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Highlights

•

Temporally-explicit large scale carbon balance model guides wood sector strategies.

• RIL allows increasing logging intensity (x 1.5) without additional carbon emissions.

• Plantation reduces pressure on forests without effect on long-term carbon balance.

• Converting forest to timber plantation leads to a short-term carbon emission peak.

• Adding plantations improves timber carbon balance compared to selective logging only.

Introduction

Tropical forests play a major role in climate change mitigation. They store 271 ± 16 Pg of carbon as biomass [START_REF] Grace | Perturbations in the carbon budget of the tropics[END_REF], and account for a gross carbon sink of 2.7 ± 0.7 Pg year -1 (2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007), which represents about 70% of the gross sink of all forests worldwide [START_REF] Pan | A Large and Persistent Carbon Sink in the World's Forests[END_REF]. It is therefore important to understand the effects of human activities on the carbon stocks and fluxes of tropical forests. Deforestation and degradation of these forests represent a carbon emission of 2.01 ± Pg year -1 [START_REF] Grace | Perturbations in the carbon budget of the tropics[END_REF]. Selective logging -i.e. the harvest of a few trees per ha -is an important activity in tropical forests. It is often perceived as a source of degradation [START_REF] Lewis | Increasing human dominance of tropical forests[END_REF], in part because of the loss of biomass associated with extracted trees, logging damage and logging infrastructure. Conversely, some consider selective logging as a way to increase the economic value of tropical forests in order to prevent deforestation [START_REF] Mohren | Use tropical forests or lose them[END_REF], while retaining most of the biodiversity and ecosystem functioning and service provision of intact forests [START_REF] Burivalova | Does biodiversity benefit when the logging stops? An analysis of conservation risks and opportunities in active versus inactive logging concessions in Borneo[END_REF]Edwards et al., 2014b), a sort of "conservation through use" [START_REF] Putz | Sustaining conservation values in selectively logged tropical forests: The attained and the attainable[END_REF].

More than 400 million ha of tropical forests are classified as production forests [START_REF] Blaser | Status of tropical forest management 2011[END_REF]. Estimates of total annual emissions from selective logging in the tropics range from 800 to nearly 2000 Tg CO2 (Ellis et al., 2019). [START_REF] Pearson | Carbon emissions from tropical forest degradation caused by logging[END_REF] showed that the carbon emissions from selective logging were equivalent to 12% of the emissions from deforestation, as an average over the nine tropical countries they studied. Given the global importance and increased public interest in carbon emissions, it is of utmost importance for decision-makers to identify which changes in prevailing practices can help improve the overall carbon balance of the wood sector.

At the country and territory scale, different strategies have been proposed for decreasing carbon emissions from selective logging while maintaining wood production. These mitigation strategies fall under the scope of the land-sparing versus land-sharing debate, initially developed for food production [START_REF] Green | Farming and the fate of wild nature[END_REF] and later extended to the wood sector (Edwards et al., 2014a;[START_REF] Runting | Larger gains from improved management over sparing-sharing for tropical forests[END_REF]. The land-sparing strategy is based on a spatial separation of production and conservation functions of the land allowed by increased productivity, as opposed to the landsharing strategy combining several functions in the same area. Evidence shows that a land-sparing strategy consisting of increasing logging intensity in some areas while keeping other areas free from logging can have positive effects on both carbon balance and biodiversity conservation (Edwards et al., 2014a;[START_REF] Griscom | Carbon and Biodiversity Impacts of Intensive Versus Extensive Tropical Forestry[END_REF][START_REF] Piponiot | Optimal strategies for ecosystem services provision in Amazonian production forests[END_REF]. Timber plantations further segregate production and conservation functions. They have a low value for biodiversity conservation [START_REF] Bremer | Does plantation forestry restore biodiversity or create green deserts? A synthesis of the effects of land-use transitions on plant species richness[END_REF][START_REF] Barlow | Quantifying the biodiversity value of tropical primary, secondary, and plantation forests[END_REF] but their intensive wood production can be an alternative strategy to selective logging in natural forest [START_REF] Buongiorno | Assessing the impact of planted forests on the global forest economy[END_REF].

They are increasingly considered as a climate mitigation strategy through the storage of carbon in live trees and wood products [START_REF] Minnen | Quantifying the effectiveness of climate change mitigation through forest plantations and carbon sequestration with an integrated land-use model[END_REF][START_REF] Sanquetta | Dynamics of carbon and CO2 removals by Brazilian forest plantations during 1990-2016[END_REF]. However, they have significantly lower stock of carbon than natural forests [START_REF] Liao | Ecosystem Carbon Stock Influenced by Plantation Practice: Implications for Planting Forests as a Measure of Climate Change Mitigation[END_REF]. The type of land converted to plantation therefore matters and plantation establishment after deforestation often results in overall carbon emissions [START_REF] Guillaume | Carbon costs and benefits of Indonesian rainforest conversion to plantations[END_REF].

Beyond the land-sharing versus land-sparing debate, improved logging practices in natural forests can have positive impacts on climate change mitigation, other ecosystems services and biodiversity conservation [START_REF] Griscom | Natural climate solutions[END_REF][START_REF] Griscom | The Case for Improved Forest Management (IFM) as a Priority REDD+ Strategy in the Tropics[END_REF]Putz et al., 2008;[START_REF] Runting | Larger gains from improved management over sparing-sharing for tropical forests[END_REF]. Reduced impact logging (RIL) can improve the overall carbon balance by reducing the amount of damage while maintaining wood production, and hence avoiding leakage of the negative impacts of logging [START_REF] Griscom | The Case for Improved Forest Management (IFM) as a Priority REDD+ Strategy in the Tropics[END_REF]. RIL is defined as 'intensively planned and carefully controlled timber harvesting conducted by trained workers in ways that minimize the deleterious impacts of logging' (FAO, 2004) and consists in a set of practices encompassing planned logging activities, improved harvesting operations (e.g. directional felling)

and post-harvesting operations (e.g. rehabilitation of skidding trails) (Putz et al., 2008;[START_REF] Sist | Reduced-impact logging in the tropics: objectives, principles and impacts[END_REF].

A subset of RIL practices, grouped under the name of Reduced-Impact Logging for Climate Change Mitigation (RIL-C) (Ellis et al., 2019 ;[START_REF] Griscom | Carbon emissions performance of commercial logging in East Kalimantan, Indonesia[END_REF], especially aim to reduce logging emissions. They are particularly promising as Ellis et al. (2019) has shown that they could lead to 60% reduction in logging emissions. In some places, intensification of logging (i.e. increased volume of extracted wood) also results in reduced emissions per volume of extracted wood, probably because of a more efficient use of logging infrastructure and a reduction of damage per volume unit (Ellis et al., 2019). By reducing the two greater sources of tree death, namely damage and logging infrastructure [START_REF] Pearson | Carbon emissions from tropical forest degradation caused by logging[END_REF], both RIL and increased intensity logging can reduce the amount of dead biomass and the resulting emissions, leading to a shorter time for recovery of lost biomass [START_REF] West | Forest biomass recovery after conventional and reducedimpact logging in Amazonian Brazil[END_REF]. Although rarely adopted by the wood sector (Ruslandi et al., 2017c), silvicultural treatments, such as thinning to improve growth of commercial species, enrichment planting and liana cutting may also improve recovery of biomass and carbon stock [START_REF] Cerullo | Actively restoring resilience in selectively logged tropical forests[END_REF][START_REF] Gourlet-Fleury | Tropical forest recovery from logging: A 24 year silvicultural experiment from Central Africa[END_REF]Ruslandi et al., 2017a).

Monitoring the carbon emissions of logging and forestry practices is important to assess their effectiveness in reducing carbon emissions of the wood sector and inform forest policies for mitigation of climate change. However, while deforestation is relatively easy to monitor through remote sensing, degradation -as it does not lead to a total loss of forest cover -is much more difficult to assess [START_REF] Grace | Perturbations in the carbon budget of the tropics[END_REF][START_REF] Pearson | Carbon emissions from tropical forest degradation caused by logging[END_REF]. Remote sensing approaches using high resolution satellite imagery have allowed large scale monitoring of selective logging impacts [START_REF] Asner | Remote sensing of selective logging in Amazonia: Assessing limitations based on detailed field observations, Landsat ETM+, and textural analysis[END_REF]. Such approaches are however limited as they can only detect canopy damage.

Methods based on field measurement of logging damage can produce a finer assessment of logging emission at the smaller scale of the logging concession. [START_REF] Griscom | Carbon emissions performance of commercial logging in East Kalimantan, Indonesia[END_REF] and [START_REF] Feldpausch | When big trees fall: Damage and carbon export by reduced impact logging in southern Amazonia[END_REF] have proposed such a method accounting for emission due to timber extraction, logging damage and logging infrastructure, which has since been widely used (Ellis et al., 2019). Carbon emissions are expressed relatively to the amount of wood produced (using the Total Emission

Factor [START_REF] Griscom | Carbon emissions performance of commercial logging in East Kalimantan, Indonesia[END_REF][START_REF] Pearson | Carbon emissions from tropical forest degradation caused by logging[END_REF][START_REF] Zalman | Opportunities for carbon emissions reduction from selective logging in Suriname[END_REF] and the Carbon Impact factor (Ellis et al., 2019;[START_REF] Goodman | Carbon emissions and potential emissions reductions from low-intensity selective logging in southwestern Amazonia[END_REF][START_REF] Umunay | Selective logging emissions and potential emission reductions from reduced-impact logging in the Congo Basin[END_REF]), which is particularly interesting to compare the relative importance of these different sources of emissions and the efficiency of different logging practices for climate change mitigation (see the recent special issue on RIL-C (Ellis and Putz, 2019)). However, both remote sensing and previously cited field-based approaches use a committed emissions approach, meaning that they only account for fluxes at the time of logging [START_REF] Fearnside | Amazonia : Net Committed Emissions[END_REF], whereas carbon fluxes continue long after logging operations.

For example, decomposition of logging damage left on site occurs over several decades (Hérault et al., 2010a). Committed emission approaches also fail to account for long-term carbon recovery, which is the recovery of carbon within the selectively logged plot resulting from increased growth of remaining trees due to increased canopy openness and changes in competition levels (Hérault et al., 2010b). However, carbon recovery may happen within a few decades, and can therefore be achieved within a cutting cycle, i.e. the time period between two harvests (typically 20 to 35 years but up to 65 years in the case of French Guiana) [START_REF] Onf | Charte de l'exploitation forestière à faible impact en Guyane 1-77[END_REF]Piponiot et al., 2016). Some carbon balance models only consider biogenic carbon in forests, overlooking the downstream part of the wood sector. Harvested wood products can however store significant amounts of carbon over a long period of time [START_REF] Ipcc | IPCC Guidelines for National Greenhouse Gas Inventories[END_REF], and using wood as a substitute for a more carbon demanding material or source of energy can lead to avoided emissions [START_REF] Bellassen | Carbon sequestration: managing forests in uncertain times[END_REF].

Another group of carbon emissions assessment methods are based on a life cycle accounting approach [START_REF] Hérault | The life cycle carbon balance of selective logging in tropical forests of Costa Rica[END_REF][START_REF] Numazawa | Logging residues and CO2 of Brazilian Amazon timber: Two case studies of forest harvesting[END_REF][START_REF] Olguin | Applying a systems approach to assess carbon emission reductions from climate change mitigation in Mexico's forest sector[END_REF]Piponiot et al., 2016a). Such approaches consider larger system boundaries as they include forest regrowth (i.e.

forest re-establishment on areas fully cleared during logging, such as roads and wood storage decks), wood decomposition in the forest and the fate of wood products. They are also temporally explicit. They assess the different carbon fluxes either by using previously published models [START_REF] Hérault | The life cycle carbon balance of selective logging in tropical forests of Costa Rica[END_REF][START_REF] Numazawa | Logging residues and CO2 of Brazilian Amazon timber: Two case studies of forest harvesting[END_REF] or models calibrated with local field data [START_REF] Olguin | Applying a systems approach to assess carbon emission reductions from climate change mitigation in Mexico's forest sector[END_REF]Piponiot et al., 2016a). Such studies often show a more carbon neutral impact of the wood sector than studies with narrower system boundaries and committed emissions [START_REF] Hérault | The life cycle carbon balance of selective logging in tropical forests of Costa Rica[END_REF]. They can allow a wide scale assessment of the carbon balance of the wood sector, from the region to the whole country [START_REF] Hérault | The life cycle carbon balance of selective logging in tropical forests of Costa Rica[END_REF], and can be used in a predictive manner to compare outcomes of prospective scenarios [START_REF] Olguin | Applying a systems approach to assess carbon emission reductions from climate change mitigation in Mexico's forest sector[END_REF]Piponiot et al., 2016a).

Building on the carbon life cycle approach, our study advances a model of carbon balance for the wood sector. This model uses a carbon accounting approach and relies on local permanent forest monitoring plots to calibrate statistical models for the different fluxes using a Bayesian approach.

Its novelty is that it is temporally explicit and can be used on a large scale (scale of the whole territory), that it has wide system boundaries and that it includes both selective logging and timber plantation. We emphasise its usefulness in the context of French Guiana as a prospective tool for assessing strategies of development of the wood sector. French Guiana (4°13'N, 52°59'0'W) is a French oversea territory located in the Guiana shield, in the North-East of Amazonia, with an equatorial climate [START_REF] Guitet | Geomorphological landscape features explain floristic patterns in French Guiana rainforest[END_REF]. Its striking specificity is its very high cover of tropical wet forests (97.3% percent of the land is covered by natural forests (FAO, 2020)).

Most forests are managed by the ONF, the French National Forest Service. The 2.4 Mha of forests forming the Permanent Forest Estate are designated as production or conservation forests (Piponiot et al., 2016a) and account for about 30% of forest cover of the territory. Current wood production is obtained exclusively by low intensity selective logging with long cutting cycles (65 years) [START_REF] Onf | Charte de l'exploitation forestière à faible impact en Guyane 1-77[END_REF]. The annual production ranges from 65 000 to 80 000 m 3 of timber per year (Piponiot et al., 2016a) and is mostly used locally for construction. A rapidly growing human population (2.6% increase per annum, source INSEE national population census 2010-2015) leads to a greatly increasing demand for wood. The local strategic plan for the forest and wood sector (Collectivité Territoriale de Guyane et al., 2019) states the aim to increase the annual timber production to 200 000 m 3 by 2030, and to diversify practices with the development of timber plantation and the use of wood biomass as a source of energy.

The objectives of our study are (1) to develop a temporally explicit model of carbon balance taking into account biogenic carbon fluxes in natural forests and plantation, and the downstream activities of the wood sector including first transformation in the sawmill, (2) to apply this model at the plot scale to identify practices with the more positive impact on carbon balance, and (3) to apply it to past and future practices at the scale of the whole territory of French Guiana to compare the carbon balance of different prospective scenarios of timber production.

Materials and Methods

Model overview

A detailed glossary of all variables and all parameters is given in Table A.1 and Table A.2, respectively.

To model the carbon balance of timber production, we developed a model based on a previous version that aimed to assess retrospective carbon balance (Piponiot et al., 2016a) recovery, tree growth in plantation and wood decay on site) and the logistic activities (emission from machines and fuel consumption for staff and wood transport, for tree felling and for logging infrastructure). It excludes second transformation and export. Our model accounts for aboveground biomass only, and excludes belowground biomass and soil carbon. To be able to include new fluxes needed for the prospective part, we developed new submodels to account for timber production in plantations, use of RIL techniques, and use of byproducts as fuelwood. We accounted for logistic activities, and improved some of the existing submodels. We also added the possibility to account for avoided emissions by substitution of fuelwood to fossil fuel, to assess the interest of using logging and plantation byproducts for energy and reduce emissions from fossil fuel.

The overall model is presented in Fig. (section 2.6.3). After logging, carbon is stored back through forest recovery within the plot (section 2.6.4), and forest regrowth occurs on areas deforested for logging infrastructure (only on main skid trails and logging decks) (section 2.6.5). The main objective of plantations is to produce timber, fuelwood being a byproduct. Plantations are established either on non-forested land or by clearing natural forests already logged in the past (section 2.5.1). Even if it is questionable in most contexts, the latter option is the more realistic in the context of very high forest cover and the resulting low availability of non-forested land in French Guiana. Our model therefore incorporates the emissions from the deforestation of natural forests to establish plantations, as not doing so would wrongly improve the overall carbon balance of the sector. This deforestation produces timber and fuelwood and leaves wood to decompose on site. Once established, plantations store carbon through tree growth. Successive thinning operations in the plantations produce fuelwood and the final harvest produces both timber and fuelwood (section 2.5.2). After the first harvest, plantations are re-established on the same plot, without incurring additional deforestation. For both logging in natural forest and plantation harvesting, produced timber is processed in the sawmill (section 2.8). Our model accounts for carbon fluxes up to the first transformation.

Byproducts used as fuelwood are burnt in the biomass plant, which generates direct emissions through combustion and leads to avoided emissions by substitution to another source of energy (section 2.9). Our model accounts for avoided emissions from fuelwood substitution to fossil fuel (heavy fuel and diesel), as this source of energy is currently predominant in French Guiana (Explicit and Alter, 2012). It also allows for avoided emissions to be excluded, as a more conservative scenario reflecting the likely shift to greener energy in the future. These two possibilities therefore reflect two extreme cases in between which the future reality is likely to be situated. All the remaining tree parts are left to decay on site (section 2.10). The code is written in the R environment (R Core Team, 2018) and available online (https://github.com/EcoFoG/C_balance_forest_FG). 

Data for model calibration and input

We calibrated all submodels using local or regional data (French Guiana or Amazonia), with the exception of the sawnwood decay submodel obtained from the literature (IPCC, 2003). We used data from two networks of permanent forest plots, in which all trees with a DBH ≥ 10 cm are mapped, botanically identified and periodically measured. We used data from 12 sites of the Guyafor network [START_REF] Cirad | Guyafor, DataBase of the French Guyana Permanent Plot Network[END_REF], which covers the northern part of French Guiana (between 1 and 16 plots per site, all undisturbed, ranging from 4 to 6.25 ha). One of these sites, Arbocel, is a secondary forest undergoing natural succession after having been clearcut in 1976 [START_REF] Chave | Slow rate of secondary forest carbon accumulation in the Guianas compared with the rest of the Neotropics[END_REF]. We also used data from 13 sites (94 plots, selectively logged, ranging from 0.25 to 6.25 ha)

of the Amazonian part of the TmFO network [START_REF] Sist | The Tropical managed Forests Observatory: a research network addressing the future of tropical logged forests[END_REF]. For all these plots, AGB was calculated with the BIOMASS package [START_REF] Réjou-Méchain | Biomass : An r package for estimating above-ground biomass and its uncertainty in tropical forests[END_REF] in R (R Core Team, 2018), using the allometric equation and the bioclimatic predictor to estimate tree height proposed by [START_REF] Chave | Improved allometric models to estimate the aboveground biomass of tropical trees[END_REF]. In addition, the effects of RIL were estimated from post-logging monitoring of damage conducted by the ONF (unpublished) on 6 conventionally logged and 8 RIL sites situated in the Permanent Forest Estate in French Guiana. The productivity of plantations was obtained from a 30 year-old experimental plantation established in Sinnamary, French Guiana, considering the 7 species that performed the best (Sterculia pruriens, Simarouba amara, Diplotropis purpurea, Qualea rosea, Eperua falcata, Dicorynia guianensis and Vochysia tomentosa) [START_REF] Nicolini | Etude du développement et des propriétés du bois de plantation d'espèces forestières gyuanaises[END_REF].

For the retrospective part of the model, location and intensity of selective logging conducted between 1974 and 2018 were obtained from ONF statistics (ONF, unpublished). For the prospective part, plots to log or to deforest for plantation were drawn among the list of plots situated in the Permanent Forest Estate. Environmental parameters specific to each plot were used: initial AGB in natural forest prior to logging or conversion to plantation [START_REF] Fayad | Aboveground biomass mapping in French Guiana by combining remote sensing, forest inventories and environmental data[END_REF], mean annual precipitation and precipitation seasonality from WorldClim [START_REF] Fick | WorldClim 2: new 1km spatial resolution climate surfaces for global land areas[END_REF], and soil bulk density from the Harmonized global soil database [START_REF] Fischer | Global Agro-ecological Zones Assessment for Agriculture[END_REF].

We considered that the carbon content of AGB (𝐶 ) is 0.47 [START_REF] Réjou-Méchain | Biomass : An r package for estimating above-ground biomass and its uncertainty in tropical forests[END_REF] and that the water content of green wood (H) is 45% (expert knowledge ONF). The dry wood density of timber (𝑊𝐷 ) and fuelwood from natural forest were taken as 0.609 and 0.604 (𝑊𝐷 ), which are respectively the mean wood density of the three main commercial species weighted by their relative contribution to annual timber volume production (Piponiot et al., 2016a), and an estimated mean across all species (expert knowledge ONF). The dry wood density of wood from plantation (𝑊𝐷 ) is taken on a plot basis for the species considered for the plantation productivity model from 0.356 to 0.753, median 0.588. Wood densities at 12% humidity [START_REF] Ollivier | A trait database for Guianan rain forest trees permits intra-and inter-specific contrasts[END_REF] were converted to 0% humidity [START_REF] Vieilledent | New formula and conversion factor to compute basic wood density of tree species using a global wood technology database[END_REF].

Propagating model uncertainties using a Bayesian framework

All submodels were written under the Bayesian paradigm and inferred using an adaptive form of the Hamiltonian Monte Carlo sampling [START_REF] Carpenter | Stan: A Probabilistic Programming Language[END_REF] with the rstan package (Stan Development Team, 2018). The Bayesian modelling approach has two main advantages. First, prior knowledge of the processes under study can be combined with new empirical data in a consistent modelling framework. Second, it allows for rigorous propagation of uncertainties from each submodel to the overall model. This enabled us to provide credibility intervals resulting from the cumulative uncertainties. To do so, we ran a high number of simulations (2000 when the model is run at the plot scale and 500 for the scenarios). We ensured that the number of simulations was sufficient to guarantee stability of the results, by running the model several times with the chosen number of simulations and checking that the results did not change. As all submodels were calibrated by Bayesian inference, we obtained a high number of values for all model parameters, called posteriors. These posteriors are presented in Table A.2. For the simulation step, we randomly drew 2000 (for the plot scale) or 500 (for the scenario scale)

parameter values from the posteriors. These parameters defined the distributions of the variables predicted by the submodels, in which we randomly drew a value per simulation. In doing so, we propagated the uncertainties due to both the data and the model fit. This was done per plot for the submodels fitted at the plot scale (carbon fluxes in plantation, logging damage, logging infrastructure, recovery, regrowth, decay), and for the whole simulation for submodels relevant at the territory scale (sawmill). We then calculated summary statistics (median and credibility intervals) over all simulations.

We conducted a sensitivity analysis on the main submodels to assess their relative contributions to the overall model uncertainty. To do so, we made each submodel deterministic, in turn, by

setting their parameters at their maximum likelihood, and taking the mode of the posterior distribution of results. The uncertainty of the other submodels was retained. The stronger the difference in variability of the results compared with the fully stochastic simulations, the higher was the uncertainty due to the considered submodel.

Running the carbon balance model

The carbon balance model was run at two scales. First, we ran it at the scale of a single 1 ha plot with median environmental conditions to explore the effect of each practice taken individually.

Then, we ran the model at the scale of French Guiana to explore different prospective scenarios of timber production developed together with stakeholders from the wood sector (Table 1) during a scenario-planning workshop (Table A.3). We purposely chose very contrasting scenarios to be able to identify interesting practices for the development of the wood sector, but our model can also be used to test more nuanced scenarios. For all scenarios, the prospective period extended from 2019 to 2088. We included historical selective logging because these past activities will still induce carbon fluxes in the future. For this retrospective part, all timber comes from logging in natural forest. For the prospective part, each scenario set an annual objective of timber production from natural forest and from plantation. When the modelled production of timber from plantation is lower than the scenario's objective, the amount of timber logged in natural forests is adjusted to meet the overall objective of timber production. The scenario Business as usual corresponds to current selective logging practices in natural forest and is the only one for which the target annual timber production is 80 000 m 3 year -1 . For all the other scenarios, this volume is set to 200 000 m 3 year -1 to reflect the future objective set by the strategic plan for the forest and wood sector (Collectivité Territoriale de Guyane et al., 2019). The scenario

Intensification tests increased intensity of logging implemented together with RIL in natural forest.

The scenario Natural forest + plantation aims at producing wood both from natural forest and plantation. The scenario Plantation produces wood solely from plantation, although logging in natural forest is carried out during the plantation establishment phase and for years when the overall targeted volume is not met. For this scenario, all the plantations are established on natural forest after deforestation. The scenario Plantation no deforestation is a variation of Plantation for which there is no deforestation to establish the plantation, i.e. they are established on bare land.

The scenario Plantation risk is a variation of Plantation for which the plantation productivity is less than expected, and the plantation duration thus has to be increased. For each scenario at the scale of the plot and at the scale of the whole territory, the model was run both with and without accounting for avoided emissions resulting from the substitution of fuelwood, to be able to compare these two cases. * The annual production of timber, both for plantation and natural forest, is the targetted one. If the production from plantation is less than expected, logging in natural forest is increased to compensate even if the targetted volume is null (especially during the establishment phase of the plantation when most of the wood comes from natural forest). Nat. For. stands for Natural forest, plant. for plantation, defor. for deforestation, Conv. for conventional logging, exp. for expected and obs. for observed 2.5 Plantation

Plantation establishment

In this section, we present how the model selects the plots for establishing the plantations, and the calculation of 𝐴𝐶𝑆 , the aboveground carbon stock of the plot prior to the first plantation, and the area actually planted 𝐴𝑟𝑒𝑎 .

To calculate the annual area of plantation needed to meet the objective of timber production of the scenarios, we used the submodel of carbon fluxes in plantations presented in section 2.5.2 over a high number of simulations to get the mean expected volume of timber per ha. Note that this volume can differ from the mean volume that will actually be obtained if the observed productivity is altered (for scenario Plantation risk). For scenarios establishing the plantations on forested land, forest plots that have previously been logged are deforested to establish the plantations. The aboveground biomass of these plots is then harvested for timber and fuelwood, and a portion is left to decay on site (see sections 2.8, 2.9 and 2.10). This occurs only for the first cycle of plantations, as plantations are immediately replanted in the same plot after the first harvest. Plots that have been logged earlier (1974-1983, then 1984-1993) are deforested preferentially. Within these age categories, we have chosen to draw plots randomly as there is currently no spatial planning of plantation in French Guiana. A random draw associated with a high number of simulations allowed us to take into account the spatial variability of initial conditions. For scenarios establishing the plantations on non-forested land, we assumed that there is no vegetation on the land, hence an initial AGB of zero.

The area of plot p with suitable topography for plantation 𝐴𝑟𝑒𝑎 , (ha) is

𝐴𝑟𝑒𝑎 = 0.5 0.543 × 𝐴𝑟𝑒𝑎 (1)
where 𝐴𝑟𝑒𝑎 (ha) is the area that had been logged, because the proportion of a total plot that can be logged (𝑅 ) has a median value of 0.543 (see section 2.6.1), and the proportion of a plot that can be planted is 0.5 (median value, expert knowledge ONF). For each year 𝑡 < 𝑃 and each simulation s plots are drawn randomly without replacement until the needed annual area of plantation is met. The area needed in a given year is adjusted to reach the needed area cumulatively over the years.

Carbon fluxes in plantation

This section presents how 𝐶 , 𝐶 and 𝐶 , the carbon fluxes resulting from trees that are thinned, harvested or died respectively, and 𝐶 , the carbon flux resulting from tree growth, in a given year were obtained (Fig. 2-a). We followed a two-step approach.

In the first step, we calculated the amount of carbon accumulated over the whole plantation cycle, in different compartment (Fig.

A.1). 𝐴𝐶𝑆 is the aboveground carbon stock accumulated in trees that reached the end of the plantation cycle, 𝐴𝐶𝑆 is the aboveground carbon stock lost from trees that died before the end of the plantation cycle, either because they died naturally or were thinned, and 𝐴𝐶𝑆 is the amount of aboveground carbon in trees that were thinned.

The amount of biomass accumulated at year t after plantation in trees that reached the end of the plantation 𝐴𝐺𝐵 , , (Mg ha -1 ) is modelled with a lognormal distribution, as follows:

𝐴𝐺𝐵 ∼ 𝐿𝑜𝑔𝑛𝑜𝑟𝑚𝑎𝑙(𝑙𝑛(𝜃 × 𝑡), 𝜎 ) (2)
with 𝜃 the median annual accumulation of AGB, and 𝜎 the variance of log(AGB).

The aboveground carbon stock of a plantation p for simulation s at time of harvest 𝐴𝐶𝑆 , (Mg ha -1 of C) is:

𝐴𝐶𝑆 , = 𝐴𝐺𝐵 , , × 𝐶 (3)
where 𝑃 is the plantation duration (also called rotation length, i.e. time from plantation to harvest).

The plantation productivity can be altered by applying a reduction factor 𝑅 < 1 (taken as 2/3 for scenario Plantation risk) to 𝐴𝐶𝑆 , .

𝐴𝐶𝑆 and 𝐴𝐶𝑆 cannot be assessed directly, because of the lack of repeated tree inventories in plantation, so we obtained them by using two proportions: 𝑅 and 𝑅 .

𝑅

is the proportion of ACS in thinned trees (𝐴𝐶𝑆 ) relative to the ASC at the end of the plantation cycle (𝐴𝐶𝑆 ), and was assumed to be a constant for all plantations p and simulations s :

𝐴𝐶𝑆 , = 𝐴𝐶𝑆 , × 𝑅 (4)
We obtained 𝑅 from plantation production tables that report the volume of wood harvested at the end of the plantation and the total volume of wood harvested during thinning events [START_REF] Dupuy | Les plantations à vocation de bois d'oeuvre en Afrique intertropicale humide[END_REF].

𝑅

is the proportion of 𝐴𝐶𝑆 relative to the ACS lost (by natural death or thinning) after the year of first thinning event 𝑡 , and is thus a measure of thinning efficiency:

𝑅 = 𝐴𝐶𝑆 , 𝐴𝐶𝑆 , -(𝐴𝐶𝑆 , × 𝑡 /𝑃 ) (5)
To get 𝑅 , we assumed that it depends on the number of thinning events 𝑁 (set to 3 from expert knowledge) and the duration of the plantation. Thinning every year (𝑁 = 𝑃 ) would lead to 𝑅 = 1, meaning that thinning would take all natural mortality. We thus get 𝑅 as follows:

𝑅 = ( 𝑁 𝑃 ) (6)
where 𝛾 is a a parameter of elasticity chosen as follows: if 𝛾 = 1, only the mortality of the year would be taken by the thinning. Lower values of 𝛾 correspond to more efficient thinning practices that allow harvesting of trees that would have died in subsequent years, thus minimising the amount of dead wood. We took as small value of 𝛾 (0.1) because we anticipated that thinning practices will efficiently reduce natural tree mortality.

𝐴𝐶𝑆 , is obtained from equations ( 4) and ( 5):

𝐴𝐶𝑆 , = 𝐴𝐶𝑆 , × 𝑅 (1 - 𝑡 𝑃 ) × 𝑅 (7)
In the second step, these quantities of carbon calculated over the whole plantation cycle are used to calculate the carbon fluxes at any year of a plantation (Fig. A.2).

We assumed that the amount of carbon in thinned trees is equally distributed among thinning events, hence, we have 𝐶 , , the amount of carbon in thinned trees at year t after plantation (Mg ha -1 of C): where 𝑁 is the number of thinning events conducted at regular time intervals.

If no thinning occurred, 𝐴𝐶𝑆 , would be entirely due to natural tree mortality. We assumed that the amount of carbon lost in dead trees would be equally distributed across years. The annual amount of carbon in dead tree 𝐶 , , (Mg ha -1 of C) would therefore be:

𝐶 , , = 𝐴𝐶𝑆 , 𝑃 for t any year (9)

As thinning aims at anticipating the mortality of the following years, it changes the annual amount of carbon in dead trees of the following j + 1 years, with

𝑗 , = ⌊ 𝐶 , ,
𝐶 , , ⌋ where t is any thinning year (10)

The actual annual amount of carbon in dead trees 𝐶 , , (Mg ha -1 of C) is then, with 𝑡 a given year of thinning and t any year before the next thinning:

𝐶 , , = ⎩ ⎪ ⎨ ⎪ ⎧ 0 for 𝑡 < 𝑡 ≤ 𝑡 + 𝑗 , 𝐶 , , × (1 -( 𝐶 , , 𝐶 , , -𝑗 , )) for 𝑡 = 𝑡 + 𝑗 , + 1 𝐶 , , for 𝑡 > 𝑡 + 𝑗 , + 1 (11)
where 𝑗 , is obtained with equation ( 10).

The annual amount of carbon in trees that are harvested 𝐶 , , (Mg ha -1 of C) is:

𝐶 , , = 𝐴𝐶𝑆 , for t the harvest year 0 for t any other year (12)

The annual amount of carbon stored by tree growth 𝐶 , , (Mg ha -1 of C) is: ) with a beta distribution as a function of proportion of carbon in biomass that was logged relative to prelogging biomass ( , ). We used the following model (Fig. 2-b):

𝐶 , , 𝐴𝐶𝑆 -𝐴𝐶𝑆 , ∼ ℬ𝑒𝑡𝑎(𝛼 , 𝛽 ) (14)
with 𝛼 > 0 and 𝛽 > 0 the shape parameters, 𝐴𝐶𝑆 (Mg ha -1 of C) the pre-logging aboveground carbon stock (ACS), and 𝐴𝐶𝑆 , (Mg ha -1 of C) the ACS of extracted timber. The mean and variance of the distribution are:

𝐸( 𝐶 , , 𝐴𝐶𝑆 -𝐴𝐶𝑆 , ) = 𝛼 𝛼 + 𝛽 = ( 𝐴𝐶𝑆 , 𝐴𝐶𝑆 ) 𝑉𝑎𝑟( 𝐶 , , 𝐴𝐶𝑆 -𝐴𝐶𝑆 , ) = 1 𝜙 + 1 × (1 -( 𝐴𝐶𝑆 , 𝐴𝐶𝑆 ) ) × ( 𝐴𝐶𝑆 , 𝐴𝐶𝑆 ) (15)
with 𝛾 ≥ 0 and 𝜙 ≥ 0. We chose a power function model with a positive exponent to have an increasing relationship that can be concave, convex or linear.

When RIL is implemented, we apply a reduction coefficient 𝑅 to 𝐶 , , :

𝐶 , , = 𝐶 , , × (1 -𝑅 ) (16) 
𝑅 was modelled with a Beta distribution, using data of post-logging monitoring (ONF, unpublished) (Table A.2).

Logging infrastructure

We present here the method used to obtained 𝐶 , 𝐶 and 𝐶 , the amounts of carbon contained in trees cut for creation of logging roads, main skid trails and wood storage decks, respectively. Logging roads are defined as the access to an area on which at least 3000 m 3 of wood (timber + fuelwood) is harvested. Main skid trails are defined as the access to an area of at least 5 ha but on which less than 3000 m 3 of wood is harvested. Other access are secondary skids trails and are accounted for in the Damage submodel.

We first modelled 𝐿 , , the length of all access (logging road + main skid trails, m ha -1 ) in plot p, with a uniform distribution as followed:

𝐿 , ∼ 𝑈(28,33) (17)
From this, we got the length of roads and the length of skid trails using 𝑅 , , the proportion of 𝐿 , represented by road. It follows a beta distribution and depends on the volume of timber (i.e. the logging intensity 𝐿𝑜𝑔𝐼𝑛𝑡 ) and of fuelwood (𝑉𝑜𝑙 , ) per ha of plot p (see section 2.9.1 for how to get this volume).

𝑅 , ∼ ℬ𝑒𝑡𝑎(𝛼 , 𝛽 ) (18)
with 𝛼 > 0 and 𝛽 > 0 the shape parameters. The mean and variance of the distribution are:

𝐸(𝑅 , ) = 𝛼 𝛼 + 𝛽 = 1 1 + exp(-(𝜂 + 𝜆 × 𝑙𝑛(𝐿𝑜𝑔𝐼𝑛𝑡 + 𝑉𝑜𝑙 , )) 𝑉𝑎𝑟(𝑅 , ) = (1 -𝐸(𝑅 , )) × 𝐸(𝑅 , ) 𝜙 + 1 ( 19 
)
We then modelled the mean width of roads and trails using normal distributions, as follows. The mean width of a road 𝑊 , (m) is

𝑊 , ∼ 𝒩(𝛼 + 𝛽 × (𝐿𝑜𝑔𝐼𝑛𝑡 + 𝑉𝑜𝑙 , ); 𝜎 ) (20)
and the mean width of a main trail 𝑊 , (m) is and the amount of carbon in trees cut for main skid trails 𝐶 , (Mg ha -1 of C)

𝐶 , = 𝐴𝐶𝑆 × (1 -𝑅 , ) × 𝐿 , × 𝑊 , × 𝑅 10000 ( 23 
)
where 𝑅 is the proportion of 𝐴𝐶𝑆 in trees with DBH < 50cm (Piponiot et al., 2016a), as we consider that main skid trails avoid big trees.

The amount of carbon in trees cut for storage decks made for plot p of simulation s 𝐶 , (Mg ha -1 of C) is obtained modelled with a lognormal distribution, as follows (Piponiot et al., 2016a):

𝐶 , 𝐴𝐶𝑆 ∼ 𝐿𝑜𝑔𝑛𝑜𝑟𝑚𝑎𝑙(-6.12, 0.58 ) (24)

Forest recovery

The amount of carbon accumulated through recovery within plot p for simulation s by year 𝑡 after logging year t 𝐶 , , (Mg ha -1 of C) is obtained with the following hierarchical model, as follows (Fig. 2-c): with 𝐴𝐶𝑆 , (Mg ha -1 of C) the ACS immediately after logging, 𝛼 , the maximum recovered at the asymptote, 𝛽 the recovery rate, 𝜃 and 𝛾 shape parameters, and 𝑉 , , the five environmental covariates of plot p for simulation s: 𝑙𝑜𝑠𝑠 is the disturbance intensity caused by logging (i.e. the loss of ACS through timber and damage, relatively to the prelogging ACS), 𝑎𝑐𝑠 (Mg ha -1 of C) the pre-logging ACS, 𝑝𝑟𝑒𝑐 the mean annual precipitation, 𝑠𝑒𝑎𝑠 the precipitation seasonality and 𝑏𝑑 the soil bulk density. All covariates were standardised with data used to calibrate this submodel (Piponiot et al., 2016;[START_REF] Sist | The Tropical managed Forests Observatory: a research network addressing the future of tropical logged forests[END_REF].

Forest regrowth

The amount of carbon accumulated through forest regrowth on main skid trails and logging decks (not on logging roads that stay open) for plot p for simulation s by year 𝑡 after logging year t 𝐶 , , (Mg ha -1 of C) is obtained with the following hierarchical model, (Fig. 2-d):

𝑙𝑛(𝐶 , , ) ∼ 𝒩(𝑙𝑛(𝛼 , × (1 -𝑒𝑥𝑝(-𝜃 × (𝑡 -𝑡)))), 𝜎 ) 𝛼 , ∼ 𝒩(𝐴𝐶𝑆 , 𝜎 ) (26) 
Data used to calibrate this model came from a site that has been mechanically logged [START_REF] Chave | Slow rate of secondary forest carbon accumulation in the Guianas compared with the rest of the Neotropics[END_REF], which is therefore similar to trails and decks and reduces the risk of overestimating regrowth rate.

Logistic activities

In this section, we calculate 𝐶 and 𝐶 , the emissions from logistic activities in natural forest and plantations, respectively. These emissions are accounted for using data from expert knowledge (ONF and researchers working on experimental plantation) and [START_REF] Guitet | Production De Bois-Énergie Sur Un Massif Forestier Dédié À Cette Vocation En Guyane[END_REF]. These activities encompass all work done by forest staff in logged natural forests and plantation and include petrol consumption and emissions generated by vehicle and machinery manufacturing (embodied energy). Biogenic carbon fluxes are not accounted for among these activities, as they are accounted for by the other submodels. All emissions occur in the year when activities are conducted.

In plantation, 𝐶 is due to deforesting for plantation establishment that leads to emissions from staff transport to plan and supervise the activities (0.03 kg ha -1 of C), and from the activity of tree felling: staff transport and chainsaws (2.55 kg of C per Mg of green wood). Staff transport, wood shredding and subsoiling to prepare the plantation emits 35.04 kg ha -1 of C. Planting trees emits 39.33 kg ha -1 of C, solely due to staff transport as no machinery is used for planting. Staff transport and wood shredding for the first thinning emit 9.41 kg ha -1 of C. Staff transport and tree felling for other thinning events and final harvest emits 2.55 kg of C per Mg green of wood.

In natural forest, 𝐶 is due to planning the logging (staff transport for pre-logging diagnostics and inventory), which emits 0.03 kg ha -1 of C, road building, including planning and supervision, which leads to emissions of 0.53 kg m -1 of C, and logging activity, including staff transport, which emits 2.55 kg of C per Mg of green wood (timber and fuelwood).

For both natural forest and plantation, the loading and transport of timber and fuelwood lead to the emissions of 0.72 kg of C per Mg of green wood, plus 0.02 kg of C per Mg of green wood and km, which contributes to 𝐶 and 𝐶 . Transport distances from plantation to both sawmill and biomass plant are set to 100 km. For natural forest, these distances are set to 150 km.

The sawmill and biomass plant are considered to be in the same place.

Sawmill

Origin and fate of the carbon in the sawmill

The timber arriving to the sawmill comes from plantation (𝐶 ) and from natural forest (𝐶 ).

In plantation, the amount of carbon in timber for plot p, simulation s and year t 𝐶 , ; (Mg of C) come from deforestation for the establishment or harvest, and is calculated as follows: where 𝐴𝐶𝑆 (Mg ha -1 of C) is the ACS of the forest plot before deforestation for plantation establishment (𝐴𝐶𝑆 = 0 when there is no deforestation), and 𝑅 and 𝑅 are the proportion of wood that is used as timber from the initially deforested area and extracted during the final harvest, respectively.

For logging in natural forest, the amount of carbon in timber for plot p and simulation s 𝐶 , (Mg of C) is:

𝐶 , = 𝐿𝑜𝑔𝐼𝑛𝑡 × 𝑊𝐷 × 𝐶 × 𝐴𝑟𝑒𝑎 , (28) 
This timber arriving to the sawmill then becomes either sawnwood (containing an amount of carbon 𝐶 , , , Mg of C), offcuts and sawdust used in the biomass plant to produce energy (𝐶 , , , Mg of C), or true waste (𝐶 , , , Mg of C) being fine sawdust. These quantities are calculated as follows:

𝐶 , , = 𝐸 × 𝐶 , , 𝐶 , , = (1 -𝐸 ) × (1 -𝑅 ) × 𝐶 , , 𝐶 , , = (1 -𝐸 ) × 𝑅 × 𝐶 , , (29) 
where 𝐸 is the sawmill efficiency (the default value is taken at 0.3 through discussion during the scenario-planning workshop (Table A.3) to reflect the current low sawmill efficiency in French

Guiana, but can be modified), and 𝑅 the proportion of waste that cannot be used as fuelwood. The substitution of wood to another material is not taken into account because of the lack of good local estimates of displacement factors [START_REF] Sathre | Meta-analysis of greenhouse gas displacement factors of wood product substitution[END_REF].

Carbon fluxes from the samwill

Emissions from the sawmill are due to the decay of sawnwood (𝐶 ), to the operating of the sawmill (𝐶 ), and to immediate decomposition of true waste and hence immediate emission of their carbon (𝐶 ).

To calculate 𝐶 , we take the half-life of sawnwood 𝑡 . as the default value from the IPCC for both for wood from natural forest and plantation, in the absence of more specific data (IPCC, 2003). The cumulative emissions due to sawnwood decay from plot p, simulation s at year 𝑡 after sawing year t 𝐶 , , (Mg of C) are:

𝐶 , , = 𝐶 , , × (1 -𝑒𝑥𝑝(-𝜆 × (𝑡 -𝑡)) with 𝜆 = 𝑙𝑛(2) 𝑡 . ( 30 
)
The emissions due to the operating of the sawmill for wood from plot p, simulation s in the year of sawing t 𝐶 , , (Mg of C) are:

𝐶 , , = 𝐶 , , 𝑊𝐷 × 𝐶 × 𝐶𝑜𝑛𝑠𝑜 × 𝐶 1000 ( 31 
)
where 𝐶𝑜𝑛𝑠𝑜 is the energy consumption of the sawmill (kW.h m -3 ), and 𝐶 are the emissions for the production of electricity from fossil fuel in French Guiana (kg kW.h -1 of C) (Explicit and Alter, 2012).

2.9 Biomass plant 2.9.1 Origin of carbon arriving to the biomass plant

The wood used as fuelwood comes from plantation (𝐹𝑢𝑒𝑙 ) and from natural forest (𝐹𝑢𝑒𝑙 .

Offcuts and sawdust from the sawmill burnt in the biomass plant are accounted for in these quantities. All emissions occur in the year of arrival of fuelwood to the biomass plant.

In plantation, the quantity of fuelwood from plot p, simulation s at year t 𝐹𝑢𝑒𝑙 , , (Mg of green wood) is due to deforestation for the establishment, all thinning happening at least ten years after plantation, and harvest, Fig. 2-a), and is calculated as follows: where 𝑅 , 𝑅 , and 𝑅 are the proportion of carbon that can be used as fuelwood (respectively from deforested, thinned and harvested wood), 𝐶 , , is the sawdust used as fuelwood (from equation ( 29)), and H the water content of green wood.

𝐹𝑢𝑒𝑙 , , = ⎩ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎧ 𝑅 × 𝐴𝐶𝑆 + 𝐶 ,
For logging in natural forest, the quantity of fuelwood from damage and deforestation for infrastructure, for plot p, simulation s at t the year of logging 𝐹𝑢𝑒𝑙 , , (Mg of green wood), is: where 𝑅 and 𝑅 are the proportions of carbon from damage that can be used as fuelwood for conventional logging, respectively RIL (when the scenario does not use logging byproducts for fuelwood, these proportions are null), 𝐶 , a constant (null when there is no use of logging byproducts as fuelwood), is the carbon contained in wood destroyed for logging infrastructure that can be used as fuelwood , 𝐶 , , is the sawdust used as fuelwood (from equation ( 29)), and H the water content of green wood. To obtain 𝑅 and 𝑅 , we inferred beta distributions using the damage model to get the current proportion of a collection of 20 Mg of green fuelwood collected for a logging intensity of 20 m 3 ha -1 (expert knowledge ONF). These distributions have a mean of 0.22 and 0.45, and a variance of 0.001 and 0.009 for 𝑅 and 𝑅 respectively.

𝐹𝑢𝑒𝑙 , , = ⎩ ⎪ ⎨ ⎪ ⎧
For some tests at the plot scale, the efficiency of fuelwood collection in natural forest can be altered by applying a modifying factor to 𝑅 .

Carbon fluxes from the biomass plant

Emissions from the biomass plant are due to the combustion (𝐶 ), the avoided emissions (𝐶 ), and the emissions due to the operating of the biomass plant (𝐶 ). All these emissions occur in the same year that the wood arrives at the biomass plant.

During combustion, all the carbon contained in a quantity of fuelwood 𝐹𝑢𝑒𝑙 , , from plot p, simulation s at year t is emitted, so 𝐶 , , (Mg of C) is:

𝐶 , , = 𝐹𝑢𝑒𝑙 , , × 𝐶 × (1 -𝐻) (34)
The avoided emissions correspond to the emissions for the production of the same amount of energy from fossil fuel, 𝐶 , , so (Mg of C) is:

𝐶 , , = 𝑃𝐶𝐼 × 𝐹𝑢𝑒𝑙 , , × 𝐸 × 𝐶 1000 ( 35 
)
where 𝑃𝐶𝐼 is the lower heating value of green wood at a water content 𝐻 (kW.h Mg -1 ), obtained from the lower heating value of dry wood taken at 18.8 MJ kg -1 for the wood from natural forest (average for the 50 most common species in northern French Guiana, Pinta et al. ( 2011)), and taken on a plot basis among the wood density of the 7 species considered for the plantation. 𝐸 is the efficiency of the biomass plant (the default value, taken at 0.22 through discussion during the scenario-planning workshop (Table A.3), can be modified).

For 𝐶 , , (Mg of C), we only consider wood chipping and the construction of the storage platform:

𝐶 , , = 𝐹𝑢𝑒𝑙 , , × 𝐶𝑜𝑛𝑠𝑜 (36)

2.10 Dead wood decay on site 2.10.1 Origin of the carbon left to decay on site

In this section, we present the calculation of the amount of carbon contained in wood that is left to decay on site in natural forest 𝐶 and plantations 𝐶 , in the year when the decomposition starts -i.e. the year when the trees die.

In plantation, 𝐶 , , for plot p , simulation s and year t comes both from the deforestation for plantation establishment and from the plantation itself. 𝐶 , , is: In natural forest, 𝐶 , , is contained in the part of dead wood resulting from damage and infrastructure that is not used as fuelwood. Here t is the year of logging. 𝐶 , , is:

𝐶 , , = ⎩ ⎪ ⎪ ⎨ ⎪ ⎪ ⎧ 𝐴𝐶𝑆 × 𝐴𝑟𝑒𝑎 , × ( 
𝐶 , , = (𝐶 , , × (1 -𝑅 ) + (𝐶 , , + 𝐶 , , + 𝐶 , , -𝐶 ) × 𝐴𝑟𝑒𝑎 , , (38) 

Carbon fluxes from wood decay on site

To get the carbon emissions due to decay, we use the same model as Piponiot et al. (2016a): we consider different decay rates for the fine woody necromass FWN (leaves, twigs and branches with diameter <10cm) and the coarse woody necromass CWN (logs and branches with diameter ≥ 10cm).

In plantation, before 10 years after the plantation, all dead wood is FWN. After 10 years, the proportion of CWN is 𝑅 . At harvest, all the wood left on site is shredded so all is FWN. In natural forest and for the deforestation conducted to establish plantation, the proportion of CWN 𝑅 is modelled using the individual scale model of [START_REF] Chambers | Response of tree biomass and wood litter to disturbance in a Central Amazon forest[END_REF] and [START_REF] Chambers | Decomposition and carbon cycling of dead trees in tropical forests of the central Amazon[END_REF] with data from 11 sites of Guyafor [START_REF] Cirad | Guyafor, DataBase of the French Guyana Permanent Plot Network[END_REF], taken from Piponiot et al. (2016a).

The carbon contained in the coarse woody necromass starting to decay at year t for plot p, where 𝐶 , , is the quantity of carbon in CWN starting to decay at year t (Mg of C), 𝜆 and 𝜆 are the two decay rates for CWN, and 𝑅 is the fraction of CWN decaying at rate 𝜆 .

simulation s 𝐶 (Mg of C) is therefore 𝐶 , , = ⎩ ⎪ ⎨ ⎪ ⎧ 0 in

Carbon Impact Factor and Total Emission Factor

To compared the results from our model with those resulting from the method of Griscom et al.

(2014), we calculated the committed emissions from the shoot and root parts of trees killed by logging (tree logged, logging damage and logging infrastructure) on a 1 ha plot with median environmental conditions, and expressed them as the Total Emission Factor TEF (Mg m -3 of C) and as the Carbon Impact Factor CIF (unitless) calculated as follow:

𝑇𝐸𝐹 = (𝐴𝐶𝑆 + 𝐶 + 𝐶 + 𝐶 + 𝐶 ) × (1 + 0.235) 𝐿𝑜𝑔𝐼𝑛𝑡 ( 43 
)
where 0.235 is the root:shoot biomass ratio taken from [START_REF] Mokany | Critical analysis of root: Shoot ratios in terrestrial biomes[END_REF], to be consistent with studies using TEF and CIF (but see [START_REF] Qi | Plant root-shoot biomass allocation over diverse biomes: A global synthesis[END_REF]).

𝐶𝐼𝐹 = (𝐶 + 𝐶 + 𝐶 + 𝐶 ) 𝐴𝐶𝑆 ( 44 
)
3 Results

Unless stated otherwise, all results reported are median values, with 95% credibility intervals given in brackets.

Main submodels

With conventional logging, the volume of damage was considerably higher than the volume of timber: at a logging intensity of 20 m 3 ha -1 , damage represented 82.97 m 3 ha [3.88, 25.85]) (Fig. 2-b). Carbon recovery within logged plots of natural forest was fast during the first three decades, and then slowed down. Recovery of 90% of the carbon lost through logging (extracted timber and damage) at 20 m 3 ha -1 was attained after a median of 40 years (Fig. 2-c). Carbon accumulation through forest regrowth on main skid trails and logging decks took longer: accumulation of 90% of the pre-deforestation carbon amount took a median of 190 years (Fig. 2-d). Carbon accumulation in plantations was 3.87 Mg ha -1 year -1 of C

[2.61, 5.75], which, for a plantation species with median wood density, corresponded to 14.01 m 3 ha -1 year -1 [9. 45, 20.81]. Logging damage, carbon recovery and forest regrowth are run for a 1 ha plot with median environmental conditions. Plantation is run with a 1 ha plot taking median value of productivity.

Solid line is the median value and shaded areas the 95% credibility intervals. Dashed lines are the carbon accumulation potential for the recovery model (i.e amount of carbon lost through logging)

and the forest regrowth model (i.e initial amount of carbon), For the plantation model, dashed lines mark thinning events. FWN and CWN stand for Fine Woody Necromass and Coarse Woody Necromass, respectively.

Plot scale

For logging in natural forests, forest recovery and decay of dead wood on site were responsible for the two main carbon fluxes (Fig. 3 a-f). The best practices at the plot scale were RIL over the short term and improved fuelwood collection over the long term. Using logging byproducts as fuelwood led to a net carbon storage after a median of 35 years, and was attained faster with improved fuelwood collection (27 year). This is explained by avoided emissions through the use of fuelwood that led to a lower increase in biomass plant emissions relative to the decrease of decay on site, Over the short term, intensification even produced fewer emissions when conducted with RIL ( 5Mg of C [-14.5, 19.1] at 10 years), but not with conventional logging (10.6 Mg of C [-16.2, 30.1]. The median Total Emission Factor was between 1.1 and 1.99 Mg m -3 of C of extracted timber and the Carbon Impact Factor between 2.11 and 4.63 (Table A .4). Both these factors showed that RIL and higher logging intensity reduced emissions (Table A.4).

For plantations, carbon accumulation in growing trees, and emissions by decay of dead wood on site and from the biomass plant are the most important fluxes (Fig. 3 b-Fuelwood: 20m 3 ha -1 , fuelwood from logging, no RIL. c-Improved fuelwood: 20m 3 ha -1 , improved (x2) fuelwood from logging, no RIL. d-RIL: 20m 3 ha -1 , no fuelwood from logging, RIL. e-Intensification: 30m 3 ha -1 , no fuelwood from logging, no RIL. f-RIL + intensification: 30m 3 ha -1 , no fuelwood from logging, RIL. g-Plantation reference: default modelling of plantation trajectories, h-Plantation 1 cycle: plantation with no replanting after first harvest, i-Improved sawmill: plantation with improved sawmill efficiency (0.4 instead of 0.3), j-Improved biomass plant: plantation with improved biomass plant efficiency (0.32 instead of 0.22), k-Improved sawmill+plant: plantation with improved sawmill and biomass plant efficiency. Solid line is the median value and shaded areas the 95% credibility intervals over 2000 simulations. Avoided emissions are accounted for, except for the flux Net no avoided. Note that in some cases (e.g. Current practices), net overall and net overall without avoided emissions are largely overlapping.

Scenarios

Cumulative and annual total carbon fluxes for each scenario are presented in Fig. 4 The scenario Business as usual is the reference scenario targeting an annual production of timber of 80 000 m 3 . It had the lowest emissions over the short term (0.64 Tg of C [0.5, 0.77] at the peak in 2041), but was also the only one with net emissions in 2088 (0.43 Tg of C [0.2, 0.66]) when accounting for avoided emissions (Fig. 4).

All the other scenarios, targeting an annual production of timber of 200 000 m 3 , led to a net carbon storage over the long term when accounting for avoided emissions, as an important part of the damage was used as fuelwood and led to avoided emissions instead of decaying on site. The ranking of these scenarios differed depending on whether the long-term balance or the short-term emissions were considered (Fig. 4-a Intensification). This highest peak in the scenarios involving plantation was due to the high annual emissions in the establishment phase of the plantation, before the first harvest (Fig. 4-b). Soon after this, the annual flux became negative as plantation trees started to grow. These high emissions observed for the net overall flux in the establishment phase of plantation were less pronounced when there was no deforestation for planting (scenario Plantation no deforestation).

For this scenario, the peak was attained earlier (in 2032) and was less important (1.01 Tg of C [0.89, 1.16]) than for the other scenarios with plantation. This is due to the fact that the plantations started storing carbon from the moment they were established (Fig When avoided emissions from energy production derived from biomass instead of fossil fuel were not accounted for, the ranking of scenarios according to their carbon balance was drastically changed. The scenarios based on plantation (except Plantation no deforestation) became the worse in the short and the long term, even more so when plantations were less productive than expected [2.41, 3.16] for Intensification. This was explained by a greater amount of fuelwood produced during the establishment phase of plantation, compared to natural forest (Fig. 5-b), as fuelwood is the only flux for which the model accounts for avoided emissions. The scenario Plantation no deforestation was the only one for which a net storage was achieved (in 2087) even when avoided emissions were not accounted for, because no fuelwood was produced when plantations were established.

(
In terms of pressure on land, i.e. the area of land logged and planted in each scenario (Fig. 5-c), the scenarios Plantation and Plantation no deforestation were the least severe as 917 ha year -1 [658, 3627] (respectively 923 ha year -1 [656, 3608]) were affected annually in the productive phase of plantation, which was about 7 times less than the area logged in the scenario Intensification (6762 ha year -1 [6671, 6967]). If plantations were less productive than expected, then the reduced provision of wood from plantations was partially compensated by an increase in the area of natural forest logged (3026 ha year -1 [736, 5195] affected in total for the scenario Plantation risk),

which was still about 2 times less than the area affected with Intensification.

For energy production, all five scenarios were equivalent once plantations became productive (Fig. 5-b). During the establishment phase of plantations, a higher amount of energy was produced from use of wood during deforestation for planting, except for the scenario without deforestation. 
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The highest sources of uncertainty of the overall model were by far the forest recovery submodel in natural forest and the productivity in plantation (Fig. 6). This is because both submodels have a high variability (Fig. intervals of the overall model when all its uncertainty is taken. The bigger the difference between these two areas is, the more the submodel uncertainty contributed to the overall uncertainty.

Discussion

Model validity and limitations

The model that we developed allows the assessment of the carbon balance of wood production at a territory scale. It can be used both retrospectively (using local logging records) for carbon accounting, and as a prospective tool to compare scenarios of development of the wood sector.

The model is temporally-explicit insofar as the submodels consider carbon fluxes as a function of time, as opposed to considering them as committed emissions. Our results showed that the fluxes with highest contribution were biogenic fluxes taking place over several decades, therefore considering the temporality of fluxes improved model outputs [START_REF] Iordan | Contribution of forest wood products to negative emissions: Historical comparative analysis from 1960 to 2015 in Norway, Sweden and Finland[END_REF][START_REF] Newell | Accounting for forest carbon pool dynamics in product carbon footprints: Challenges and opportunities[END_REF] and allowed comparison scenarios using different temporal scales of analysis. We did not use a discounting rate for delayed emissions, but this could further improve scenario comparison. Rigorous submodels of biogenic carbon fluxes were calibrated with local data and explicitly considered local environmental factors, in line with tier 3 recommendations from IPCC [START_REF] Ipcc | IPCC Guidelines for National Greenhouse Gas Inventories[END_REF]. Inferring these models in a Bayesian framework enabled us to propagate the uncertainty from each submodel to the overall model. The overall approach taken by our model is valid beyond the context of French Guiana and can easily be adapted to other contexts.

The statistical submodels were calibrated with data from permanent forest plots, which differs from the most commonly used method of assessment of logging emissions based on post-logging field measurements of wood destroyed [START_REF] Griscom | Carbon emissions performance of commercial logging in East Kalimantan, Indonesia[END_REF][START_REF] Feldpausch | When big trees fall: Damage and carbon export by reduced impact logging in southern Amazonia[END_REF]. However, results of our model, when expressed using the same indicators (TEF and CIF), were in the same range as the ones obtained by the method of [START_REF] Griscom | Carbon emissions performance of commercial logging in East Kalimantan, Indonesia[END_REF] and [START_REF] Feldpausch | When big trees fall: Damage and carbon export by reduced impact logging in southern Amazonia[END_REF] (Table A.4). The same trends were also observed: logging damage represented an important part of total emissions (Fig. 3 (2019), [START_REF] Zalman | Opportunities for carbon emissions reduction from selective logging in Suriname[END_REF]). Increased logging intensity decreases emissions per volume of wood produced (Fig. 3 a-f) [START_REF] Griscom | Carbon emissions performance of commercial logging in East Kalimantan, Indonesia[END_REF][START_REF] Umunay | Selective logging emissions and potential emission reductions from reduced-impact logging in the Congo Basin[END_REF].

An important feature of our model is the way we accounted for avoided emissions. Regarding the avoided emissions resulting from the substitution of fuelwood, we considered two possibilities representing the two extremes of a continuum on which the future reality is likely to be:

accounting for a substitution to fossil fuel, or not accounting for any avoided emissions. The first approach is relevant in the current context in French Guiana where most of energy is produced from fossil fuel and hydropower. As the only dam in French Guiana is already functioning at full capacity, the increasing demand in the immediate future is therefore expected to be met by fossil fuel, and local guidelines recommend considering avoided emissions by substitution to fossil fuel only (Explicit and Alter, 2012). However, under EU climate policies, the relative contribution of renewable energies in the energy mix is expected to change [START_REF] Lesperance | Renewable Energy in French Guiana: Prospects towards a Sustainable Development Scenario[END_REF]. Our second approach, which does not account for avoided emissions from substitution of energy sources, is very close to what would happen should the energy mix be exclusively solar and wind power. The emissions due to energy production from fossil fuel are indeed much higher than those of solar or wind power (883 g eqCO2 kW.h -1 vs 55 and 7 g eqCO2 kW.h -1 , respectively(Explicit and Alter, 2012)). As for the substitution of wood to another material, we decided to not take it into account (but our model allows us to do so), although they can have a positive effect on overall carbon balance [START_REF] Butarbutar | Harvested wood products and REDD+: Looking beyond the forest border[END_REF]. The reasons for this choice were the difficulty to estimate the proportion of wood used in substitution from another material in a prospective way, and the difficulty to get good estimates of displacement factors relevant for the local context [START_REF] Sathre | Meta-analysis of greenhouse gas displacement factors of wood product substitution[END_REF].

Some of the limitations of our model result from a lack of data and therefore highlight the need for further research, as outlined in the following points. (i) Among the six carbon pools that IPCC guidelines recommend to consider [START_REF] Ipcc | IPCC Guidelines for National Greenhouse Gas Inventories[END_REF], our model accounts for aboveground biomass, deadwood and harvested wood, but not for belowground biomass, soil organic matter and litter. A large scale study in Brazilian Amazonia showed no effect of selective logging on soil carbon and litter [START_REF] Berenguer | A large-scale field assessment of carbon stocks in human-modified tropical forests[END_REF]. Regarding the conversion of natural forest to plantation, there is no consensus on the effect on soil carbon, with some studies reporting an increase whereas others report a decrease [START_REF] Eclesia | Shifts in soil organic carbon for plantation and pasture establishment in native forests and grasslands of South America[END_REF]. The age of the plantation is also an important determinant of the amount of soil carbon [START_REF] Eclesia | Shifts in soil organic carbon for plantation and pasture establishment in native forests and grasslands of South America[END_REF]. As for the belowground biomass compartment, data are lacking and root/shoot allometries are often used [START_REF] Griscom | Carbon emissions performance of commercial logging in East Kalimantan, Indonesia[END_REF][START_REF] Mokany | Critical analysis of root: Shoot ratios in terrestrial biomes[END_REF]. However, if these ratios have been shown to be dependent on the aboveground biomass [START_REF] Mokany | Critical analysis of root: Shoot ratios in terrestrial biomes[END_REF], there is no information on their dynamics after selective logging or forest conversion to plantation, impeding their use for our time-explicit model. (ii) Our model does not consider post-logging silvicultural treatments in natural forests, such as thinning to improve growth of commercial species, enrichment planting and liana cutting. One of the reasons is that such practices are not among the possible changes in practices foreseen by the local strategic plan for the forest and wood sector (Collectivité Territoriale de Guyane et al., 2019). But more importantly, such practices are rarely implemented and data on their effects on carbon dynamics are lacking. The rare studies conducted on this topic however report a positive effect of enrichment planting and liberation from liana on biomass accumulation and growth of future crop trees (Ruslandi et al., 2017b ;[START_REF] Mills | Liberation of future crop trees from lianas in Belize: Completeness, costs, and timber-yield benefits[END_REF][START_REF] Villegas | Silvicultural treatments enhance growth rates of future crop trees in a tropical dry forest[END_REF]. (iii) Our submodel of carbon recovery in natural forest was fitted in the context of a first logging cycle, which was sufficient for our objective considering the long cutting cycles implemented in French Guiana (65 years). For other countries in Amazonia with shorter cutting cycles, calibrating models for the second logging cycle would be interesting. However, most long-term logged forest monitoring concerns only the first logging cycle [START_REF] Sist | The Tropical managed Forests Observatory: a research network addressing the future of tropical logged forests[END_REF]. (iv) Data on plantation productivity are still lacking in French

Guiana [START_REF] Nicolini | Etude du développement et des propriétés du bois de plantation d'espèces forestières gyuanaises[END_REF] and we have been unable to find published data on the numerous plantations conducted in the neighbouring countries of the Guiana shield. (v) Finally, our model does not account for the changes in forest and plantation productivity and capacity to recover after logging that are expected with climate changes [START_REF] Aubry-Kientz | Temperature rising would slow down tropical forest dynamic in the Guiana Shield[END_REF]Sullivan et al., 2020).

Sensitivity analyses (Fig 3.5) showed that the main sources of uncertainty in the overall model come from forest recovery in natural forest and plantation productivity. These uncertainties result in part from data limitations (the absence of monitoring after more than three decades after logging [START_REF] Sist | The Tropical managed Forests Observatory: a research network addressing the future of tropical logged forests[END_REF] and scarcity of data on plantations, but may also result from the large stochasticity in the biological process of productivity [START_REF] Norden | Successional dynamics in Neotropical forests are as uncertain as they are predictable[END_REF] and their sensitivity to climatic events such as drought [START_REF] Vidal | Recovery of biomass and merchantable timber volumes twenty years after conventional and reduced-impact logging in Amazonian Brazil[END_REF].

Intensifying practices to preserve larger areas: a land-sparing strategy

As our model runs at the scale of the whole territory, it informs on the best prospective strategies for the wood sector to achieve its targeted future timber production while being sustainable. A broad scale approach is indeed more appropriate to assess the ability of practices to maintain multiple ecosystem services [START_REF] Putz | Defining sustainable forest management (SFM) in the tropics[END_REF]. A key finding of our study was that intensification of practices can allow producing more wood without proportionally increasing the pressure on land (i.e. the area of land dedicated to wood production, be it in natural forest or in plantation) or even reducing it (Fig 3.4). This allows for wider areas of natural forests to be left untouched for biodiversity conservation (Edwards et al., 2014a;[START_REF] Putz | Defining sustainable forest management (SFM) in the tropics[END_REF]. This intensification can be achieved by higher logging intensities in natural forest and/or by producing wood in plantation. Regarding the carbon balance, even in the extreme case for which avoided emissions from energy substitution were not taken into account, these strategies were at best much better (scenario Plantation no deforestation) or equivalent to a proportional increase in emissions (all other scenarios but Plantation risk) when compared to Business as usual over the long term (Fig 3 .3). This supports a land-sparing approach of timber production, which is in line with studies using spatial optimisation to explicitly test different wood production strategies in the context of the land-sparing versus land-sharing debate. At the scale of Amazonia, [START_REF] Piponiot | Optimal strategies for ecosystem services provision in Amazonian production forests[END_REF] found that logging at high intensity on limited areas and leaving large areas of forest untouched was the best strategy to maximize both carbon storage and biodiversity conservation.

In Indonesia, [START_REF] Runting | Larger gains from improved management over sparing-sharing for tropical forests[END_REF] showed that the optimal timber production strategy for mammal conservation was towards the land-sparing end of the continuum, by mixing areas of logging with RIL practices, plantation and protected areas.

In line with results from [START_REF] Runting | Larger gains from improved management over sparing-sharing for tropical forests[END_REF], our results show that logging intensification in natural forest (i.e. harvesting a higher volume per ha) needs to be conducted together with the implementation of RIL practices. At the plot scale (Fig. 3 a-f), increasing the intensity of logging without RIL increased the amount of logging damage (Fig. 2). As a result, a plot undergoing a higher logging intensity takes longer to recover the carbon lost through logging (Fig. 3 a and e), as previously found in the Brazilian Amazonia [START_REF] Numazawa | Logging residues and CO2 of Brazilian Amazon timber: Two case studies of forest harvesting[END_REF]. Intensification without RIL is hence detrimental for the short-term carbon balance (Fig. 3 a and e). RIL drastically limits the amount of damage to the remnant tree stand (14.8 Mg ha -1 of C [5.1, 30.5] for 30m 3 ha -1 with RIL, versus 29. 3 [15.8, 46.8] Mg ha -1 of C without RIL) (Fig. 2), as found by numerous studies supporting RIL implementation (see [START_REF] Boltz | Economic and environmental impacts of conventional and reduced-impact logging in Tropical South America: a comparative review[END_REF] for a review). In addition, intensification leads to a substantial reduction of the area of logging roads and trails. For instance, at a logging intensity of 20m 3 ha -1 , the area of logging roads and main skid trails is 12m 2 m -3 , whereas it is 9m 2 m -3 for a logging intensity of 30m 3 ha -1 (calculated for one plot, without RIL and without fuelwood collection). Besides the reduction of carbon emissions from trees cut for roads and trails, this has broader environmental impacts as logging roads can have negative impacts on soil, wildlife and tree communities [START_REF] Kleinschroth | Impacts of logging roads on tropical forests[END_REF]. This can also represent an important economic incentive, considering the cost of logging road infrastructure (in French Guiana, between 40 and 120 k€ km -1 , 47 to 140 k$ km -1 , for creation only, not including maintenance cost, depending on the type of road; source ONF unpublished). The impact of logging intensification on other environmental services such as timber provisioning needs however to be considered carefully. Even if the growth of trees of commercial species may benefit from logging gaps (Hérault et al., 2010b), high intensity logging removes most of the high diameter individuals of these species. As a result, at the plot scale, the recovery of the commercial volume of wood lost through logging takes longer when logging intensity is higher [START_REF] Piponiot | Assessing timber volume recovery after disturbance in tropical forests -A new modelling framework[END_REF].

Timber plantations are a step further towards a land-sparing strategy. The scenario with the best carbon balance is by far the one consisting of establishing plantations on non-forested land to meet all timber needs (scenario Plantation no deforestation) (Fig. 4). This scenario is the only one leading to a net storage in 2088 when avoided emissions are not considered. To produce 200 000 m 3 of timber per year, this scenario requires plantation establishment of a median value of 923 ha per year over 30 years. After this time, the land is replanted after harvest. An area of 27 690 ha dedicated to plantation would therefore cover all timber needs. Producing timber exclusively from natural forest on the other hand would require logging 6762 ha per year at 30 m 3 ha -1 , which represents 405 720 ha over 60 years, the length of two plantation rotations. As a reference, current areas of plantation in French Guiana are limited to the experimental plantations conducted in the 1960's and 1970's (FAO, 2020), and the area of natural forests needed to produce the current 65 000 to 80 000 m 3 of timber per year at a logging intensity of 20 m 3 ha -1 is between 3000 and 4250 ha (Piponiot et al., 2016a).

Finding non-forested land to establish plantations can however be an issue. In French Guiana, 97.3% of land is covered by forest (FAO, 2020). Natural non-forested land such as savannah are already subject to high anthropic pressures despite their ecological value [START_REF] Stier | The Amazonian Savannas of French Guiana: Cultural and Social Importance, Biodiversity, and Conservation Challenges[END_REF]. There is therefore a low availability of non-forested land. A rapidly growing human population increases the need for non-forested land, especially for food production. Timber plantations will therefore be in competition with agricultural demands on non-forested land and with the conservation of natural forest. The Permanent Forest Estate, which would be the more suitable area for plantation as it is located close to most human activity areas, benefits from a protection status allowing selective logging but forbidding land conversion (Piponiot et al., 2016a). The availability of land where plantation can be established might therefore become increasingly problematic. Because of this context specific situation, and although deforestation to establish plantation is increasingly criticised and may be prohibited in a non distant future, we modelled the carbon balance of scenarios for which plantation are established on natural forests. One of these scenarios (Plantation) would lead to the best carbon balance over the long term (Fig. 4). These scenarios however have the worst carbon balance over the short term (next 30 years), with the highest carbon emissions at peak (Fig. 4). These temporal differences between scenarios reduce the of timber production, and increase the pressure on natural forest in order to maintain the targeted overall timber production (Fig. 5).

Recommendations for the wood sector

By comparing the carbon balance of several prospective scenarios of development of the wood sector, we were able to make the following recommendations to forest practitioners, policy makers and researchers:

• Increase the share of plantation wood in the total production: we recommend a mixed approach combining a share of plantation timber supplemented by timber from natural forest. Such a mixed-approach would provide a higher diversity of species and wood properties better adapted to the diversity of wood uses. Considering the scarcity of nonforested land in French Guiana, keeping a part of wood production in natural forests would reduce the area of land needed for plantation and hence the need to deforest to establish them, which is a practice responsible for important emissions, especially over the short term (Fig. 4). A diversified portfolio of timber production practices would allow the mitigation of risks arising from environmental and socio-economical changes over the long term.

• Improve practices in natural forests: Although, French Guiana forest managers and loggers have been engaged in RIL for almost two decades (ONF, 2016), the implementation of RIL practices can still be improved. The possibility to log at higher intensity when using RIL, together with better access to eco-sensitive markets enabled by forest eco-certification, could be incentives for the loggers to invest in improved RIL practices. In addition, silvicultural practices, which have showed promising effects for carbon recovery, need to be tested at large scales (Ruslandi et al., 2017a). Forest managers and researchers should increase efforts to monitor impacts of these changes in practices on the residual stands, as data remains scarce globally [START_REF] Ellis | Mapping selective logging impacts in Borneo with GPS and airborne lidar[END_REF]. LiDAR technology could provide good opportunity for medium scale and relatively low-cost monitoring [START_REF] Ellis | Mapping selective logging impacts in Borneo with GPS and airborne lidar[END_REF][START_REF] Rangel Pinagé | Long-Term Impacts of Selective Logging on Amazon Forest Dynamics from Multi-Temporal Airborne LiDAR[END_REF] .

• Mitigate the negative impact of the plantation establishment phase: When land availability allows, plantation should be established on non-forested lands (such as abandoned agricultural or mining areas) and previously logged forests, as deforestation is by far the more impacting phase with carbon emissions occurring in the coming three decades, when the challenge of climate change mitigation is the more pressing. (Fig. 3, Fig. 4). In addition, when established on forested land, plantations should be carried out over several cycles, so that the carbon debt of deforestation can be repaid over a longer term (Fig. 3 g-h).

• Develop technical guidelines to improve and monitor plantation productivity: Suitability of species, especially native ones, in Amazonia still deserve attention [START_REF] Machado | Desempenho silvicultural de cinco espécies florestais na Amazônia central Brasileira[END_REF][START_REF] Nicolini | Etude du développement et des propriétés du bois de plantation d'espèces forestières gyuanaises[END_REF], especially in the context of climate change. Mixed-species plantations, especially of native species, are particularly promising in this context albeit rarely implemented, as they could ensure better productivity and better response to climate change, due to complementarity and the insurance effect among species [START_REF] Kunert | Are Mixed Tropical Tree Plantations More Resistant to Drought than Monocultures?[END_REF][START_REF] Guariguata | Mitigation needs adaptation: Tropical forestry and climate change[END_REF]. Monitoring plantation dynamics over the long term and periodically reassessing technical choices will allow adaptive management of plantations [START_REF] Guariguata | Mitigation needs adaptation: Tropical forestry and climate change[END_REF].

• Optimise the use of woody byproducts for timber and energy production: The use of logging damage as fuelwood in natural forest is a good way to improve carbon balance (Fig. 3) while contributing to meet the increasing energy needs (Fig. 5). This should encourage the wood sector to invest in improving techniques and machinery of fuelwood collection (Fig. 3). Although not tested by our model, using big branches from harvested trees and logging damage as round-wood could also improve carbon balance. Optimising the uses of woody byproducts at all phases of the plantation (deforestation when necessary, thinning and final harvest), preferentially for high value uses (timber and round-wood) then as fuelwood, can also contribute to improve the carbon and economic balance of plantation.

• Consider several ecosystem services, including biodiversity conservation, and the trade-off between them: Our model focuses on one ecosystem service, climate change mitigation through carbon sequestration. Future research should include more ecosystem services, and identify trade-offs amongst them. [START_REF] Piponiot | Optimal strategies for ecosystem services provision in Amazonian production forests[END_REF] showed that there is no scenario of timber production that can maximise the provision of all ecosystem services and, therefore, policy makers will need empirical evidence on which to base their choice of strategies. Trajectories of forest biodiversity after logging are especially poorly understood [START_REF] Mirabel | Diverging taxonomic and functional trajectories following disturbance in a Neotropical forest[END_REF] and rarely modelled. In a time of unprecedented threats to biodiversity due to human activities [START_REF] Cardinale | Biodiversity loss and its impact on humanity[END_REF], the strategic choices of the wood sector need to carefully evaluate and minimise impacts on forest flora and fauna.

Conclusions

Our study shows how a temporally-explicit and territory scale model of carbon balance calibrated with local data can be used as a prospective tool for decision-making. It can also serve as a retrospective tool to account for emissions from past logging, and can be easily adapted to other tropical forest contexts. A key finding of the comparison of prospective scenarios is that producing timber from a combination of intensified logging in natural forests and plantations, while aiming to reduce logging damage, is a promising way to increase timber production at the scale of the territory without increasing pressure on natural forests. Further studies should aim at studying post-logging dynamics of other environmental services than carbon sequestration, and especially biodiversity conservation, in order to provide a more comprehensive evidence-based tool for decision-making.

  . The model calculates annual fluxes from aboveground biomass (AGB) at the scale of each natural forest or plantation plot and integrates them in time and across plots. The model is temporally-explicit, meaning that carbon fluxes are accounted for in the year when they actually occur. The new version includes a retrospective component to model the carbon balance due to historical logging, and a prospective component for future balance based on prospective scenarios. The system boundaries of the model range from the forest to the first transformation in the sawmill and combustion in the biomass plant. It therefore includes all biogenic fluxes (forest regrowth and
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 1 Figure 1: Overview of the carbon balance model and all submodels. Red boxes and arrows are for
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 2 Figure 2: Main submodels: (a) Plantation, (b) logging damage, (c) carbon recovery in the logging

  compared to the case without fuelwood collection. Improved fuelwood collection gave a net balance of -3.4 Mg of C[-33.8, 10.6] after 70 years. RIL reduced emissions compared to current practices over the short term (3.5 Mg of C[-14, 14.4] at 10 years versus 7.1 Mg of C[-14.6, 23.7]), but not much over the long term (0.4 Mg of C[-18.4, 11.3] at 70 years versus 0.8 Mg of C[-26.7, 16.8] for current practices). Logging intensification allowed producing 1.5 times more timber than current practices without changing the carbon balance over the long term (0.7 Mg of C[-32, 19.1] at 70 years for intensification with conventional logging and -0.1 Mg of C[-23.4, 14] with RIL).

  g-k). The best practices for the carbon balance of plantations were to use a deforested plot for several plantation cycles, and to improve biomass plant efficiency. Not replanting after the first harvest, for instance in the case of conversion of plantation to another land use, had a negative impact on the carbon balance over the long term(38 Mg of C [1.5, 62.4] at 70 years without replanting versus -93.5 Mg of C[-149.6, - 50.2] for the reference plantation practice that included replanting). In this case, the carbon emissions due to deforestation to establish the plantation were no longer compensated by the growth of planted trees, which led to net carbon emissions after the first harvest. Improving the sawmill efficiency had a limited impact (-95 Mg of C[-152.7, -48.7] at 70 years for a sawmill efficiency of 0.4 compared to the efficiency of 0.3 for plantation reference), whereas improving biomass plant efficiency was more beneficial.1] at 70 years for a biomass plant efficiency of 0.32 compared to the plantation reference with an efficiency of 0.22), because of higher avoided emission from substitution of fuelwood to fossil fuel.
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 3 Figure 3: Cumulative carbon fluxes for 1ha plots with median environmental conditions (a-f: logging

  and detailed fluxes in Fig. A.3-8.

  ). Over the short term, the scenario Plantation was the worse regarding emission levels at the peak (1.76 Tg of C [1.58, 1.95] in 2042, as opposed to 1.55 Tg of C [1.4, 1.79] in 2042 for Natural forest + plantation, and 0.76 Tg of C [0.66, 0.87] in 2028 for

  . A.7), since establishment did not involve carbon emitting deforestation. Over the long term, wood production only from plantations without deforestation (scenario Plantation no deforestation) had the best carbon balance (i.e. the more negative emissions: -3.52 Tg of C [-3.84, -3.04] in 2088) , better than the scenario plantation with deforestation (Plantation) (-1.7 Tg of C [-2.01, -1.26]), and than the scenario combining production in Natural forest + plantation (-1.03 Tg of C [-1.38, -0.52]). When the plantations productivity was less than expected (scenario Plantation risk), the carbon balance worsened, both over the long term (-0.93 Tg of C [-1.24, -0.47] in 2088) and in the shorter term (2.08 Tg of C [1.9, 2.32] in 2048).

Figure 4 :

 4 Figure 4: (a) Cumulative carbon balance and (b) annual carbon fluxes for each scenario. Solid line is
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 5 Figure 5: (a) Annual timber volume, (b) annual energy production and (c) area used annually

  2-c for recovery and section 3.1 for productivity in plantation) and have a high contribution to the net fluxes. Recovery is indeed one of the two most important fluxes in natural forests (Fig.3 a-f). Plantation productivity is at the basis of the calculation of 𝐶 , 𝐶 , 𝐶 and 𝐶 , which are used to calculate all fluxes (section 2.5).
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 6 Figure 6: Contribution of the uncertainty of the main submodels ((a) in natural forests and (b) in

  a-f, Pearson et al. (2014), Umunay et al. (2019), Zalman et al. (2019)), Improved practices (RIL) decreased carbon emissions (Fig. 3 a-f, Ellis et al. (2019), Umunay et al.

  1. The different carbon fluxes of the models (noted 𝐶) are briefly presented in this section, which refers to the sections where the submodels are presented in detail. All these carbon fluxes are summed to get the net balance over time. Carbon emissions

	from logistic activities (𝐶	and 𝐶	), all sawmill fluxes (𝐶	, 𝐶	and
	𝐶	), wood burning and operating of biomass plants (𝐶	and 𝐶	), and wood decay on
	site (𝐶	and 𝐶	) are considered positive, and carbon storage from forest recovery
	(𝐶		) and regrowth in natural forest (𝐶	), tree growth in plantation (𝐶	), and
	avoided emission in biomass plant (𝐶	) are negative. In natural forest, selective logging
	produces timber (section 2.6.1), and results in logging damage in the plot (section 2.6.2) and
	deforestation for logging infrastructure (logging roads, main skid trails and logging decks)

Table 1 :

 1 Prospective scenarios

		Timber from plantation (m3 year-1 ) *	Timber year-1 ) * from natural forest (m3	Logging intensity (m3 ha-1 )	Logging type	Fuelwood	Plantation duration (exp./obs.)	Plantation productivity	Deforestation to plant
	Business as usual	0	80 000	20	Conv.	No	NA	NA	NA
	Intensification	0	200 000	30	RIL	Yes	NA	NA	NA
	Nat. for. + plant.	120 000	80 000	20	Conv.	Yes	30/30	exp.	yes
	Plantation	200 000	0	20	Conv.	Yes	30/30	exp.	yes
	Plant. no defor.	200 000	0	20	Conv.	Yes	30/30	exp.	no
	Plantation risk	200 000	0	20	Conv.	Yes	30/35	2/3 x exp.	yes

  In this section, we present how we modelled 𝐶 , the amount of carbon in wood resulting from logging damage. As for the other submodels, logging damage is modelled using data from permanent forest plots. We chose this method over the use of published data based on postlogging measurements following the method from[START_REF] Griscom | Carbon emissions performance of commercial logging in East Kalimantan, Indonesia[END_REF] and Feldpausch et al.

	𝐴𝑟𝑒𝑎	is calculated for each plot and each simulation, from the proportion of the total area
	with a topography suitable for logging (𝑅	).
	2.6.2 Logging damage				
		𝐶 , ,	=	𝐴𝐶𝑆 ,	𝑃	+ 𝐴𝐶𝑆 ,	for t any year (13)
	2.6 Natural forest				
	2.6.1 Logging				
	Plots of natural forest on which selective logging is conducted are randomly drawn, for the same
	reason as randomly drawing plots to establish plantation, from all the unlogged plots of the
	Permanent Forest Estate. Plots are drawn until the total timber objective (from natural forests and
	plantations together) is met. A plot that has been logged once cannot be logged again during the
	same simulation, because cutting cycles are long in French Guiana (65 years) and because the

submodels are not fitted for a second logging cycle due to the absence of data. The area logged

(2005) 

to be able to assess and propagate model uncertainties. Logging damage includes trees that have been damaged by logging and secondary skid trails and died within five years, and unused parts of logged trees. To calculate the amount of carbon in wood resulting from logging damage for plot p, simulation s, for year of logging t, 𝐶 , , (Mg ha -1 of C), we modelled the proportion of carbon in damage relative to the carbon in non-logged biomass ( , , ,

  by the ONF to design access, applied on five sites. From this, we were able to calculate the amount of carbon in trees cut for logging roads made for plot p of simulation s

				𝑊 ,		∼ 𝒩(5.0000383, 0.0019279 ) (21)
	𝑅	, 𝐿	, 𝑊	and 𝑊	were modelled using data obtained with the road and
	trail simulator used 𝐶 , (Mg ha -1 of C)				
			𝐶 ,	=	𝐴𝐶𝑆	× 𝑅 ,	× 𝐿 , 10000	× 𝑊 ,	(22)

  From these two quantities, we then calculate the cumulative amount of carbon from decay of FWN 𝐶 , , (Mg of C) for plot p (plantation or natural forest), simulation s, emitted by year 𝑡 as follows, from[START_REF] Chambers | Decomposition and carbon cycling of dead trees in tropical forests of the central Amazon[END_REF] inPiponiot et al. (2016a):

				⎧ 𝐶 , ,		in plantation for t < 10 years
		𝐶 , ,	=	⎩ ⎪ ⎨ ⎪	(1 -𝑅 (1 -𝑅 𝐶 , ,	) × 𝐶 , , ) × 𝐶 , ,	in natural forest in plantation for t ≥ 10 years for t the harvest year in plantation	(40)
			𝐶 , ,	= 𝐶 , ,	× (1 -𝑒𝑥𝑝(-𝜆	× (𝑡 -𝑡)) (41)
	𝐶 , ,	= 𝐶 , ,	× (1 -𝑅	× 𝑒𝑥𝑝(-𝜆	× (𝑡 -𝑡) -(1 -𝑅	) × 𝑒𝑥𝑝(-𝜆	× (𝑡 -𝑡))) (42)
							plantation for t < 10 years
					𝑅 0	× 𝐶 , ,	in plantation for t ≥ 10 years for t the harvest year in plantation	(39)
					𝑅	× 𝐶 , ,	in natural forest
	and the carbon contained in the fine woody necromass 𝐶	(Mg of C) is

where 𝐶 , , is the quantity of carbon (Mg of C) in FWN starting to decay at year t, and 𝜆 is the decay rate of FWN. The cumulative amount of carbon by decay of CWN 𝐶 , , (Mg of C), for plot p (plantation or natural forest), simulation s, emitted by year 𝑡 is obtained from the model developed by Piponiot et al. (2016a), based on the individual scale model of Hérault et al. (2010a):

  scenario Plantation risk): 2.87 Tg of C [2.52, 3.38] in 2088 for Natural forest + plantation , 2.35 Tg of C [2.04, 2.81] for Plantation and 3.19 Tg of C [2.87, 3.67] for Plantation risk, compared to 2.72

	Tg of C
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advantage of more intensive scenarios (with plantation on natural forests) in terms of their contribution to climate change mitigation. In the context of the climatic crisis emergency [START_REF] Ripple | World Scientists ' Warning of a Climate Emergency[END_REF], can we afford a strategy leading to carbon storage in 70 years but with much higher emissions in the coming three decades? In addition, planning over the long term is a more risky strategy, considering high uncertainties regarding climate change, socio-economical parameters and policies.

Besides these considerations on land use strategies, there are additional reasons for which a mixed approach combining timber production from natural forests and from plantations may be the more suitable. Trees from plantation and natural forest generally do not have the same properties, and species recommended for plantation differ from those logged in natural forest [START_REF] Morel | Qualité et usages du bois de cinq espèces forestières adaptées à la plantation à vocation de bois d'oeuvre et testées en Guyane française[END_REF][START_REF] Nicolini | Etude du développement et des propriétés du bois de plantation d'espèces forestières gyuanaises[END_REF]. Although planted trees often have a lower durability, lesser mechanical properties, less aesthetic value and smaller size at harvest [START_REF] Morel | Qualité et usages du bois de cinq espèces forestières adaptées à la plantation à vocation de bois d'oeuvre et testées en Guyane française[END_REF] than timber from natural forests, they would be suitable for many local uses (such as construction, furniture-making and other indoor uses), and their light weight would even be an advantage for building [START_REF] Morel | Qualité et usages du bois de cinq espèces forestières adaptées à la plantation à vocation de bois d'oeuvre et testées en Guyane française[END_REF]. Some relatively marginal but high added value uses would however require timber from natural forest (J. Beauchêne and B. Clair, personal communication, [START_REF] Schimleck | Examination of wood properties of plantation-grown Pernambuco (Caesalpinia echinata)[END_REF]). In addition, a strategy only based on plantation is likely to be more risky than a mix of plantation and logging in natural forest. Although the response of plantation species to threats such as climate change or pathogen attack remains an open question [START_REF] Kunert | Are Mixed Tropical Tree Plantations More Resistant to Drought than Monocultures?[END_REF], the low tree diversity of plantation make them likely to be less resilient to such disturbance because of a lower insurance effect [START_REF] Yachi | Biodiversity and ecosystem productivity in a fluctuating environment: The insurance hypothesis[END_REF], especially in monoculture [START_REF] Kunert | Are Mixed Tropical Tree Plantations More Resistant to Drought than Monocultures?[END_REF][START_REF] Guariguata | Mitigation needs adaptation: Tropical forestry and climate change[END_REF]. A lower than expected productivity of plantations (scenario Plantation risk) would worsen the carbon balance 
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