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This article describes a new Forest Management Module (FMM) that explicitly simulates forest stand growth and management within a process-based global vegetation model (GVM) called ORCHIDEE. The net primary productivity simulated by ORCHIDEE is used as an input to the FMM module. The FMM then calculates stand and management characteristics such as stand density, tree size distribution, tree growth, the timing and intensity of thinnings, wood extraction and litter generated after thinning. Some of these variables are then fed back to ORCHIDEE. These computations are made possible with a distribution-based modelling of individual tree size. The model derives natural mortality from the relative density index (rdi), a competition index based on tree size and stand density. Based on the common forestry management principle of avoiding natural mortality, a set of rules is defined to calculate the recurrent intensity and frequency of thinning and forestry operations during the stand lifetime. The new coupled model is called ORCHIDEE-FM (Forest Management). 14 The general behaviour of ORCHIDEE-FM is analysed for a broadleaf forest in north-eastern France. Flux simulation throughout a forest rotation compare well with literature values, both in absolute values and dynamics.

15 Results from ORCHIDEE-FM highlight the impact of forest management on ecosystem Ccycling, both in terms of carbon fluxes and stocks. In particular, the average Net Ecosystem Productivity (NEP) of 225 gC.m -2 .yr -1 is close to the biome average of 311 gC.m -2 .yr -1 . The NEP of the "unmanaged" case is 40% lower, leading us to conclude that management explains 40% of the cumulated carbon sink over 150 years. A sensitivity analysis reveals 4 major avenues for improvement: a better determination of initial conditions, an improved allocation scheme to explain age-related decline in productivity, and an increased specificity of the self-thinning curve and the biomass-diameter allometry.

Introduction

Global Vegetation Models (GVMs) simulate the carbon, energy and water budgets of ecosystems on a grid. In their representation of forests, individual tree characteristics, and the processes which control them, are generally ignored. To some very rare exceptions (eg. [START_REF] Sato | SEIB-DGVM: A new dynamic global vegetation model using a spatially explicit individual-based approach[END_REF], most GVMs simulate the functioning of an "average tree" for forest ecosystems in each grid point and discard the effects of forest management.

In their global applications (eg. [START_REF] Sitch | Evaluation of the terrestrial carbon cycle, future plant geography and climate-carbon cycle feedbacks using five Dynamic Global Vegetation Models (DGVMs)[END_REF], GVMs usually calculate biomass to be in steady state equilibrium with climate. Discarding forest management has hitherto precluded a realistic estimation of biomass stocks in GVMs: the steady state assumption leads to overestimated biomass [START_REF] Ciais | Carbon accumulation in European forests[END_REF], and to underestimated carbon sink due to forest regrowth [START_REF] Desai | Regional carbon fluxes from an observationally constrained dynamic ecosystem model: Impacts of disturbance, CO2 fertilization, and heterogeneous land cover[END_REF][START_REF] Schaefer | Combined Simple Biosphere/Carnegie-Ames-Stanford Approach terrestrial carbon cycle model[END_REF][START_REF] Carvalhais | Identification of Vegetation and Soil Carbon Pools out of Equilibrium in a Process Model via Eddy Covariance and Biometric Constraints[END_REF]. A GVM intercomparison [START_REF] Viovy | The PILPS-CARBON model evaluation experiment: a test bed for simulating water, energy and carbon exchange over a forest canopy[END_REF] further indicates huge between-model differences for aboveground biomass (ranging 0.5 -10 kg C m -2 ) simulations, illustrating the fact that GVM results are seldom evaluated against fine scale biomass data.

Replacing a forest by an average tree in a GVM raises two spatial scaling issues. The first issue is that stands of different ages coexist within the same grid point. This sub-grid heterogeneity problem can be tackled by modelling explicitly different age classes existing within each point [START_REF] Zaehle | The importance of age-related decline in forest NPP for modeling regional carbon balances[END_REF][START_REF] Shevliakova | Carbon cycling under 300 years of land use change: Importance of the secondary vegetation sink[END_REF]. The second scaling issue is that trees of different sizes coexist within the same forest stand. Forest management, which reacts in practice to the size and density of trees, is delicate to simulate in this context. For instance, [START_REF] Zaehle | The importance of age-related decline in forest NPP for modeling regional carbon balances[END_REF] decided in the LPJ model to remove a percentage of wood biomass in each grid point based upon a simple age criteria, based on 'top-down' timber harvest statistics only available at country scale. As a result, the carbon budget of regions where forests are intensively managed, such as Europe, cannot be confidently reproduced [START_REF] Lindner | Specific Study on Forest Greenhouse Gas Budget[END_REF][START_REF] Zaehle | The importance of age-related decline in forest NPP for modeling regional carbon balances[END_REF].

Another drawback of ignoring within-stand heterogeneity in GVM is that estimates by these models are difficult to relate with the most abundant source of validation and parameterization data: plot measurements from forest inventories [START_REF] Valentine | Bridging process-based and empirical approaches to modeling tree growth[END_REF]. Indeed, forest inventories measure variables such as tree density, basal area, or standing volume, which depend on processes that call for an explicit description of within-stand heterogeneity [START_REF] Dhôte | Compétition entre classes sociales chez le chêne sessile et le hêtre[END_REF].

Intensive efforts were made to simulate vegetation dynamics and individual tree characteristics through gap models [START_REF] Pacala | Forest models defined by field measurements: Estimation, error analysis and dynamics[END_REF][START_REF] Pretzsch | The single tree-based stand simulator SILVA: construction, application and evaluation[END_REF][START_REF] Lischke | TreeMig: A forest-landscape model for simulating spatio-temporal patterns from stand to landscape scale[END_REF] and growth and yield models [START_REF] Hoffmann | FAGUS, a model for growth and development of beech[END_REF][START_REF] Dhôte | Changements de productivité dans quatre forêts de chênes sessiles depuis 1930 : une approche au niveau du peuplement[END_REF][START_REF] Masera | Modeling carbon sequestration in afforestation, agroforestry and forest management projects: the CO2FIX V.2 approach[END_REF]. Gap models were originally developed by ecologists to simulate species succession in a newly opened gap.

They represent mortality processes at tree level [START_REF] Bugmann | A review of forest gap models[END_REF]. By contrast, growth and yield models were originally developed by foresters to predict the number and size of the stems that a stand will yield. Their representation of mortality processes focuses on emergent properties at the scale of the stand [START_REF] Saint-Andre | Slash and Litter Management Effects on Eucalyptus Productivity: a Synthesis Using a Growth and Yield Modelling Approach[END_REF]. Both types of models are often spatially limited by the need for a local calibration of productivity which, together with rotation length, has been shown to contribute most to simulation uncertainty at regional scale [START_REF] Bottcher | Uncertainty analysis of climate change mitigation options in the forestry sector using a generic carbon budget model[END_REF]. Therefore, they both need specific adaptations to be included in GVM.

This paper describes a new forest growth and management module (FMM) that is inspired from the forest growth and yield model FAGACEES [START_REF] Dhôte | Changements de productivité dans quatre forêts de chênes sessiles depuis 1930 : une approche au niveau du peuplement[END_REF]. It sets focus on the characteristics of individual trees within a forest stand, and can incorporate management rules based on actual forestry operations. The FMM is designed to be portable into a GVM, but it can also be applied to yield tables data, e.g. for cross validation. The FMM can simulate clear cuts, intermediate thinnings and natural mortality due to competition (self-thinning). We have coupled the FMM to a GVM called ORCHIDEE [START_REF] Krinner | A dynamic global vegetation model for studies of the coupled atmosphere-biosphere system[END_REF].

In the following, the structure and functioning of the FMM model and its coupling to ORCHIDEE are described. Test simulations are performed for a virtual broadleaf forest in North-eastern France in order to illustrate the general response of ORCHIDEE-FM, and to assess the differences between ORCHIDEE-FM and the standard version of the ORCHIDEE GVM which simulates equilibrium biomass levels in unmanaged forests. For the ORCHIDEE-FM simulations, we consider an "unmanaged" scenario and a "managed" scenario. The expected improvements are benchmarked using carbon stocks, carbon fluxes, and stand characteristics. The sensitivity of the ORCHIDEE-FM model to varying parameters values is evaluated. Obviously, a single example site offers an illustration of the behaviour of the FMM, but does not constitute a rigorous assessment of model performance. A follow-up paper (Bellassen et al.,Part 2,this issue) presents the validation of ORCHIDEE-FM against a variety of stand-scale and continentalscale datasets provided by forest inventories, yield tables and permanent monitoring plots.

Model structure

Modelling strategy

Management processes can be modelled at different levels of complexity. Most often in GVMs, a constant proportion of standing biomass is simply removed from the system [START_REF] Zaehle | The importance of age-related decline in forest NPP for modeling regional carbon balances[END_REF]. [START_REF] Franklin | A generic model of thinning and stand density effects on forest growth, mortality and net increment[END_REF] establish a synthetic set of equations averaging management processes, with the explicit objective of being easily added to GVMs. At a higher level of complexity, [START_REF] Moorcroft | A method for scaling vegetation dynamics: The ecosystem demography model (ED)[END_REF] and [START_REF] Sato | SEIB-DGVM: A new dynamic global vegetation model using a spatially explicit individual-based approach[END_REF] represent the evolution of each tree crown on a daily time-step, which enables them to compute photosynthesis and mortality at the tree scale. In this continuum, we opted for an intermediate level of complexity. As [START_REF] Sato | SEIB-DGVM: A new dynamic global vegetation model using a spatially explicit individual-based approach[END_REF], we compute the distribution of individual tree characteristics such as circumference and height, and use this information to simulate stand-scale mortality and the repartition of stand-scale growth among individual trees. We therefore move from the "average tree" modelling strategy of [START_REF] Zaehle | The importance of age-related decline in forest NPP for modeling regional carbon balances[END_REF] to an "average stand" modelling strategy similar to [START_REF] Desai | Regional carbon fluxes from an observationally constrained dynamic ecosystem model: Impacts of disturbance, CO2 fertilization, and heterogeneous land cover[END_REF]. Trees of different sizes are simulated within each grid cell, and their evolution from an initial size distribution represents the average stand composition in the cell for a series of stand ages. This fine-scale representation allows an easy comparison to real tree stands, as well as useful information for upcoming developments on wood products and physical interactions of forests with the atmosphere. Though desirable, a process-based treescale computation of photosynthesis and mortality is currently incompatible with the computing constraints of half-hourly flux simulation in a fully coupled Earth System Model such as IPSL-CM4 [START_REF] Marti | Key features of the IPSL ocean atmosphere model and its sensitivity to atmospheric resolution[END_REF].

The management module (FMM) provides an explicit description of the characteristics (basal area and height) of each tree in an "average hectare", representative of a given age-class at the resolution at which ORCHIDEE operates (typically 10-50 km² to allow for regional to global simulations). In Europe, even-aged high forests are the most common forest type [START_REF] Vetter | Partitioning direct and indirect human-induced effects on carbon sequestration of managed coniferous forests using model simulations and forest inventories[END_REF][START_REF] Vallet | Development of total aboveground volume equations for seven important forest tree species in France[END_REF], and their management is generally aimed at avoiding natural mortality from competition by selectively felling trees [START_REF] Nabuurs | Stemwood volume increment changes in European forests due to climate change -a simulation study with the EFISCEN model[END_REF]. This is the default type of forest management simulated by the FMM, although its simulation of self-thinning and clear cutting makes it applicable to other regions by disengaging the "intermediate thinning"

option.

The FMM is inspired from an existing forestry model, FAGACEES [START_REF] Dhôte | Changements de productivité dans quatre forêts de chênes sessiles depuis 1930 : une approche au niveau du peuplement[END_REF]. All the equations of the FMM, be they adapted from FAGACEES or not, are fully described below.

Structure of the ORCHIDEE Global Vegetation Model

Standard structure of ORCHIDEE

The ORCHIDEE global vegetation model ("ORganizing Carbon and Hydrology In Dynamic

Ecosystems") is designed to operate from regional to global scales [START_REF] Krinner | A dynamic global vegetation model for studies of the coupled atmosphere-biosphere system[END_REF] Figure 1). SECHIBA computes the energy and hydrology budget on a half-hourly basis, together with the gross primary production (GPP). These results are fed to STOMATE, the carbon cycle component. STOMATE simulates the carbon cycle on a daily basis: GPP is allocated to the different organs, and then respired by the plant or by soil micro-organisms when parts of the plant die. These processes determine several stand-scale characteristics such as leaf area index (LAI) and canopy roughness, which are fed back to SECHIBA as they impact the energy and water budget. The equations of ORCHIDEE are given by [START_REF] Ducoudre | SECHIBA, a new set of parameterizations of the hydrologic exchanges at the land atmosphere interface within the LMD atmospheric generalcirculation model[END_REF], [START_REF] Krinner | A dynamic global vegetation model for studies of the coupled atmosphere-biosphere system[END_REF] and in http://orchidee.ipsl.jussieu.fr/.

ORCHIDEE requires seven climatic driving variables on a half-hourly timescale: air temperature, precipitation, specific humidity, wind speed, pressure, short wave and long wave incoming radiation. Other pedo-climatic inputs such as CO 2 concentration, soil water holding capacity, and soil texture are used at lower time-resolutions. The meteorological variables can be prescribed from climate datasets in so-called "offline" simulations. But ORCHIDEE can also be dynamically linked to the atmosphere and ocean components of the IPSL-CM4 earth system model [START_REF] Marti | Key features of the IPSL ocean atmosphere model and its sensitivity to atmospheric resolution[END_REF] in so-called "online" simulations.

As in most global biogeochemical models, the vegetation is classified into Plant Functional Types (PFT), with 13 different PFT over the globe. Distinct PFTs follow the same set of governing equations, but with different parameter values, except for the calculation of the growing season onset and termination, which involve PFT-specific processes [START_REF] Botta | A global prognostic scheme of leaf onset using satellite data[END_REF]. Only the European woody PFTs (temperate needleleaf evergreen, temperate broadleaf evergreen, temperate broadleaf summergreen, boreal needleleaf evergreen, boreal broadleaf summergreen and boreal needleleaf summergreen) are of interest for this study.

Specific add-ons to the standard version

Explicit modelling of forest stand growth and management within the ORCHIDEE framework could not be achieved without the addition of several processes to the standard version: age-related decline in net primary production (NPP), age-related limitation of LAI in young stands, age-related allocation ratio between stem and coarse roots, branch mortality and a coarse woody debris litter compartment.

Age-related decline in NPP

NPP has long been shown to decline in older forest stands, even if the processes underlying this decline are still subject to controversy [START_REF] Gower | Aboveground net primary production decline with stand age: Potential causes[END_REF][START_REF] Magnani | Age-related decline in stand productivity: the role of structural acclimation under hydraulic constraints[END_REF][START_REF] Murty | The decline of forest productivity as stands age: a modelbased method for analysing causes for the decline[END_REF][START_REF] Lefsky | Combining lidar estimates of aboveground biomass and Landsat estimates of stand age for spatially extensive validation of modeled forest productivity[END_REF]. Three main hypothesis have been laid out to explain this phenomenon: an increase of autotrophic respiration as the tree gets bigger, a decrease of nitrogen availability from the initial litter input of tree fall or harvest residues, and hydraulic constraints on photosynthesis efficiency [START_REF] Gower | Aboveground net primary production decline with stand age: Potential causes[END_REF][START_REF] Ryan | The hydraulic limitation hypothesis revisited[END_REF]. The first process is already represented in ORCHIDEE but is not sufficient to simulate a decrease of NPP with age. The two other processes were empirically added to ORCHIDEE through the introduction of a new limiting factor to photosynthesis efficiency, decl factor Eq. ( 1).

(

) 1 
where Vmax is the photosynthesis efficiency, decl factor is the age-related decline factor, Vmax std is the standard value of Vmax in ORCHIDEE, age stand is the age of the stand, decl max is the maximum age-related decline factor, decl start is the age at which age-related decline starts and decl end is the age at which age-related decline ends.

The age-dependency of decl factor was calibrated on the age-related decline of aboveground wood increment from a database of European yield tables (JRC, 2009, see appendix 7.1 for details).

Age-related limitation of LAI in young stands

ORCHIDEE is highly dependent on a PFT-specific parameter setting the maximal LAI value (lai max ) that a PFT can reach [START_REF] Jung | Assessing the ability of three land ecosystem models to simulate gross carbon uptake of forests from boreal to Mediterranean climate in Europe[END_REF]. As the creation of new leaves is time and energy consuming, and because structural constraints do not always allow young trees to close the canopy, stand LAI in forests does not reach its maximum value before 10-15 years [START_REF] Ovington | Afforestation and soil reaction[END_REF][START_REF] Vieira | Classifying successional forests using Landsat spectral properties and ecological characteristics in eastern Amazonia[END_REF][START_REF] Hurtt | Beyond potential vegetation: combining lidar data and a height-structured model for carbon studies[END_REF]. This process is negligible for the standard version of ORCHIDEE which represents a steady-state equilibrium, but gets important in ORCHIDEE-FM where early stand development stages are also simulated. Therefore, lai max is made dependant on age during the first years Eq. ( 2):

(2)

where lai max and lai max_std are the maximal LAI value in m 2 m -2 in respectively ORCHIDEE-FM and the standard version of ORCHIDEE and age stand is the age of the stand in years.

Age-related allocation ratio between stem and coarse roots

The root/shoot ratio of trees has been shown to decrease with age [START_REF] Mokany | Critical analysis of root: shoot ratios in terrestrial biomes[END_REF]. The introduction of age in ORCHIDEE-FM allows simulating this pattern by decreasing the belowground-to-aboveground-wood allocation ratio with age Eq. ( 3):

(3)

where alloc ab and alloc be are respectively the allocation to aboveground and belowground sapwood in gC m -2 , alloc min , alloc max , and demi alloc , are the minimum, maximum, and half-life of the aboveground/belowground sapwood allocation ratio and age stand is the age of the stand in years.

Moreover, the allocation to fruits, set at 10% of NPP by [START_REF] Krinner | A dynamic global vegetation model for studies of the coupled atmosphere-biosphere system[END_REF] was reverted to 0.5%, a value more consistent with field estimates [START_REF] Granier | Ten years of fluxes and stand growth in a young beech forest at Hesse, North-eastern France[END_REF].

Branch mortality

Branches are usually not harvested [START_REF] Ifn | Observer la forêt française : mission première de l'IFN. L'IF:12. IFN[END_REF], although the rising demand for biomass may change this in the future (European Commission, 2005). In the perspective of coupling ORCHIDEE with a forest management module, it is thus necessary to differentiate stem and branches within the aboveground biomass compartment. This is done by setting a constant PFT-specific branch/stem ratio (branch ratio ) and a constant sapwood/heartwood ratio in branches (branch sap/heart ). Two processes can lead to branch mortality: branch turnover as the tree grows, and tree mortality due to thinning (natural or anthropogenic). Since branch turnover is only one of the two processes driving branch mortality in our model, we set the branch turnover rate (branch turn ) toward the lower end of the 0.02-0.05 year -1 range of literature values for other models [START_REF] Lloyd | The CO2 dependence of photosynthesis, plant growth responses to elevated atmospheric CO2 concentrations and their interaction with soil nutrient status .1. General principles and forest ecosystems[END_REF][START_REF] Masera | Modeling carbon sequestration in afforestation, agroforestry and forest management projects: the CO2FIX V.2 approach[END_REF].

Coarse woody litter compartment

Litter and soil carbon dynamics in the standard version of ORCHIDEE are derived from an older version of the CENTURY model [START_REF] Parton | Dynamics of C, N, P and S in grassland soils -A model[END_REF]. As it was designed for grasslands, this version of CENTURY only has two litter compartments: structural and metabolic. The structural compartment represents the stalk of herbaceous vegetation that decomposes fairly rapidly compared to woody debris. In the standard version of ORCHIDEE at steady state, this leads to an underestimation of the litter pool but has little impact on fluxes as the woody litter input is almost constant over time. This impact is much stronger when the forest management module (FMM) is activated, as woody litter inputs are irregular and potentially large: if only a few stems die after a self-thinning event, all branches and coarse roots are laid off to the decomposing woody litter pool. It was thus necessary to add a coarse woody litter compartment which decomposes more slowly [START_REF] Lloyd | The CO2 dependence of photosynthesis, plant growth responses to elevated atmospheric CO2 concentrations and their interaction with soil nutrient status .1. General principles and forest ecosystems[END_REF], with a maximum turnover rate (τ cwd ) set lower than the 4.08 year -1 of structural litter. Due to moisture, temperature and lignin content limitations however, the actual turnover rate is much lower than its theoretical maximum of 0.75 year -1 (Table 1), averaging 0.03 year -1 for coarse woody debris. This value is consistent with observed and simulated residence time of around 30 years [START_REF] Olsson | Carbon and nitrogen in coniferous forest soils after clear-felling and harvests of different intensity[END_REF][START_REF] Schelhaas | CO2FIX V 3.1 -A modelling framework for quantifying carbon sequestration in forest ecosystems Alterrarapport[END_REF][START_REF] Nagy | Footprint adjusted net ecosystem CO2 exchange and carbon balance components of a temperate forest[END_REF].

Structure of the forest management module (FMM)

General structure

The general structure of the FMM, represented in Figure 2, is inspired from the FAGACEES stand-level model [START_REF] Dhôte | Changements de productivité dans quatre forêts de chênes sessiles depuis 1930 : une approche au niveau du peuplement[END_REF]. The FMM runs on an annual time-step, can be coupled to ORCHIDEE, and simulates three main processes: the annual distribution of cumulated stand wood increment to individual trees, the natural mortality due to self-thinning, and the timing and intensity of intermediate thinnings or clear cuts.

Individual growth of trees

The first step of the FMM is to allocate the yearly wood increment calculated by ORCHIDEE to a population of individual trees, here described by the distribution of their circumferences.

Initial distribution of tree circumferences

After a clear cut, the initial circumference distribution has to be prescribed. The initial number of trees is set to a default n maxtrees and the initial distribution of circumferences follows a truncated exponential law of parameter λ [START_REF] Lanier | Précis de sylviculture[END_REF][START_REF] Dhôte | Présentation du modèle Fagacées[END_REF]:

(4)
where the parameter Dg init is the initial quadratic mean diameter.

Details on the algorithm producing the exponential distribution are given in appendix 25.2.

Allocation of stand-level wood increment to individual trees

To simulate competition for resources -such as light, water and nutrients -between trees, and the resulting heterogeneity in tree diameters, larger trees are assumed to grow faster in basal area [START_REF] Ryan | The hydraulic limitation hypothesis revisited[END_REF]. The individual growth function (Eq. 5) is taken from Deleuze ( 2004):

(5)

where δba i is the annual increase in basal area of tree i in square meters, circ i is the circumference of tree i in meters. γ, σ and m are respectively the slope, threshold and smoothing parameters (see Figure 3): trees whose circumference is lower than σ barely grow, γ is the slope of the δba i vs circ i relationship above σ.

σ is a function of tree density within the stand, calibrated with data from permanent monitoring plots [START_REF] Dhôte | Changements de productivité dans quatre forêts de chênes sessiles depuis 1930 : une approche au niveau du peuplement[END_REF].

(

) 6 
where circ med is the median circumference of trees in meters, and a σ and b σ are parameters.

The main conceptual difference between the FMM and FAGACEES comes from how γ and σ are computed. In FAGACEES, γ represents intersite variability in stand-level growth increment and is therefore calibrated on a site-per-site basis. σ is then adjusted so that the individual circumference growths computed by Eq. ( 5) are consistent with total stand growth. In ORCHIDEE-FM however, the inter-site variability in stand-level growth increment is computed by ORCHIDEE. The FMM estimates σ from the median circumference from Eq. ( 6), and then computes γ so that the individual circumference increments computed by Eq. ( 5) are consistent with the ORCHIDEE-prescribed stand woody growth. The site-by-site adjustment of γ is therefore done by iteratively computing a value of γ that yields exactly the aboveground wood increment given by ORCHIDEE (σ and m being fixed). Solving for γ requires a tree level biomasscircumference allometry relationship, given by Eq. ( 7) [START_REF] Zianis | On simplifying allometric analyses of forest biomass[END_REF]):

(7)
where biomass i is the dry aboveground biomass of tree i in kg and circ i is the circumference of tree i in centimetres.

Self-thinning curves

Self-thinning curves and natural mortality

Natural mortality processes in forest stands have been studied for a long time. The FMM uses the well-established Reineke rule to test whether self-thinning occurs (Eq. 8). It happens when stand density exceeds the maximum density corresponding to its quadratic mean diameter [START_REF] Reineke | Perfecting a stand-density index for even-aged forests[END_REF].

(8)
where dens max is stand maximum density in ind ha -1 (individuals per hectare), α st and β st are parameters, and Dg is the quadratic mean diameter (Eq. 9) in m.

(

) 9 
where diam i is the diameter of tree i in m and dens is the actual density of the stand. [START_REF] Yang | Maximum size-density relationship for constraining individual tree mortality functions[END_REF] showed that these relationships were not dependent on site quality, but could vary between species. This argues for a PFT-specific parameterization of Eq. ( 8).

Relative density index (rdi) and anthropogenic thinning

When the stand has reached a high enough dominant height -defined as the average height of the 100 tallest trees per hectare -h start , human intervention through commercial thinning becomes feasible [START_REF] Lanier | Précis de sylviculture[END_REF][START_REF] Grote | Simulation of tree and stand development under different environmental conditions with a physiologically based model[END_REF]. In order to test this condition, the height of each tree is estimated from an allometric relationship. From the five allometric relations analysed by [START_REF] Newton | Comparative evaluation of five height-diameter models developed for black spruce and jack pine stand-types in terms of goodness-of-fit, lack-of-fit and predictive ability[END_REF], a model of intermediate complexity was chosen and calibrated on data from the French national forest inventory (IFN, 2008):

(10)
where height i and circ i are respectively the height and circumference of tree i in meters, and ba j and dens j are the basal area and tree density of the stand, respectively in m 2 ha -1 and ind ha -1 .

α, χ, δ, Φ, and φ are parameters. Details on calibration are given in appendix 25.3.

Then, in order to avoid natural mortality and maximize wood exploitations, foresters are assumed to remove trees from the stand by thinning, in order to maintain a lower density than dens max . To simulate this behaviour, we define the relative density index (rdi) as the ratio of actual to maximal density Eq. ( 11).

(

) 11 
where rdi is the relative density index, and dens and dens max are respectively the actual and maximal tree density of the stand in ind ha -1 .

Throughout the rotation, rdi is kept close to a targeted value rdi target that depends on management practices: the lower the rdi target , the more intensive the management and the lower the stand density. δrdi determines the leeway allowed around rdi target : when rdi reaches rdi target + δrdi, the stand is thinned until it is scaled back to rdi target -δrdi (see Figure 3). The final harvest occurs when stand density falls below dens target or when stand age reaches age target [START_REF] Lanier | Précis de sylviculture[END_REF].

Harvest

Tree removal

In order to determine which trees are felled during a thinning event, a probability of death τ i is attributed to each tree Eq. ( 12). A felling algorithm is then applied so that the rdi gets back to 1 (self-thinning) or rdi target -δrdi (anthropogenic thinning) while respecting the tree-level probability of death τ i .

(

) 12 
where τ i and circ i are probability of death and the circumference of tree i in meters, circ min and circ max are the minimum and maximum circumference in the stand in meters, and τ min and τ max are respectively the minimum and maximum probabilities of death.

The value of the parameter th strat sets the thinning strategy: if th strat > 0, a "thinning from below" strategy is simulated, with smaller trees preferentially thinned to obtain larger logs in the future. If th strat < 0, a "thinning from above" strategy is simulated, with larger trees preferentially thinned thus freeing resources for smaller trees (for an illustration of this range of possible thinning strategies, see appendix 25.4).

Final harvest

Final harvest occurs at age target or if a thinning event is predicted when stand density is below dens target . All trees are cut and a new stand begins to grow in order to simulate multiple rotations over long time periods. Stems are exported while branches and coarse roots move to the litter pool as coarse woody debris. All leaves and fine roots go to the structural and metabolic litter pools, following the standard proportions set by ORCHIDEE.

Coupling: interaction between wood increment and forest management

The only input from ORCHIDEE to the FMM is the mean annual stand-level wood increment, allocated in the different biomass compartments (aboveground vs belowground, sapwood vs heartwood vs carbohydrate reserves).

The FMM feeds back three variables to ORCHIDEE: LAI, biomass and litter (see Figure 1). The soil carbon budget is indirectly impacted by the explicit simulation of branch and tree mortality in the FMM as living biomass turns -abruptly in the case of clearcuts and anthropogenic thinnings -into litter.

Feedback of the FMM on the leaf area index (LAI)

The stand-level LAI is modified by the FMM in two cases: when trees are too young to close the canopy (see part 20.2.2), and after a thinning event. Thinnings have been shown to temporarily decrease the maximum value that LAI can reach (lai max ), until growing branches fill the gaps.

When the FMM predicts a thinning event, lai max is decreased by a fixed proportion δlai max , and recovers gradually within 3 years (Le [START_REF] Dantec | Interannual and spatial variation in maximum leaf area index of temperate deciduous stands[END_REF][START_REF] Bouriaud | Analyse fonctionnelle de la productivité du hêtre : influence des conditions du milieu, de la structure du peuplement et du couvert, effets de l'éclaircie[END_REF][START_REF] Vesala | Effect of thinning on surface fluxes in a boreal forest[END_REF].

This evolution of LAI is displayed in Figure 4.

Feedback of the FMM on biomass and litter

As detailed in part 20.3.4, the thinnings and final harvests simulated by the FMM have three types of impacts on the biomass which is fed back to ORCHIDEE:  When self-thinning occurs, all biomass corresponding to the thinned individuals goes to the litter compartments.

 When anthropogenic thinning occurs, the stems of the thinned individuals are extracted from the stand, while the rest of their biomass (branches, roots, foliage) goes to litter compartments.

 During final harvest, all stems are exported out of the stand whereas branches, roots and foliage go to the litter pool. To close the carbon budget in simulations, the biomass corresponding to the initial circumference distribution is deducted from the old stand before harvest and allocated to the new one.

These feedbacks on biomass impact NPP as autotrophic respiration decreases. The resulting effect of the simultaneous decreases in GPP and autotrophic respiration after thinning will be discussed in the results part.

Parameterization

Most 

Simulations

Three simulation set-ups are used to illustrate the impact of the FMM on the long term dynamics of carbon stocks and fluxes within the ORCHIDEE-FM framework. The first one is a control simulation using ORCHIDEE without the FMM (ORCH-STD). For the two others, the FMM is activated. In the "unmanaged case" (ORCH-FM u ), anthropogenic thinning is disabled and only self-thinning occurs. In the "managed case" (ORCH-FM m ), the full version of ORCHIDEE-FM is used.

This last set-up is also used for a sensitivity analysis of 16 key parameters. One after another (OAT approach), parameters are increased by 50% and decreased by 50%. These variations are not intended to represent a realistic range of variation or error in the parameters, but to test the response of the model to a strong variation in individual parameters.

We selected a grid cell near Nancy (48.125°N7.125°E) and a plant functional type (temperate broadleaf) for which the standard version of ORCHIDEE has already been validated [START_REF] Loustau | Rapport final du projet CARBOFOR[END_REF]. To facilitate the interpretation of carbon dynamics, we use a single year of climate that is repeated over one rotation (approx. 150 years). The selected year was 1997, close to average climate of the grid cell in terms of temperature and precipitation. Climate data comes from the 0.25° resolution REMO reanalysis [START_REF] Kalnay | The NCEP/NCAR 40-year reanalysis project[END_REF][START_REF] Vetter | Analyzing the causes and spatial pattern of the European 2003 carbon flux anomaly using seven models[END_REF]. CO 2 concentration is set at 380 ppm.

A model "spinup" is performed before any simulation to define the initial state of carbon and water pools. For both the "managed" and "unmanaged" case, this "spinup" consists of repeatedly running ORCHIDEE-FM for the climate of year 1997 and a CO 2 concentration of 380 ppm until all ecosystem carbon and water pools reach cyclical steady state equilibrium (see appendix 25.5 for details). The conditions of the stand before the last clearcut are used as initial conditions, and the simulation begins with a clearcut. For the control case, the "spinup" is a repeated run of the standard version of ORCHIDEE instead of ORCHIDEE-FM.

Results

Stand-scale results

Carbon stocks

a. "Managed" case (ORCH-FM m ) b. "Unmanaged" case (ORCH-FM u )

Figure 5 shows the evolution of the different carbon pools during a rotation. The first year clear cut of the preceding rotation puts almost all the 30 tC ha -1 of belowground wood and roughly a third of the 150 tC ha -1 of aboveground wood into litter as coarse woody debris (CWD). The decomposition of this CWD litter drives the slow initial increase in soil carbon towards 160 tC ha -1 . Then, as trees grow, woody biomass follows a steadily increasing trend punctuated by temporary drops after each thinning. As the initial source of litter inputs diminishes, soil carbon peaks around year 20, and then decreases. In the "unmanaged case", where only self-thinning is allowed ( a. "Managed" case (ORCH-FM m ) b. "Unmanaged" case (ORCH-FM u )

Figure 5), the evolution of most stocks is similar, though smoothed as they do not undergo the periodic disturbance of anthropogenic thinning. Two exceptions are CWD and soil carbon which keep being fed by non-exported dead stems, and reach a different equilibrium.

Figure 6b shows that above-ground biomass is only slightly lower (-10 tC ha -1 on average) when the forest is regularly thinned. The main difference between the "managed" (ORCH-FM m ) and "unmanaged" (ORCH-FM u ) cases in terms of biomass is seen in the coarse woody debris compartment which, continuously fed by dying trees in the unmanaged case, is 10-20 tC ha -1 higher. The comparison with the control (Figure 6a) highlights the 30% lower value of soil carbon under management. The aboveground biomass catches up with the control value towards the end of the rotation, after around 130 years.

Carbon fluxes

a. "Managed" case (ORCH-FM m ) b. "Unmanaged" case (ORCH-FM u )

Figure 5 illustrates how the different carbon fluxes are affected by forest management. In the "anthropogenic thinning" case, gross primary production (GPP) and net primary production (NPP) are increasing progressively to reach 1 450 gC m -2 yr -1 and 700 gC m -2 yr -1 respectively evolutions: starting with an all-time low (source of CO 2 to the atmosphere) at -400 gC m -2 yr -1 , it becomes positive (sink) after 10-15 years, peaks at 225 gC m -2 yr -1 and starts to decrease after 50 years as NPP decreases while HR increases.

Compared to an "unmanaged" scenario (Figure 6b), the main differences lie in GPP and HR. In the self-thinning scenario, GPP is smoother, without the small post-thinning decreases, and HR is kept higher as no exported stem is removed from litter inputs. This explains the consistently higher NEP in the managed case. The comparison between the managed case and the control (Figure 6a) highlights the influence of age-related decline of GPP and NPP in the FMM compared to the standard ageless version of ORCHIDEE.

The age-related decline in NPP leads to a parallel decline in wood increment. A similar pattern is observed on neighbouring national inventory plots, although the age-related decline in wood increment starts earlier in the model (Figure 7).

Stand characteristics

Table 2 gives the stand characteristics simulated by the model in the "managed scenario" (ORCH-FM m ). The prescribed initial density of 10 000 trees.ha -1 is already reduced to 4 100 trees.ha -1 after 20 years, and continues to decrease towards 150 trees.ha -1 after 140 years.

Basal area, standing volume, and average height all keep increasing as the stand ages, though the increase is faster during younger ages. The exported volume to total volume produced ratio increases rapidly with the first thinnings to reach 0.55 in the long term. The time interval between two thinnings also increases over time from 4 years after 20 years, up to 27 years around the end of the rotation. Finally, as the stand ages, the average circumference gets closer to the circumference of the largest tree in the stand, reflecting the progressive change in circumference distribution (see 21.2 and appendix 25.6). All these values are within the ranges given by yield tables (JRC, 2009).

Tree-scale results: distribution in circumference classes

Figure 8 shows the evolution of tree circumference. The difference between before and after thinning distributions illustrates the thinning processes whereby smaller trees are preferentially thinned. As the stand ages, the circumference distribution shifts from a decreasing exponential with a majority of smaller trees towards a majority of larger trees. This is consistent with the evolution described by the local forestry guide for this type of management [START_REF] Asael | Typologie des peuplements forestiers du massif vosgiens[END_REF].

Sensitivity analysis

The sensitivity of stand variables to a selected set of parameters is illustrated in Figure 9. The parameters listed on the left are increased by 50% (upper part of the figure) or decreased by 50% (lower part of the figure). The model is shown to be little sensitive to the initial distribution (dens init , circ_init min , p max ). The most sensitive parameters are the ones dealing with the relative density index (σ, rdi lim , rdi target , and selfth curve ). Most variables are also very sensitive to allometric equations, and in particular the allometry between circumference and biomass Eq. ( 7).

Discussion

Carbon stocks and fluxes

Carbon stocks and fluxes are all within the range of reported values for temperate broadleaves [START_REF] Pregitzer | Carbon cycling and storage in world forests: biome patterns related to forest age[END_REF][START_REF] Luyssaert | CO2 balance of boreal, temperate, and tropical forests derived from a global database[END_REF]. The 7% difference in standing aboveground wood between "unmanaged" and "managed" cases (Figure 6b) is smaller than existing estimates of 25%-50% for moderate to high thinning regimes [START_REF] Lanier | Précis de sylviculture[END_REF][START_REF] Vetter | Partitioning direct and indirect human-induced effects on carbon sequestration of managed coniferous forests using model simulations and forest inventories[END_REF]. The simulated thinning regime is indeed quite extensive, with a target rdi of 0.75.

Two other explanatory factors, the uncertainty of the self-thinning parameters and the absence of thinning-related mortality, are further discussed in the context of the sensitivity analysis below.

The flux dynamics throughout the rotation also compares well with previous studies. As in [START_REF] Thornton | Modeling and measuring the effects of disturbance history and climate on carbon and water budgets in evergreen needleleaf forests[END_REF], CWD decomposition drives HR, and therefore determines how quickly the stand turns into a carbon sink after a clear cut. Both the amplitude of the source and the time of recovery are within the ranges of existing modelling studies, respectively of -500 to -1 000 gC m -2 yr -1 and 10-20 years [START_REF] Van Oene | Model Analysis of Carbon and Nitrogen Cycling in Picea and Fagus Forests[END_REF][START_REF] Thornton | Modeling and measuring the effects of disturbance history and climate on carbon and water budgets in evergreen needleleaf forests[END_REF][START_REF] Turner | Site-level evaluation of satellite-based global terrestrial gross primary production and net primary production monitoring[END_REF]. This is also consistent with the empirical range of 700 to 1 300 gC m -2 yr -1 for the HR of temperate forests aged between 0 and 10 ( [START_REF] Pregitzer | Carbon cycling and storage in world forests: biome patterns related to forest age[END_REF].

As found by [START_REF] Lloyd | The CO2 dependence of photosynthesis, plant growth responses to elevated atmospheric CO2 concentrations and their interaction with soil nutrient status .1. General principles and forest ecosystems[END_REF], an important part of the vegetation sink is due to the lag between NPP and litterfall. The role of management however is not negligible. In the "unmanaged scenario" (ORCH-FM u ), the cumulated NEP over a rotation of 150 years -13 500 gC m -2 -makes up only 60% of the cumulated NEP -22 500 gC m -2 -in the "managed scenario"

(ORCH-FM m ). As much as 40% of the sink of the "managed" scenario can therefore be attributed to management. This ability of ORHCIDEE-FM to simulate a positive NEP -i.e. a net sink -through forest growth is an important improvement for the null average of the standard steady-state simulation. While ORCHIDEE has long been able to simulate climate-related interannual variability and long-term trends in NEP, the absence of a management-driven sink has been singled out as a capital weakness of the model [START_REF] Ciais | Carbon accumulation in European forests[END_REF][START_REF] Luyssaert | The European carbon balance. Part 3: forests[END_REF].

While the results from ORCHIDEE-FM thus confirm the recent empirical findings of positive NEP in old forests [START_REF] Field | The carbon balance of an old-growth forest: Building across approaches[END_REF][START_REF] Ciais | Carbon accumulation in European forests[END_REF][START_REF] Luyssaert | Old-growth forests as global carbon sinks[END_REF] with about 150 gC m -2 yr -1 at 150 years in the ORCH-FM m simulation, this result has to be interpreted with caution.

The narrowing of the gap between NPP and HR is mainly due to the parameterized age-related decline in NPP. This age-related decline of 9% at 150 years is found to be on the lower end of the empirical range of 0-76% [START_REF] Gower | Aboveground net primary production decline with stand age: Potential causes[END_REF], and much lower than the modelled value of 72% [START_REF] Magnani | Age-related decline in stand productivity: the role of structural acclimation under hydraulic constraints[END_REF]. Yet, the decline of 50% in aboveground wood increment that follows from it is consistent with yield tables (JRC, 2009), IFN data (IFN, 2008), and other modelling studies [START_REF] Zaehle | The importance of age-related decline in forest NPP for modeling regional carbon balances[END_REF]. This suggests that our empirical approach to age-related decline of stand NPP leads to a higher than observed wood increment decline to NPP decline ratio. A higher age-related value of decl factor -more consistent with estimates of age-decline in NPP but less consistent with estimates of age-related decline in wood increment -would give a lower, if not negative, value of NEP for old forests. This contradiction calls for an improvement in the allocation framework of ORCHIDEE. Attempting such an improvement will be most meaningful when a future inclusion of the nitrogen cycle allows for more variation in the allocation to leaves.

Note that the simulated effect of a thinning is a decrease in NPP, which means that the effect of GPP decrease overcomes the effect of harvest on autotrophic respiration. Finally, the increase in HR and decrease in NPP creates a temporary but strong 150 gC m -2 yr -1 decrease of NEP following thinnings. Empirical evidence regarding the effect of a partial and temporary defoliation -such as a defoliation due to thinning -on NEP is mixed: [START_REF] Vesala | Effect of thinning on surface fluxes in a boreal forest[END_REF] and [START_REF] Granier | Ten years of fluxes and stand growth in a young beech forest at Hesse, North-eastern France[END_REF] find no significant effect while [START_REF] Allard | Seasonal and annual variation of carbon exchange in an evergreen Mediterranean forest in southern France[END_REF] attributes a 25%

decrease in NEP to an insect-induced defoliation. In particular, a compensating increase in understory GPP, which has been shown to occur in a Finnish forest [START_REF] Vesala | Effect of thinning on surface fluxes in a boreal forest[END_REF], would be missed by ORCHIDEE-FM which does not represent the understory. For these reasons, the simulated effect of thinnings on NEP has to be interpreted with caution.

Parameterisation and sensitivity analysis

Initial distribution of trees

As these parameters (dens init , circ_init min , p max ) are probably the least well known, the small sensitivity of model results to them is an important result. Nevertheless, the high uncertainty associated with these parameters means they could vary by more than 50%. A narrower initial distribution for example -with a p max increased five-fold, leading to an initial maximum circumference decreased by 27% -leads to a narrower distribution throughout the whole rotation (see appendix 25.2.2). Unfortunately, measurements in densely stocked young stands are challenging and the literature on stand characteristics during the very first years after harvest is scarce. The only reference we have is for initial biomass. At 2.5 tC ha -1 -or about 1.5% of before-cut biomass -the value simulated by ORCHIDEE-FM is close to the 1% of beforecut biomass used by [START_REF] Vetter | Partitioning direct and indirect human-induced effects on carbon sequestration of managed coniferous forests using model simulations and forest inventories[END_REF].

Accuracy of the thinning parameters

Parameters dealing with the relative density index (σ, rdi lim , rdi target , and selfth curve ) are shown to be among the most sensitive in the FMM. These parameters, though better known than those governing initial distribution, still carry a relatively high uncertainty: rdi lim and rdi target are quite specific to the modelling strategy of the FMM, and therefore not often reported in the literature. σ and selfth curve have a wider theoretical interest [START_REF] Jack | Linkages between silviculture and ecology: An analysis of density management diagrams[END_REF][START_REF] Dhôte | Compétition entre classes sociales chez le chêne sessile et le hêtre[END_REF], but reviews of estimates for a wide range of species and climate conditions are still lacking.

Such studies could greatly improve the accuracy of the FMM.

In the meantime, in order to ensure that our default values are not erroneous, we analysed the thinning pattern that follows from these parameters. The cumulated thinned volume to total volume produced before clear cut ratio, for example, is close to 0.55. This thinning pattern is on the higher end of the 0.3-0.5 range of previous European-scale modelling studies [START_REF] Nabuurs | Validation of the European Forest Information Scenario Model (EFISCEN) and a projection of Finnish forests[END_REF][START_REF] Nabuurs | Stemwood volume increment changes in European forests due to climate change -a simulation study with the EFISCEN model[END_REF], but in the middle of the 0.5-0.6 range of relevant French yield tables at the end of the rotation [START_REF] Vannière | Tables de production pour les forêts françaises[END_REF]. This comparison shows that the thinning pattern simulated by the FMM is realistic, though the average European practice may yield lower thinned volumes. Taken together with the small difference in standing biomass between the "managed" and "unmanaged" simulations (see 22.1), this observation calls for a re-evaluation of the self-thinning curve towards denser stands if the self-thinning scenario is to be used at European scale.

Allometries

The literature is abundant on the topic [START_REF] Zianis | On simplifying allometric analyses of forest biomass[END_REF], but also points to species-specific variations [START_REF] Vallet | Development of total aboveground volume equations for seven important forest tree species in France[END_REF]. Adding height as an explanatory variable for biomass has also been shown to improve the fit significantly [START_REF] Joosten | Evaluating tree carbon predictions for beech (Fagus sylvatica L.) in western Germany[END_REF][START_REF] Vallet | Development of total aboveground volume equations for seven important forest tree species in France[END_REF]. Refining this allometry, for example by the assimilation of remotely sensed height and/or biomass would therefore be a promising avenue of improvement for ORCHIDEE-FM.

Correlated effects and threshold effects

More than sensitivity alone, Figure 9 points to couples of parameters that have similar effects on model results, and to parameters exhibiting a non-linear effect:

 Branch ratio and branch turnover have the same impact on most variables trough branch mortality. They only differ by their impact on the exported volume to total volume produced ratio which is only affected by branch ratio.

 Similarly, modulating the self-thinning equation (selfth curve ) or the rdi target have the same qualitative impact on most variables as they both determine the acceptable tree density to quadratic mean diameter ratio.

 When the circumference threshold σ above which basal area increase takes off (see Figure 3 and equation 2) is increased by 50%, it becomes higher than most tree circumferences. As most trees are below the threshold, they all receive a more or less equal share of the wood increment, which results in a narrow circumference distribution. This explains the higher minimum circumference and lower maximum circumference observed on Figure 9.

Modelling strategy

Model coupling: averaged runs vs full-coupling

In the Ecosystem Demography model, [START_REF] Moorcroft | A method for scaling vegetation dynamics: The ecosystem demography model (ED)[END_REF] do not opt of a full coupling between the GVM and a small-scale gap model. They derive the predictions of their gap model along the two most important variables, namely tree size and age since last disturbance, and apply the simplified derived function to their GVM. This approach makes sense when the smallscale model is stochastic in order to obtain the deterministic solutions expected from largescale GVMs while keeping computing time manageable. In this study however, we adopted a full-coupling strategy between ORCHIDEE and the FMM yet on annual time scale, more akin to [START_REF] Friend | A process-based, terrestrial biosphere model of ecosystem dynamics (Hybrid v3.0)[END_REF]. This strategy makes it easier to analyse the effect of management at large scales: it is possible to cut off some processes and/or amplify others, and directly keep track of the result at large scales. As the FMM is strictly deterministic, a single run per location and per age class is sufficient, helping to minimize additional computing time (8 seconds -0.5% -more than the standard version of ORCHIDEE per rotation and per site).

Model limitations and non-simulated processes

The FMM ignores several minor stand-scale processes involved in stand dynamics over the long term and after anthropogenic thinning. While being negligible over a standard rotation, the absence of natural regeneration in the FMM would lead to unrealistic results over the long term if no clear cut is prescribed: left to itself, the FMM would end up with a single enormous tree after a millennium. This problem also precludes the FMM from simulating uneven-aged types of management such as the selective logging widely practiced in primary tropical forests.

In temperate regions however, this management type remains uncommon [START_REF] Jaccaud | La forêt en France[END_REF].

Regarding anthropogenic thinning, only two processes are simulated by the FMM: the biomass transfers linked to the felling of trees and the recovery of the maximum leaf area index as the branches of surviving trees fill the gaps. Other processes have been shown to occur after an anthropogenic thinning: some mortality in damaged but unharvested trees, a possible boost in productivity, a possible change in assimilate allocation and some adjustment in biomasscircumference allometries [START_REF] Mitchell | Stem growth responses in Douglas-fir and Sitka spruce following thinning: implications for assessing wind-firmness[END_REF][START_REF] Petritsch | Incorporating forest growth response to thinning within biome-BGC[END_REF][START_REF] Nabuurs | Comparison of uncertainties in carbon sequestration estimates for a tropical and a temperate forest[END_REF]. As the quantification of these processes is still very uncertain, they are ignored in the FMM.

Conclusion

This study describes the structure and typical results of the new ORCHIDEE-FM model. This model calculates stand and management characteristics such as stand density, tree size distribution, tree growth, the timing and intensity of thinnings, wood removals from the stand and litter generated after thinning. The general pattern simulated for a grid cell in northeastern France was shown to be consistent with existing studies on carbon fluxes and stocks, both in absolute values and dynamics. In particular, they confirm the possibility that forests could still act as carbon sinks after a hundred years. Anthropogenic thinning leads to biomass export from the stand and decreases the litter substrate for respiration, thus explaining 40% of the sink throughout the rotation. A thorough model-data comparison is the object of a followup article, at three different scales: tree, stand and regional (Bellassen et al.,Part 2,this issue).

The sensitivity analysis reveals 4 major leads for improvement. Two lie in the model structure itself: an in-depth study of the impact of the initial tree circumference distribution and a review of the allocation framework of ORCHIDEE to strike a better balance between age-related decline in NPP and age-related decline in wood increment. The other two require the assimilation of local information: both the self-thinning curve and the circumference-biomass allometry have been shown to be very sensitive parameters in the FMM. The most promising way of increasing their accuracy would to fit them locally based on the dominant species, tree height and/or soil fertility. We suspect that the use of remote sensing data could bridge the gap between the large scale of GVMs and the smaller scale at which this type of information is usually collected.

Overall, our investigation supports the notion that including forest management in DGVMs will reveal a more realistic picture of biosphere-atmosphere interactions, future carbon sequestration and vulnerability of land carbon pools to climate change than focusing solely on natural forests at equilibrium. 

Appendixes

Age-related decline in NPP

The age-related decline factor of photosynthesis efficiency decreases linearly with age, down to a maximum age-related decline factor of decl max (cf. Eq. 1, main text). 

Calibration of the height-circumference allometry

To calibrate the height-circumference allometry, we restricted the national inventory data set [START_REF] Ifn | Observer la forêt française : mission première de l'IFN. L'IF:12. IFN[END_REF] along the following stand criteria: high forests, dedicated to wood production, with a known tree density, a closed canopy, and a basal area greater than 10 m 2 ha -1 . Broadleaf and needleleaf stands were fitted separately. The Gauss-Newton non-linear algorithm was then used to fit the allometry.

(A5)

where height i and circ i are respectively the height and circumference of tree i in m, and α, δ, and φ are parameters.

Thinning strategy (th strat )

In order to determine which trees are felled during a thinning event (be it natural or anthropogenic), a probability of death τ i is attributed to each tree Eq. (A4). The value of the parameter th strat sets the thinning strategy: if th strat > 0, a "thinning from below" strategy is simulated, with smaller trees preferentially thinned to obtain larger logs in the future. If th strat < 0, a "thinning from above" strategy is simulated, with larger trees preferentially thinned thus giving way to smaller trees. 

Initial conditions ("spinup")

As computing time is increased when ORCHIDEE is coupled to the FMM, the "spinup" is performed in two steps. First, ORCHIDEE without the FMM is repeatedly run for the 1997 climate and a CO 2 concentration of 380 ppm until all ecosystem carbon and water pools reach their steady state equilibrium. Using this first steady state as initial conditions, ORCHIDEE is then run with the FMM for seventeen rotations (that is 2550 years), using the same climatic conditions. After seventeen rotations, the soil carbon pool reaches a new cyclic steady state (see 

Evolution of tree circumference distribution over a forest rotation

The simulated evolution of tree circumference distribution over a forest rotation is illustrated 
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  parameters are derived from literature, and empirical studies are preferred to modelling studies where available. Parameters for which values are available and different for broadleaves and coniferous are attributed PFT-specific values (Table 1). When the literature does not provide precise values, the French National Forest Inventory dataset (IFN, 2008) and a compilation of European yield tables (JRC, 2009) are used for calibration. The values of all parameters specific to this version of ORCHIDEE and its associated FMM, together with their source, are summarized in Table 1.

Table 2 .

 2 Stand characteristics at different ages in the "managed" simulation (ORCH-FM m ) Thinning frequency is defined as the time between the two thinnings surrounding the corresponding age. Exported volume and total volume produced both refer to total wood (including branches and stem parts with diameter lower than 7 cm).
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during the first 15 years, together with a gradual increase in LAI ( Figure 4). After 50 years, the age-related decline of photosynthesis efficiency weighs on GPP and NPP, both of which slowly decline by 7-9%. Heterotrophic respiration (HR) displays a strong peak close to 1 000 gC m -2 yr -1 , almost twice the level of its long-term average of 500 gC m -2 yr -1 . This peak is due to the slash inputs from the clear cut which ends the previous rotation, as all branch and belowground biomass is turned into litter. For the rest of the rotation, heterotrophic respiration follows a slightly decreasing trend as the coarse woody debris compartment is fed by anthropogenic thinnings. Net ecosystem productivity sums up these

Initial distribution

Algorithm

The intial tree circumference distribution follows a truncated exponential law of parameter λ resulting from the following algorithm:

 A minimum initial circumference, circ_init min , is selected.

 The exponential distribution is truncated so that unlikely values do not appear.

circ_init max , the maximum initial circumference, is selected so that:

 The [circ_init min , circ_init max ] interval is divided into 20 intervals.

 The number of trees n i in each interval [a,b] is proportional to P( a ≤ X < b):

 These numbers are rounded to the closest integer, and the number of trees of each intervals are adjusted so that:

 Tree circumferences are then equally distributed in each interval:

The resulting distribution is illustrated in Gross primary production (GPP), net primary production (NPP), heterotrophic respiration (HR), and net ecosystem productivity (bottom). when there is no thinning between year 100 and the end of the rotation, the thinning frequency is infinite). 

Conifers Broadleaves