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5 Abstract

6 We explore the implications of managing forests for the dual purpose of sequestering carbon and 

7 producing timber, using a model of the forest sector that includes a Hartman-based representation of 

8 forest owners’ behaviour as well as heterogeneity in environmental conditions. We focus on France, 

9 where recent policies aim at increasing the carbon sink and where the diversity of forests make an 

10 analysis of spatial dynamics relevant, and we use recent estimates of the shadow price of carbon 

11 consistent with the country’s climate commitments. Results suggest that forests may sequester up to 550 

12 MtCO2eq by 2100, driven by changes in harvest levels and species choice, while rotation lengths 

13 increase overall. A spatial analysis reveals a high spatial variability for these trends, highlighting the 

14 importance of considering the local context. Changes in investment patterns affect the spatial 

15 distribution of forest cover types: by the end of the century, a majority of regions comprise a larger share 

16 of older, multiple-species and mixed-structure forests. While such an evolution may present benefits in 

17 terms of biodiversity, ecosystem services provision and resilience, it raises questions regarding the 

18 adequacy of such developments with current forest policy, which also aims at increasing harvest levels. 

19 An overall mitigation strategy for the forest sector would likely include incentives to energy and material 

20 substitution in downstream industries, which we did not consider and may interact with sequestration 

21 incentives. 

22
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23 Introduction

24 Reaching climate mitigation objectives requires immediate action (Masson-Delmotte et al., 2018), to 

25 which the forest sector can be an important contributor (Canadell and Raupach, 2008; Eriksson, 2015; 

26 Riahi et al., 2017; Tavoni et al., 2007). Wood-based products can substitute for more climate intensive 

27 materials to produce energy or to be used in construction (Birdsey et al., 2018; Eriksson et al., 2012), 

28 and forests also sequester carbon in situ, i.e. in biomass and soils, removing carbon from the atmosphere 

29 (Sedjo and Sohngen, 2012). Such contributions from forestry have been increasingly recognized and 

30 encouraged in policy frameworks (e.g. European Parliament, 2018; MTES, 2018; UNFCCC, 2015). 

31 Because forest and climate policies are often regulated at national and supranational levels, and due to 

32 the complexity of the forest sector, there is a need for large-scale assessments of mitigation possibilities. 

33 These have largely focused on the implications and feasibility of increased bioenergy production (e.g. 

34 Buongiorno et al., 2011; Galik et al., 2015; Lauri et al., 2014; Moiseyev et al., 2013; Valade et al., 2018), 

35 but sequestration also has a strong potential to offset emissions and may be used alongside substitution 

36 strategies to effectively mitigate climate change (Baker et al., 2019; Canadell and Raupach, 2008; 

37 Eriksson, 2015; Favero et al., 2017; Vass and Elofsson, 2016). 

38 In recent years, emission reductions generated by forestry projects have increasingly been traded on 

39 voluntary and compliance carbon markets, which constitutes an opportunity for forest owners to receive 

40 compensation for the environmental service provided in carbon storage (van Kooten and Johnston, 

41 2016). However, improving sequestration requires changes in forest management, which in turn may 

42 locally affect landscapes and the provision of ecosystem services (Adams et al., 2011; Englin and 

43 Callaway, 1995; Freedman et al., 2009; Gutrich and Howarth, 2007a; Im et al., 2007). Besides, 

44 sequestration potentials and costs vary across space, and incentives may induce different responses from 

45 forest owners (Adams et al., 2011; van Kooten et al., 2009; Yousefpour et al., 2018). Large-scale 

46 economic models of the forest sector often overlook or simplify management dynamics and 

47 environmental conditions. To develop a thorough understanding of the opportunities provided by 
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48 sequestration incentives as well as of their implications, assessments should consider feedbacks between 

49 timber markets, forest resources and forest management, while taking into account local context. 

50 Our objective is to explore dynamics in the forest sector when forests are managed for the joint 

51 production of timber and in situ carbon sequestration, focusing on the case of France. Following 

52 international commitments, the country seeks to reach carbon neutrality by 2050, and policies put a 

53 strong emphasis on mobilizing the forest sector (MAA, 2016; MTES, 2017; 2018). Efforts will be 

54 accounted for against a reference level (CITEPA et al., 2019), and a certification standard aimed at 

55 voluntary carbon markets has recently been approved and includes several protocols for forest-based 

56 sequestration projects (JORF, 2018). French forests cover 16 million hectares (1/3 of the territory) and 

57 encompass a broad range of forest types and management regimes, from Mediterranean shrublands to 

58 beech-oak forests to maritime pine (Pinus pinaster Ait.) plantations, spanning diverse biophysical and 

59 climatic conditions. This diversity, together with the existence of a strong political will for forest-based 

60 mitigation, make France a good example for assessing spatial dynamics.

61 We use a model of the French forest sector comprising a market model for timber products, a forest 

62 resource component and a forest management model. We proceed by scenario analysis and compare a 

63 scenario where forests are only managed for timber production to scenarios where in situ carbon 

64 sequestration is also an objective. This is performed by integrating Hartman’s (1976) optimal rotation 

65 model, usually used at the forest or stand scale, and attributing a monetary value to sequestered carbon 

66 using recent estimates of the shadow price of carbon in France (Quinet, 2019). We contribute to the 

67 literature by assessing potential for in situ sequestration at a spatially disaggregated scale, taking into 

68 account discrepancies across and within regions, but also by stressing the importance of management 

69 adaptations and their long-term implications for forest landscapes.

70 We first provide an overview of the literature, focusing on economic modelling studies. Second, we 

71 outline the model used in this study and describe our scenarios. Third, we presents results, putting the 

72 emphasis on spatial dynamics, forest management and their long-term implications for landscapes and 
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73 carbon stocks. Fourth, we compare our results to the literature and discuss their policy implications, as 

74 well as the potential limits of our approach.

75 Literature review

76 Large-scale assessments of mitigation strategies in the forest sector are often carried out with simulation 

77 models such as forest sector models, i.e. partial equilibrium models that capture feedbacks between 

78 timber markets and forest resources (Latta et al., 2013). In this field, a major focus has been on assessing 

79 the potential for producing bioenergy from forest biomass (Riviere et al., 2020). More recently, research 

80 has turned to assessing combinations of substitution and sequestration strategies, and recent results 

81 estimate that an optimal mitigation strategy would likely include a combination of both due to potential 

82 synergies (Baker et al., 2019; Favero et al., 2017; Favero and Mendelsohn, 2014; Kim et al., 2018). 

83 However, the question remains debated. For example, Vass and Elofsson (2016) find that expanding 

84 sequestration at the expense of bioenergy production may reduce the cost of reaching the EU’s 2050 

85 emissions reduction target, while Eriksson (2015) suggests sequestration performs better globally due 

86 to avoided emissions from bioenergy not being able to offset increased harvests, an issue still debated 

87 in the literature (e.g. Birdsey et al., 2018; McKechnie et al., 2011; Valade et al., 2018).

88 At the level of forest owners, carbon sequestration is increasingly incentivized via the generation of 

89 forest carbon offsets, i.e. certified emission reductions resulting from forest management practices. 

90 These broadly fall within the more general scope of payments for environmental services (West et al., 

91 2019; Wunder, 2015) and, when certified, can be sold on compliance or voluntary carbon markets where 

92 buyers are required or wish to compensate their emissions (Kollmuss et al., 2010; van Kooten and 

93 Johnston, 2016). In recent years, an increasing number of compliance markets have included offsets 

94 from forestry projects. These include, among others, emission-trading schemes in California, New 

95 Zealand and Australia (Ecosystem Marketplace, 2017). At the same time, certification standards aimed 

96 at voluntary carbon markets are being set up in many countries (Gabriella Cevallos et al., 2019), 

97 including France (JORF, 2018). Forestry practices that increase carbon stocks and are eligible include 

98 avoided deforestation (e.g. VCS, 2015) and afforestation-reforestation (Gold Standard, 2017), but also 
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99 extended rotations (VCS, 2012), forest conversion (CNPF, 2019) and improved forest management 

100 (ACR, 2018). Methodologies may also recognize the non-climate benefits (e.g. biodiversity, ecosystem 

101 services provision) of management practices aiming at producing carbon offsets (Simonet et al., 2016). 

102 A few large-scale simulation experiments have focused on such incentives. Buongiorno & Zhu (2013) 

103 show that implementing offset payments at 50$/tCO2 could increase global sequestration by 9% by 2030 

104 while bearing risks of leakage when applied unilaterally. Guo and Gong (2017) show that sequestration 

105 payments in Sweden would increase the carbon sink, especially in the medium-term, at the cost of a 

106 decrease in consumer surplus, i.e., the benefit consumers derive from buying timber on the market. 

107 Lecocq et al. (2011) come to a similar conclusion for France and show that, in the short term, 

108 sequestration payments are preferable to bioenergy subsidies. Pohjola et al. (2018) perform an 

109 assessment for Finland and include a subsidy to manufacturers of long-lived wood products. They 

110 determine that even low carbon prices can yield lasting climate benefits, and highlight the importance 

111 of combining a market model to realistic descriptions of owners’ behaviours. Many of these studies 

112 focus on downstream impacts on forest industries, incorporate simplified descriptions of forest 

113 resources, or do not fully integrate management adaptations, which impedes taking into account the 

114 local determinants and implications of sequestration incentives. 

115 Part of the response may be found using models with endogenous management. For example, in Oregon, 

116 Im et al. (2007) show that a sequestration subsidy would alter management and harvest decisions 

117 varyingly across ownership categories, Latta et al. (2016) highlight a shift towards simpler management 

118 and reductions in the loss of forestland to other land uses, and Adams et al. (2011) highlight that 

119 responses would vary markedly across US regions due to local context. Such studies are rarer in Europe. 

120 Their closest relative is the Norwegian assessment by Sjolie et al. (2013), who apply a carbon tax to all 

121 carbon fluxes within the forest sector. They highlight the importance of considering not only 

122 management adaptations, but also changes in harvest levels and wood uses.

123 Another strand of literature focuses on the stand/forest level and uses optimal rotation models derived 

124 from Hartman (1976). These studies consider owners that manage their forests to both provide timber 

125 and amenity benefits, which, when not priced, requires the use of economic valuation techniques 
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126 (Amacher et al., 2010). Applications to carbon storage started with the seminal works of Englin and 

127 Callaway (1993, 1995) and van Kooten et al. (1995), and seek to explore the implications of 

128 sequestration incentives for forest management at fine scales, usually focusing on specific tree species 

129 and management regimes and using site-specific growth functions or growth simulators (e.g. Alavalapati 

130 and Stainback, 2005; Gutrich and Howarth, 2007a; Olschewski and Benítez, 2010; Pohjola and Valsta, 

131 2007; Sohngen and Brown, 2008; West et al., 2019). When climate benefits from carbon storage are 

132 internalised, harvests are generally postponed, land value increases, and the profitability of different 

133 species and management operations may change. Issues associated to sequestration payments include 

134 the choice of a reference against which to compare carbon storage, heterogeneity across space, risks of 

135 non-permanence and the form taken by payments (Gren and Zeleke, 2016; Lintunen et al., 2016; van 

136 Kooten and Johnston, 2016; West et al., 2019). While they consider the local context and provide a 

137 detailed overview of management practices, such studies lack the generalisation power of large-scale 

138 simulations and usually treat timber markets as exogenous. 

139 We seek to fill a gap in the literature by integrating a heterogeneous model of forest management based 

140 on Hartman’s optimal rotation framework into a large-scale forest sector model. This enables to not only 

141 assess changes in forest management, but also to assess their landscape impacts over time, as owners 

142 change the structure and composition of their forests, while still capturing feedbacks with industries. 

143 While previous studies mostly focus on the downstream forest sector, we instead focus on upstream 

144 dynamics, and our study comes as a complement to French previous assessments (Caurla et al., 2013b; 

145 Lecocq et al., 2011). In particular, we use a model with a spatial resolution at the level of 8km-wide 

146 pixels, with heterogeneous environmental conditions, and we put a strong emphasis on spatial 

147 variability. We use recent estimates of the shadow price of carbon, consistent with France’s climate 

148 commitments, which leads us to consider higher values than usually found in the literature. In a context 

149 where an increasing number of markets for emissions reductions incorporate forest-based offsets, our 

150 exercise questions the design of sequestration incentives aimed at owners, in particular regarding the 

151 role played by local context and the potential impacts of management adaptations on landscapes. 

152 Material and methods
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153 FFSM, an optimization model of the French forest sector

154 We use the French Forest Sector Model (FFSM), a bio-economic model of the French forest sector 

155 (Caurla et al., 2010; Lobianco et al., 2016b, 2015). The model comprises three modules (Figure 1), is 

156 recursive and uses yearly time-steps. The market module is a partial equilibrium model of timber 

157 markets employing the spatial price equilibrium framework (Samuelson, 1952). Quantities produced, 

158 consumed, traded and prices are endogenously determined for 3 primary products and 6 transformed 

159 products across 12 regions by maximizing total economic surplus net of transportation costs. Timber 

160 supply is elastic to prices and available timber volumes, and the manufacturing of primary products into 

161 transformed products is represented as a set of input-output processes. Domestic products are modelled 

162 as imperfect substitutes to international products (Armington, 1969; Sauquet et al., 2011).

163 The forest dynamics module is a transition matrix model based on Wernsdörfer et al. (2012) where 

164 forest inventory (i.e., timber volumes and forest areas) is represented at the scale of 8km pixels and 

165 calibrated using national forest inventory data. The module distinguishes between 13 diameter classes, 

166 three categories of species composition and three forest structures. Forests are categorized as mixed 

167 when both coniferous and broadleaf species make up more than 15% of forest cover, and are otherwise 

168 categorized as either broadleaf or coniferous. Forests are categorized as intermediate structure when 

169 both coppice and higher strata make up more than 25% of forest cover, and are otherwise categorized 

170 as high forests or coppices. Due to data quality or availability, some categories are not used or do not 

171 exist (e.g., coniferous coppices). Forest growth is modelled through diameter-class dynamics where each 

172 strata is assigned a time of passage to the next diameter class. Growth conditions are heterogeneous 

173 across space and, at the beginning of the simulation, each pixel is assigned growth multipliers sampled 

174 from a regional-level distribution (Lobianco et al., 2015). Carbon stocks and fluxes in forest biomass 

175 and timber products are tracked in a carbon accounting module (Lobianco et al., 2016). 

176 The area allocation module is a pixel-level, heterogeneous model of forest management where each 

177 pixel is assumed to be managed by a representative forest owner. Following each final harvest, a certain 

178 amount of area is freed. For each forest type available, the model computes expected returns from timber 
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179 sales by solving a “Faustmannian” optimal-rotation problem, and land is allocated to the forest type with 

180 highest expected returns from timber. Since growth rates are different across pixels and economic 

181 conditions across regions, each forest owner is faced with a unique situation (Lobianco et al., 2016b, 

182 2015).

183 Modifications brought for the current study

184 Our approach relies on comparing a baseline scenario where forests are only managed for timber 

185 production to alternative scenarios where forest owners take into account sequestration benefits when 

186 making decisions, hence carbon storage is also an objective. A monetary value (hereafter, carbon price) 

187 is subsequently assigned to carbon stored based on the shadow price of carbon in France (Quinet, 2019). 

188 While other contributions seek to assess the overall mitigation potential of the forest sector through 

189 sectoral measures (e.g. Caurla et al., 2013a), we focus on the owner level and do not model incentives 

190 in downstream industries.

191 In the area allocation module, in order to account for sequestration benefits in owners’ decisions, the 

192 optimal rotation problem is reformulated based on Hartman’s (1976) model for non-timber amenities. 

193 In the literature, two applications to carbon sequestration are found: the carbon subsidy/tax policy and 

194 the carbon rent policy. Both frameworks are consistent with assuming that owners can sell forest offsets 

195 onto carbon markets and lead to similar outcomes (Lintunen et al., 2016). We employ the carbon rent 

196 framework, where owners receive yearly carbon payments (rents) that apply to the whole carbon stock 

197 for as long as it remains in the forest. In a discrete time case where an investment choice is made at year 

198 0, the Land Expectation Value (LEV) is given by:

199  (1),( ) =  
(1 + ) +  (1 + +  

= 1
(1 +

1 (1 + )

200 where q is the quantity of timber products harvested, p is the price of timber products, v is the volume 

201 of carbon,  the carbon price, r the discount rate, T the rotation time, and  a parameter indicating the 

202 durability of carbon storage in wood products. The quantity   corresponds to the value of (1 + )
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203 timber sales after harvest,  to the stream of yearly carbon rents, and 
= 1

(1 +

204  to an end-term payment for carbon sequestered in harvested wood products.  Certification (1 +

205 methodologies for forest offsets may or may not include carbon in products pools, or label them as 

206 optional (e.g. VCS, 2017). In our analysis, we assume all carbon is released at harvest, and only carbon 

207 stored in forest biomass is valued. Because not all carbon harvested is immediately released, this 

208 approach underestimates the potential climate benefits of forest management (West et al., 2019).

209 In the FFSM, harvests are short-term decisions that derive from timber supply at market equilibrium in 

210 the market module. Carbon rents induce an opportunity cost to timber supply equal to the foregone 

211 carbon payment per unit of harvested timber, and is modelled as an increase in marginal harvesting costs 

212 (Buongiorno and Zhu, 2013; Lecocq et al., 2011). The demand component of the model remains 

213 unaffected.

214 Carbon sequestration may be unintentional and result from activities that do not aim at mitigating 

215 climate change. If the social planner’s objective is climate change mitigation, only additional carbon 

216 should be counted, i.e. carbon that would not have been sequestered in the absence of incentives. Most 

217 offset schemes are also likely to include an additionality condition for practical reasons, such as cost 

218 reduction or to limit the amount of offsets generated (Lintunen et al., 2016). Therefore, in our scenarios, 

219 only additional carbon is attributed a monetary value, and, for every decision, the reference used is 

220 “based on harvest behavior without the forest-carbon policy” (Lintunen, 2016), i.e. “Faustmannian” 

221 management.

222 Scenario building

223 We use carbon prices based on the shadow price of carbon in France, estimated in a report  

224 commissioned by the French government to guide public policy, calibrate incentives, and provide an 

225 indicator of the value French society should attribute to actions that reduce greenhouse gases emissions 

226 (Quinet, 2019). Based on a “zero net emissions” target for 2050, the report estimates the shadow price 

227 of carbon through a combination of integrated assessment models of the energy-climate-economy 

228 system following a cost-effectiveness approach, and prospective analysis. 



10

229 In addition to a baseline scenario (“BAU”) where the carbon price is set to 0, we build four scenarios 

230 (Figure 2). In “MAIN”, we use the carbon price path from the report. From 87€/tCO2eq in 2020, carbon 

231 prices rise to 250€/tCO2eq in 2030 and 775€/tCO2eq in 2050. Two other scenarios use the lower 

232 (“LOW”) and higher (“HIGH”) bound values of 600€/tCO2eq and 900€/tCO2eq for 2050. In order for 

233 scenarios to be differentiated from one another from the beginning of the simulation, the LOW scenario 

234 starts at 60€/tCO2eq, which falls within the range recommended in the Stiglitz-Stern report on carbon 

235 pricing (High-Level Commission of Carbon Prices, 2017), while the HIGH scenario starts at 

236 125€/tCO2eq. 

237 In LOW, MAIN and HIGH, markets can adjust (i.e., wood uses and harvest levels can change), and 

238 management decisions follow Hartman’s (1976) model. We also build a scenario (“MAIN-F”) where 

239 market adjustments are still possible but where forest owners’ management decisions do not take into 

240 account sequestration benefits and follow the classical Faustmann model. MAIN-F uses the same carbon 

241 prices as MAIN. MAIN and MAIN-F will be compared to assess the importance of considering 

242 management adaptations and to evaluate the impacts of these adaptations on forest landscapes over time.

243 Results

244 Market dynamics 

245 Market impacts of sequestration policies have been discussed in previous contributions (e.g., 

246 Buongiorno  and Zhu 2013; Lecocq et al., 2011; Pohjola et al., 2018), and we only review them shortly 

247 (Table 1, more disaggregated results are also available as an online supplementary material). In all 

248 scenarios where forests are managed for carbon sequestration, the supply of primary products decreases 

249 compared to BAU. This decrease becomes more important as carbon prices rise over time, and 

250 concomitantly, product prices increase. For example, in MAIN, the supply of hardwood roundwood is 

251 on average 0.68% lower than in BAU for the period 2020-2060, while it is 1.04% lower for the period 

252 2061-2100. At the same time, prices increase by 5.8% and 9.62% respectively. Industrial wood is 

253 consistently more affected than hardwood roundwood (e.g., -3.01% supply and +10.33% prices for the 

254 period 2020-2060), while softwood roundwood is less affected than both industrial wood and hardwood 
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255 roundwood. Exports decrease for all primary products. Again, this decrease is especially strong for 

256 industrial wood (e.g., -18.84% in the period 2020-2060) and hardwood roundwood (-9.66%), while it 

257 remains moderate for softwood roundwood (-2.94%). At the same time, there is a minor increase in 

258 imports of transformed products (e.g., +0.59% and +0.99% in 2020-2060 and 2061-2100 respectively). 

259 Even though supply decreases for all products, producer surplus (i.e. the benefit producers derive from 

260 selling timber on the market) increases due to higher prices, while consumer surplus decreases, the 

261 resulting change in total economic surplus being negative. These trends are consistent across scenarios 

262 and are positively related to carbon prices. Impacts are more severe in HIGH, where e.g. product supply 

263 is 0.45% lower on average (over the whole simulation) than in MAIN, across all products. On the 

264 contrary, they are less severe in LOW, with e.g. product supply being 0.58% higher than in MAIN. 

265 Differences between results in MAIN and MAIN-F are anecdotal.

266 Carbon dynamics

267 In BAU, in situ carbon stocks (i.e., the total amount of carbon stored in forest biomass at a given 

268 moment) increase nationwide from 5.24 GtCO2eq in 2020 to 10.1 GtCO2eq in 2100. In all other 

269 scenarios, carbon payments lead to increases in in situ carbon stocks, as seen on Figure 3a (solid line). 

270 By 2050, in situ stocks are 55-80 MtCO2eq higher than in BAU, and by 2100, they are 390-550 

271 MtCO2eq higher. Increases in the short to medium term are mostly due to decreased harvests. In the 

272 medium to long term, annual sequestration becomes higher in MAIN than in MAIN-F, where forest 

273 management does not take into account the value associated to sequestration benefits. These differences 

274 are due to changes in replanting choices and, by 2100, in situ stocks contain 60 MtCO2eq more in MAIN 

275 than in MAIN-F. Carbon stocks in timber products are lower in all scenarios where forests are managed 

276 for carbon sequestration compared to BAU, e.g. 3.8-5.4% lower in 2100. When compared to carbon 

277 gains in forest biomass (dashed line) this loss remains limited. 

278 These trends hide significant regional differences. Figure 3b displays, for scenario MAIN, regional 

279 increases in in situ carbon stocks from 2020 to 2100, as well as the share that is additional compared to 

280 BAU. Four regions show very high increases in carbon stocks: GE, BFC, MP and RA. However, not all 

Table 1



12

281 of it is additional when compared to BAU. In the former two, 20% and 17% of stock increases come in 

282 addition to stock increases in BAU over the same period, while only 2.4% and 1% is additional in the 

283 latter two, for a national average of 10.1%. On the contrary, N-IDF and AQ, despite more moderate 

284 increases in carbon stocks, report 30% and 28% of additionality respectively. A similar situation, albeit 

285 to a lesser degree, is found in BRE and NOR. Against the general trend, CEN undergoes a decrease in 

286 carbon stocks, and CEN, AL and LP store less carbon in MAIN than in BAU, and there is no additional 

287 sequestration.

288 Harvest levels 

289 At the national level, harvested volumes decrease for all scenarios compared to BAU, and the mean 

290 decrease over the simulation ranges from -3.8% in LOW to -5.6% in HIGH. As seen for MAIN on 

291 Figure 4 (solid black line), this decrease is low at first, and increases as carbon prices rise. Harvest 

292 decreases most for broadleaf forests and mixed high forests, while coniferous high forests and mixed 

293 forests with intermediate structures are less impacted (Table 2). This overall trend hides differences 

294 across regions: eight regions show decreases in harvests throughout the simulation, while harvests 

295 increase slightly in 3 regions (Figure 4). This spatial discrepancy is a consequence of two opposite 

296 mechanisms. First, the opportunity cost to harvests impacts industrial wood the most, followed by 

297 hardwood, increasing the cost of supplying such timber. Regions with large areas of forests contributing 

298 to this production, such as GE, BFC and MP, undergo large reductions in harvests. Following the spatial 

299 market equilibrium, products are imported from other regions and from abroad to meet demand in these 

300 regions, which results in, broadly speaking, a form of regional specialization. The cost of supplying 

301 industrial wood increases relatively less in regions such as CEN and LP, where harvests increase by up 

302 to 4-5% compared to BAU, and these regions export pulpwood and panels to other French regions, 

303 primarily BFC, GE and N-IDF, while AL exports pulpwood and softwood to BFC and BRE.

304

305 Management decisions

306
Table 2
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307 Despite representing more than half of all investments, there is a strong decrease in investments in 

308 coniferous high forests, going from 68.1% of investments in BAU to 56.7% in MAIN (Table 2). On the 

309 opposite, investments in mixed high forests increase from 8.5% to 11.5%, and investments in broadleaf 

310 forests with intermediate structure increase from 8.4% to 17.1%. Investments in other forest types 

311 remain relatively similar. In addition to changes in net investments, carbon rents lead to differences in 

312 the spatial distribution of forest cover types. Decomposing investment choices based on what was 

313 harvested, we observe that forest owners replant less often with the same species in LOW, MAIN and 

314 HIGH compared to BAU. In such cases, harvested area is allocated to a new forest type, leading to a 

315 change of forest cover. For example, in MAIN, 59.2% of management choices on average lead to such 

316 changes, against 40% in BAU. This increase is strongest for locations originally forested as coniferous 

317 high forests and coppices, while broadleaf forests with intermediate structure are less concerned. 

318 However, in absolute terms, coniferous high forests remain replanted identically after harvest in a 

319 majority of cases. As explained in the methods section, growth conditions in the model are 

320 heterogeneous across space. In LOW, MAIN and HIGH, land is more often attributed to forest types 

321 with a better growth potential than in BAU (i.e., average growth multipliers decrease). This is consistent 

322 with carbon rents favouring species with better growth dynamics, leading to more to carbon storage. An 

323 analysis of pixel-level results shows that occurrences when investments are diverted from coniferous 

324 high forests towards other forest types are limited to locations where coniferous forests show lower 

325 growth potential than in locations where they are not displaced. At the same time, in these areas, the 

326 replacement forest type shows a higher growth potential than coniferous forests, and a higher growth 

327 potential compared to areas where it does not replace it (Table 3).

328

329 In LOW, MAIN and HIGH, where management decisions follow Hartman’s model, rotation times 

330 increase on average by 61-63% compared to BAU, reaching average values in the 150-250 years range 

331 (Table 2, Figure 5). The relative increase is strongest for coniferous high forests (+141%), and broadleaf 

332 forests with intermediate structure show the highest average rotation time at more than 240 years. In 

333 addition to increasing, rotation times also show higher variability in scenarios where decisions follow 

334 Hartman’s model. Rotation times for coppices remain similar to those in BAU overall, but tend to 

Table 3
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335 decrease moderately in the long term. At the same time, expected revenues from timber decrease by 80-

336 95%, which is consistent with delayed harvests and high carbon prices. On the opposite, in MAIN-F, 

337 where management decisions follow Faustmann’s model, expected returns from timber are 2-14% 

338 higher than in BAU, which is consistent with higher timber prices and marginally shorter rotation times.

339 While average rotation times in MAIN reach values over 200 years in all regions except NOR, this 

340 increase is weakest in southeastern Mediterranean and mountainous regions (e.g. MP, LP, RA), where 

341 rotations were already long, while the highest relative increase is found in southwestern AQ, where 

342 rotation lengths were originally short (83 years in BAU). In all regions, 50% or more of harvested area 

343 undergoes a change of forest cover, except in AQ, where 62.5% is replanted with the same forest type. 

344 This region contains a large share of intensively managed pine plantations, which still represent 88% of 

345 replanted areas. Coniferous forests also keep representing a large majority of investments in other 

346 western regions (75-90% in BRE, NOR, CEN). Southeastern regions are more affected by increases in 

347 cover changes, and mixed or broadleaf forest types are more often favoured.

348 Long-term landscape implications

349 Over time, changes in harvesting and management decisions lead to changes in forest landscapes (Figure 

350 6). At the national level, by 2100, France contains a lower area of pure coniferous forests in MAIN 

351 compared to BAU (-12.6%, -560.000 ha) but a higher share of mixed (+6.44%, 130.000 ha) and pure 

352 broadleaf (+5.6%, 430.000 ha) forests. The area of pure coniferous forests is lower in all regions except 

353 CEN, where it increases moderately (+7.3%, 27.500 ha). This decrease is particularly strong in AQ, RA 

354 and BFC, where it reaches 90.000 ha. The area of pure broadleaf forests increases in all regions but 

355 CEN. Relative increases are highest in western regions BRE (+12.5%) and AQ (+9.7%), and the highest 

356 absolute increases are found in eastern regions: BFC (84.000 ha), LP (83.000 ha) and GE (77.000 ha). 

357 The area of mixed forests undergoes contrasted evolutions across regions, with increases in southern 

358 and regions and decreases in northern regions, but absolute changes remain limited.

359 Regarding forest structure, at the national level, the area of high forest is moderately lower (-4%, 

360 375.000 ha) and that of forests with intermediate structure higher (+10.2%, 388.000 ha), and general 
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361 trends are consistent across regions. The area of coppices undergoes a limited decrease nationally (-

362 1.9%, 13.000 ha), but displays regional variations. It increases e.g. in GE (+27%) and BFC (+37%), but 

363 decreases in e.g. LP (-9%) and CEN (-7.5%). In all regions, changes remain very low in absolute terms.

364 By 2100, medium and large trees represent a higher share of total timber volumes than in BAU. Timber 

365 volumes in the 35-75cm and more than 75cm diameters classes are 5.7% (100 Mm3) and 6.4% (160 

366 Mm3) higher in MAIN than in BAU respectively, while they are only 1.8% higher (17 Mm3) in the less 

367 than 35cm classes. This evolution is similar for most regions, and the trend is stronger in regions with 

368 high decreases in harvests, such as GE and BFC. Regions where harvest levels increase (CEN, LP, AL) 

369 undergo the opposite trend: volumes in the 35-75cm and more than 75cm diameters classes decrease 

370 (e.g., -3.1% and -5% in LP) due to being harvested and small trees represent a slightly higher share of 

371 total volumes (e.g., +1.2% in LP). 

372 Discussion 

373 Climate and market implications of a sequestration incentive

374 Forest management for carbon sequestration alongside timber production was modelled by introducing 

375 Hartman’s (1976) optimal rotation framework in a partial equilibrium model of the forest sector, 

376 implemented as carbon rents targeting in situ carbon stocks. This policy leads to higher carbon stocks 

377 compared to a business-as-usual scenario where forests are only managed for timber production. Carbon 

378 sequestered in products pools decreases due to lower harvest levels, but this loss is quickly offset by 

379 much higher gains in forest carbon. This is in line with Pohjola et al. (2018) who highlight that, even 

380 when carbon in long-lived products is subsidized, a carbon rent policy leads to decreases in products 

381 stocks. Increases in forest carbon stocks are sustained in time, showing that an actual incentive should 

382 be implemented on the long term. In particular, allowing management decisions to adapt in addition to 

383 harvest levels resulted in more carbon storage over the long term. This stands in contrast with results 

384 from Guo and Gong (2017), where carbon payments are most effective in the medium term, and Pohjola 

385 et al. (2018), where only low carbon prices yield sustained benefits. On the contrary, Sjolie et al. (2013) 

386 also report sustained benefits. Because the carbon rent acts as an opportunity cost to harvesting, harvests 
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387 decrease and product prices increase as a consequence. The relative change in prices is higher than that 

388 of supply, and industrial wood is relatively more affected than other products due to its high carbon 

389 content-to-price ratio, while hardwood is more affected than softwood. Producer surplus increases while 

390 consumer surplus decreases, a trend described by others (Guo and Gong, 2017b; Lecocq et al., 2011), 

391 which may render a sequestration policy complicated to implement. The decrease in supply also 

392 negatively affects timber exports, while more timber is imported as transformed products. Such an 

393 evolution may result in carbon leakage: international coordination in designing sequestration incentives 

394 may hence be necessary (Buongiorno and Zhu, 2013).

395 Management practices, landscape impacts and non-climate benefits

396 Management practices show significant differences when the benefits associated to carbon storage are 

397 considered in forest owners’ management decisions. Rotation times increase, which is consistent with 

398 previous applications of the optimal rotation framework (van Kooten and Johnston, 2016). For instance, 

399 Gutrich and Howarth (2007) also use high carbon prices (up to 570$/t) consistent with ambitious climate 

400 objectives and report, for a set of temperate forests in the USA, rotations in the 200-450 years range, as 

401 well as decreases in timber revenues by 94-99%, which compare to our results. The relative economic 

402 profitability of management options is affected, and, even though it remains the most common choice 

403 overall, investments in coniferous forests decrease, while they increase for mixed and broadleaf forest 

404 types. We also highlighted different management responses from owners across regions, in particular 

405 when comparing western regions to southeastern Mediterranean regions.

406 Our model is spatial and takes into account heterogeneity in growth conditions. When carbon rents are 

407 implemented, land is more often attributed to forest types with the highest growth potential. In particular, 

408 results reveal that the displacement of coniferous forests by other forest types mostly concerns locations 

409 where coniferous species have lower than average growth potential. On the medium to long term, 

410 changes in investments affect sequestration dynamics, and carbon storage is higher in scenarios where 

411 investments are allowed to change. This effect increases over time as more area is replanted. Market 

412 impacts diverged only for softwood products: by the end of the simulation, supply was slightly lower 
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413 and prices slightly higher when management adaptations were included, which is due to a long-term 

414 decrease in resource availability following less area being replanted with coniferous forests. The market 

415 module in FFSM is recursive, and decisions are made over the short term. As a result, agents have a 

416 limited ability to anticipate future availability, explaining the low and delayed effect.

417 Following changes in forest management, by the end of our simulations (2100), French forests contain 

418 a higher share of diverse forests in terms of both species composition and structure, and also comprise 

419 a larger share of medium to large-sized trees. Mature, multiple-species and multiple-age forests, despite 

420 lower growth rates at the individual tree level, often contain large amounts of carbon in biomass and 

421 soils, actively store carbon for a long time and may strongly contribute to climate change mitigation 

422 (Carey et al., 2001; Luyssaert et al., 2008). Such forests often boast high levels of biodiversity and 

423 provision of a wide array of ecosystem services (Brockerhoff et al., 2017; Coll et al., 2018; Gamfeldt et 

424 al., 2013; Van Der Plas et al., 2016). Diverse forests also exhibit lower levels of susceptibility and better 

425 resilience or resistance to some disturbances (Bauhus et al., 2017; Jactel et al., 2009). Sequestration 

426 incentives may then provide co-benefits in addition to climate change mitigation, in particular when 

427 they rely on practices in already mature forests, such as extended rotations or set-asides, which can be 

428 recognized in the generation of carbon offsets (Buotte et al., 2020; Freedman et al., 2009; Simonet et 

429 al., 2016).

430 A regional approach to sequestration incentives

431 Our results show large regional variations and confirm the importance of taking into account local 

432 conditions when designing sequestration incentives (Adams et al., 2011; Yousefpour et al., 2018). While 

433 harvests decrease overall, a few regions undergo increases in harvests and export their production to 

434 other regions. Increases in carbon stocks are highest in regions where harvests decrease the most, but 

435 additional carbon storage is highest in regions with faster growth dynamics. In these regions, relatively 

436 large amounts of carbon could be sequestered in the short term by postponing harvests or limiting them, 

437 e.g., by remunerating forest owners to set-aside part of their forestland. However, such a policy may 

438 prove difficult to justify in France, where average harvest levels are already well below annual 
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439 increment, in particular in small-scale private forests, and would be at odds with current policies aiming 

440 at increasing timber production (Ministry of Agriculture, 2016). A middle ground approach could be to 

441 enhance sequestration in public forests, which have an explicit objective to provide environmental 

442 amenities and are already well-exploited, while encouraging harvest increases in under-harvested 

443 private forests. On the other hand, our results also highlight that, over the long term, changes in 

444 investment and management decisions improve in situ sequestration. Incentives may then not only focus 

445 on extended rotations or set-asides, but also on wider improved forest management or forest conversion 

446 practices.

447 On the contrary, slow growth dynamics hampers additional carbon sequestration. For this reason, 

448 Mediterranean regions do not seem to be suitable for carbon sequestration programmes. Many of these 

449 already comprise large carbon inventories and are likely to be affected by increases in the severity and 

450 frequency of droughts, fires or pest outbreaks (Dupuy et al., 2020; Lindner et al., 2010). Policy measures 

451 in these regions may need to focus on mitigating the impacts of such disturbances and adapt management 

452 in order to ensure the permanence of existing carbon stocks. Tradeoffs between climate change 

453 mitigation, adaptation and economic activity are likely to be particularly strong in the southwestern 

454 Aquitaine region, characterised by a large industry based on fast-growing pine plantations and a high 

455 exposure to disturbances.

456 Despite fast growth dynamics, northwestern regions show moderate increases in carbon stocks due to 

457 their low forest cover and modest decreases in harvests throughout the simulations. Several assessments 

458 for the USA have shown the importance of considering land-use dynamics, and afforesting agricultural 

459 land can sequester a significant amount of carbon (Adams et al., 2011; Alig et al., 2010; Haim et al., 

460 2015). While our model does not endogenously include land use dynamics, in these sparsely forested 

461 regions, afforestation could be a solution to leverage growth possibilities and sequester carbon on the 

462 medium to long-term.

463 Limitations of the study
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464 Differences between results across simulation studies may come from different assumptions in 

465 modelling the forest sector. Some assume agents (e.g. forest owners, manufacturers) can anticipate 

466 future conditions, while others assume myopic agents. Models may or may not include endogenous 

467 forest management decisions, and describe forest resources with varying degrees of detail. In the FFSM, 

468 agents have limited foresight: harvests are short-term decisions while management choices are long-

469 term decisions. Models also do not use the same calibration data, reflecting contrasting real-world 

470 situations, e.g. environmental conditions and timber industries are very different in France and Finland. 

471 All of these discrepancies can influence results (Latta et al., 2013; Sjølie et al., 2015). 

472 Forest-level studies using optimal rotation models derived from Hartman (1976) often use species-

473 specific growth functions, and some use process-based growth simulators. We perform a large-scale 

474 assessment, and growth dynamics in our model are represented as diameter-class dynamics for groups 

475 of species. While we do consider spatial heterogeneity based on inventory data, our approach lacks the 

476 fine-grain details found in local assessments. Besides, our model uses a finite number of diameter classes 

477 and assumes that final cuts must take place. The literature suggests that, in some cases, it may be 

478 profitable never to harvest or move to continuous cover forestry (Assmuth and Tahvonen, 2018; van 

479 Kooten and Johnston, 2016). In its current form, our model cannot take these possibilities into account.

480 Similarly to previous studies (e.g. Guo and Gong, 2017; Adams et al., 2011; West et al., 2019), we chose 

481 to conservatively exclude carbon in harvested wood products from our analysis, as well as potential 

482 avoided emissions when these replace fossil-based alternatives. By doing so, we assume all carbon is 

483 released at harvest and likely underestimate the potential climate benefits of forest management 

484 practices. For a diverse range of forests, Hennigar et al. (2008) estimate that considering products pools 

485 may increase carbon storage by 5%, and by 6% if substitution effects are also maximised. However, 

486 when forest offsets are traded on markets, including the latter may yield to issues of double counting 

487 since they are usually already credited in the energy or construction sector (van Kooten and Johnston, 

488 2016). We chose to apply an additionality condition based on management without climate benefits, but 

489 references are usually political constructs, the choice of which can affect outcomes (Asante and 

490 Armstrong, 2012; Lintunen et al., 2016; West et al., 2019). We used a range of high carbon prices 
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491 consistent with France’s climate objectives. There is evidence that sequestration costs in forests are 

492 lower (van Kooten et al., 2009; Yousefpour et al., 2018), and actual prices on compliance and especially 

493 voluntary markets are much lower (Ecosystem Marketplace, 2017): actual incentives likely would not 

494 require such high values. We also eschewed transaction and monitoring costs that occur when 

495 implementing actual projects. As a result, our simulation experiment is more akin to a thought 

496 experiment: results should be taken for their illustrative and explanatory qualities in highlighting trends 

497 and their underlying determinants, not understood as predictions.

498 Finally, we focused on incentives directed at forest owners. As highlighted in at the beginning of this 

499 article, a sectoral approach to mitigation would likely also include incentives in downstream industries 

500 i.e. in the energy and construction sectors. For France, Roux et al. (2017) consider several mitigation 

501 scenarios and estimate that promoting wood utilization could yield mitigation outcomes of the same 

502 magnitude as keeping harvests at their current level, with the advantage of avoided emissions being 

503 permanent compared to in situ stocks, which are sensitive to e.g. fires and storms. Valade et al. (2018) 

504 compare several scenarios for increasing bioenergy production and report that such strategies would 

505 offset their carbon debt by 2040 at the earliest, showing that some could be mobilised over the long 

506 term. In the spirit of Baker's et al. (2019) global assessment, future research at the national level could 

507 focus on assessing trade-offs and complementarities between sequestration and substitution policies in 

508 the forest sector over the long term.

509 Conclusion

510 In order to investigate the implications of managing forests for timber production alongside carbon 

511 sequestration, we embedded a Hartman-based model of forest management in a forest sector market 

512 model. We projected developments in the French forest sector until the end of the century and assigned 

513 monetary values to carbon sequestered in situ accordingly to recent estimates of the shadow price of 

514 carbon in France. If forest owners were to manage forests to store carbon, forests could sequester an 

515 additional 490-550 MtCO2eq by 2100. Forestry practices would change markedly, with longer rotations, 

516 lower harvest levels, while species choice would also be altered. Due to interactions between local 
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517 economic and environmental conditions, sequestration outcomes display an important spatial variability, 

518 both across and within regions. In the medium to long term, landscapes are affected by management 

519 adaptations, and, by the end of the century, French forests comprise a higher share of mature, mixed-

520 species and mixed-structure forests, again with spatial discrepancies. Even though such an evolution 

521 may present benefits in terms of ecosystem services provision, sequestration incentives may prove 

522 complicated to implement due to their potential lack of adequacy with current policy aiming at 

523 increasing timber production. A spatially differentiated approach to sequestration incentives may be 

524 needed, with e.g. measures aiming at stabilising existing carbon stocks in Mediterranean regions prone 

525 to risks such as fires and pests, while afforestation, longer rotations and improved management could 

526 be more appropriate in other parts of the country. Our results highlight the importance of considering 

527 not only management-market feedbacks when designing incentives for sequestering carbon, but also 

528 local conditions, their heterogeneity across space, and the potential landscape implications of 

529 management changes.

530



22

531 Funding

532 This work was supported by the French Ministère de l’Agriculture et de l’Alimentation; and the LabEX 
533 ARBRE [ANR-11-LABX-0002-01].

534 Supplementary material

535 The following supplementary material (SM) is available at Forestry online: SM 1 and 2 present results 
536 from Tables 1 and 2 at a more disaggregated level. SM 3 gives an overview of regional harvests and 
537 timber trade throughout the simulation. SM 4 gives an overview of the distribution of growth potentials 
538 for chosen forest types throughout the simulation. SM 5 shows relationships between additional carbon 
539 storage in each region, forest cover, harvest changes and growth dynamics. SM 6 gives an overview of 
540 investment decisions in each region. More information about the model, as well as model code, are 
541 available open-source at https://ffsm-project.org/wiki/en/home. 

542 Acknowledgements

543 The authors would like to thank Dr. Philippe Delacote and Dr. Antonello Lobianco for their insightful 
544 advice, our anonymous reviewers for their insightful comments and suggestions, as well as attendees 
545 and organizers of the 2019 Ulvön conference on environmental economics.

546 Conflict of interest

547 None declared



23

548 References
549 ACR, 2018. Improved Forest Management Methodology for Quantifying 70 GHG Removals and Emission Reductions 
550 through Increased Forest Carbon Sequestration on Non-Federal U.S. Forestlands.
551 Adams, D.M., Alig, R., Latta, G., White, E.M., 2011. Regional Impacts of a Program for Private Forest Carbon Offset Sales. 
552 J. For. 109, 444–461.
553 Alavalapati, J.R.R., Stainback, G.A., 2005. Effects of Carbon Markets on the Optimal Management of Slash Pine (Pinus 
554 elliottii) Plantations. South. J. Appl. For. 29, 27–32. https://doi.org/10.1093/sjaf/29.1.27
555 Alig, R., Latta, G., Adams, D., McCarl, B., 2010. Mitigating greenhouse gases: The importance of land base interactions 
556 between forests, agriculture, and residential development in the face of changes in bioenergy and carbon prices. For. 
557 Policy Econ. 12, 67–75. https://doi.org/10.1016/j.forpol.2009.09.012
558 Amacher, G., Ollikainen, M., Koskela, E., 2010. Economics of Forest Resources. The MIT Press, Cambridge, MA. 
559 https://doi.org/10.1093/erae/jbq028
560 Armington, P.S., 1969. A Theory of Demand for Products Distinguished by Place of Production (Une theorie de la demande 
561 de produits differencies d’apres leur origine) (Una teoria de la demanda de productos distinguiendolos segun el lugar 
562 de produccion). Staff Pap. - Int. Monet. Fund 16, 159. https://doi.org/10.2307/3866403
563 Asante, P., Armstrong, G.W., 2012. Optimal forest harvest age considering carbon sequestration in multiple carbon pools: A 
564 comparative statics analysis. J. For. Econ. 18, 145–156. https://doi.org/10.1016/j.jfe.2011.12.002
565 Assmuth, A., Tahvonen, O., 2018. Optimal carbon storage in even- and uneven-aged forestry. For. Policy Econ. 87, 93–100. 
566 https://doi.org/10.1016/j.forpol.2017.09.004
567 Baker, J.S., Wade, C.M., Sohngen, B.L., Ohrel, S., Fawcett, A.A., 2019. Potential complementarity between forest carbon 
568 sequestration incentives and biomass energy expansion. Energy Policy 126, 391–401. 
569 https://doi.org/10.1016/j.enpol.2018.10.009
570 Bauhus, J., Forrester, D.I., Gardiner, B., Jactel, H., Vallejo, R., Pretzsch, H., 2017. Ecological stability of mixed-species 
571 forests, in: Mixed-Species Forests: Ecology and Management. Springer Berlin Heidelberg, Berlin, Heidelberg, pp. 
572 337–382. https://doi.org/10.1007/978-3-662-54553-9_7
573 Birdsey, R., Duffy, P., Smyth, C., Kurz, W.A., Dugan, A.J., Houghton, R., 2018. Climate, economic, and environmental 
574 impacts of producing wood for bioenergy. Environ. Res. Lett. 13. https://doi.org/10.1088/1748-9326/aab9d5
575 Brockerhoff, E.G., Barbaro, L., Castagneyrol, B., Forrester, D.I., Gardiner, B., González-Olabarria, J.R., Lyver, P.O.B., 
576 Meurisse, N., Oxbrough, A., Taki, H., Thompson, I.D., van der Plas, F., Jactel, H., 2017. Forest biodiversity, 
577 ecosystem functioning and the provision of ecosystem services. Biodivers. Conserv. https://doi.org/10.1007/s10531-
578 017-1453-2
579 Buongiorno, J., Johnston, C., Zhu, S., 2017. An assessment of gains and losses from international trade in the forest sector. 
580 For. Policy Econ. 80, 209–217. https://doi.org/10.1016/j.forpol.2017.04.004
581 Buongiorno, J., Raunikar, R., Zhu, S., 2011. Consequences of increasing bioenergy demand on wood and forests: An 
582 application of the Global Forest Products Model. J. For. Econ. 17, 214–229. https://doi.org/10.1016/j.jfe.2011.02.008
583 Buongiorno, J., Zhu, S., 2013. Consequences of carbon offset payments for the global forest sector. J. For. Econ. 19, 384–
584 401. https://doi.org/10.1016/j.jfe.2013.06.005
585 Buotte, P.C., Law, B.E., Ripple, W.J., Berner, L.T., 2020. Carbon sequestration and biodiversity co-benefits of preserving 
586 forests in the western United States. Ecol. Appl. 30, 1–11. https://doi.org/10.1002/eap.2039
587 Canadell, J.G., Raupach, M.R., 2008. Managing Forests for Climate Change Mitigation. Science (80-. ). 320, 1456–1457. 
588 https://doi.org/10.1007/s10584-007-9334-4
589 Carey, E. V., Sala, A., Keane, R., Callaway, R.M., 2001. Are old forests underestimated as global carbon sinks? Glob. 
590 Chang. Biol. 7, 339–344. https://doi.org/10.1046/j.1365-2486.2001.00418.x
591 Caurla, S., Delacote, P., Lecocq, F., Barkaoui, A., 2013a. Stimulating fuelwood consumption through public policies: An 
592 assessment of economic and resource impacts based on the French Forest Sector Model. Energy Policy 63, 338–347. 
593 https://doi.org/10.1016/j.enpol.2013.07.111
594 Caurla, S., Delacote, P., Lecocq, F., Barthès, J., Barkaoui, A., 2013b. Combining an inter-sectoral carbon tax with sectoral 
595 mitigation policies: Impacts on the French forest sector. J. For. Econ. 19, 450–461. 
596 https://doi.org/10.1016/j.jfe.2013.09.002
597 Caurla, S., Lecocq, F., Delacote, P., Barkaoui, A., 2010. The French Forest Sector Model: version 1.0., Document de travail 
598 du LEF n°2010-04.
599 CITEPA, IGN, MTES, MAA, 2019. The National Forestry Accounting Plan of France including the Forest Reference Level 
600 (FRL) for the 2021- 2025 and 2026-2030 periods.
601 CNPF, 2019. Label Bas-Carbone. Méthode conversion de taillis en futaie sur souches.
602 Coll, L., Ameztegui, A., Collet, C., Löf, M., Mason, B., Pach, M., Verheyen, K., Abrudan, I., Barbati, A., Barreiro, S., 
603 Bielak, K., Bravo-Oviedo, A., Ferrari, B., Govedar, Z., Kulhavy, J., Lazdina, D., Metslaid, M., Mohren, F., Pereira, 
604 M., Peric, S., Rasztovits, E., Short, I., Spathelf, P., Sterba, H., Stojanovic, D., Valsta, L., Zlatanov, T., Ponette, Q., 
605 2018. Knowledge gaps about mixed forests: What do European forest managers want to know and what answers can 
606 science provide? For. Ecol. Manage. https://doi.org/10.1016/j.foreco.2017.10.055
607 Dupuy, J., Fargeon, H., Martin-StPaul, N., Pimont, F., Ruffault, J., Guijarro, M., Hernando, C., Madrigal, J., Fernandes, P., 
608 2020. Climate change impact on future wildfire danger and activity in southern Europe: a review. Ann. For. Sci. 77, 
609 35. https://doi.org/10.1007/s13595-020-00933-5
610 Ecosystem Marketplace, 2017. Fertile ground, Fertile Ground State of Forest Carbon Finance 2017. Washington DC. 
611 https://doi.org/10.1002/asia.201200645
612 Englin, J., Callaway, J.M., 1995. Environmental impacts of sequestering carbon through forestation. Clim. Change 31, 67–
613 78. https://doi.org/10.1007/BF01092981
614 Englin, J., Callaway, J.M., 1993. Global climate change and optimal forest management. Nat. Resour. Model. 7, 191–202. 



24

615 https://doi.org/10.1111/j.1939-7445.1993.tb00148.x
616 Eriksson, L.O., Gustavsson, L., Hänninen, R., Kallio, M., Lyhykäinen, H., Pingoud, K., Pohjola, J., Sathre, R., Solberg, B., 
617 Svanaes, J., Valsta, L., 2012. Climate change mitigation through increased wood use in the European construction 
618 sector-towards an integrated modelling framework. Eur. J. For. Res. 131, 131–144. https://doi.org/10.1007/s10342-
619 010-0463-3
620 Eriksson, M., 2015. The role of the forest in an integrated assessment model of the climate and the economy. Clim. Chang. 
621 Econ. 6. https://doi.org/10.1142/S2010007815500116
622 European Parliament, European Council, 2018. REGULATION OF THE EUROPEAN PARLIAMENT AND OF THE 
623 COUNCIL on the inclusion of greenhouse gas emissions and removals from land use, land use change and forestry in 
624 the 2030 climate and energy framework, and amending Regulation (EU) No 525/2013 and Decision No 529/2013/EU. 
625 European Parliament, European Council, Brussels.
626 Favero, A., Mendelsohn, R., 2014. Using Markets for Woody Biomass Energy to Sequester Carbon in Forests. J. Assoc. 
627 Environ. Resour. Econ. 1, 75–95. https://doi.org/10.1086/676033
628 Favero, A., Mendelsohn, R., Sohngen, B., 2017. Using forests for climate mitigation: sequester carbon or produce woody 
629 biomass? Clim. Change 144, 195–206. https://doi.org/10.1007/s10584-017-2034-9
630 Freedman, B., Stinson, G., Lacoul, P., 2009. Carbon credits and the conservation of natural areas. Environ. Rev. 17, 1–19. 
631 https://doi.org/10.1139/A08-007
632 Gabriella Cevallos, Julia Grimault, Valentin Bellassen, 2019. Domestic carbon standards in Europe Overview and 
633 perspectives.
634 Galik, C.S., Abt, R.C., Latta, G., Vegh, T., 2015. The environmental and economic effects of regional bioenergy policy in the 
635 southeastern U.S. Energy Policy 85, 335–346. https://doi.org/10.1016/j.enpol.2015.05.018
636 Gamfeldt, L., Snäll, T., Bagchi, R., Jonsson, M., Gustafsson, L., Kjellander, P., Ruiz-Jaen, M.C., Fröberg, M., Stendahl, J., 
637 Philipson, C.D.,  G., Andersson, E., Westerlund, B., Andrén, H., Moberg, F., Moen, J., Bengtsson, J., 
638 2013. Higher levels of multiple ecosystem services are found in forests with more tree species. Nat. Commun. 4, 1340. 
639 https://doi.org/10.1038/ncomms2328
640 Gold Standard, 2017. Gold Standard Afforestation Reforestation (A/R) GHG Emissions Reduction & Sequestration 
641 Methodology. Version 1.
642 Gren, I.M., Zeleke, A.A., 2016. Policy design for forest carbon sequestration: A review of the literature. For. Policy Econ. 
643 https://doi.org/10.1016/j.forpol.2016.06.008
644 Guo, J., Gong, P., 2017a. The potential and cost of increasing forest carbon sequestration in Sweden. J. For. Econ. 29, 78–86. 
645 https://doi.org/10.1016/j.jfe.2017.09.001
646 Guo, J., Gong, P., 2017b. The potential and cost of increasing forest carbon sequestration in Sweden. J. For. Econ. 29, 78–86. 
647 https://doi.org/10.1016/j.jfe.2017.09.001
648 Gutrich, J., Howarth, R.B., 2007a. Carbon sequestration and the optimal management of New Hampshire timber stands. Ecol. 
649 Econ. 62, 441–450. https://doi.org/10.1016/j.ecolecon.2006.07.005
650 Gutrich, J., Howarth, R.B., 2007b. Carbon sequestration and the optimal management of New Hampshire timber stands. Ecol. 
651 Econ. 62, 441–450. https://doi.org/10.1016/j.ecolecon.2006.07.005
652 Haim, D., White, E.M., Alig, R.J., 2015. Agriculture afforestation for carbon sequestration under carbon markets in the 
653 United States: Leakage behavior from regional allowance programs. Appl. Econ. Perspect. Policy 38, 132–151. 
654 https://doi.org/10.1093/aepp/ppv010
655 Hartman, R., 1976. The Harvesting Decision When A Standing Forest Has Value. Econ. Inq. XIV, 52–58. 
656 https://doi.org/10.1111/j.1465-7295.1976.tb00377.x
657 Hennigar, C.R., MacLean, D.A., Amos-Binks, L.J., 2008. A novel approach to optimize management strategies for carbon 
658 stored in both forests and wood products. For. Ecol. Manage. 256, 786–797. 
659 https://doi.org/10.1016/j.foreco.2008.05.037
660 Im, E.H., Adams, D.M., Latta, G.S., 2007. Potential impacts of carbon taxes on carbon flux in western Oregon private 
661 forests. For. Policy Econ. 9, 1006–1017. https://doi.org/10.1016/j.forpol.2006.09.006
662 Jactel, H., Nicoll, B.C., Branco, M., Gonzalez-Olabarria, J.R., Grodzki, W., Långström, B., Moreira, F., Netherer, S., 
663 Christophe Orazio, C., Piou, D., Santos, H., Schelhaas, M.J., Tojic, K., Vodde, F., 2009. The influences of forest stand 
664 management on biotic and abiotic risks of damage. Ann. For. Sci. 66. https://doi.org/10.1051/forest/2009054
665 JORF, 2018. Décret n° 2018-1043 du 28 novembre 2018 créant un label  Paris.
666 Kim, S.J., Baker, J.S., Sohngen, B.L., Shell, M., 2018. Cumulative global forest carbon implications of regional bioenergy 
667 expansion policies. Resour. Energy Econ. 53, 198–219. https://doi.org/10.1016/j.reseneeco.2018.04.003
668 Kollmuss, A., Lazarus, M., Lee, C., LeFranc, M., Polycarp, C., 2010. Handbook of carbon offset programs: Trading systems, 
669 funds, protocols and standards, Handbook of Carbon Offset Programs: Trading Systems, Funds, Protocols and 
670 Standards. https://doi.org/10.4324/9781849774932
671 Latta, G.S., Adams, D.M., Bell, K.P., Kline, J.D., 2016. Evaluating land-use and private forest management responses to a 
672 potential forest carbon offset sales program in western Oregon (USA). https://doi.org/10.1016/j.forpol.2016.01.004
673 Latta, G.S., Sjolie, H.K., Solberg, B., 2013. A review of recent developments and applications of partial equilibrium models 
674 of the forest sector. J. For. Econ. 19, 350–360. https://doi.org/10.1016/j.jfe.2013.06.006
675 Lauri, P., Havlík, P., Kindermann, G., Forsell, N., Böttcher, H., Obersteiner, M., 2014. Woody biomass energy potential in 
676 2050. Energy Policy 66, 19–31. https://doi.org/10.1016/j.enpol.2013.11.033
677 Lecocq, F., Caurla, S., Delacote, P., Barkaoui, A., Sauquet, A., 2011. Paying for forest carbon or stimulating fuelwood 
678 demand? Insights from the French Forest Sector Model. J. For. Econ. 17, 157–168. 
679 https://doi.org/10.1016/j.jfe.2011.02.011
680 Lindner, M., Maroschek, M., Netherer, S., Kremer, A., Barbati, A., Garcia-Gonzalo, J., Seidl, R., Delzon, S., Corona, P., 
681 Kolström, M., Lexer, M.J., Marchetti, M., 2010. Climate change impacts, adaptive capacity, and vulnerability of 



25

682 European forest ecosystems. For. Ecol. Manage. 259, 698–709. https://doi.org/10.1016/j.foreco.2009.09.023
683 Lintunen, J., Laturi, J., Uusivuori, J., 2016. How should a forest carbon rent policy be implemented? For. Policy Econ. 69, 
684 31–39. https://doi.org/10.1016/j.forpol.2016.04.005
685 Lobianco, A., Caurla, S., Delacote, P., Barkaoui, A., 2016a. Carbon mitigation potential of the French forest sector under 
686 threat of combined physical and market impacts due to climate change. J. For. Econ. 23, 4–26. 
687 https://doi.org/10.1016/j.jfe.2015.12.003
688 Lobianco, A., Delacote, P., Caurla, S., Barkaoui, A., 2016b. Accounting for Active Management and Risk Attitude in Forest 
689 Sector Models An Impact Study on French Forests. Env. Model Assess 21, 391–405. https://doi.org/10.1007/s10666-
690 015-9483-1
691 Lobianco, A., Delacote, P., Caurla, S., Barkaoui, A., 2015. The importance of introducing spatial heterogeneity in bio-
692 economic forest models: Insights gleaned from FFSM++. Ecol. Modell. 309–310, 82–92. 
693 https://doi.org/10.1016/j.ecolmodel.2015.04.012
694 Luyssaert, S., Schulze, E.-D., Börner, A., Knohl, A., Hessenmöller, D., Law, B.E., Ciais, P., Grace, J., 2008. Old-growth 
695 forests as global carbon sinks. Nature 455, 213–215. https://doi.org/10.1038/nature07276
696 Masson-Delmotte, V., Zhai, P., Pörtner, H.-O., Roberts, D., Skea, J., Shukla, P.R., Pirani, A., Moufouma-Okia, W., Péan, C., 
697 Pidcock, R., Connors, S., Matthews, J.B.R., Chen, Y., Zhou, X., Gomis, M.I., Lonnoy, E., Maycock, T., Tignor, M., 
698 Waterfield, T., 2018. Global warming of 1.5°C An IPCC Special Report on the impacts of global warming of 1.5°C 
699 above pre-industrial levels and related global greenhouse gas emission pathways, in the context of strengthening the 
700 global response to the threat of climate change, sustainable development, and efforts to eradicate poverty Summary for 
701 Policymakers Edited by Science Officer Science Assistant Graphics Officer Working Group I Technical Support Unit. 
702 Geneva.
703 McKechnie, J., Colombo, S., Chen, J., Mabee, W., MacLean, H.L., 2011. Forest bioenergy or forest carbon? Assessing trade-
704 offs in greenhouse gas mitigation with wood-based fuels. Environ. Sci. Technol. 45, 789–795. 
705 https://doi.org/10.1021/es1024004
706 Ministère de l’agriculture de l’agroalimentaire et de la forêt, 2016. Programme National de la forêt et du bois 2016-2026.
707 Ministère de la transition ecologique et solidaire, 2017. Plan Climat. Paris.
708 Ministère de la Transition Ecologique et Solidaire, 2018. National Low Carbon Strategy Project: The ecological and inclusive 
709 transition towards carbon neutrality. Paris.
710 Ministry of Agriculture, A. and F., 2016. THE NATIONAL FOREST AND WOOD PROGRAMME ( PNFB ). Paris.
711 Moiseyev, A., Solberg, B., Kallio, A.M.I., 2013. Wood biomass use for energy in Europe under different assumptions of 
712 coal, gas and CO2 emission prices and market conditions. J. For. Econ. 19, 432–449. 
713 https://doi.org/10.1016/j.jfe.2013.10.001
714 Olschewski, R., Benítez, P.C., 2010. Optimizing joint production of timber and carbon sequestration of afforestation projects. 
715 J. For. Econ. 16, 1–10. https://doi.org/10.1016/j.jfe.2009.03.002
716 Pohjola, J., Laturi, J., Lintunen, J., Uusivuori, J., 2018. Immediate and long-run impacts of a forest carbon policy—A market-
717 level assessment with heterogeneous forest owners. J. For. Econ. 32, 94–105. https://doi.org/10.1016/j.jfe.2018.03.001
718 Pohjola, J., Valsta, L., 2007. Carbon credits and management of Scots pine and Norway spruce stands in Finland. For. Policy 
719 Econ. 9, 789–798. https://doi.org/10.1016/j.forpol.2006.03.012
720 Quinet, A., 2019. The Value for Climate Action A shadow price of carbon for evaluation of investments and public policies 
721 Report by the Commission chaired by. Paris.
722 Riahi, K., van Vuuren, D.P., Kriegler, E., Edmonds, J., O’Neill, B.C., Fujimori, S., Bauer, N., Calvin, K., Dellink, R., Fricko, 
723 O., Lutz, W., Popp, A., Cuaresma, J.C., KC, S., Leimbach, M., Jiang, L., Kram, T., Rao, S., Emmerling, J., Ebi, K., 
724 Hasegawa, T., Havlik, P., Humpenöder, F., Da Silva, L.A., Smith, S., Stehfest, E., Bosetti, V., Eom, J., Gernaat, D., 
725 Masui, T., Rogelj, J., Strefler, J., Drouet, L., Krey, V., Luderer, G., Harmsen, M., Takahashi, K., Baumstark, L., 
726 Doelman, J.C., Kainuma, M., Klimont, Z., Marangoni, G., Lotze-Campen, H., Obersteiner, M., Tabeau, A., Tavoni, 
727 M., 2017. The Shared Socioeconomic Pathways and their energy, land use, and greenhouse gas emissions 
728 implications: An overview. Glob. Environ. Chang. 42, 153–168. https://doi.org/10.1016/j.gloenvcha.2016.05.009
729 Riviere, M., Caurla, S., Delacote, P., 2020. Evolving Integrated Models From Narrower Economic Tools: the Example of 
730 Forest Sector Models. Environ. Model. Assess. In Press, 1–17. https://doi.org/10.1007/s10666-020-09706-w
731 Roux, A., Dhôte, J.-F., Bastick, C., Colin, A., 2017. Quel rôle pour les forêts et la filière forêt-bois françaises dans 
732 l’atténuation du changement  - Annexes.
733 Samuelson, P.A., 1952. Spatial price equilibrium and linear programming. Am. Econ. Rev. 42, 283–303. 
734 https://doi.org/10.2307/1810381
735 Sauquet, A., Lecocq, F., Delacote, P., Caurla, S., Barkaoui, A., Garcia, S., 2011. Estimating Armington elasticities for 
736 sawnwood and application to the French Forest Sector Model. Resour. Energy Econ. 33, 771–781. 
737 https://doi.org/10.1016/j.reseneeco.2011.04.001
738 Sedjo, R.A., Sohngen, B., 2012. Carbon Sequestration in Forests and Soils. Ssrn. https://doi.org/10.1146/annurev-resource-
739 083110-115941
740 Simonet, G., Delacote, P., Robert, N., 2016. On managing co-benefits in REDD+ projects. Int. J. Agric. Resour. Gov. Ecol. 
741 12, 170–188. https://doi.org/10.1504/IJARGE.2016.076909
742 Sjolie, H.K., Latta, G.S., Solberg, B., 2013. Potentials and costs of climate change mitigation in the Norwegian forest sector - 
743 Does choice of policy matter? Can. J. For. Res. Can. Rech. For. 43, 589–598. https://doi.org/10.1139/cjfr-2012-0457
744 Sjølie, H.K., Latta, G.S., Trømborg, E., Bolkesjø, T.F., Solberg, B., 2015. An assessment of forest sector modeling 
745 approaches: conceptual differences and quantitative comparison. Scand. J. For. Res. 30, 60–72. 
746 https://doi.org/10.1080/02827581.2014.999822
747 Sohngen, B., Brown, S., 2008. Extending timber rotations: Carbon and cost implications. Clim. Policy 8, 435–451. 
748 https://doi.org/10.3763/cpol.2007.0396



26

749 Tavoni, M., Sohngen, B., Bosetti, V., 2007. Forestry and the carbon market response to stabilize climate. Energy Policy 35, 
750 5346–5353. https://doi.org/10.1016/j.enpol.2006.01.036
751 UNFCCC, 2015. ParisAgreement. UN, Paris.
752 Valade, A., Luyssaert, S., Vallet, P., Njakou Djomo, S., Jesus Van Der Kellen, I., Bellassen, V., 2018. Carbon costs and 
753 benefits of France’s biomass energy production targets. Carbon Balance Manag. 13. https://doi.org/10.1186/s13021-
754 018-0113-5
755 Van Der Plas, F., Manning, P., Allan, E., Scherer-Lorenzen, M., Verheyen, K., Wirth, C., Zavala, M.A., Hector, A., 
756 Ampoorter, E., Baeten, L., Barbaro, L., Bauhus, J., Benavides, R., Benneter, A., Berthold, F., Bonal, D., Bouriaud, O., 
757 Bruelheide, H., Bussotti, F., Carnol, M., Castagneyrol, B., Charbonnier, Y., Coomes, D., Coppi, A., Bastias, C.C., 
758 Muhie Dawud, S., De Wandeler, H., Domisch, T., Finér, L., Gessler, A., Granier, A., Grossiord, C., Guyot, V., 
759 Hättenschwiler, S., Jactel, H., Jaroszewicz, B., Joly, F.X., Jucker, T., Koricheva, J., Milligan, H., Müller, S., Muys, B., 
760 Nguyen, D., Pollastrini, M., Raulund-Rasmussen, K., Selvi, F., Stenlid, J., Valladares, F., Vesterdal, L., Zielínski, D., 
761 Fischer, M., 2016. Jack-of-all-trades effects drive biodiversity-ecosystem multifunctionality relationships in European 
762 forests. Nat. Commun. 7, 1–11. https://doi.org/10.1038/ncomms11109
763 van Kooten, G.C., Binkley, C.S., Delcourt, G., 1995. Effect of Carbon Taxes and Subsidies on Optimal Forest Rotation Age 
764 and Supply of Carbon Services. Am. J. Agric. Econ. 77, 365. https://doi.org/10.2307/1243546
765 van Kooten, G.C., Johnston, C., 2016. The Economics of Forest Carbon Offsets. Ssrn 1–20. https://doi.org/10.1146/annurev-
766 resource-100815-095548
767 van Kooten, G.C., Laaksonen-Craig, S., Wang, Y.C., 2009. A meta-regression analysis of forest carbon offset costs. Can. J. 
768 For. Res. 39, 2153–2167. https://doi.org/10.1139/X09-139
769 Vass, M.M., Elofsson, K., 2016. Is forest carbon sequestration at the expense of bioenergy and forest products cost-efficient 
770 in EU climate policy to 2050? J. For. Econ. 24, 82–105. https://doi.org/10.1016/J.JFE.2016.04.002
771 VCS, 2017. Agriculture, Forestry and other Land Use (AFOLU) Requirements, Requirements document. 
772 https://doi.org/10.1093/deafed/enr027
773 VCS, 2015. REDD+ Methodology Framework (REDD-MF). VCS Methodol. 1–16.
774 VCS, 2012. VM0003 Methodology for Improved Forest Management Through Extension of Rotation Age (IFM ERA).
775 Wernsdörfer, H., Colin, A., Bontemps, J.D., Chevalier, H., Pignard, G., Caurla, S., Leban, J.M., Hervé, J.C., Fournier, M., 
776 2012. Large-scale dynamics of a heterogeneous forest resource are driven jointly by geographically varying growth 
777 conditions, tree species composition and stand structure. Ann. For. Sci. 69, 829–844. https://doi.org/10.1007/s13595-
778 012-0196-1
779 West, T.A.P., Wilson, C., Vrachioli, M., Grogan, K.A., 2019. Carbon payments for extended rotations in forest  
780 Con fl icting insights from a theoretical model. Ecol. Econ. 163, 70–76. https://doi.org/10.1016/j.ecolecon.2019.05.010
781 Wunder, S., 2015. Revisiting the concept of payments for environmental services. Ecol. Econ. 117, 234–243. 
782 https://doi.org/10.1016/j.ecolecon.2014.08.016
783 Yousefpour, R., Augustynczik, A.L.D., Reyer, C.P.O., Lasch-Born, P., Suckow, F., Hanewinkel, M., 2018. Realizing 
784 Mitigation Efficiency of European Commercial Forests by Climate Smart Forestry. Sci. Rep. 8, 1–11. 
785 https://doi.org/10.1038/s41598-017-18778-w
786
787



27

788 List of tables, figures and their captions

789 Table 1 – Market impacts. Values are reported as averages over the first and second half of the 
790 simulation, and changes are calculated against BAU. 

791 Table 2 – Harvest levels and post-harvesting management decisions, for each forest type. Changes are 
792 averaged over the simulation, and reported against BAU. 

793 Table 3 – Average growth multipliers in pixels attributed to coniferous high forests in BAU but to other 
794 forest types in MAIN.

795 Figure 1 – Overview of the French Forest Sector Model. (a) General model structure and drivers for the 
796 current study. (b) Timber products in the market module. (c) Illustration of a supply shift. More detail 
797 about the model is available at https://ffsm-project.org/wiki/en/home.

798 Figure 2 – Illustration of the study case: (a) overview of French forests in the FFSM, (b) carbon price 
799 paths used in the simulations.

800 Figure 3 - Carbon dynamics at the national and regional levels: (a) cumulative carbon gains compared 
801 to BAU, (b) regional sequestration dynamics from 2020 to 2100 in MAIN.

802 Figure 4 - Evolution of regional and national harvest levels in MAIN. Results are reported as percent 
803 changes against BAU over 5-year periods.

804 Figure 5 – Distribution of expected rotation lengths in MAIN and BAU. Values encompass all decisions 
805 taken throughout the simulations.

806 Figure 6 – Structure and composition of French forests in 2100 in MAIN compared to BAU. Circle size 
807 indicates absolute differences in areas or volumes, colours indicate relative differences.
808



28

809 Table 1  - Market impacts. Values are reported as averages over the first and second half of the 
810 simulation, and changes are calculated against BAU.

Variable Products Period BAU MAIN-F LOW MAIN HIGH
2020-2060 5,44 5,4 (-0.68%) 5,41 (-0.53%) 5,4 (-0.68%) 5,4 (-0.8%)Hardwood 

roundwood 2061-2100 5,62 5,56 (-1.09%) 5,57 (-0.79%) 5,56 (-1.04%) 5,55 (-1.22%)

2020-2060 39,5 38,32 (-3.01%) 38,57 (-2.36%) 38,32 (-3.01%) 38,1 (-3.55%)Industrial 
wood 2061-2100 40,78 38,71 (-5.07%) 39,23 (-3.81%) 38,75 (-4.97%) 38,41 (-5.8%)

2020-2060 21,39 21,32 (-0.33%) 21,33 (-0.27%) 21,32 (-0.34%) 21,31 (-0.4%)

Supply (Mm3)

Softwood 
roundwood 2061-2100 22,14 22,09 (-0.24%) 22,01 (-0.6%) 22 (-0.65%) 21,99 (-0.68%)

2020-2060 101,75 107,67 (+5.82%) 106,4 (+4.57%) 107,66 (+5.8%) 108,73 (+6.86%)Hardwood 
roundwood 2061-2100 84,39 92,74 (+9.89%) 90,59 (+7.35%) 92,51 (+9.62%) 93,86 (+11.22%)

2020-2060 30,37 33,5 (+10.33%) 32,81 (+8.04%) 33,5 (+10.33%) 34,1 (+12.31%)Industrial 
wood 2061-2100 27,1 31,68 (+16.9%) 30,56 (+12.74%) 31,68 (+16.89%) 32,5 (+19.92%)

2020-2060 75,21 76,5 (+1.71%) 76,24 (+1.36%) 76,53 (+1.74%) 76,76 +(2.05%)

Prices 
(eur/m3)

Softwood 
roundwood 2061-2100 68,81 70,14 (+1.93%) 70,59 (+2.6%) 70,92 (+3.07%) 71,15 (+3.41%)

2020-2060 1,66 1,5 (-9.66%) 1,53 (-7.64%) 1,5 (-9.66%) 1,47 (-11.31%)Hardwood 
roundwood 2061-2100 2,27 1,97 (-13.43%) 2,04 (-10.34%) 1,97 (-13.32%) 1,92 (-15.34%)

2020-2060 3,43 2,78 (-18.85%) 2,91 (-15.1%) 2,78 (-18.84%) 2,68 (-21.81%)Industrial 
wood 2061-2100 4,6 3,38 (-26.69%) 3,63 (-21.09%) 3,38 (-26.64%) 3,21 (-30.38%)

2020-2060 1,61 1,57 (-2.94%) 1,58 (-2.3%) 1,57 (-2.94%) 1,56 (-3.45%)

Exports 
(Mm3)

Softwood 
roundwood 2061-2100 1,86 1,8 (-3.19%) 1,81 (-2.5%) 1,8 (-3.24%) 1,79 (-3.75%)

2020-2060 8,82 8,87 (+0.59%) 8,86 (+0.46%) 8,87 (+0.59%) 8,88 (+0.7%)Imports 
(Mm3)

Transformed 
products 2061-2100 8,39 8,46 (+0.94%) 8,45 (+0.77%) 8,47 (+0.99%) 8,48 (+1.15%)

2020-2060 1885 1941 (+2.95%) 1929 (+2.31%) 1941 (+2.96%) 1951,69 (+3.52%)Producer 
surplus 
(Meur)

Primary 
products

2061-2100 1832 1891 (+3.24%) 1882 (+2.75%) 1897 (+3.57%) 1908,13 (+4.18%)

2020-2060 6101 6022 (-1.3%) 6038 (-1.02%) 6021 (-1.3%) 6006,91 (-1.54%)Consumer 
surplus 
(Meur)

Transformed 
products

2061-2100 6207 6082 (-2.03%) 6103 (-1.68%) 6074 (-2.15%) 6053,41 (-2.48%)
811
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812 Table 2 - Harvest levels and post-harvesting management decisions, for each forest type. Changes are 
813 averaged over the simulation, and reported against BAU. 

Variable Forest type BAU MAIN-F  LOW  MAIN  HIGH  
All 47.33 45.09 (-4.7%) 45.53 (-3.8%) 45.04 (-4.8%) 44.68 (-5.6%)
Broadl. High Forest 10.58 9.66 (-8.7%) 9.86 (-6.8%) 9.66 (-8.7%) 9.5 (-10.2%)
Mixed High Forest 2.84 2.61 (-8%) 2.66 (-6.2%) 2.62 (-7.9%) 2.58 (-9.2%)
Conif. High Forest 20.16 19.92 (-1.2%) 19.87 (-1.4%) 19.83 (-1.7%) 19.79 (-1.8%)
Broadl. Interm. Str. 9.56 8.81 (-7.9%) 9.02 (-5.7%) 8.85 (-7.5%) 8.72 (-8.8%)
Mixed Interm. Str. 2.02 2.01 (-0.7%) 2.02 (-0.3%) 2.02 (-0.3%) 2.02 (-0.3%)

Harvest 
volume 
(Mm3)

Coppice 2.16 2.08 (-3.8%) 2.09 (-3.1%) 2.08 (-3.9%) 2.07 (-4.4%)
Broadl. High Forest 9.12% 8.81% (-0.3) 8.86% (-0.3) 8.82% (-0.3) 8.81% (-0.3)
Mixed High Forest 8.45% 8.84% (+0.4) 11.46% (+3) 11.52% (+3.1) 11.56% (+3.1)
Conif. High Forest 68.29% 68.14% (-0.1) 57.15% (-11.1) 56.98% (-11.3) 56.89% (-11.4)
Broadl. Interm. Str. 8.38% 8.46% (+0.1) 17.01% (+8.6) 17.13% (+8.8) 17.18% (+8.8)
Mixed Interm. Str. 4.9% 4.85% (-0.1) 4.99% (0.1) 5.01% (+0.1) 5.01% (0.1)

Share of 
investments

Coppice 0.87% 0.9% (0) 0.54% (-0.3) 0.53% (-0.3) 0.53% (-0.3)
All 129.95 129.03 (-0.7%) 209.57 (+61.3%) 210.05 (+61.6%) 212.01 (+63.1%)
Broadl. High Forest 142.85 141.06 (-1.3%) 227.95 (+59.6%) 227.39 (+59.2%) 232.06 (+62.4%)
Mixed High Forest 111.39 110.6 (-0.7%) 216.93 (+94.8%) 218.7 (+96.3%) 219.94 (+97.5%)
Conif. High Forest 96.21 96.14 (-0.1%) 230.8 (+139.9%) 232.27 (+141.4%) 233.45 (+142.7%)
Broadl. Interm. Str. 143.37 141.92 (-1%) 243.71 (+70%) 245.06 +(70.9%) 245.93 (+71.5%)
Mixed Interm. Str. 119.1 118.61 (-0.4%) 170.66 (+43.3%) 171.63 (+44.1%) 171.83 (+44.3%)

Expected 
rotation 
times1 
(years)

Coppice 166.81 165.87 (-0.6%) 167.34 (0.3%) 165.27 (-0.9%) 168.82 (+1.2%)
All 89.43 92.13 (+3%) 8.3 (-90.7%) 7.45 (-91.7%) 6.74 (-92.5%)
Broadl. High Forest 61.56 65.91 (+7.1%) 4.5 (-92.7%) 4.16 (-93.2%) 3.96 (-93.6%)
Mixed High Forest 86.38 91.11 (+5.5%) 7.73 (-91.1%) 6.79 (-92.1%) 6.17 (-92.9%)
Conif. High Forest 110.09 112.3 (+2%) 10.8 (-90.2%) 9.66 (-91.2%) 8.58 (-92.2%)
Broadl. Interm. Str. 59.81 63.9 (+6.8%) 3.46 (-94.2%) 3.19 (-94.7%) 3.06 (-94.9%)
Mixed Interm. Str. 62.2 63.37 (+1.9%) 10.84 (-82.6%) 9.97 (-84%) 9.63 (-84.5%)

Expected 
returns from 

timber1 
(eur/ha)

Coppice 5.76 6.59 (+14.4%) 0.68 (-88.3%) 0.47 (-91.8%) 0.25 (-95.7%)
All 0.83 0.83 (-0.4%) 0.77 (-8.3%) 0.76 (-8.4%) 0.76 (-8.3%)
Broadl. High Forest 0.79 0.78 (-1%) 0.63 (-19.3%) 0.63 (-19.6%) 0.64 (-19%)
Mixed High Forest 0.69 0.69 (-0.1%) 0.66 (-4.5%) 0.66 (-4.5%) 0.66 (-4.4%)
Conif. High Forest 0.89 0.89 (-0.2%) 0.85 (-4%) 0.85 (-4.1%) 0.85 (-4.1%)
Broadl. Interm. Str. 0.77 0.77 (-0.7%) 0.75 (-2.9%) 0.75 (-2.9%) 0.75 (-2.9%)
Mixed Interm. Str. 0.72 0.72 (-0.3%) 0.55 (-23.2%) 0.55 (-23.2%) 0.55 (-23.1%)

Growth 
multiplier2

Coppice 0.96 0.95 (-0.5%) 0.52 (-45.5%) 0.52 (-45.7%) 0.52 (-45.3%)
All 39.99% 39.77% (-0.2) 58.93% (+18.9) 59.2% (+19.2) 59.34% (+19.4)
Broadl. High Forest 68% 68.48% (+0.5) 84.01% (+16) 84.33% (+16.3) 84.53% (+16.5)
Mixed High Forest 60.28% 58.74% (-1.5) 78.6% (+18.3) 78.64% (+18.4) 78.67% (+18.4)
Conif. High Forest 11.64% 12.4% (+0.8) 35.39% (+23.7) 35.89% (+24.3) 36.18% (+24.5)
Broadl. Interm. Str. 65.9% 65.71% (-0.2) 73.48% (+7.6) 73.73% (+7.8) 73.95% (+8.1)
Mixed Interm. Str. 55.48% 55.81% (+0.3) 81.45% (+26) 81.73% (+26.2) 81.87% (+26.4)

Cover 
change (% 

area 
harvested)

Coppice 74.39% 73.88% (-0.5) 98.22% (+23.8) 98.29% (+23.9) 98.34% (+23.9)
814 1 - Rotation lengths and timber revenues are expected values at the moment the decision is made (after harvest).
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815 2 – Growth potential is reported as the growth multipliers associated to newly established forests in the model. A multiplier 
816 of 1 indicates growth speed equal to the regional average, and multipliers under 1 growth faster than the regional average. 
817 Negative changes indicate allocation of harvested areas to forest types with better growth potential than in BAU (c.f. Lobianco 
818 et al. (2015) for more details).
819
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821 Table 3 – Average growth multipliers in pixels attributed to coniferous high forests in BAU but to 
822 other forest types in MAIN.
823

Locations where investment is 
diverted

Other locations Overall

Coniferous high forest
0.90 0.82 0.89 (BAU)

0.85 (MAIN)

Replacement forest 
types

0.69 0.77 0.76 (BAU)
0.67 (MAIN)

824 Note: average growth multipliers across all pixels (regardless of whether the forest type is chosen in 
825 any scenario) is equal to 1. The “overall” column gives the average growth multipliers in all pixels 
826 where the forest type is chosen.



 

Figure 1 – Overview of the French Forest Sector Model. (a) General model structure and drivers for the 
current study. (b) Timber products in the market module. (c) Illustration of a supply shift. More detail about 

the model is available at https://ffsm-project.org/wiki/en/home. 



 

Figure 2 – Illustration of the study case: (a) overview of French forests in the FFSM, (b) carbon price paths 
used in the simulations. 
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Figure 3 - Carbon dynamics at the national and regional levels: (a) cumulative carbon gains compared to 
BAU, (b) regional sequestration dynamics from 2020 to 2100 in MAIN. 
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Figure 4 - Evolution of regional and national harvest levels in MAIN. Results are reported as percent changes 
against BAU over 5-year periods. 
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Figure 5 – Distribution of expected rotation lengths in MAIN and BAU. Values encompass all decisions taken 
throughout the simulations. 



 

Figure 6 – Structure and composition of French forests in 2100 in MAIN compared to BAU. Circle size 
indicates absolute differences in areas or volumes, colours indicate relative differences. 
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Figure 5 – Distribution of expected rotation lengths in MAIN and BAU. Values encompass all decisions taken 
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Figure 6 – Structure and composition of French forests in 2100 in MAIN compared to BAU. Circle size 
indicates absolute differences in areas or volumes, colours indicate relative differences. 
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Supplementary material n° 1: evolution of market dynamics by 10-year time periods

Table 1 – Supply (Mm3)

Period BAU MAIN-
F

 LOW  MAIN  HIGH  

2020-2030 5,34 5,32 (-0.21%) 5,33 (-0.17%) 5,32 (-0.21%) 5,32 (-0.27%)

2031-2040 5,41 5,38 (-0.54%) 5,39 (-0.44%) 5,38 (-0.54%) 5,37 (-0.65%)

2041-2050 5,49 5,44 (-0.9%) 5,45 (-0.7%) 5,44 (-0.9%) 5,43 (-1.06%)

2051-2060 5,54 5,48 (-1.11%) 5,49 (-0.85%) 5,48 (-1.1%) 5,47 (-1.27%)

2061-2070 5,58 5,52 (-1.11%) 5,53 (-0.84%) 5,52 (-1.09%) 5,51 (-1.27%)

2071-2080 5,61 5,55 (-1.12%) 5,56 (-0.83%) 5,55 (-1.08%) 5,54 (-1.26%)

2081-2090 5,63 5,57 (-1.08%) 5,59 (-0.78%) 5,57 (-1.03%) 5,56 (-1.21%)

Hardwood 
roundwood

2091-2100 5,65 5,59 (-1.04%) 5,61 (-0.72%) 5,59 (-0.97%) 5,58 (-1.15%)

2020-2030 38,6 38,23 (-0.95%) 38,3 (-0.78%) 38,23 (-0.95%) 38,14 (-1.2%)

2031-2040 39,25 38,35 (-2.29%) 38,53 (-1.83%) 38,35 (-2.29%) 38,17 (-2.75%)

2041-2050 39,91 38,32 (-3.97%) 38,67 (-3.11%) 38,33 (-3.97%) 38,05 (-4.66%)

2051-2060 40,35 38,36 (-4.93%) 38,82 (-3.79%) 38,37 (-4.91%) 38,05 (-5.71%)

2061-2070 40,62 38,58 (-5.01%) 39,06 (-3.83%) 38,6 (-4.97%) 38,26 (-5.79%)

2071-2080 40,79 38,71 (-5.09%) 39,21 (-3.86%) 38,74 (-5.02%) 38,4 (-5.85%)

2081-2090 40,87 38,77 (-5.12%) 39,3 (-3.83%) 38,82 (-5%) 38,48 (-5.84%)

Industrial 
wood

2091-2100 40,85 38,78 (-5.08%) 39,33 (-3.72%) 38,85 (-4.89%) 38,51 (-5.74%)

2020-2030 20,84 20,81 (-0.12%) 20,82 (-0.1%) 20,81 (-0.12%) 20,81 (-0.15%)

2031-2040 21,25 21,19 (-0.27%) 21,2 (-0.22%) 21,19 (-0.27%) 21,18 (-0.32%)

2041-2050 21,64 21,54 (-0.46%) 21,56 (-0.37%) 21,54 (-0.47%) 21,53 (-0.54%)

2051-2060 21,89 21,78 (-0.48%) 21,8 (-0.42%) 21,78 (-0.52%) 21,76 (-0.59%)

2061-2070 22,02 21,94 (-0.33%) 21,93 (-0.41%) 21,91 (-0.48%) 21,9 (-0.53%)

2071-2080 22,11 22,06 (-0.23%) 22 (-0.47%) 21,99 (-0.53%) 21,98 (-0.56%)

2081-2090 22,19 22,14 (-0.2%) 22,05 (-0.63%) 22,04 (-0.67%) 22,03 (-0.7%)

Softwood 
roundwood

2091-2100 22,26 22,22 (-0.21%) 22,07 (-0.87%) 22,06 (-0.91%) 22,06 (-0.93%)
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Table 2 – Prices (eur/m3)

Period BAU MAIN-
F  LOW  MAIN  HIGH  

2020-2030 112,5 114,69 (1.95%) 114,3 (1.6%) 114,69 (1.95%) 115,26 (2.46%)
2031-2040 104,21 109,09 (4.68%) 108,11 (3.74%) 109,09 (4.68%) 110,05 (5.6%)
2041-2050 97,3 105,18 (8.09%) 103,45 (6.32%) 105,17 (8.08%) 106,53 (9.49%)
2051-2060 91,93 101,02 (9.9%) 98,96 (7.65%) 100,98 (9.85%) 102,42 (11.42%)
2061-2070 88,15 97,02 (10.05%) 94,95 (7.71%) 96,92 (9.94%) 98,29 (11.5%)
2071-2080 85,25 93,79 (10.02%) 91,67 (7.53%) 93,62 (9.82%) 94,99 (11.43%)
2081-2090 83 91,15 (9.83%) 88,99 (7.22%) 90,89 (9.51%) 92,24 (11.14%)

Hardwood 
roundwood

2091-2100 81,18 88,99 (9.62%) 86,77 (6.88%) 88,62 (9.16%) 89,93 (10.78%)
2020-2030 32,68 33,78 (3.38%) 33,58 (2.77%) 33,78 (3.38%) 34,07 (4.27%)
2031-2040 30,66 33,17 (8.18%) 32,65 (6.5%) 33,17 (8.18%) 33,68 (9.86%)
2041-2050 29,47 33,67 (14.24%) 32,72 (11.02%) 33,67 (14.24%) 34,45 (16.88%)
2051-2060 28,42 33,36 (17.39%) 32,19 (13.27%) 33,36 (17.38%) 34,22 (20.4%)
2061-2070 27,69 32,49 (17.34%) 31,35 (13.19%) 32,5 (17.34%) 33,33 (20.35%)
2071-2080 27,21 31,85 (17.02%) 30,71 (12.85%) 31,85 (17.03%) 32,68 (20.07%)
2081-2090 26,89 31,39 (16.75%) 30,27 (12.56%) 31,39 (16.73%) 32,2 (19.77%)

Industrial 
wood

2091-2100 26,62 31 (16.46%) 29,9 (12.33%) 30,99 (16.43%) 31,8 (19.46%)
2020-2030 80,15 80,67 (0.65%) 80,57 (0.53%) 80,67 (0.65%) 80,8 (0.81%)

2031-2040 75,91 77,02 (1.46%) 76,79 (1.16%) 77,02 (1.46%) 77,24 (1.75%)

2041-2050 73,1 74,86 (2.41%) 74,47 (1.88%) 74,87 (2.43%) 75,17 (2.84%)

2051-2060 71,21 73,04 (2.57%) 72,69 (2.08%) 73,13 (2.7%) 73,42 (3.11%)

2061-2070 69,97 71,5 (2.19%) 71,41 (2.06%) 71,79 (2.6%) 72,05 (2.97%)

2071-2080 69,11 70,43 (1.92%) 70,67 (2.26%) 71,01 (2.75%) 71,24 (3.08%)

2081-2090 68,41 69,64 (1.8%) 70,25 (2.7%) 70,56 (3.15%) 70,77 (3.46%)

Softwood 
roundwood

2091-2100 67,74 68,97 (1.82%) 70,04 (3.4%) 70,33 (3.82%) 70,53 (4.13%)
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Table 3 – Trade (Mm3)

Period BAU MAIN-
F

 LOW  MAIN  HIGH  

2020-2030 5,28 5,07 (-4,14%) 5,11 (-3,33%) 5,07 (-4,14%) 5,02 (-5,18%)

2031-2040 6,19 5,59 (-10,73%) 5,71 (-8,41%) 5,59 (-10,73%) 5,49 (-12,75%)

2041-2050 7,37 6,2 (-18,87%) 6,45 (-14,26%) 6,2 (-18,87%) 6,02 (-22,43%)

2051-2060 8,13 6,61 (-23%) 6,93 (-17,32%) 6,61 (-23%) 6,41 (-26,83%)

2061-2070 8,42 6,85 (-22,92%) 7,19 (-17,11%) 6,87 (-22,56%) 6,64 (-26,81%)

2071-2080 8,66 7,07 (-22,49%) 7,41 (-16,87%) 7,07 (-22,49%) 6,84 (-26,61%)

2081-2090 8,85 7,24 (-22,24%) 7,59 (-16,6%) 7,25 (-22,07%) 7,02 (-26,07%)

Exports

2091-2100 9 7,39 (-21,79%) 7,75 (-16,13%) 7,4 (-21,62%) 7,17 (-25,52%)

2020-2030 9,17 9,19 (0.19%) 9,19 (0.16%) 9,19 (0.19%) 9,2 (0.25%)

2031-2040 9,03 9,08 (0.46%) 9,07 (0.37%) 9,08 (0.46%) 9,08 (0.55%)

2041-2050 8,61 8,68 (0.81%) 8,66 (0.64%) 8,68 (0.81%) 8,69 (0.95%)

2051-2060 8,42 8,5 (0.97%) 8,48 (0.75%) 8,5 (0.98%) 8,51 (1.14%)

2061-2070 8,4 8,48 (0.95%) 8,46 (0.74%) 8,48 (0.97%) 8,5 (1.13%)

2071-2080 8,39 8,47 (0.94%) 8,45 (0.77%) 8,47 (0.98%) 8,48 (1.14%)

2081-2090 8,38 8,46 (0.94%) 8,44 (0.79%) 8,46 (1.01%) 8,48 (1.16%)

Imports

2091-2100 8,37 8,45 (0.92%) 8,44 (0.8%) 8,46 (1.01%) 8,47 (1.17%)

Table 4 – Surpluses

Period BAU MAIN-
F  LOW  MAIN  HIGH  

2020-2030 6034 6009 (-0.42%) 6013 (-0.34%) 6009 (-0.42%) 6002 (-0.53%)

2031-2040 6118 6057 (-1%) 6069 (-0.8%) 6057 (-1%) 6045 (-1.2%)

2041-2050 6119 6013 (-1.73%) 6036 (-1.36%) 6013 (-1.74%) 5994 (-2.04%)

2051-2060 6139 6009 (-2.11%) 6038 (-1.63%) 6009 (-2.12%) 5988 (-2.46%)

2061-2070 6176 6049 (-2.06%) 6075 (-1.63%) 6046 (-2.1%) 6025 (-2.44%)

2071-2080 6202 6076 (-2.03%) 6100 (-1.65%) 6070 (-2.12%) 6050 (-2.46%)

2081-2090 6220 6095 (-2.01%) 6115 (-1.69%) 6086 (-2.16%) 6065 (-2.49%)

Consumer 
surplus 
(Meur)

2091-2100 6232 6108 (-2%) 6124 (-1.74%) 6095 (-2.2%) 6074 (-2.53%)

2020-2030 1918 1945 (1.39%) 1940 (1.14%) 1945 (1.39%) 1951 (1.74%)

2031-2040 1871 1922 (2.75%) 1912 (2.19%) 1922 (2.75%) 1932 (3.3%)

2041-2050 1878 1953 (3.97%) 1935 (3.06%) 1953 (3.98%) 1966 (4.67%)

2051-2060 1872 1944 (3.88%) 1928 (2.99%) 1945 (3.92%) 1958 (4.59%)

2061-2070 1851 1917 (3.6%) 1903 (2.85%) 1920 (3.72%) 1931 (4.35%)

2071-2080 1836 1897 (3.3%) 1886 (2.7%) 1901 (3.55%) 1913 (4.16%)

2081-2090 1825 1882 (3.09%) 1874 (2.67%) 1889 (3.48%) 1900 (4.07%)

Producer 
surplus 
(Meur)

2091-2100 1814 1868 (2.96%) 1865 (2.77%) 1879 (3.55%) 1889 (4.12%)
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Supplementary material n° 2:  evolution of management dynamics by 10-year time 
periods

Table 1 – Harvest volume (Mm3)

Forest type Period BAU MAIN-F  LOW  MAIN  HIGH  

2020-2030 46.07 45.62 (-1%) 45.69 (-0.8%) 45.62 (-1%) 45.5 (-1.2%)

2031-2040 46.72 45.56 (-2.5%) 45.79 (-2%) 45.56 (-2.5%) 45.34 (-3%)

2041-2050 47.64 45.51 (-4.5%) 45.96 (-3.5%) 45.51 (-4.5%) 45.16 (-5.2%)

2051-2060 48.02 45.32 (-5.6%) 45.9 (-4.4%) 45.3 (-5.7%) 44.89 (-6.5%)

2061-2070 47.92 45.13 (-5.8%) 45.71 (-4.6%) 45.09 (-5.9%) 44.65 (-6.8%)

2071-2080 47.75 44.84 (-6.1%) 45.41 (-4.9%) 44.77 (-6.2%) 44.32 (-7.2%)

2081-2090 47.48 44.52 (-6.2%) 45.08 (-5.1%) 44.41 (-6.5%) 43.94 (-7.5%)

All

2091-2100 47.15 44.19 (-6.3%) 44.7 (-5.2%) 44.03 (-6.6%) 43.55 (-7.6%)

2020-2030 12.09 11.87 (-1.8%) 11.91 (-1.5%) 11.87 (-1.8%) 11.81 (-2.3%)

2031-2040 11.44 10.89 (-4.7%) 11 (-3.8%) 10.89 (-4.7%) 10.79 (-5.7%)

2041-2050 11.1 10.16 (-8.5%) 10.36 (-6.7%) 10.16 (-8.5%) 10 (-10%)

2051-2060 10.74 9.58
(-
10.8%) 9.84 (-8.4%) 9.58 (-10.8%) 9.4 (-12.5%)

2061-2070 10.33 9.16
(-
11.3%) 9.42 (-8.7%) 9.16 (-11.3%) 8.97 (-13.1%)

2071-2080 9.95 8.78
(-
11.7%) 9.05 (-9%) 8.78 (-11.7%) 8.59 (-13.6%)

2081-2090 9.59 8.46
(-
11.8%) 8.71 (-9.1%) 8.45 (-11.9%) 8.26 (-13.8%)

Broadleaf 
high forest

2091-2100 9.26 8.17
(-
11.8%) 8.41 (-9.2%) 8.15 (-12%) 7.96 (-14%)

2020-2030 3.05 3 (-1.6%) 3.01 (-1.4%) 3 (-1.6%) 2.99 (-2.1%)

2031-2040 2.97 2.84 (-4.2%) 2.87 (-3.4%) 2.84 (-4.2%) 2.82 (-5%)

2041-2050 2.92 2.7 (-7.6%) 2.75 (-6.1%) 2.7 (-7.7%) 2.66 (-8.9%)

2051-2060 2.87 2.6 (-9.6%) 2.66 (-7.6%) 2.6 (-9.6%) 2.55 (-11.1%)

2061-2070 2.8 2.52
(-
10.1%) 2.58 (-7.9%) 2.52 (-10.1%) 2.47 (-11.6%)

2071-2080 2.74 2.45
(-
10.6%) 2.51 (-8.2%) 2.45 (-10.5%) 2.41 (-12.1%)

2081-2090 2.69 2.39 (-11%) 2.47 (-8.3%) 2.4 (-10.8%) 2.36 (-12.4%)

Mixed high 
forest

2091-2100 2.66 2.36 (-11%) 2.44 (-8%) 2.38 (-10.5%) 2.33 (-12.3%)

2020-2030 20.39 20.32 (-0.4%) 20.33 (-0.3%) 20.32 (-0.4%) 20.3 (-0.5%)

2031-2040 20.36 20.2 (-0.8%) 20.23 (-0.7%) 20.2 (-0.8%) 20.17 (-1%)

2041-2050 20.38 20.09 (-1.4%) 20.14 (-1.1%) 20.09 (-1.4%) 20.04 (-1.6%)

2051-2060 20.25 19.93 (-1.6%) 19.97 (-1.4%) 19.91 (-1.7%) 19.86 (-1.9%)

2061-2070 20.06 19.78 (-1.4%) 19.77 (-1.4%) 19.71 (-1.7%) 19.68 (-1.9%)

2071-2080 19.94 19.68 (-1.3%) 19.6 (-1.7%) 19.55 (-1.9%) 19.52 (-2.1%)

2081-2090 19.92 19.65 (-1.4%) 19.48 (-2.2%) 19.43 (-2.4%) 19.4 (-2.6%)

Coniferous 
high forest

2091-2100 19.97 19.67 (-1.5%) 19.42 (-2.8%) 19.37 (-3%) 19.33 (-3.2%)

2020-2030 7.31 7.21 (-1.4%) 7.23 (-1.1%) 7.21 (-1.4%) 7.19 (-1.7%)

2031-2040 8.22 7.92 (-3.6%) 7.98 (-2.9%) 7.92 (-3.6%) 7.87 (-4.3%)
Broadleaf 

intermediate 
structure 2041-2050 9.13 8.53 (-6.6%) 8.65 (-5.2%) 8.53 (-6.6%) 8.43 (-7.7%)
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2051-2060 9.79 8.96 (-8.5%) 9.15 (-6.5%) 8.97 (-8.4%) 8.84 (-9.7%)

2061-2070 10.24 9.29 (-9.2%) 9.54 (-6.9%) 9.32 (-9%) 9.17 (-10.4%)

2071-2080 10.56 9.5
(-
10.1%) 9.79 (-7.3%) 9.55 (-9.5%) 9.38 (-11.1%)

2081-2090 10.72 9.6
(-
10.5%) 9.95 (-7.2%) 9.69 (-9.6%) 9.5 (-11.3%)

2091-2100 10.75 9.63
(-
10.5%) 10.03 (-6.8%) 9.75 (-9.3%) 9.56 (-11.1%)

2020-2030 1.66 1.66 (-0.1%) 1.66 (-0.1%) 1.66 (-0.1%) 1.66 (-0.2%)

2031-2040 1.8 1.8 (-0.3%) 1.8 (-0.2%) 1.8 (-0.3%) 1.8 (-0.3%)

2041-2050 1.96 1.95 (-0.5%) 1.95 (-0.5%) 1.95 (-0.5%) 1.95 (-0.6%)

2051-2060 2.08 2.07 (-0.6%) 2.07 (-0.5%) 2.07 (-0.6%) 2.07 (-0.6%)

2061-2070 2.15 2.14 (-0.7%) 2.14 (-0.5%) 2.14 (-0.5%) 2.14 (-0.6%)

2071-2080 2.19 2.17 (-0.9%) 2.18 (-0.4%) 2.18 (-0.4%) 2.18 (-0.5%)

2081-2090 2.19 2.17 (-1.1%) 2.19 (-0.1%) 2.19 (-0.2%) 2.19 (-0.2%)

Mixed 
intermediate 

structure

2091-2100 2.17 2.14 (-1.3%) 2.18 (0.4%) 2.18 (0.3%) 2.17 (0.2%)

2020-2030 1.56 1.55 (-0.5%) 1.55 (-0.4%) 1.55 (-0.5%) 1.55 (-0.6%)

2031-2040 1.93 1.9 (-1.3%) 1.91 (-1.1%) 1.9 (-1.3%) 1.9 (-1.6%)

2041-2050 2.15 2.09 (-3%) 2.1 (-2.4%) 2.08 (-3%) 2.07 (-3.4%)

2051-2060 2.28 2.18 (-4.3%) 2.2 (-3.5%) 2.18 (-4.3%) 2.17 (-4.9%)

2061-2070 2.35 2.24 (-4.7%) 2.26 (-3.9%) 2.24 (-4.8%) 2.22 (-5.4%)

2071-2080 2.38 2.27 (-4.8%) 2.28 (-4.1%) 2.26 (-5%) 2.24 (-5.7%)

2081-2090 2.38 2.26 (-5.1%) 2.27 (-4.3%) 2.25 (-5.4%) 2.23 (-6.1%)

Coppice

2091-2100 2.34 2.22 (-5.1%) 2.24 (-4.4%) 2.21 (-5.4%) 2.19 (-6.1%)

Table 2 – Share of investments in each forest type (% area, sum is equal to 100)

Forest type Period BAU MAIN-F  LOW  MAIN  HIGH  

2020-2030 8.98% 8.92% (-0.1) 8.94% (0) 8.99% (0) 9.08% (0.1)

2031-2040 9.07% 8.93% (-0.1) 9.13% (0.1) 9.16% (0.1) 9.16% (0.1)

2041-2050 9.44% 9.17% (-0.3) 9.13% (-0.3) 9.1% (-0.3) 9.08% (-0.4)

2051-2060 9.53% 9.14% (-0.4) 9.04% (-0.5) 8.97% (-0.6) 8.94% (-0.6)

2061-2070 9.23% 8.9% (-0.3) 8.89% (-0.3) 8.82% (-0.4) 8.79% (-0.4)

2071-2080 9.06% 8.68% (-0.4) 8.73% (-0.3) 8.66% (-0.4) 8.62% (-0.4)

2081-2090 8.91% 8.44% (-0.5) 8.57% (-0.3) 8.51% (-0.4) 8.48% (-0.4)

Broadleaf 
high forest

2091-2100 8.77% 8.31% (-0.5) 8.42% (-0.4) 8.35% (-0.4) 8.32% (-0.4)

2020-2030 10.78% 10.95% (0.2) 12.55% (1.8) 12.62% (1.8) 12.67% (1.9)

2031-2040 9.67% 9.93% (0.3) 12.1% (2.4) 12.15% (2.5) 12.23% (2.6)

2041-2050 8.74% 9.14% (0.4) 11.76% (3) 11.84% (3.1) 11.88% (3.1)

2051-2060 8.04% 8.64% (0.6) 11.5% (3.5) 11.56% (3.5) 11.59% (3.6)

2061-2070 7.74% 8.26% (0.5) 11.22% (3.5) 11.28% (3.5) 11.32% (3.6)

2071-2080 7.54% 8.01% (0.5) 10.98% (3.4) 11.04% (3.5) 11.08% (3.5)

2081-2090 7.44% 7.85% (0.4) 10.79% (3.4) 10.85% (3.4) 10.9% (3.5)

Mixed high 
forest

2091-2100 7.4% 7.7% (0.3) 10.64% (3.2) 10.7% (3.3) 10.74% (3.3)
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2020-2030 66.48% 66.36% (-0.1) 55.42% (-11.1) 54.94% (-11.5) 54.51% (-12)

2031-2040 67.64% 67.49% (-0.1) 55.65% (-12) 55.49% (-12.2) 55.36% (-12.3)

2041-2050 68.17% 67.96% (-0.2) 56.39% (-11.8) 56.24% (-11.9) 56.19% (-12)

2051-2060 68.48% 68.2% (-0.3) 56.94% (-11.5) 56.82% (-11.7) 56.83% (-11.7)

2061-2070 68.84% 68.5% (-0.3) 57.53% (-11.3) 57.43% (-11.4) 57.43% (-11.4)

2071-2080 68.97% 68.75% (-0.2) 58.07% (-10.9) 57.97% (-11) 57.96% (-11)

2081-2090 68.96% 68.98% (0) 58.49% (-10.5) 58.38% (-10.6) 58.37% (-10.6)

Coniferous 
high forest

2091-2100 68.92% 69.07% (0.1) 58.86% (-10.1) 58.76% (-10.2) 58.76% (-10.2)

2020-2030 8.17% 8.2% (0) 17.46% (9.3) 17.77% (9.6) 18.01% (9.8)

2031-2040 8.14% 8.19% (0) 17.57% (9.4) 17.65% (9.5) 17.71% (9.6)

2041-2050 8.25% 8.34% (0.1) 17.32% (9.1) 17.4% (9.1) 17.43% (9.2)

2051-2060 8.42% 8.51% (0.1) 17.14% (8.7) 17.24% (8.8) 17.25% (8.8)

2061-2070 8.47% 8.61% (0.1) 16.94% (8.5) 17.04% (8.6) 17.04% (8.6)

2071-2080 8.48% 8.64% (0.2) 16.74% (8.3) 16.83% (8.3) 16.84% (8.4)

2081-2090 8.53% 8.6% (0.1) 16.55% (8) 16.64% (8.1) 16.65% (8.1)

Broadleaf 
intermediate 

structure

2091-2100 8.57% 8.6% (0) 16.34% (7.8) 16.43% (7.9) 16.44% (7.9)

2020-2030 5.06% 5.04% (0) 5.06% (0) 5.1% (0) 5.13% (0.1)

2031-2040 4.85% 4.8% (0) 4.98% (0.1) 4.99% (0.1) 5% (0.2)

2041-2050 4.63% 4.59% (0) 4.86% (0.2) 4.89% (0.3) 4.89% (0.3)

2051-2060 4.64% 4.6% (0) 4.85% (0.2) 4.88% (0.2) 4.87% (0.2)

2061-2070 4.77% 4.73% (0) 4.88% (0.1) 4.91% (0.1) 4.9% (0.1)

2071-2080 4.93% 4.86% (-0.1) 4.96% (0) 4.99% (0.1) 4.98% (0)

2081-2090 5.09% 5% (-0.1) 5.08% (0) 5.1% (0) 5.1% (0)

Mixed 
intermediate 

structure

2091-2100 5.22% 5.14% (-0.1) 5.22% (0) 5.25% (0) 5.24% (0)

2020-2030 0.52% 0.53% (0) 0.57% (0) 0.58% (0.1) 0.6% (0.1)

2031-2040 0.63% 0.65% (0) 0.56% (-0.1) 0.56% (-0.1) 0.55% (-0.1)

2041-2050 0.77% 0.79% (0) 0.54% (-0.2) 0.54% (-0.2) 0.53% (-0.2)

2051-2060 0.88% 0.92% (0) 0.53% (-0.4) 0.53% (-0.4) 0.52% (-0.4)

2061-2070 0.95% 1% (0) 0.53% (-0.4) 0.52% (-0.4) 0.52% (-0.4)

2071-2080 1.01% 1.06% (0.1) 0.53% (-0.5) 0.52% (-0.5) 0.51% (-0.5)

2081-2090 1.07% 1.13% (0.1) 0.52% (-0.5) 0.51% (-0.6) 0.51% (-0.6)

Coppice

2091-2100 1.13% 1.19% (0.1) 0.52% (-0.6) 0.51% (-0.6) 0.5% (-0.6)

Table 3 – Expected rotation times (years)

Forest type
Period BAU MAIN-F  LOW  MAIN  HIGH  

2020-2030 127.45 127.24 (-0.2%) 199.25 (56.3%) 205.1 (60.9%) 215.21 (68.9%)

2031-2040 128.31 127.89 (-0.3%) 219.97 (71.4%) 220.54 (71.9%) 214.49 (67.2%)

2041-2050 129.59 128.88 (-0.6%) 218.19 (68.4%) 215.71 (66.5%) 221.32 (70.8%)

2051-2060 130.5 129.53 (-0.7%) 209.62 (60.6%) 209.65 (60.7%) 211.72 (62.2%)

2061-2070 130.79 129.56 (-0.9%) 207.41 (58.6%) 208.9 (59.7%) 209.91 (60.5%)

2071-2080 130.92 129.63 (-1%) 208.91 (59.6%) 207.78 (58.7%) 208.41 (59.2%)

All

2081-2090 131.09 129.77 (-1%) 206.67 (57.6%) 206.25 (57.3%) 208.44 (59%)
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2091-2100 131.23 129.95 (-1%) 207.54 (58.2%) 207 (57.7%) 206.22 (57.1%)

2020-2030 136.27 135.83 (-0.3%) 220.16 (61.6%) 218.72 (60.5%) 237.51 (74.3%)

2031-2040 138.82 137.9 (-0.7%) 224.29 (61.6%) 225.57 (62.5%) 226.43 (63.1%)

2041-2050 142.43 140.76 (-1.2%) 234.7 (64.8%) 228.42 (60.4%) 241.55 (69.6%)

2051-2060 144.48 142.71 (-1.2%) 228.32 (58%) 228.56 (58.2%) 229.01 (58.5%)

2061-2070 144.97 142.52 (-1.7%) 229.65 (58.4%) 228.53 (57.6%) 229.94 (58.6%)

2071-2080 145.03 142.68 (-1.6%) 229.28 (58.1%) 229.16 (58%) 230.73 (59.1%)

2081-2090 145.55 143.12 (-1.7%) 227.9 (56.6%) 229.58 (57.7%) 231.12 (58.8%)

Broadleaf 
high forest

2091-2100 145.92 143.5 (-1.7%) 230.05 (57.7%) 231.47 (58.6%) 229.62 (57.4%)

2020-2030 108.58 108.44 (-0.1%) 193.83 (78.5%) 203.81 (87.7%) 211.66 (94.9%)

2031-2040 109.19 108.91 (-0.3%) 217.43 (99.1%) 218.76 (100.3%) 219.51 (101%)

2041-2050 110.81 110.18 (-0.6%) 220.91 (99.4%) 221.34 (99.8%) 221.47 (99.9%)

2051-2060 112.03 111.07 (-0.9%) 221.37 (97.6%) 221.65 (97.9%) 221.72 (97.9%)

2061-2070 112.29 111.32 (-0.9%) 221.13 (96.9%) 221.44 (97.2%) 221.48 (97.2%)

2071-2080 112.48 111.51 (-0.9%) 221.03 (96.5%) 221.29 (96.7%) 221.38 (96.8%)

2081-2090 112.84 111.68 (-1%) 221.04 (95.9%) 221.28 (96.1%) 221.54 (96.3%)

Mixed high 
forest

2091-2100 113.17 111.89 (-1.1%) 221.04 (95.3%) 221.52 (95.7%) 221.6 (95.8%)

2020-2030 96.36 96.33 (0%) 211.1 (119.1%) 220.85 (129.2%) 228.7 (137.4%)

2031-2040 96.39 96.35 (0%) 232.52 (141.2%) 233.06 (141.8%) 233.46 (142.2%)

2041-2050 96.21 96.15 (-0.1%) 234.09 (143.3%) 234.3 (143.5%) 234.25 (143.5%)

2051-2060 96.09 96.06 (0%) 234.29 (143.8%) 234.36 (143.9%) 234.45 (144%)

2061-2070 96.15 96.05 (-0.1%) 234.14 (143.5%) 234.2 (143.6%) 234.28 (143.7%)

2071-2080 96.16 96.05 (-0.1%) 234.06 (143.4%) 234.16 (143.5%) 234.26 (143.6%)

2081-2090 96.15 96.06 (-0.1%) 234.08 (143.5%) 234.17 (143.6%) 234.31 (143.7%)

Coniferous 
high forest

2091-2100 96.13 96.04 (-0.1%) 234.07 (143.5%) 234.2 (143.6%) 234.35 (143.8%)

2020-2030 137.26 136.99 (-0.2%) 225.35 (64.2%) 233.43 (70.1%) 239.17 (74.2%)

2031-2040 139.59 138.84 (-0.5%) 245.04 (75.5%) 245.73 (76%) 246.01 (76.2%)

2041-2050 142.89 141.58 (-0.9%) 246.61 (72.6%) 246.8 (72.7%) 246.93 (72.8%)

2051-2060 144.94 143.35 (-1.1%) 246.83 (70.3%) 246.96 (70.4%) 247.15 (70.5%)

2061-2070 145.42 143.29 (-1.5%) 246.87 (69.8%) 247.16 (70%) 247.31 (70.1%)

2071-2080 145.49 143.58 (-1.3%) 247 (69.8%) 247.21 (69.9%) 247.23 (69.9%)

2081-2090 145.8 143.92 (-1.3%) 246.91 (69.4%) 247.23 (69.6%) 247.2 (69.6%)

Broadleaf 
intermediate 

structure

2091-2100 146.15 144.32 (-1.2%) 246.9 (68.9%) 247.16 (69.1%) 247.15 (69.1%)

2020-2030 114 113.91 (-0.1%) 161.55 (41.7%) 167.2 (46.7%) 169.3 (48.5%)

2031-2040 115.23 115.04 (-0.2%) 171.93 (49.2%) 172.35 (49.6%) 172.5 (49.7%)

2041-2050 118.17 118.01 (-0.1%) 172.81 (46.2%) 173.2 (46.6%) 172.83 (46.3%)

2051-2060 120.05 119.6 (-0.4%) 172.88 (44%) 173.02 (44.1%) 172.95 (44.1%)

2061-2070 120.76 120.18 (-0.5%) 172 (42.4%) 172.1 (42.5%) 172 (42.4%)

2071-2080 121.49 120.51 (-0.8%) 171.67 (41.3%) 171.88 (41.5%) 171.78 (41.4%)

2081-2090 121.64 120.89 (-0.6%) 171.73 (41.2%) 171.88 (41.3%) 171.76 (41.2%)

Mixed 
intermediate 

structure

2091-2100 121.95 121.22 (-0.6%) 171.64 (40.8%) 171.83 (40.9%) 171.8 (40.9%)

2020-2030 172.23 171.95 (-0.2%) 183.49 (6.5%) 186.58 (8.3%) 204.9 (19%)

2031-2040 170.64 170.29 (-0.2%) 228.62 (34%) 227.76 (33.5%) 189.04 (10.8%)

2041-2050 167.03 166.58 (-0.3%) 200.02 (19.7%) 190.22 (13.9%) 210.9 (26.3%)
Coppice

2051-2060 165.38 164.41 (-0.6%) 154.03 (-6.9%) 153.35 (-7.3%) 165.05 (-0.2%)
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2061-2070 165.13 163.98 (-0.7%) 140.66 (-14.8%) 149.97 (-9.2%) 154.45 (-6.5%)

2071-2080 164.9 163.45 (-0.9%) 150.39 (-8.8%) 142.95 (-13.3%) 145.08 (-12%)

2081-2090 164.59 162.96 (-1%) 138.35 (-15.9%) 133.38 (-19%) 144.71 (-12.1%)

2091-2100 164.04 162.74 (-0.8%) 141.57 (-13.7%) 135.8 (-17.2%) 132.78 (-19.1%)

Table 4 – Expected revenues from timber (eur/ha)

Forest type
Period BAU MAIN-F  LOW  MAIN  HIGH  

2020-2030 125.62 127.02 (1.1%) 23.15 (-81.6%) 16.88 (-86.6%) 11.57 (-90.8%)

2031-2040 108 110.52 (2.3%) 7.94 (-92.7%) 7.78 (-92.8%) 7.73 (-92.8%)

2041-2050 88.72 92.05 (3.8%) 6.28 (-92.9%) 6.29 (-92.9%) 6.3 (-92.9%)

2051-2060 80.41 83.71 (4.1%) 5.68 (-92.9%) 5.71 (-92.9%) 5.74 (-92.9%)

2061-2070 78.9 81.96 (3.9%) 5.58 (-92.9%) 5.62 (-92.9%) 5.64 (-92.8%)

2071-2080 77.82 80.6 (3.6%) 5.51 (-92.9%) 5.53 (-92.9%) 5.55 (-92.9%)

2081-2090 76.63 79.3 (3.5%) 5.43 (-92.9%) 5.45 (-92.9%) 5.47 (-92.9%)

All

2091-2100 75.76 78.35 (3.4%) 5.39 (-92.9%) 5.41 (-92.9%) 5.43 (-92.8%)

2020-2030 90.64 92.83 (2.4%) 10.16 (-88.8%) 7.75 (-91.4%) 6.37 (-93%)

2031-2040 76.07 80.08 (5.3%) 5.22 (-93.1%) 5.11 (-93.3%) 5.05 (-93.4%)

2041-2050 60.78 65.98 (8.6%) 3.93 (-93.5%) 3.8 (-93.7%) 3.64 (-94%)

2051-2060 54.66 59.63 (9.1%) 3.34 (-93.9%) 3.37 (-93.8%) 3.4 (-93.8%)

2061-2070 53.19 58.16 (9.3%) 3.28 (-93.8%) 3.31 (-93.8%) 3.34 (-93.7%)

2071-2080 52.2 56.86 (8.9%) 3.22 (-93.8%) 3.25 (-93.8%) 3.26 (-93.8%)

2081-2090 51.3 55.9 (9%) 3.17 (-93.8%) 3.2 (-93.8%) 3.21 (-93.7%)

Broadleaf 
high forest

2091-2100 50.68 55.12 (8.8%) 3.12 (-93.8%) 3.14 (-93.8%) 3.17 (-93.7%)

2020-2030 121.56 123.41 (1.5%) 23.25 (-80.9%) 16.51 (-86.4%) 11.81 (-90.3%)

2031-2040 105.02 108.73 (3.5%) 7.78 (-92.6%) 7.13 (-93.2%) 6.99 (-93.3%)

2041-2050 86.84 92.1 (6.1%) 5.56 (-93.6%) 5.61 (-93.5%) 5.67 (-93.5%)

2051-2060 78.24 84.07 (7.4%) 4.98 (-93.6%) 5.06 (-93.5%) 5.12 (-93.5%)

2061-2070 76.13 81.63 (7.2%) 4.83 (-93.7%) 4.91 (-93.5%) 4.97 (-93.5%)

2071-2080 74.47 79.81 (7.2%) 4.71 (-93.7%) 4.79 (-93.6%) 4.84 (-93.5%)

2081-2090 73.14 78.45 (7.3%) 4.61 (-93.7%) 4.69 (-93.6%) 4.74 (-93.5%)

Mixed high 
forest

2091-2100 72.16 77.47 (7.4%) 4.54 (-93.7%) 4.61 (-93.6%) 4.65 (-93.6%)

2020-2030 152.11 153.52 (0.9%) 31.02 (-79.6%) 22.58 (-85.2%) 14.5 (-90.5%)

2031-2040 130.72 132.94 (1.7%) 9.79 (-92.5%) 9.77 (-92.5%) 9.76 (-92.5%)

2041-2050 108.92 111.86 (2.7%) 8.02 (-92.6%) 8.03 (-92.6%) 8.06 (-92.6%)

2051-2060 99.66 102.35 (2.7%) 7.28 (-92.7%) 7.31 (-92.7%) 7.33 (-92.6%)

2061-2070 98.05 100.43 (2.4%) 7.18 (-92.7%) 7.2 (-92.7%) 7.22 (-92.6%)

2071-2080 96.92 99.04 (2.2%) 7.1 (-92.7%) 7.11 (-92.7%) 7.13 (-92.6%)

2081-2090 95.55 97.58 (2.1%) 7 (-92.7%) 7.01 (-92.7%) 7.03 (-92.6%)

Coniferous 
high forest

2091-2100 94.58 96.59 (2.1%) 6.97 (-92.6%) 6.98 (-92.6%) 6.99 (-92.6%)

2020-2030 87.65 89.3 (1.9%) 8.29 (-90.5%) 6.3 (-92.8%) 5.25 (-94%)

2031-2040 74.24 77.93 (5%) 3.69 (-95%) 3.58 (-95.2%) 3.5 (-95.3%)
Broadleaf 

intermediate 
structure 2041-2050 59.54 64.48 (8.3%) 2.84 (-95.2%) 2.86 (-95.2%) 2.89 (-95.2%)
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2051-2060 53.18 58.18 (9.4%) 2.58 (-95.2%) 2.61 (-95.1%) 2.64 (-95%)

2061-2070 51.63 56.43 (9.3%) 2.51 (-95.1%) 2.54 (-95.1%) 2.58 (-95%)

2071-2080 50.6 55.01 (8.7%) 2.46 (-95.1%) 2.48 (-95.1%) 2.52 (-95%)

2081-2090 49.73 54.1 (8.8%) 2.42 (-95.1%) 2.44 (-95.1%) 2.47 (-95%)

2091-2100 49.15 53.24 (8.3%) 2.38 (-95.1%) 2.41 (-95.1%) 2.44 (-95%)

2020-2030 87.93 88.46 (0.6%) 25.09 (-71.5%) 18.82 (-78.6%) 16.1 (-81.7%)

2031-2040 76.1 77.21 (1.5%) 11.15 (-85.3%) 10.91 (-85.7%) 10.87 (-85.7%)

2041-2050 61.96 63.28 (2.1%) 8.92 (-85.6%) 8.92 (-85.6%) 8.99 (-85.5%)

2051-2060 55.63 57.11 (2.7%) 8.13 (-85.4%) 8.15 (-85.3%) 8.19 (-85.3%)

2061-2070 54.49 55.93 (2.6%) 8.08 (-85.2%) 8.1 (-85.1%) 8.13 (-85.1%)

2071-2080 53.56 54.97 (2.6%) 8.03 (-85%) 8.04 (-85%) 8.07 (-84.9%)

2081-2090 52.99 54.07 (2%) 7.98 (-84.9%) 7.99 (-84.9%) 8.02 (-84.9%)

Mixed 
intermediate 

structure

2091-2100 52.39 53.42 (2%) 7.96 (-84.8%) 7.97 (-84.8%) 7.99 (-84.7%)

2020-2030 9.05 9.44 (4.3%) 4.16 (-54%) 2.85 (-68.6%) 1.35 (-85.1%)

2031-2040 7.09 7.71 (8.7%) 0.67 (-90.6%) 0.53 (-92.6%) 0.4 (-94.4%)

2041-2050 5.61 6.43 (14.6%) 0.14 (-97.6%) 0.1 (-98.3%) 0.07 (-98.8%)

2051-2060 5 5.94 (18.8%) 0.01 (-99.8%) 0.01 (-99.7%) 0.01 (-99.7%)

2061-2070 4.86 5.82 (19.8%) 0.01 (-99.7%) 0.01 (-99.7%) 0.01 (-99.7%)

2071-2080 4.73 5.74 (21.3%) 0.01 (-99.7%) 0.01 (-99.7%) 0.01 (-99.7%)

2081-2090 4.68 5.7 (21.9%) 0.01 (-99.7%) 0.01 (-99.7%) 0.01 (-99.7%)

Coppice

2091-2100 4.74 5.67 (19.7%) 0.05 (-98.9%) 0.01 (-99.7%) 0.01 (-99.7%)

Table 5 – Cover change after harvest (% area harvested)

Forest type
Period BAU MAIN-F  LOW  MAIN  HIGH  

2020-2030 47.95% 48.01% (0.1) 64.72% (16.8) 65.47% (17.5) 66.11% (18.2)

2031-2040 44.08% 44.08% (0) 62.82% (18.7) 63.09% (19) 63.29% (19.2)

2041-2050 41% 40.83% (-0.2) 60.92% (19.9) 61.16% (20.2) 61.28% (20.3)

2051-2060 39% 38.94% (-0.1) 59.4% (20.4) 59.61% (20.6) 59.67% (20.7)

2061-2070 38.14% 37.96% (-0.2) 58.02% (19.9) 58.2% (20.1) 58.24% (20.1)

2071-2080 37.35% 37.03% (-0.3) 56.61% (19.3) 56.77% (19.4) 56.79% (19.4)

2081-2090 36.36% 35.85% (-0.5) 55.06% (18.7) 55.2% (18.8) 55.21% (18.8)

All

2091-2100 35.2% 34.61% (-0.6) 53.31% (18.1) 53.44% (18.2) 53.44% (18.2)

2020-2030 75.38% 75.58% (0.2) 86.45% (11.1) 86.94% (11.6) 87.29% (11.9)

2031-2040 72.07% 72.43% (0.4) 85.63% (13.6) 85.86% (13.8) 86.05% (14)

2041-2050 68.27% 68.69% (0.4) 84.63% (16.4) 84.93% (16.7) 85.12% (16.9)

2051-2060 66.11% 66.81% (0.7) 83.9% (17.8) 84.23% (18.1) 84.43% (18.3)

2061-2070 65.86% 66.38% (0.5) 83.42% (17.6) 83.73% (17.9) 83.91% (18.1)

2071-2080 65.59% 66.14% (0.5) 83.03% (17.4) 83.34% (17.7) 83.51% (17.9)

2081-2090 65.19% 65.79% (0.6) 82.63% (17.4) 82.9% (17.7) 83.06% (17.9)

Broadleaf 
high forest

2091-2100 64.77% 65.29% (0.5) 82.16% (17.4) 82.42% (17.7) 82.57% (17.8)

2020-2030 65.82% 65.46% (-0.4) 83.93% (18.1) 84.54% (18.7) 85.04% (19.2)Mixed high 
forest 2031-2040 64.13% 63.14% (-1) 83.54% (19.4) 83.75% (19.6) 83.84% (19.7)
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2041-2050 62.2% 60.66% (-1.5) 82.21% (20) 82.2% (20) 82.16% (20)

2051-2060 60.86% 58.9% (-2) 80.39% (19.5) 80.32% (19.5) 80.27% (19.4)

2061-2070 59.84% 57.78% (-2.1) 78.4% (18.6) 78.31% (18.5) 78.24% (18.4)

2071-2080 58.38% 56.37% (-2) 76.1% (17.7) 75.99% (17.6) 75.91% (17.5)

2081-2090 56.37% 54.54% (-1.8) 73.38% (17) 73.26% (16.9) 73.15% (16.8)

2091-2100 54.12% 52.44% (-1.7) 70.33% (16.2) 70.2% (16.1) 70.11% (16)

2020-2030 18.59% 18.9% (0.3) 41.9% (23.3) 42.95% (24.4) 43.87% (25.3)

2031-2040 15.31% 15.85% (0.5) 40.16% (24.8) 40.51% (25.2) 40.79% (25.5)

2041-2050 12.84% 13.57% (0.7) 37.92% (25.1) 38.34% (25.5) 38.57% (25.7)

2051-2060 10.99% 12.13% (1.1) 36.12% (25.1) 36.57% (25.6) 36.72% (25.7)

2061-2070 9.86% 11.04% (1.2) 34.34% (24.5) 34.78% (24.9) 34.92% (25.1)

2071-2080 9.04% 10.08% (1) 32.55% (23.5) 32.98% (23.9) 33.13% (24.1)

2081-2090 8.27% 8.95% (0.7) 30.71% (22.4) 31.14% (22.9) 31.3% (23)

Coniferous 
high forest

2091-2100 7.5% 8.06% (0.6) 28.74% (21.2) 29.18% (21.7) 29.33% (21.8)

2020-2030 72.29% 72.29% (0) 75.36% (3.1) 76.01% (3.7) 76.75% (4.5)

2031-2040 69.43% 69.49% (0.1) 75.12% (5.7) 75.56% (6.1) 75.87% (6.4)

2041-2050 66.28% 66.24% (0) 74.53% (8.3) 74.8% (8.5) 74.96% (8.7)

2051-2060 64.4% 64.36% (0) 73.81% (9.4) 73.97% (9.6) 74.12% (9.7)

2061-2070 64.11% 63.95% (-0.2) 73.22% (9.1) 73.37% (9.3) 73.48% (9.4)

2071-2080 63.91% 63.49% (-0.4) 72.66% (8.8) 72.79% (8.9) 72.88% (9)

2081-2090 63.43% 62.97% (-0.5) 71.95% (8.5) 72.04% (8.6) 72.12% (8.7)

Broadleaf 
intermediate 

structure

2091-2100 62.73% 62.26% (-0.5) 71.02% (8.3) 71.1% (8.4) 71.18% (8.4)

2020-2030 68.29% 68.23% (-0.1) 91.48% (23.2) 91.79% (23.5) 92.02% (23.7)

2031-2040 63.58% 63.53% (-0.1) 89.34% (25.8) 89.6% (26) 89.79% (26.2)

2041-2050 59.87% 59.46% (-0.4) 86.96% (27.1) 87.16% (27.3) 87.26% (27.4)

2051-2060 56.38% 56.23% (-0.2) 83.81% (27.4) 84.07% (27.7) 84.14% (27.8)

2061-2070 53.47% 53.65% (0.2) 80.36% (26.9) 80.62% (27.2) 80.7% (27.2)

2071-2080 50.18% 50.99% (0.8) 76.72% (26.5) 77.01% (26.8) 77.12% (26.9)

2081-2090 46.95% 48.01% (1.1) 72.92% (26) 73.24% (26.3) 73.38% (26.4)

Mixed 
intermediate 

structure

2091-2100 43.83% 45.11% (1.3) 68.99% (25.2) 69.34% (25.5) 69.52% (25.7)

2020-2030 81.41% 81.28% (-0.1) 99% (17.6) 99.1% (17.7) 99.13% (17.7)

2031-2040 79.82% 79.52% (-0.3) 98.86% (19) 98.93% (19.1) 99% (19.2)

2041-2050 77.05% 76.49% (-0.6) 98.74% (21.7) 98.77% (21.7) 98.78% (21.7)

2051-2060 74.22% 73.59% (-0.6) 98.46% (24.2) 98.49% (24.3) 98.51% (24.3)

2061-2070 72.88% 72.09% (-0.8) 98.16% (25.3) 98.2% (25.3) 98.23% (25.4)

2071-2080 71.44% 70.93% (-0.5) 97.84% (26.4) 97.91% (26.5) 97.96% (26.5)

2081-2090 69.74% 69.23% (-0.5) 97.51% (27.8) 97.59% (27.9) 97.66% (27.9)

Coppice

2091-2100 67.87% 67.2% (-0.7) 97.14% (29.3) 97.26% (29.4) 97.34% (29.5)
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Supplementary material n° 3: evolution of regional markets.

Regions most impacted by the opportunity cost to harvesting due to carbon rents (e.g. GE, BFC, 
N-IDF) decrease their harvest levels. Their imports of timber products increase, and are sourced 
from regions where harvests increase (e.g. LP, CEN, AL). Interregional trade mostly concerns 
products derived from industrial wood, for which supply costs rise most.

Regional harvest levels
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Interregional trade within France: incoming fluxes (all products)

Interregional trade within France: outgoing fluxes (all products)
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Supplementary material n° 4: distribution of growth multipliers

Distribution of growth multipliers for land allocated to each forest type, in BAU (no carbon pricing), 
compared to MAIN (with carbon prices). Growth multipliers come modify growth dynamics in each 
pixel, based on known regional distributions of times of passage between diameter classes. Mean growth 
multipliers are equal to 1 for all forest types. A growth multiplier under 1 means a growth faster than 
average (e.g. a multiplier of 0.5 means that times of passage to each diameter class are divided by 2). 
Distributions are skewed to the left, showing that forest types are most of the time chosen in locations 
where their growth is faster than average. In MAIN, forest types are less often chosen in locations where 
their growth multiplier is high. Data taken into account correspond to all choices throughout the 
simulation. 
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Supplementary material n° 5: Additionality of carbon sequestration in relation to 
harvests, growth dynamics and forest cover.

Additional sequestration is calculated as the share of sequestration in MAIN in excess of that in BAU, 
for carbon sequestered from 2020 to 2100. Cumulative time of passage to the diameter class 60cm (the 
median diameter class in the model) is used as an indicator for growth speed in each region, averaged 
over all forest types. Average harvest changes are calculated over the whole simulation. The figure 
illustrates how additional carbon sequestration is located in regions characterised by both (1) decreases 
in harvests and (2) fast growth dynamics, even when forest cover is low or moderate.
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Supplementary material n° 6: Overview of regional investment decisions following 
harvests. These changes, over time, yield the landscape changes presented in the main 
text. Values correspond to scenario MAIN, averaged over the whole simulation. Changes 
are given compared to BAU. 

Table 1 – Rotation lengths and cover changes after harvest

Region Rotation length Cover change

GE 216,09 (+127%) 65.1% (+16.35)

AQ 262,12 (+215.2%) 37.49% (+4.55)

AL 218,07 (+92.97%) 63.42% (+32.38)

NOR 172,88 (+127.48%) 69.25% (+4.08)

BFC 209,97 (+113.54%) 60.95% (+15.49)

BRE 217,19 (+151.02%) 56.02% (+8.49)

CEN 283,52 (+152.83%) 74.95% (+8.34)

COR 285,45 (+113.22%) 79.24% (+26.02)

N-IDF 201,36 (+123.49%) 62.98% (+12.48)

LP 250,02 (+28.57%) 71.48% (+49.42)

MP 218,87 (+84.62%) 72.82% (+33.41)

RA 224,21 (+53.49%) 60.35% (+42.84)

Table 2 – Investments following harvests (% ha)

Share of investments (% of replanted areas)
Region Broadl. High 

forest
Mixed high forest Conif. High forest

Broadl. interm. 
Str.

Mixed interm. 
Str.

Coppice

GE 18.04% (-0.39) 14.06% (+1.72) 34.59% (-11.39) 25.53% (+10.2) 6.64% (-0.61) 1.13% (+0.48)

AQ 0.86% (+0.14) 4.78% (+2.7) 88.29% (-6.45) 4.73% (+3.6) 1.32% (+0.05) 0.02% (-0.03)

AL 3.36% (-3.4) 26.12% (+11.44) 44.24% (-19.14) 12.89% (+8.07) 13.39% (+3.41) 0% (-0.38)

NOR 5.85% (+0.27) 7.23% (-1.92) 74.98% (-3) 9.79% (+4.05) 2.14% (+0.65) 0% 0

BFC 13.86% (+0.13) 10.11% (+3.33) 45.29% (-17.38) 20.38% (+12.19) 8.6% (+0.11) 1.76% (+1.63)

BRE 4.39% (+1.94) 5.73% (-0.01) 78.25% (-10.62) 11.09% (+9.12) 0.55% (-0.15) 0% 0

CEN 0.59% (-4.26) 0.07% (-1.6) 91.6% (+5.09) 7.74% (+1.42) 0% (-0.41) 0% 0

COR 21.36% (+11.63) 13.02% (-2.22) 28.13% (-6.8) 25.47% (+2.23) 10.06% (-4.31) 1.96% (-0.53)

N-IDF 31.82% (-1.95) 10.89% (-0.99) 21.39% (-3.76) 29.6% (+8.81) 4.15% (-2.62) 2.16% (+0.51)

LP 13.82% (+3.05) 17.43% (+1.64) 24.23% (-16.42) 37.31% (+17.05) 6.83% (-0.83) 0.39% (-4.49)

MP 6.16% (-6.97) 31.24% (+16.62) 35.27% (-16.5) 17.24% (+7.76) 10.1% (+0.57) 0% (-1.48)

RA 10.75% (+5.82) 18.45% (+8.91) 42.13% (-34.09) 21.57% (+17.21) 6.21% (+1.48) 0.89% (+0.66)


