate had the highest values in the south, 
in agreement with the observed distribution and that simulated with the logistic model, 
but also along the Atlantic coast, up to Brittany. Moderate values of EIs were observed 
in a large part of the country (Figure 12.19, Plate 29). It is noteworthy that EIs in France 
(from 17 to 52, mean value = 28) were much lower than in the region of origin of the 
fungus in China and in the other area of introduction, North America (up to > 80 in 
both areas). The slow extension of disease range in France within the last 50 years, as 
compared with the very rapid extension observed in the early 20th century in north-east 
America (Anagnostakis, 1987), might then be partly explained by a less favourable 
climate, in addition to the lower susceptibility of European chestnuts, the occurrence 
of hypovirulence and the application of quarantine regulations. For these reasons, the 
potential distribution of C. parasitica in France has probably not yet been realized. This 
would explain the discrepancy in northern areas between the logistic model outputs 
(based on observed distribution in France) and CLIMEX simulations (with parameter 
values fitted with distributional data in Asia and America).

Under the climatic scenario simulated by ARPEGE for the end of this century, an 
overall increase in PIT was predicted by the statistical model in most locations and stable 
EIs by Climex. The stability of EIs (mean values of 19 and 18 for the reference and future 
periods, respectively) was shown to be the result of increased temperature-growth indices 
(mean TI values of 43 and 53, respectively, with only positive anomalies) counterbalanced 
by decreased moisture-growth indices (mean MI values of 87 and 76, respectively, with 
only negative anomalies). Overall, the final maps of the logistic and CLIMEX models 
are in better agreement than the initial ones; the southern part of the country would be at 
high risk of disease, while the northern part at moderate risk. The already observed and 
predicted northwards expansion of C. parasitica distribution in France is likely to result 
not only from the effects of warmer climate but also from the progressive colonization of 
the potential climatic envelope.
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Melampsora spp. on poplars

Spatial distribution

Poplar is a widely distributed species in France, however, cultivated poplars are 
mainly found in the north and in the Loire valley, and wild poplars mainly in the south 
(Figure 12.20, Plate 29). Three fungi causing poplar rusts were studied. The first two 
species, Melampsora allii-populina and M. larici-populina, are indigenous to Europe 
and are widely distributed within their host range, with a higher relative abundance of 
M. allii-populina in the south and west-central area (Figure 12.21, Plate 30) (Pinon, 
1991).

The main explaining variables for M. allii-populina frequency, derived from the 
logistic analysis, were the summer temperatures (odds ratio of 1.6 for each 1°C increase) 
and water index (odds ratio of 1.2 for each 1 cm decrease). The spatial distribution 
simulated by this model with current climatic data is in good agreement with observed 
data from the SPV survey, with higher frequencies in the west and in the Rhone valley 
(no data for the Mediterranean area) (Figure 12.22, Plate 30). Under the climatic scenario 
for the period 2070–99, M. allii-populina would be highly favoured in most parts of the 
country. Only restricted zones in mountainous areas would keep low values. The situation 
in the north in 2100 would be similar to that in the present-day south-west.

CLIMEX simulations, using available knowledge on the ecophysiology of M. larici-
populina and M. allii-populina (Somda and Pinon, 1981), could not explain the differences 
in distribution between the two species, especially the relative greater abundance of 
M. larici-populina in northern France and Europe (results not shown). Indeed, M. allii-
populina is favoured at higher temperatures (above 15°C), but the two species have a 
very close response to low temperatures, M. larici-populina being favoured only after 
very severe frosts (Somda and Pinon, 1981). The relative frequencies of these two species 
with a similar niche might result from complex competitive interactions including factors 
other than temperature (Pinon and Berthelot, 2004).

Contrary to the two indigenous rust species, M. medusae distribution, as revealed by 
the SPV survey, was restricted to a small area in the south-west. The first observations of 
the species in Europe were made in Spain in 1925 (Fragoso, 1925). It was first described 
in France in 1943 (Dupias, 1943). M. medusae originates from North America, where 
it is widely distributed from Texas to Canada. It was also introduced into Australia and 
New Zealand, where it is mostly encountered in warmer areas (Spiers, 1998). The logistic 
regression of the frequency of occurrence of M. medusae in relation to climatic variables 
produced a highly significant model where frequency was explained by the mean 
minimal winter temperatures (odds ratio of 2.8 for each 1°C increase). The distribution 
map produced by this model with climatic data for the 1961–90 period is consistent 
with observations (Figure 12.23, Plate 31). Coastal zones along the Mediterranean Sea 
and Brittany appear as potentially favourable zones where the absence of detection of 
M. medusae may be explained by the poor presence of poplars. Using the climatic data 
simulated for 2070–99 with the same model led to an extension of favourable zones 
inward from the coasts. However, the simulated frequency would keep at low levels in 
most areas.

The determining positive effect of minimal temperatures strongly suggests that 
winter survival of the parasite may be a limiting factor for the development of disease. 
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Although teliospores, the sexual, thick-walled resting spores of most rust species, were 
observed in the affected area, their functional significance might be low due to a lack of 
infection of alternate hosts (larch occurs infrequently in these areas). According to this 
hypothesis, between-season survival would rely on urediniospores, the asexual spores, 
which are more sensitive to frost than teliospores (Pinon, 1986). Several observations are 
consistent with this hypothesis: (i) a population genetic analysis with molecular markers 
(Bourassa et al., 2005) showed that most French isolates were clonal (unpublished 
results); (ii) in a fine targeted survey, M. medusae was detected in 1988 and 1999 in the 
west-central and east of the country but could not be found the following years in the 
same locations. Moreover, the overwintering of M. medusae as urediniospores has been 
demonstrated in the south of the USA (Sinclair et al., 1987). Conversely, in the northern 
part of the natural range in Canada, larch infection by basidiospores (produced from 
teliospores) is functional, enabling the parasite to complete its biological cycle and to 
survive in cold areas.

Temporal variations

Variation in the time of infection of larch by M. larici-populina in spring has been 
studied for the last 15 years in Nancy (north-east). A significant negative correlation 
between the day of year for first infections and the mean daily temperature in March 
and April was demonstrated (r² adj = 0.3; P = 0.016) (Figure 12.24). The same type 
of relationship was demonstrated for larch budburst (Theurillat and Schlüssel, 2000; 
Worrall, 1993), suggesting phenological synchrony between host and parasite. Higher 
temperatures in March–April are, therefore, associated with earlier larch infection, which 
may result in earlier poplar infection. Due to the polycyclic nature of poplar rust, an 
earlier initial infection will potentially lead to a higher number of infection cycles and 
ultimately a higher severity at the end of the growing season. Based on the relationship 
which was found, a 1°C increase in temperature would result in an earlier larch infection 
by 11 days. Extending the poplar infection season by 11 days would then lead potentially 
to a 30% increase in the proportion of diseased tissues, using the classical equations of 
Van der Plank (1968) (Renaud et al., unpublished results). The observed higher impact 
of poplar rust in the last two decades might be partly explained by such phenomena; 
spring temperature increased by 1.1°C between the 1923–88 period and the last 15 years 
(Figure 12.25).

Biscognauxia mediterranea
Biscognauxia mediterranea (= Hypoxylon mediterraneum, anamorph: Nodulisporium 

sp., Collado et al., 2001; or Periconiella) is the causal agent of charcoal disease of oaks 
and has been described so far only in the Mediterranean area, principally in Spain, 
Portugal, North Africa and in the southern USA. Only two reports are present in the DSF 
database. B. mediterranea is a highly thermophilic species (Figure 12.1). As S. sapinea, 
B. mediterranea is an endophyte turning pathogenic, that is, it produces symptoms after 
severe drought periods (Vannini and Valentini, 1994). CLIMEX simulations showed a 
very restricted bioclimatic envelope and low ecoclimatic indices in France under current 
climate (Figure 12.26, Plate 31). Under the scenario used for the 2070–99 period, a 
large extension from the Mediterranean region to the Atlantic coast is anticipated but 
ecoclimatic indices remain low.
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Figure 12.24. Relationship between the day of year for first infections due to Melampsora larici-
populina on larch and mean daily temperature in March and April in Nancy.

Figure 12.25. Mean temperature in March and April between 1923 and 2003 in Nancy.

General discussion and conclusion – future prospects

This study synthesizes available data on the geographical distribution of several 
diseases and parasites among the most currently reported in France, and focuses on 
climatic variables as explaining factors of spatial and temporal variations of occurrence. 
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Foliar and cortical pathogens were mainly selected since direct effects of climate are 
more likely than for root pathogens. For most studied pathosystems a significant effect of 
one or a few climatic variables could be demonstrated. The sensitivity of parasite ranges 
and/or impact to climate change could then be studied using different models. This 
quantitative approach adds to previous studies on potential effects of climate change, 
which were mostly based on general knowledge about the biology of the pathogens 
(e.g. Lonsdale and Gibbs, 2002).

As expected from the different ecological requirements of the parasite species, no 
general unidirectional trend in the evolution of diseases, both in geographical extension 
and severity, could be predicted. An important regression of potential range was simulated 
for M. pinitorqua, the only species typical of cool humid temperate climate included in 
the study. Conversely, increased ranges were simulated for more thermophilic species 
due to the release of temperature constraints. This is particularly the case for species for 
which winter survival is a critical stage limited by low temperatures in their introduced 
areas, such as P. cinnamomi and M. medusae. Some observations are consistent with 
such predictions (Fleisch, 2002). However, the climate change scenario did not always 
lead to range extensions or enhanced activity, even for rather thermophilic species. In the 
case of C. parasitica, for example, positive effects of warming might be counterbalanced 
by negative effects of water constraints. The same trend was observed for D. pini and 
P. cinnamomi. Only B. mediterranea and S. sapinea, which are clearly favoured by water 
stress, showed higher moisture-growth indices in CLIMEX simulations under future 
simulated climate. As a whole, the predicted evolution of temperatures, characterized by 
warming, should be favourable for most species whereas the evolution of precipitation 
regime, with lower precipitations during the growing season, will affect species very 
differently according to their biology. The response of parasites to water factors, therefore, 
is likely to be a determining process in their evolution with climate change (Woods et al., 
2005). However, water effects on parasites and the diseases they cause are much more 
complex, affected by local trends, and less documented than temperature effects, which 
dramatically limit our ability to predict evolutions linked to them.

More generally, the lack of knowledge of the ecophysiology of fungi is a clear 
limitation for the development of models allowing reliable simulations of climate effects 
on parasite population dynamics and disease. An additional difficulty is the specificities 
of the biology of these organisms. Pleomorphy, that is, the occurrence of different forms 
of a same organism, is a common trait of most fungi, which usually have both a mycelium 
and several spore forms (Burnett, 2003). These different forms correspond to different 
functional stages in the parasitic cycle (e.g. long-range or short-range dispersal, survival, 
etc.) and exhibit different ecological requirements. The release and germination of 
spores, which are the dispersal and infection propagules, often require free water whereas 
mycelium is able to grow in host tissue at relatively low water potentials. B. mediterranea 
offers an illustrative example of a parasite favoured by water stress for host colonization 
but requiring rain for ascospore dispersal (Vannini et al., 1996). Different spore types 
usually have different ecological requirements, as exemplified by basidiospores, 
eciospores, urediniospores and teliospores in rusts (Kurkela, 1973a, 1973b). Only the 
P. cinnamomi model used in this study is a process-based model where disease severity 
is mainly explained by quantity of inoculum, resulting itself from winter survival as a 
function of temperature (Marçais et al., 2004). This model needs further improvement 



Forests, Carbon Cycle and Climate Change

272

to take into account the whole epidemiological cycle, including the potential effect 
of temperatures during the growing season and the effects of moisture. However, to 
our knowledge, this is the only mechanistic model including climate effects currently 
available for a forest parasite. In the absence of specific models, the use of generic 
models such as CLIMEX offers a potentially valuable alternative. The consistent results 
obtained between CLIMEX simulations and the mechanistic model for P. cinnamomi 
further confirmed its interest. However, parameter fitting in CLIMEX is mainly based 
on distribution data of organisms, which are not always available in sufficient detail. 
Moreover, a main limitation of this approach occurs if the potential distribution of 
the species has not been realized because of a non-equilibrium situation, for example 
(Thuiller et al., 2005), as suggested for C. parasitica in France.

Another important consideration is that parasitism is the result of species interaction. 
Climatic effects, and especially water effects, should therefore be considered not only for 
their direct effects on the parasite but also through host physiology and its response to 
disease (Desprez-Loustau et al., 2006). The positive effect of drought on the incidence 
of S. sapinea and B. mediterranea was mainly explained by water stress effects on host 
susceptibility (Vannini and Valentini, 1994; Blodgett et al., 1997; Stanosz et al., 2001). 
Effects of climate on host-parasite interaction may also include impact on phenological 
synchrony, in the case of a susceptibility window for the host and a limited period of 
infection for the parasite (Desprez-Loustau and Dupuis, 1994; Desprez-Loustau et al., 
1998).

The biogeographical approach used in this study only gives an indication of the 
potential range of parasites based on their climatic envelope on a long-term trend. The 
realized range will depend on species migration capacities. In addition, fungi, as other 
organisms, might also respond to climate change by adaptation (Davis and Shaw, 2001; 
Jump and Peñuelas, 2005). A further limitation of bioclimatic models in the case of 
parasites stems from the filter effect of host distribution, which is all the more important 
in that parasites are more specific. This was particularly illustrated in our study by 
heteroecious rusts, biotroph parasites alternating between two hosts species, such as 
M. pinitorqua and M. medusae. D. pini provides another example of the determining effect 
of susceptible host distribution on parasite distribution. The absence of reports of the 
fungus in some regions might be explained primarily by the low occurrence of susceptible 
hosts (Pinus laricio) more than climatic constraints. Conversely, for generalist parasites 
with wide host ranges, such as P. cinnamomi, the observed distribution on many different 
species may be more directly related to climatic effects. Human activities, by promoting 
parasite transport as well as affecting host distribution and susceptibility, have been and 
will be major factors potentially favouring diseases. Many emergent diseases of plants 
have been related to the introduction of exotic parasites or farming practices (Anderson 
et al., 2004). The devastating epidemics caused by the introduction of P. cinnamomi in 
Australia and C. parasitica in North America are well documented examples (Weste and 
Marks, 1987; Anagnostakis, 1987). In the introduced areas, parasites were put in contact 
with very susceptible species, Eucalyptus marginata and many herbaceous species in 
Australia, Castanea dentata in North America. Conversely, in endemic zones, a long 
co-evolution between parasites and hosts has led to a dynamic equilibrium between 
virulence and resistance (e.g. Asian chestnuts resistant to the Cryphonectria canker) 
(Graves, 1950). The evolution of pine twisting rust damage is an example illustrating 
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the effects of silviculture. Before the 1950s, the disease was almost exclusively reported 
on P. sylvestris (Hariot, 1908; Gaudineau, 1949; Dupias, 1965), whereas P. pinaster is 
now the most frequently reported host in the DSF database (0.073 and 0.122 reports 
per 1000 ha for P. sylvestris and P. pinaster, respectively, with similar surface areas 
for both species; SDR = 0.04 and 0.08). The extension of maritime pine plantations in 
areas favourable to the disease (due to climatic factors and alternate host abundance), 
associated with silvicultural practices promoting pine growth and resulting in higher 
susceptibility, may explain such patterns (Desprez-Loustau and Wagner, 1997).

In spite of the limitations addressed above, this study gives support for some 
recommendations for management. The availability of indicators is a prerequisite for 
any kind of decision taking. In particular, quantified and spatialized incidence data 
are required in order to assess spatial and temporal evolution of diseases. The DSF 
database used in this study proved to be very valuable; improvement could come from 
the combination of two types of data collection: (i) “spontaneous” reports as in most 
of the current DSF database; and (ii) monitoring of systematic networks, at European 
level, for example, which has been initiated for some diseases. This would allow both 
the detection of emerging diseases and quantitative assessments for established diseases 
required for the development of epidemiological models. Even more than for crops, 
disease management in forest ecosystems has to rely on an anticipatory and preventive 
approach, based on risk analysis. The first step is the identification of main risks, that 
is, pathogen species with possible higher impact in the future. The main result of our 
study is the demonstration of the high sensitivity of most pathosystems to climate, which 
strongly suggests an important evolution of the future “forest phytosanitary landscape” 
in relation to climate change. In most south-western Europe regions, climate change will 
be characterized by warming and decreased precipitations during the vegetative season. 
This should favour pathogens such as S. sapinea or B. mediterranea, which are typical 
opportunistic parasites affecting stressed hosts, especially after drought. These organisms 
are commonly found as endophytes, a latent form, which favours their anthropogenic 
dissemination in infected but symptomless plants or seeds (Burgess and Wingfield, 2002). 
Progress has recently been made in knowledge of such fungi (Smith and Stanosz, 1995; 
deWet et al., 2002, 2003; Blodgett and Bonello, 2003), but the diversity of endophytes, 
both at inter- and intra-specific levels, and their significance in tree physiology (from 
mutualism to parasitism) clearly requires further research. Climate-matching could also 
be used to provide some indications of future risks. This method may allow identifying 
zones presently having the climate that is predicted in the zone of interest, and the 
pathogen species able to develop in these conditions. Finally, simulated geographical 
ranges are only potential envelopes in which the parasites may establish once they are 
present, therefore depending on their dispersal ability. Dispersal of parasites is greatly 
favoured by anthropic activities (e.g. long-distance transport). This points to the general 
need for strict hygiene measures based on the most probable dissemination pathways of 
organisms (i.e. in seeds, wood and plants), in order to avoid dissemination of parasites 
in climatically favourable zones where they could find naive host populations with 
potentially high susceptibility.
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Chapter 13

Mediterranean forests, fire and carbon budget: 
the threats of global change

fLorent mouiLLot, serge rambaL, roLanD Joffre, Jean-Pierre ratte

Introduction

Climate affects terrestrial ecosystems by directly driving their net productivity and 
their intrinsic vegetation structure and dynamic. The disturbance regime, particularly 
fires, can play a major role, probably more than any other process. A shift in fire regime 
can lead to permanent changes in the composition of vegetation communities, and the 
subsequent ecosystem functioning as carbon, nutrient or water cycles. Fire is by far the 
most frequent and widespread disturbance to vegetation. Overpeck et al. (1990) wrote 
that “in northern mid-latitude forests, the chief form of non-anthropogenic catastrophic 
disturbance is fire”. This is particularly true in Mediterranean-type ecosystems where 
large areas are burnt each year and fire frequency is high (Moreno et al., 1998). Besides 
the human influence on fire settings, the occurrence of fires depends on drought that 
drastically increases flammability during summer, the temperature reached during this 
period and the amount of fuel biomass (Trabaud, 1976; Swetnam and Betancourt, 1990; 
Whelan, 1995). Climate-induced changes in the overall flammability of plant material 
and the production of available fuel may in turn alter fire frequency and intensity, which 
influence the species composition of the vegetation. For example, changes in the available 
fuel biomass can result either from changes in total biomass, redistribution between over- 
and understorey layers, changes in floristic composition, or from an abundant above-
ground dead or partly dead biomass resulting directly or indirectly (e.g. insect dieback) 
from exceptional droughts. Thus, with climate-mediated disturbances such as fire, the 
indirect effects may result in very complex responses to climate change (Swetnam, 1993) 
(Figure 13.1). The carbon cycle associated with these changes may result in different 
sources and sinks among the mixed fire-prone Mediterranean landscapes.
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This chapter presents the main characteristics of fire in the Mediterranean region 
(see “Fire characteristics in the Mediterranean basin”), their effects on the carbon budget 
(see “Carbon budget associated with fires in Mediterranean-type ecosystems”) and 
reviews the possible impacts of global change (see “The threat of global change”).

Figure 13.1. The main interactions between global change and the main components of fire risk 
in terrestrial ecosystems.

Fire characteristics in the Mediterranean basin

Statistics and history
About 0.62 million ha burn annually in the Mediterranean basin, representing 90% 

of the burnt areas in Europe and making this region the most fire-prone ecosystem in 
Europe. Based on the restricted area covered by Mediterranean-type ecosystems globally 
that fraction represents only 0.11% of the global burnt area (Mouillot and Field, 2005). 
Conversely, due to a long history of permanent agriculture, a high population and 
land-use density, and rainfall evenly distributed throughout the year, fires have never 
been important so far in northern Europe. The area burned was 0.02 million ha a year 
in 1900 and fell gradually to the current pattern of a quasi-total fire exclusion. Southern 
Europe (Albania, Italy, France, Greece, Portugal, Spain and the former Yugoslavia) has a 
Mediterranean climate with a prolonged summer drought, high temperatures and strong 
local winds, creating an extremely high fire risk. As a consequence, the moisture content 
of fine fuel decreases below 10%, greatly increasing ignition probability. Prevailing 
winds cause a further decrease in atmospheric humidity and also contribute to faster fire 
spread, crowning and spotting.
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Despite the increase in fire prevention and suppression efforts during the last three 
decades, the surface area burnt has continued to grow markedly from 0.2 million ha per 
year in the 1960s to more than 0.6 million ha in the 1980s (Figure 13.2). The same trend 
is observed in various parts of the European continent (Pausas, 2004). It is unlikely that 
climate was fully responsible for this change as the southern part of the Mediterranean 
basin has not followed the same trend, despite being in the similar climatic area. 
Other factors are also important. The continuous urban-countryside interface and fuel 
management favours fire risk whereas increased prevention and suppression efforts 
have tended to reduce it. The sudden increase in area burnt cannot be explained by 
climatic parameters alone, and socio-economic causes also need to be considered. Much 
of the increase is a result of the relatively recent establishment of forest and shrubs 
on abandoned land, reflecting changes in agricultural policy (Moreira et al., 2001; 
Mouillot et al., 2003) and the decrease in rural population, which in Mediterranean 
countries decreased from 22.5 million in 1980, to 12 million in 1996 (Figure 13.3). In 
Spain, during the 1960s, industrial development involved depopulation of rural areas, 
decreased grazing pressure and wood gathering, and increased urbanization of rural areas 
(Le Houérou, 1992). The changes in traditional land use and lifestyle have implied the 
abandonment of large areas and farmland. Less exploitation, reduced grazing and the 
abandonment of wood harvest for fuel has led to an increase in accumulated fuel species 
in large parts of the Mediterranean landscape with large connectivity between fuel beds. 
This increase in large and continuous fuel beds together with the growth of population 
in the urban-countryside interface and the changing climate may explain the sudden 
rise in burned areas during the 1970s. The Mediterranean vegetation itself developing 
on abandoned lands has inherent chemical, physical and physiological properties that 
increase its flammability with age.

Factors controlling the spatial and temporal fire pattern
Besides the temporal trend observed in recent statistics, the surface area affected by 

fires particularly follows a strong inter-annual variability. Among the candidate mechanisms 
suspected of controlling a fire regime, temperature is the most considered. Even if we 

Figure 13.2. Burnt areas in the Mediterranean.
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consider that rainfall had not changed in the last five decades, the changes in temperature 
(i.e. 0.35°C per decade) (Pinol et al., 1998; Lebourgeois, 2001) suggest an increase in 
ecosystem evapotranspiration and so drier conditions for plants, and in turn, fire hazard, 
which may partly explain the increase in the number of fires and area burnt. For example, 
the exceptional heat wave in 2003 significantly altered European carbon fluxes (Ciais et al., 
2005), and was coupled with a major fire season in Mediterranean Europe.

On the other hand, precipitation has tended to decrease over the last 50 years 
(5.2 mm.decade-1). However, the high annual variability makes this possible trend 
imperceptible with the same observations in Greece (Amanatidis et al., 1993), France 
(Lebourgeois et al., 2001) and Italy (Piervitali and Colacino, 2003). If the climatic 
conditions became drier, fuel loads may also decrease and have significant feedbacks 
(Mouillot et al., 2002), but summer rainfall remains an important factor in determining 
the area burned. During the last three decades, fires occurring in dry years tended to 
affect larger areas than fires in wet years (Mouillot et al., 2003; Pausas, 2004). Rainfall 
is also cross-correlated with area burned with some delay (2 years), suggesting that high 
rainfall may increase fuel loads that burn 2 years later (Swetnam and Betancourt, 1998; 
Kitzberger et al., 2001; Pausas, 2004). This is particularly true for herbaceous and shrubby 
vegetation (as savannas) rather than dense forests. Indeed, a positive relationship between 
fire and high humidity in prior years has also been reported for some ecosystems. For the 
Mediterranean, different drought indices based on rainfall amount and distribution during 
the season correlate with burnt areas (Figure 13.4). Also, at the landscape level, drier sites 
have often been observed as the most fire-prone such as, for example, southern aspects 

Figure 13.3. Land-use change in the Mediterranean from rural population (Pausas, 2004) and land 
cover statistics (e.g. in Corsica, Mouillot et al., 2005).
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and ridge tops with shallow soils (Figure 13.5, Plate 32), limiting water availability. 
Within a vegetation type, it has been clearly stated that fire risk is a function of stand age 
as a result of both the biomass accumulated and also the community composition reached 
at different stages of succession. The early stages of successions are more fire-prone 
(Mouillot et al., 2002). The main reasons are their earlier desiccation due to shallower 
rooting depth and pioneer species accumulate fine fuel and dead biomass. In turn, the 
fire return interval in shrubland is around 20 years while it averages 60 years in forests 
and, as a consequence, 67% of area burnt in the Mediterranean affects shrubland only. 
This means that the relationship between fire and climate is not simple, and fire-spread 
processes are also driven by physical processes where large fires spread across landscapes 
irrespective of whether the vegetation is water-stressed or not.

Overall, the general hypothesis is that although fire ignitions may be determined by 
human factors, some of the inter-annual variability in the annual burnt area is explained 
by climatic parameters.

Fire ecology of Mediterranean species

Seeders versus resprouters

In a large part of the Mediterranean basin, two tree species coexist: a pine that is not 
able to resprout (Aleppo pine Pinus halepensis Mill.) and a resprouting oak (Quercus 
ilex L.) (Figure 13.6). Besides different management practices in the past, sites with high 
fire recurrence are losing their populations of pine but not oak. This is because the fire 
return interval in these places is shorter than the time that Aleppo pines need to produce 
viable seeds (15–20 years) or to accumulate a critical seed store for self-replacement. If 

Figure 13.4. Number of fires (filled circles) and burned areas (empty circles) in the Languedoc-
Roussillon region over the 1984–2005 period against the yearly integral of a drought stress index. 
More negative values mean increasing drought intensities. The trends between drought and 
both number of fires and burned areas have also been plotted (black lines). The 1995 data were 
excluded because the drought began in early spring during a cool period. Fire statistics: http://www.
promethee.com/
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two consecutive fires occur in less than 20 years, the pine population may be eliminated. 
Although high fire recurrence or intensity may reduce the capacity to resprout from fires, 
most resprouting species will remain at the site after consecutive fires. For example, 
the large expansion of garrigues in the Mediterranean basin is often located on high 
fire recurrence areas where the shrub oak (Q. coccifera L.) resprouts vigorously after 
recurrent fires whereas pines are eliminated. In contrast other seeders such as Cistus spp. 
and Ulex sp. can be abundant if their age to maturity is less than an inter-fire period, or if 
their seed bank has not been exhausted by previous fires. Community composition in fire-
prone ecosystems is not only determined by their regeneration strategies but also their life 
history traits in the case of repeated fires. Indeed, vegetation dynamics can be blocked at 
a given vegetation type when the seed bank is exhausted or has never been present due 
to long-standing agricultural activity.

Landscape processes

Following disturbances (e.g. land-use changes, natural disasters, etc.), shrubland 
dynamic is usually rapid. An efficient dispersal strategy, greater germination ability, 
better seedling survival and rapid growth to maturity have been widely identified as 
the traits favouring the large-scale invasion of shrubs at the expense of trees. However, 
shrubland persistence might largely depend on the lack of tree seed source than the result 
of internal dynamics. Besides ecological conditions, one major reason why a species is 
not present on a site is that no seed was able to reach that site (Pickett and White, 1985). 
Actually, the rate of forest area expansion is about 1% annually, with a slower dynamic on 
regularly burnt sites compared with unburnt sites. Some forest species have been shown 
to be weak invaders due to the shorter distance dispersal compared with anemochoric 
seeders and high seedling mortality due to soil summer drought in open areas. Indeed, the 
landscape pattern created by land uses or fires significantly affects forest colonization by 
seeders. Colonization occurs as a diffusion process from pre-disturbance forest patches 
and is more or less rapid according to dispersal abilities. Indeed, biomass regrowth also 
depends on the spatial structure of seed sources and the dispersal abilities of species. 
Therefore, at the landscape level, the accumulation of carbon stored in biomass can 
be slower than at the tree level. It includes two successive processes, that is, shrubland 
regrowth within 5 to 10 years, followed by a slower tree biomass accumulation.

Figure 13.6. Concept of vital attributes for post-fire succession (Noble and Slatyer, 1980).
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Carbon budget associated  
with fires in Mediterranean-type ecosystems

General concepts
Until recently, studies on global fires aimed to quantify present trace gases by fuel 

combustion (Crutzen and Andreae, 1990; Hoelzemann et al., 2004; Ito and Penner, 2004; 
Tansey et al., 2004), but analyses of the global carbon budget generally ignored fires 
(Houghton, 2003). The general assumption was that fires have no net effect on a steady-
state world, where losses due to combustion in some places were compensated for by 
gains due to biomass accumulation in others (Crutzen and Andreae, 1990). This steady-
state view is relevant only if total carbon release from fires is constant over time. For 
fire-prone ecosystems, fire acts as a faster decomposing process, where all the debris and 
biomass is converted to CO2 within a few days. When the disturbance regime is regular, 
the ecosystem can reach equilibrium on a long-term basis as far as vegetation is resilient 
enough to recreate the same vegetation type. When changes in the fire regime occur, fires 
can generate a carbon source or sink. Increasing fire frequency generates a net source of 
carbon, while decreasing fire frequency produces a net sink (Field and Fung, 1999; Chen 
et al., 2000; Tilman et al., 2000). The strength of the disequilibrium is determined by the 
carbon fluxes induced during the fire event. The amount of carbon emitted (E) directly to 
the atmosphere by a given fire is generally given by:

 E S C Bi i# #R=  (1)

where S is the burned area (m2), C is the combustion efficiency (gC emitted.gC combusted), 
and B is the amount of available biomass (gC.m-2) of fuel types i (wood w, leaves l or 
litter lit). This simple equation is particularly true for homogenous areas with an even 
vegetation type and environmental conditions. However, for some vegetation types, a large 
proportion of fires affect only the ground layer, leaving trees alive and unburned. For these 
biomes, we usually introduce a tree mortality parameter M (i.e. percentage of burned area 
in which trees are burned) resulting in the following emission equation:

 E S C B S C S C B M
l l lit w w# # # # # #= + +  (2)

This equation assumes that the whole leaf and litter carbon stocks are consumed 
whereas only M (%) of the wood is submitted to combustion processes. To account for 
fire effects on soil carbon, we include combustion of the soil carbon pools in the forested 
biomes (French et al., 2002; Guild et al., 2004; Soja et al., 2004). Equation (1) has been 
adapted for more complex ecosystems at the 1° × 1° resolution where global estimates 
are usually performed (Lavoue et al., 2000). As calculations are mostly performed at 
a scale where vegetation types can be mixed within a reference unit (Lavoue, 2000), 
there is a growing need to know what do fires burn to estimate the completeness of the 
combustion (Cumming, 2001). The reason for such a need is that, in most ecosystems 
fires do not evenly affect the different fuel types available. For example, crown fires, 
affecting the barks and twigs, represent only 1% in savannas (Seiler and Crutzen, 1980; 
Hochberg et al., 1994), 20% to 30% of fires in Russia (Shvidenko and Nilsson, 1996; 
Conard and Ivanova, 1997), but more than 90% in Canada (Kasischke et al., 1995; 
French et al., 2000). When they affect the crown, the completeness of the combustion is 
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similar. To refine estimates of carbon emission due to fires, recent studies consider each 
biome as a mosaic of different vegetation types with different burning properties (forest, 
grassland and shrubland). Also each of these vegetation types has different fuel layers 
(i.e. canopy, surface and ground layers), which may burn differently. Consequently, for 
each grid cell, the burnt biomass Mc is given by:
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where k is the number of vegetation types (m = 4 maximum), i is the number of fuel 
layers (n = 3 maximum), A is the area affected by fires (m2), Sk is the percentage of box 
area covered by the vegetation # k, Bk, I is the biomass load (in g.m-2) of the fuel layer # 
i for the vegetation # k and bk, i is the combustion efficiency (in %) of the fuel # i for the 
vegetation # k. In such cases, regional or landscape studies link the vegetation maps with 
precise fire maps. Such improvements should be extended to the entire field burning. 
Indeed, landscape studies in fire ecology for mixed ecosystems such as the Mediterranean 
have recently emerged (Moreira et al., 2001; Mouillot et al., 2003).

In addition to the direct emissions during combustion, fires are also intrinsically 
coupled with indirect emissions from the decomposition of post-fire debris and 
significantly contribute to overall emissions related to fires. This process takes years or 
decades, for example, time for killed trunks to decompose. The amount of decomposing 
material (D) is then estimated as:

 D B S C1# #= -^ h (4)

However, the three main parameters in Equation (1) for emissions are far from easy 
to collect and are subject to major uncertainties at the global or landscape level. These 
estimates based on the fraction of area and the biomass annually burnt were given with a 
factor of uncertainty of at least 3. Also, uncertainty in the assumptions of biomass density 
and combustion efficiency is still great and around ± 50% (Liousse et al., 2004).

Burnt area (S)

Recent works illustrate the need to know what fires actually burn and, in turn, the 
importance of accurately delineating the area burnt where fires exactly occur. The 
knowledge of what fires burn is important for the amount of biomass consumed and how 
this biomass reconstitutes after fire depending on the vegetation type and species. Indeed, 
general statistics can be misleading regarding the carbon budget and vegetation dynamic. 
For example, when studying the spatial distribution of fires at the landscape level in the 
Mediterranean basin, statistics shift from 1 fire every 40 years, to 50% of the landscape 
subject to recurrent fires (5 to 12 years) and 50% never affected. This explains two 
contrasting patterns: (i) the development of forests in areas never burnt; and (ii) persistent 
shrublands at an early successional stage in areas subject to repeated fires. Mediterranean 
landscapes have then to be seen as more complex than a simple source of carbon during 
fire events followed by forest regrowth and carbon sequestration, as both mechanisms 
co-occur at the landscape level and early successional stages are more fire-prone. As a 
consequence, fires affect more or less biomass than the average biomass of the region, 
depending on what vegetation is affected.
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Estimating burnt areas has been a growing concern in the last few decades for 
the developed countries for reasons of forest protection, expenditure and wealth lost 
estimations, and more recently, the impact on air pollution and global atmospheric 
circulation. Conversely, it was neglected for low populated regions such as tropical forest 
or regions where fires are a common aspect of the ecosystem processes as savannas, so 
that statistics are not evenly available across continents. For recent fires, we have the 
capacity to observe global fire activity from space at a range of spatial resolutions (Eva 
and Lambin, 1998; Dwyer et al., 2000; Arino and Simon, 2001; Giglio et al., 2003; 
Kasischke et al., 2003; Van der Werf et al., 2003; Simon et al., 2004). Several sensors have 
been used for rapid and efficient detection of fires from the landscape to the global level 
(Levine, 2000). However, the satellite observations were mainly used for the detection 
of seasonal fire occurrence (Dwyer et al., 2000), and not for estimates of the area burnt. 
This was due mainly to the spectral and geometric characteristics of the imagery used for 
these inventories, which were developed for meteorological applications and not for land 
surface applications. Other sensors use a variety of methods to estimate burned areas, 
including interpretation of smoke, unusually hot surface temperatures and post-fire scars 
on vegetation (Eva and Lambin, 1998), and even recent global studies based on remote 
sensing provide a range of estimates varying in their amount and spatial distribution 
(Boschetti et al., 2004). The general output is a burnt area for a given region or country, 
or at best, a spatial representation of burnt areas at various spatial scales.

In the Mediterranean basin, there is a growing interest in estimating burnt surfaces, 
increasingly affecting the natural ecosystems since the 1970s, and we can rely on 
statistics for most of the countries at the national level (FAO, 2001). Initial statistics 
are delivered at the country level and can produce fine scaled statistics (Prométhee for 
France) (Vazquez and Moreno, 1995), but have not been compiled in a common database. 
In addition, they are established by foresters or fire fighters with different goals (that can 
lead to an over- or underestimation of the actual area burnt) and different perceptions 
of fires depending on the vegetation type affected or the minimum area burnt. There are 
also many fire types, not always registered, such as prescribed fires or agricultural fires. 
Finally, some countries reference only forest fires, occulting bush or grassland fires, the 
definition of which can vary from one country to another depending on the minimum tree 
cover considered to be a forest. In turn, we can observe significant differences within and 
between statistics available for countries.

Besides these observations in the field, ecological studies tend to use aerial 
photography for a better estimation of fire contours, but the 5 to 10 years time lag 
between successive campaigns is often too long to identify fire scars given the high 
fire frequency and the fast regrowth of vegetation. More recently, remote sensing tools 
tend to use classification methods to delineate fire boundaries and produce less biased 
fire statistics, but different algorithms or thresholds in the analysis can lead to overall 
accurate estimations of surfaces but different contour lines.

Combustion efficiencies (b)
Fire intensity is spatially highly variable and determines the combustion efficiency of 

biomass and soils, as well as post-fire regeneration of species. Fire intensity is the result of 
the amount of fuel biomass and its water status. Air temperature, wind speed and topography 
significantly modify fire spread, fire speed and, in turn, local fire intensity. The model 
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mostly used is based on calorimetric measures and time of residence of fire. Ir (reaction 
intensity) is a function of biomass quantity, quality and structure. The rate of spread is then 
a function of Ir and local modifiers such as vegetation connectivity, slope, wind speed and 
direction, and vegetation water status. The actual intensity is I = Ir × R × t, where R is fire 
rate of spread and t is time. Ir determines combustion efficiency. The influence of wind 
and topography can be different from the initial model BEHAVE (Burgan and Rothermel, 
1984) according to case studies (Weise and Biging, 1997).

Biomass
Uncertainty in the assumptions on combustion efficiency is still great and around 

± 50%. Fuel composition influences combustion efficiency, which may control the 
emission factors. Trees are proportionally less combustable than shrubs due to the 
thinner structure of branches compared with the trunk, for example. A bibliography on 
combustion efficiency illustrates that trunks have a combustion efficiency of 20% to 30% 
in the boreal and up to 50% in the temperate forest, but the combustion efficiency of 
leaves and grass is almost 100%. For landscape-scale studies, estimations of fire intensity 
can be derived from field observations as bark or branch alterations (Perez and Moreno, 
1998). For landscape-scale studies, remote sensing observation of normalized differential 
vegetation index (NDVI) before and after fires can provide a spatial representation of fire 
intensity within a fire contour line (Salvador et al., 2000; Chafer et al., 2004).

In grasslands particularly, fuel compaction and seasonal fuel moisture significantly 
affect combustion efficiency by a factor of 2 (Hoffa et al., 1999). In the boreal forest, fuel 
moisture influences fire risk, but also drives fire spread and the subsequent combustion 
efficiencies of the litter and bark (Kasischke et al., 2000). Dry vegetation is more 
flammable and combustion more complete. However, when fire spread is too fast, fires 
are less intense and allow some species to survive. Indeed, fire intensity is very variable 
and depends on intrinsic factors, but also spatial processes of fire spread such as wind 
speed and topography. Fire spread models integrate the major parameters, and there is 
growing interest in estimating seasonal vegetation water status from space.

Effects of fires on soil
A higher variability, however, happens on soils. The extent and duration of the effects 

of fire on soil properties depend firstly upon fire severity. The latter is in turn controlled by 
environmental factors that affect the combustion processes, such as the amount and nature 
of the above-ground biomass, the water content of live and dead fuel, air temperature and 
humidity, wind speed and the topography of the site. Fire severity consists of two components, 
that is, intensity and duration. Intensity is the rate at which a fire produces thermal energy. 
In some case, instantaneous values up to 700°C may be reached at the top soil surface. 
Temperature declines within the soil profile. The temperature profile largely depends on the 
soil physical properties, particularly the water content. Wet soils facilitate heat propagation. 
Heat is transferred faster and deeper. In such cases, the latent heat of vaporization prevents 
the temperature from exceeding 100°C. The most expected change soils experience during 
burning is the loss of organic matter. First, fire causes reduction or total destruction of the 
forest litter. Depending on fire severity, the impacts on the soil organic matter itself are very 
complex. Lowest temperatures (< 150°C) are practically ineffective. Highest temperatures 
(> 500°C) lead to complete oxidation. The main effects at intermediate temperatures have 
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been detailed in González-Pérez et al. (2004) who considered two separate compartments 
in the soil organic carbon: soil free organic fractions and soil colloidal or humus fractions 
that comprise humic and fulvic acids. Oxygen-containing humic macromolecules are labile 
to heat. Part of the humic acids is transformed into humin. Fulvic acids are transformed 
in humic-like macromolecules and added to the newly formed aromatic and highly 
polymerized, or humic-like, compounds derived from the lignin and other brown products 
yielded by carbohydrate dehydration or dry distillation of plant residues. Concurrently, 
we observed the decrease in chain length of free lipids (i.e. fatty acids, resins and waxes) 
that contribute to the water repellence of the soil after wildfire. Other complex chemical 
reactions have been inventoried. Finally, there is also the production of a refractory and 
unalterable component, the so-called black carbon. All the above mentioned processes 
increase the stability of carbon substances to chemical and biological degradation. Hence, 
fire could be considered as a carbon stabilization factor with implications for the global 
geochemical cycle. Statistical analysis of results published in 48 studies by Johnson and 
Curtis (2001) yielded rather counter-intuitive results regarding the loss of organic matter. 
Their meta-analysis displayed a positive long-term effect of forest fires on the content of soil 
organic carbon. A significant (+ 8%) carbon increase in the A soil horizon was associated 
with fires that occurred more than 10 years earlier. Three reasons have been postulated: (i) 
the incorporation into the soil of charred residues protected against decomposition; (ii) the 
rearrangement of macromolecules of the soil organic material into more recalcitrant forms; 
and (iii) the increase of the occurrence of nitrogen-fixing understorey plants that enhance 
soil carbon sequestration. In another compilation summarizing results obtained for six 
Mediterranean forest ecosystems, except for a Pinus halepensis stand where a sharp decrease 
in soil carbon has been measured, Gonzalez-Perez et al. (2004) observed an increase of soil 
carbon suggesting a substantial incorporation of dead biomass. There is also the issue of 
so-called “black carbon”. Black carbon is used as a synonym for soot, pyrogenic carbon and 
charcoal. It can be seen as a continuum from charred or incompletely burned plant material 
to graphite particles condensed from the combustion gas phase. This refractory material has 
been suspected to play a substantial part in the missing carbon of the global carbon budget. 
In the Andalusia region, under a semi-arid to sub-humid Mediterranean-type climate with a 
large occurrence of forest fires, the yearly amount of refractory material produced has been 
estimated to be more than 31,000 M g. Most of this black carbon remained as fire residues 
and will be further incorporated into the soil. About 850 M g has been emitted as soot into 
the atmosphere and, after a rather variable residence time, further precipitated into the 
Atlantic Ocean or the Mediterranean Sea (González et al., 2002).

Available biomass before fires (B)
The development of vegetation and associated carbon fluxes after disturbances or 

land-use changes is now becoming of interest as a potential carbon sink in the biosphere. 
Many studies focus particularly on the replacement of previously cultivated or grazed 
areas by forest or shrubby vegetation, but a change in fire regimes can have the same 
effects. Due to the long time needed for carbon stock reconstructions, temporal series 
are rare and we use the diachronical analysis where stands are described at different ages. 
This method introduces some variability but allows studies on time series from decades 
to centuries. Based on these observations, biogeochemical models also simulate the 
dynamics of carbon stocks after disturbances.
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The Mediterranean region is confronted by the concomitant processes of land 
abandonment and increase in burnt areas. Long-term vegetation dynamics since 
land abandonment give interesting results on the processes driving this long-term 
dynamic, such as border expansion for forest spread and fast invasion by shrubs. Post-
fire vegetation dynamic has long been described as fast and giving rise to identical 
communities as before the fire (Trabaud and Lepart, 1981). However, multiple successive 
fires and fire intensity can mitigate this result. At the landscape level, short-term remote 
sensing studies can focus on post-fire vegetation response within a few months to a few 
years (Viedma et al., 1997; Diaz-Delgado and Pons, 2001). These results suggest that fire 
intensity is not only important for the calculation of emission factors but also for species 
survival and, in turn, post-fire community composition.

Estimating biomass at the stand level has long been a major concern for foresters 
and ecologists (see Chapters 3 and 4). Diameter at breast height (DBH) for trees and 
crown area for shrubs are used to evaluate individual above-ground biomass. Ecosystem 
estimations require individual densities that are not easy to obtain at landscape, regional 
or global levels. Indeed, landscape maps are usually classified according to the dominance 
of species and vegetation layer (i.e. herbaceous, shrubs or forests) to differentiate open 
and closed canopy forest, for example. Remote sensing data as NDVI can describe 
foliage density and new products give an estimation of the percentage tree cover at the 
global or regional scale (De Fries et al., 2000).

The estimation of soil carbon stocks and litter needs extensive field work, but 
remains of upmost importance for investigations into global carbon fluxes and stocks. 
The overall conclusion when compiling biomass estimations is that the high spatial 
variability depends on climate of course, but also on soil properties. Based on local 
observations, biogeochemical models estimate available carbon stocks in living biomass, 
litter and soil using climate data, soil type and vegetation type, and can be extrapolated 
at the landscape, continental or global levels. However, the lack of accurate data and 
models introduces large potential errors into these estimates. Improved monitoring and 
understanding of the extent of the landscape and the severity of fires and their effects on 
carbon storage, air chemistry, vegetation dynamics and structure, and forest health and 
productivity are essential to provide inputs into global and regional models of carbon 
cycling and atmospheric chemistry. For example, above-ground biomass estimations for 
Amazonia (Houghton et al., 2001), boreal forest (Banfield et al., 2002; Conard et al., 
2002) or temperate forest (Turner et al., 2004) are still very variable as are estimations of 
soil carbon stocks (Krinner et al., 2005).

However, biogeochemical models are useful for first estimates of the global carbon 
cycle and they are now being used for the calculation of fire emissions, and assume 
the biomass at equilibrium to be an accurate estimate, as well as the temporal dynamic 
of post-disturbance carbon reconstitution. At the landscape level, studies focusing on 
the estimate of carbon stocks and fluxes have to deal with the topo-climate and soil 
variability, which are difficult to apprehend. However, keystone events such as large fires 
in the tropical or boreal forest can be studied, for example, El Niño year 1997 in Indonesia 
(Liew et al., 1998) or the fires in eastern Russian in 1987 (Cahoon et al., 1994).

In Mediterranean-type ecosystems, biomass estimates on complex and fire-prone 
landscapes are difficult to estimate. Above-ground biomass is not directly linked with 
remotely sensed leaf area index (LAI) but depends on vegetation type and time since 
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the last disturbance. Post-fire vegetation dynamic is rapid (within 4–5 years) and 
coupled with species replacement, so that vegetation maps are very dynamic and have 
to describe both the canopy level and the shrub/grass layer. Usual models do not deal 
much with response to disturbance, soil and climate and offer an estimate of biomass at 
the different layers of vegetation. Forestry indices commonly used in gap models (e.g. 
DBH) are generally of no use for resprouting species and shrubs, the most common 
vegetation type in Mediterranean type ecosystems. Some specific models now deal 
with biomass estimates and water status, as well as life traits. For example, SIERRA 
(Mouillot et al., 2001; 2002) is a spatially explicit model, which combines processes 
determining vegetation dynamics and mechanisms affecting ecosystem scale flows. It 
takes into account the influence of space on the interaction between fluxes, ecosystems 
function and community dynamic. Space is considered by simulating the changes in 
soil and plant water status and plant cover at each grid-point of the landscape with 
implicit parameters such as soil and topographical properties and microclimate, and 
the spatial processes relating to adjacent cells such as runoff, seed dispersal and fire 
spread. Species are aggregated into cohorts and compete with each other for water and 
solar radiation. This model provides a basis for comparing the effects of climate on 
the coupled vegetation and fire dynamics. Carbon in litter and soils does not represent 
a large fraction of Mediterranean soils, but is usually considered according to the 
CENTURY model process. Based on these models, vegetation maps and remote sensing 
data, available biomass can be estimated in a spatially explicit manner and between the 
different layers from soil to canopy.

The threat of global change

Climate scenarios for the Mediterranean
Close to the Mediterranean Sea, early trends in temperature and rainfall changes are 

already observed as, for example, long periods of consecutive hot days without cool 
outbreaks during the dry season and increased water vapour into the warmer atmosphere 
associated with a reduction in stability leading to increased convection and variability 
in rainfall (Gordon et al., 1992). Simulations of the future climate with an increased 
greenhouse effect give varying results depending on the general circulation model (GCM) 
used, although some general features appear in many of these simulations and provide 
the bases for “what-if ” scenarios (see Chapter 6). The model of the Hadley Centre for 
Climate Prediction and Research of the UK Meteorological Office is a fully coupled 
atmosphere-deep ocean model with horizontal spatial resolution of 2.5° longitude 
× 3.75° latitude. ARPEGE is the Météo-France GCM at 50 km resolution. In both 
models, two runs are usually conducted: a control (CO2 concentration at 320 ppm) and 
a perturbed model where greenhouse gas concentration is increased by 1% annually, 
which is close to the “business-as-usual” emission scenario. For grid-points close to 
the northern Mediterranean, we analysed the linear trends in deviations between both 
runs following Makridakis and Wheelwright (1978). Monthly warming of up to + 4°C 
for summer months and +1°C in winter are found. Daily potential evapotranspiration 
consequently follows an increase of 5% per °C according to McKenny and Rosenberg 
(1993). Under enhanced greenhouse conditions, GCMs have reported an increase in the 
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frequency of convective rainfall and a possible decrease in less intense non-convective 
or large-scale rains. The predicted changes in rainfall intensity are more statistically 
significant and more spatially and seasonally uniform than changes in total amount 
(Pittock et al., 1991). Actually, Gregory and Mitchell (1995) showed that, in the 
latitudes of Mediterranean-type climates of Europe, the average decrease in total annual 
rainfall is associated with a decrease in the number of rainy days. Precipitation is 
distributed over fewer days, but each with relatively larger amounts. As GCMs are not 
able to simulate the more intense rainfall events of the Mediterranean-type climate, the 
enhanced daily amounts are usually calculated from the observed ones assuming that the 
wet/dry sequences are not changed. As a consequence, the general pattern is a doubling 
in the frequency of occurrence of the 50 mm.day-1, no change for the 20 mm class and 
a decrease in the amount of large-scale low intensity rainfall (Rambal and Debussche, 
1990; Rambal and Hoff, 1998).

Consequences on vegetation functioning
The composition in dominant species under a changing climate is not drastically 

affected in the wettest northern part of the Mediterranean Sea. However, in extreme 
situations, some species may not develop leaves in the current year (Penuelas et al., 
2001), which may affect their flammability given that old leaves have lower water content 
and more energy content. Furthermore, prolonged drought can cause total or partial death 
of individuals with the consequent addition of dead material. A positive feedback would 
be the adaptation of tree density to water availability and limit tree death or water stress. 
Recent studies show some changes in biomass distribution between the main species but 
water fluxes seem to be more affected. For example, pine forest could experience a 15 mm 
decrease in transpiration and a corresponding increase in soil evaporation (Mouillot et 
al., 2002). As a result the stress factor was increased by on average 1.53 equivalent 
week of stress per year. However, this increase can vary from 0 to 8 weeks, leading to 
more frequent high drought events rather than a systematic increase in light drought. We 
also observe a significant feedback of vegetation on the water stress index. There is an 
exponential decrease between summer rainfall and the water stress index, similar to the 
relationship between burnt areas and summer rainfall. Under a changing climate, this 
relationship follows the same exponential pattern but, for a same rainfall event, the water 
stress index is usually higher than current climate in the case of high summer rainfall 
and lower in the case of low summer rainfall. This illustrates that the water stress index 
under a changing climate does not follow the summer rainfall amount according to the 
model built under current climate. A negative feedback might occur in the response of 
the water stress index. A higher water demand under current climate due to a higher LAI 
increases water stress. That highlights the hydro-ecological balance that exists between 
rainfall amount and LAI in any given climate (Eagleson, 1982). The coupling in the 
change in rainfall pattern with temperature change leads to a new equilibrium with a 
higher drought stress.

Overall, there is little change in total annual rainfall between the climate scenarios, 
but monthly variations in the soil water balance reflect seasonal changes in rainfall 
patterns. The future climate expected in the Mediterranean basin will likely have little 
effect on the already poor productivity but will increase the length of the stress period 
as well as its frequency and, therefore, the risk of fire. This result supports the finding 



295

Mediterranean forests, fire and carbon budget: the threats of global change

regarding the importance of inter-annual variability in determining fire events. It explains 
how water fluxes are sensitive to rainfall pattern and its inter-annual variability, but can 
be modified in the longer term due to changes in vegetation functioning. The observed 
increase is actually due to more frequent drought events than to the average increase in 
actual drought severity.

Impact on community composition
Indeed, the temporal pattern of fire events may be the major factor determining 

community composition. The species with shallower rooting depths such as shrubs 
present a higher stress index than trees but, might in turn, be less affected than trees 
adapted to greater water availability. Under changing climate the fire return interval might 
decrease from 72 to 62 years for forests and from 20 years to 16 years for shrublands. In 
turn, the enhanced fire frequency reduces the occurrence of pine forests as two successive 
fires close to each other prevents regeneration of pines and suppresses the community. 
This can lead to an expansion of the fast growing Cistus spp. At the landscape level, we 
observe nowadays a mixture of 28% of forest, 33% low maquis and 5% high maquis. 
Under a changing climate, forest would only account for 12%, whereas low maquis would 
cover almost 45% and high maquis 16% (Figures 13.7 and 13.8). The change in values 
caused by the different type of vegetation will probably involve less effort, both with 
regard to prevention and to alertness, which could accelerate the fire cycle (Trabaud and 

Figure 13.7. Time course of the stocks and fluxes of carbon associated with fires along successions 
compared between two contrasted fire regimes: low recurrence (upper); high recurrence (lower).
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Galtié, 1996). Theoretically, the occurrence of fire is limited by fuel, so we could expect 
this process to decrease fire incidence, and higher fire fighting efficiencies would add to 
this process. However, fire appears to be mainly controlled by weather conditions, and in 
this case, many areas would be subjected to fires even in the early stages of succession, 
with the consequent risk of loss of soil fertility. Finally, it is difficult to forecast how 
situations caused by climate change will affect the people deliberately causing the fires. 
The persistence of high-risk situations will provide more opportunities for intentional 
fires. With regard to accidental fires, the higher climate-related danger could raise the 
chances of ignition sources ending in fire. To counteract this possibility, there might be 
a gradual improvement in information and training for the population, as well as greater 
awareness of the fire problem.

Figure 13.8. Effects of climate change on fire occurrence as time return interval of fire (above) 
and feedbacks on landscape composition (below) (Mouillot et al., 2002). Climatic scenarios: 
S1 involves a change in rainfall regime and S2 changes in the rainfall regime associated with 
changes in temperature. S0 refers to the current climate. Community type: G: grasslands and open 
shrublands; LS: low shrublands; HS: hight shrublands; OF: open forests; DF: dense forests.
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Situated at the confluence of four climatic zones, oceanic, continental, 
Mediterranean and montane, metropolitan France includes the northern, 
southern or altitudinal margins of a large number of tree and pathogen 
species. French forests therefore offer a diversity of species and management 
options representative of temperate and Mediterranean European forests. This 
context is unique for analysing and simulating the effects of climate change 
on forests at the regional and subregional scales. The results presented in this 
book summarize the main findings of the CARBOFOR project, which brought 
together 52 scientists from 14 research units (INRA, CNRS, CEA, Météo-France, 
Universities of Paris-Sud and Orléans, IFN, CIRAD) to investigate the effects of 
future climate on the carbon cycle and the productivity and vulnerability  
of French forests.

Forests, Carbon Cycle and Climate Change explains the current forest carbon 
cycle in temperate and Mediterranean climates, including the dynamics of soil 
carbon and the total carbon stock of French forests, based on forest inventories. 
It reviews and illustrates the main ground-based methods for estimating carbon 
stocks in tree biomass. Spatial variations in projected climate change over 
metropolitan France throughout the 21st century are described. The book then 
goes on to consider the impacts of climate change on tree phenology and 
forest carbon balance, evapotranspiration and production as well as their first 
order interaction with forest management alternatives.

The impact of climate change on forest vulnerability is analysed and shows 
how the climate envelopes and geographical distribution of France’s main 
tree species will be affected by climate change. A similar simulation study was 
carried out for a range of pathogenic fungi, emphasizing the importance of both 
warming and precipitation changes. The consequences of climate change on 
the occurrence of forest fires and the forest carbon cycle in the Mediterranean 
zone are also considered.

This book is a valuable reference for researchers and academics, forest 
engineers and managers, and graduate level students in forest ecology, 
ecological modelling and forestry.

Denis Loustau is a scientist at INRA (Bordeaux-Aquitaine). Since 1991, he has been 
involved in the main European projects devoted to climate change impacts on forests  
and has participated in the IPCC, which was awarded the Nobel Peace prize in 2007.
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