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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 CO,. 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 CO, has increased from about 280 ppmv in 1750 to 385 ppmv in 2008.
CO, 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 CO, 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 CO, 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 CO, 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 CO, 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 CO, 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 CO, 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.



Foreword

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 IIT).

Animportant 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 x 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.

11
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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 (CO,, CH,, N,O and
CFC) in addition to water vapour and ozone, and five acrosol 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).

12



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 CO, 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 CO, 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 CO,, water deficit and the fact that ecosystem
sensitivity to climate decreases with age. This interaction between climate, CO,,
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

13
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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.

14



Executive summary

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 CO,, CH, 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.

19
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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 CO, 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 CO,, which returns to the atmosphere. This
mineralization occurs as a metabolic process called respiration and commonly qualified
as “autotrophic” respiration in plants, R, and “heterotrophic” respiration in animals and
decomposers, R, . 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-CO, gaseous molecules, C_, such as methane (CH,) 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!, 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 year' (see
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Figure 1.1. The forest carbon cycle showing definitions of the net ecosystem exchange (NEE) and
net primary production (NPP).

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.
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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 ef 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.

NEE = GPP + R, + R, + Cx (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)) )

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; Hyvonen 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:

NEP = GPP + R+ R, + Cx + export + dissolved carbon 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; Hyvonen 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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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).

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., 20006).

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

Environmental control of carbon fluxes
in forest ecosystems in France: a comparison
of temperate, Mediterranean and tropical forests

BERNARD LONGDOZ, ANDRE GRANIER, DENIS LOUSTAU, MARK BAKKER,
SYLVAIN DELZON, ANDREW S. KOWALSKI, SERGE RAMBAL, ERIC DUFRENE,
DAMIEN BONAL, YANN NOUVELLON

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 CO, 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 ef 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 CO, 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 CO, mass balance equation applied to the terrestrial
ecosystem leads to correspondence between net ecosystem exchange (NEE) and CO,
turbulent vertical flux above the canopy, F, combined with CO, storage in the canopy
air (Aubinet et al., 2000; Finnigan et al., 2003). Following the definitions proposed in
Chapter 1, this holds when non-CO, atmospheric exchange is neglected. The CO, turbulent
vertical flux, F, is equal to the temporal average of the product of the CO, 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 CO, flux requires the measurement of
CO, 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 CO, stored in
the canopy air and the CO, 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 CO, content as deduced from repeated CO, 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 CO,
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
CO, 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 CO, 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 CO, 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 ef 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 ef 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 CO, concentration from the analyser measurement that gives the
number of CO, 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 ef al., 2004, Reichstein et al., 2005, Moffat et al., 2007).
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When the non-CO, flux from the ecosystem can be neglected, F, can be equated to
NEE. Under such conditions, it is possible to infer from F, 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 ef al., 2002a; Reichstein et al., 2005).

Soil CO, efflux

The most widely used method for monitoring CO, 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 CO, 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), CO, is usually trapped with chemicals such as sodium hydroxide or soda lime
(Raich et al., 1990). Thus, normally, the CO, concentration within the chamber remains
relatively stable. The CO, efflux can be calculated from the amount of CO, 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 CO, 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 CO, 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 CO, to the
air and the CO, concentration increase is measured regularly. The CO, 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 CO, concentration increases linearly in the system. When CO,
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 CO, from the soil and
then divide/multiply the soil CO, 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 CO, efflux is
determined from the difference between CO, 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 CO, 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 CO, concentration within the chamber must reach steady state
(equilibrium) after a time that depends on airflow rate and the CO, efflux from the soil.

CO, flux from the stem and leafy branches

Similarly, the CO, flux from stem sections and branches can be measured using either
closed or open chambers (Dufréne 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 ef 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-m2-year!
in France and up to 13,000 mol-m2-year! 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.

. . Age Mean Rain LAI  Density Height
Site Species in 2002 temperature  (mm- (m>m?)  (ha') (m)
(°C) year?’)

Puéchabon xid“erranean 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 (AE) and net

32



Environmental control of carbon fluxes in forest ecosystems in France

Puéchabon . Le Bray
MJ m?2 jour ! MJ m?2 jour 2
20 Y - Rn

0 60 120 180 240 300 360 0 60 120 180 240 300 360 0 60 120 180 240 300 360

DOY (2001) DOY (2001) DOY (2001)

Figure 2.2. Annual courses of net radiation (R ) and of latent heat flux (AE) in Puéchabon, Le Bray
and Hesse (daily data). DOY : day of the year.

radiation (R,) are presented in Figure 2.2 in three sites. At Puéchabon, we can observe
that AE remained low during the year compared with R . 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 AE and
R, was constant over the year except, as in Puéchabon, for a decrease during a drought
period (around DOY 240). At Hesse, AE increased sharply in spring after budburst took
place (DOY 120).

The ratio AE/R,, 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 AE/R, 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 AE/R | 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-CO, flux, the annual net carbon balance (i.e. NEE) was calculated
in all the investigated sites as the sum of half-hourly CO, flux measurements corrected
for CO, 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-m2year'and + 229 gC-m?2-year-'. 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-m2-year-!' to — 550 gC-m2-year~') (Berbigier et al., 2001), while at Hesse the
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Figure 2.3. Inter-site and inter-annual variation in the ratio of latent heat flux to net radiation
(AE/R,). 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 AE/R, 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 AE/R, and the leaf area index (LAI) for the same sites and years.

variability was much higher (from — 68 gC-m2-year-! to — 582 gC-m2-year!) (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 CO, 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-m2-year-' and — 2100 gC-m2-year"!
(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.
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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.
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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, 72 = 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!, 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.
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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 H,0! and 2.4 mmol C-mol H,O! (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 H,0O!, very close to that of Hesse (2.05 mmol C-mol H,0). 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 WUECc at Hesse, between — 5 mmol C-mol H,0!and — 7 mmol C-mol H,0!, 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 H,0! and
—4 mmol C-mol H,0O!. 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 H,O..

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).
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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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Figure 2.10. Relationship between the annual net carbon balance (NEE) and biomass increment
of the stands.

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 (NEP) = AW + D — R, where AW 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 AW
(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
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Figure 2.11. Relationship between the sum of biomass increment plus fine root and leaf production
less the heterotrophic respiration (AW +D — Rh) and annual carbon balance (NEE).

(Granier and Loustau, 1994; Granier and Bréda, 1996). Non-linear fits were performed
for each investigated site using the following model:

gc = ge, [Rg (Rg + Rgy)|'[1 (I + k VPD)] (1)

where Rg is the global radiation, VPD is the water vapour pressure saturation deficit and
¢, Rg,, 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:

NEE = Reco + a PAR [l — (PAR/2000) + (a PAR/Fc_opt)] )

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 pmol-m2-s!. 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.
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Figure 2.12. Variation of canopy conductance (g.) to water vapour for four CARBOFOR sites,
fitted according to the Equation (1). Effects of air vapour pressure deficit at Rg = 900 W-m? (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 r?

June 1997 —0.064 -26.9 6.90 0.74
June 1998 —0.063 -26.1 7.32 0.59
June 1999 -0.073 -272 8.29 0.62
June 2000 -0.127 —-30.1 9.09 0.61

Hesse 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 r?
June 1997 —0.043 —23.6 5.89 0.73
June 1998 —-0.039 -204 5.72 0.60
Le Bray 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 -2238 2.44 0.69
Bilos June 2001 —-0.036 -10.4 4.41 0.46
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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 umol-m2-s!. At Le Bray, a large inter-annual variation was found. The largest NEE
values were observed at Hesse, greater than — 20 pmol-m-2-s! 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.
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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 (r?) 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 r? 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 AE/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-m2-year’, that is, 10-20 tC-ha!-year'. In the French Guiana site
(Paracou), the annual value is much larger, close to 35 tC-ha!-year'. 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 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 ef 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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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?) 290 - 575 —498
GPP (gC.m?) 727 2255 2025
Reco (gC.m?) 996 1680 1527

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 CO, assimilation rate at leaf level.
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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-m2-year') represents above-ground net primary production (NPP) estimated using biomass
increments and litterfall measurements per stand; (b) growth efficiency (gC-m2-year') corresponds
to the above-ground annual tree biomass increment expressed per unit leaf area; (c) stand leaf area
(LAT: leaf area index; PAI: plant area index; m?>m-); (d) tree number (ha™').

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 er 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; Pefiuelas, 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 ef al. (2000). We demonstrated further that growth decline results
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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 CO, 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.
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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 ez 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, JEROME 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 ef 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 '“C 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 A,. The work was carried out
on two sites: the beech forest of Fougeres (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 ef 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 Fougéres beech forest

The national forest of Fougeres 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 Fougéres 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 Fougeres 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 Fougeres forest.

Reference FOU1: FOU2: FOU3: FOU4:
10 years 27 years 87 years 145 years
. Fern (1), ivy (+),
Gramineae (5) Fern (+)
Plot A and fern (+) and ivy (+) carex (+) Ivy (2)

and wavy hair-grass (+)
Gramineae (5),

Fern (1) Ivy (3) Barren
Plot B bramble (+) . . P
and moss (+) and ivy (1) and polytric (1) with ivy (3)
Gramineae (5),
Fern (+) Barren
Plot C bramble (+) and ivy (1) Ivy (2) with ivy (1)

and moss (+)
Gramineae (5),

Fern (+) Ivy (2) Wavy
Plot D fern (+) ] '
and bramble (+) and ivy (+) and oak (2) hair-grass (5)
Fern (1) Ivy (1) Ivy (5)
Plot E Fern (5) and ivy (1) and polytric (+) and oxalis (1)

Gramineae, bramble,
Plot F honeysuckle,
broom and moss

(+) = presence; from | 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 Fougeres, 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 (A, sub-divided into A, and A, and
occasionally E,). 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 '*C 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 m? 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 '“C 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 3C and '*C 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 Fougeéres 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 ef 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) x density (kg soil-m=) x TOC (kgC-kg soil!) (1)

14C and *C measurements were carried out on composite samples made of aliquots
of the five individual samples of each layer. The “C 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:

AMC (%0) = 1000 x (A — Ao)/Ao )

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

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

apparent age = — 8035 x Ln (A/Ao) (3)

Principle of interpretation of '“C 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 “C activity of atmospheric CO, 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
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Figure 3.1. Database of tropospheric *CO, 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 *C decreased and is still decreasing. This “C “peak” has turned out
to be a fortuitous isotopic labelling, firstly of plants that use CO, for their metabolism
and, secondly, of SOM through the incorporation of '“C-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 '“C 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 19962001 are extrapolated and fixed on the values of 1998-99.

Results and discussion: experimental data

Organic carbon stocks

Fougéres beech forest

The distribution of TOC in the Fougeres 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 '“C 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
Fougeres 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 Variation Average Variation Average Variation Average Variation
TOC  coefficient TOC coefficient TOC coefficient TOC coefficient

(mggh) (%) (mggh) (%)  (mggh) () (mggh) (%)

OL 338.0 25.1 488.5 23 479.8 1.2
OF 462.9 2.1 451.9 123
OL, OF 432.3 6.7
OH 287.3 322 317.3 30.5 262.5 33.1
All 115.1 33.6 138.9 44.7 87.8 304 75.3 44.9
Al21 61.7 60.4 75.7 30.2 46.7 11.2 422 28.0
Al3 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 A, horizons of soils of the four stands that were studied at Fougéres.

FOU1 FOU2 FOU3 FOU4
(thicket) (sapling) (young high forest) (old high forest)

Mean  Variation Average Variation Average Variation Average Variation
stock coefficient stock coefficient stock coefficient stock coefficient

kgCm? (%)  kegCm? (%) kgCm? (%)  keCm?2 (%)

OL 0.72 43.30 0.50 51.50
OF 0.59 30.40 0.83 47.30
OL+OF 043 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

Al 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' 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'' in OF
suggests a minor mineral contamination of this layer. The much lower TOC values in the
OH layer (320 mg-g! in FOU3 and 260 mg-g! 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') 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 A, than in A, is
mostly attributable to some mixing between A, 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 A,,.

Variability is also large (45%, N=7) in FOU2 horizons (A, +A,,). On average, they are
richer in organic carbon (140%o) than in FOU3 (90%0) and FOU4 (75%o). 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 FOUI, 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%o 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
A, 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 A, 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 A, 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 Fougeres sites as calculated from 1997 and 2002 measurements.

1997 measurements FOU1 FOU2 FOU3 FOU4

Mean litterfall

Mass (kg dw-m2-year') 0.21 0.38 0.39 0.47

Carbon (kgC-m2-year') 0.089 0.161 0.165 0.2

Horizon OL + OF:

carbon stock (kgC-m2) 0.424 1.179 1.299 1.323

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

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

2002 measurements Fouz Fou2 FOU3 FOU4
mull moder

Horizon OL + OF:

carbon stock (kg'm?) 0.481 0.689 1.118 0.916

K = flux/stock (year') 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.

107 [ OL +OF
97 E OH

81 1 Al

7 B Total O
6 [ Total soil

FOU1 FOU2 FOU3 FOU4 Le Bray Baudes
10 year 27 year 87 year 145 year 32 year 92 year

Figure 3.2. Carbon stocks in organic horizons of stands of different age at the Fougeres (average
and standard deviation for five or six profiles) and the Landes forests. All values in kgC-m?.
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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 A, 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).
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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 '*C and “C isotopes

The 3C 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%o to 3%o
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
CO,, the present day CO, being depleted by 1.5%0 compared with pre-industrial CO,;
(i) the predominance of lignin (depleted in '*C) 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 *C; (v) the possible presence of a background of carbon rich in 3C of
periglacial times (Adams and Faure, 1996). The most noticeable fact is the low ABC 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 3C.

In the Landes de Gascogne, the '*C distribution is identical at the two sites. The
podzols of this area differ from the leached soils of Fougéres 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 3C composition at the Bray site (unpublished
data) suggests that the recycling of respired CO, via photosynthesis is not significant
here.

The C profiles (Figure 3.4) account for the enrichment in the thermonuclear “C
isotope. The 1964 peak of radioactivity (36 years old at the time of sampling) is located
at the top of the profile, in the OH, 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 '“C ages
greater than 1000 years.

In the two studied sites of the Landes, the “C profiles are very similar to those
of equivalent age in the Fougeres beech forest. In the Landes, the addition of post-
bomb C 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
A, 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 *C and '*C carbon isotopic composition of the humus and soil
organic matter at the Fougeres 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 *C activities, horizon by horizon. The horizons
were pooled to form three layers: OL + OF called OLF, OH, and A, 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 A,
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/df = — 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;

Litterfall CO

horizons OL + OF

v

N PN

horizons OH

Root input —

N

v

horizon A0-10 cm

[ RPM compartment (paticulate organic matter and asociated microorganismes)
1 Hum compartment (fine, colloidal matter ans associated microorganisms)
Rapid mineralization < 1 year
Figure 3.5. Model developed to describe the age distributions of organic carbon in the moder
humus at the Fougeres 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 Fougeres, in the 90-year-old and 148-year-old stands (FOU3 and FOU4), stocks
and “C 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-m2-year! was retained, to which a flow of 0.07 kgC-m2-year!
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 “C activities. This is due to the strong thermonuclear “C
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 Al 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 (Fougeres) to 8 years (Landes) in the OLF horizon and
from 60 years (Fougeres) to 64 years (Landes) in the A, horizon (0-10 cm).

Simulated A™C (%o) Simulated C stock (kg - m?)
300 4+
&
200 34
100 o
7 1 e¥e
-100 T T T 1 0 T T T ]
-100 0 100 200 300 0 1 2 3 3
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Figure 3.6. Adjustment of the simulated versus observed “C values and stocks for the FOU3 and
FOU4 sites.
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The '“C 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 Fougeres and
20% in the Landes;

— aremaining 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 (Fougéres) 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 A horizon (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 A, (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 Fougeres are very similar. This was expected
since similar “C 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 Fouggres 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 '“C 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 *C activity from OL to A,,, which reveals an
obvious contribution of organic matter marked “during their life” by the *C 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 “C values were observed in OH,
and OH,. Negative activity values in A,; to E,; correspond to older C (Figure 3.4), the
age calculated for the carbon stock of E, 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 Fougeres
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 Fougeres (left) and Landes (right) sites,
as predicted by model “C 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).
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 FOUI,

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 *C 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 Fougeres 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 Fougeres 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 ef al., 1987) or RothC (Jenkinson ef 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 A,
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 A,. 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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