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26 Abstract
27
28 Rapid climate warming threatens the persistence of temperate European forests, raising urgent 

29 questions about whether traditional reliance on local seed sources remains viable. Using Quercus 

30 petraea in France as a model system, we combined provenance-specific species distribution 

31 models with a dynamic range-shift model (simRShift) to evaluate climate-informed assisted 
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32 dispersal under SSP5-8.5 from 2020-2100. We tested six regional provenances and five planting 

33 efforts within the operational seed zones framework used in French forestry.

34 Across all scenarios of planting efforts, Q. petraea experienced substantial loss of climatically 

35 suitable habitat. However, assisted dispersal markedly slowed this decline. Mixed-provenance 

36 plantings consistently outperformed local-only strategies, retaining ~2.5× more habitat by 2100. 

37 Local provenances maintained clear advantages only in climatically stable mountain regions, 

38 whereas warmer lowlands increasingly favored Atlantic, continental, and Pyrenean origins. Seed 

39 flows reorganized along aridity, continentality, and elevation gradients, producing multi-directional 

40 and altitudinally structured provenance mosaics rather than simple northward shifts. Planting 

41 effort showed strong diminishing returns, with moderate interventions (5%) capturing most of the 

42 attainable benefits.

43 Our results demonstrate that climate-explicit seed sourcing can substantially enhance persistence 

44 of temperate oaks under rapid climate change. Integrating assisted dispersal into an existing seed 

45 zoning framework, offers an operational pathway toward climate-adapted reforestation across 

46 Europe.

47 Keywords:   Assisted dispersal, Seed sourcing, Local adaptation, Seed Provenance, Seed 

48 flow, Climate change, Species distribution models, Quercus petraea

49

50 Introduction 

51 Forests are already experiencing rapid shifts in climate, with cascading impacts on productivity, 

52 regeneration, disturbance regimes, and mortality (Allen et al., 2010; Seidl et al., 2025; Senf et al., 

53 2020; Trumbore et al., 2015). In Europe, warming, compound heat-drought events, and increasing 

54 disturbances are driving range contractions for many tree species, while adaptation limits are 

55 becoming apparent in several regions (Hanewinkel et al., 2013; Rigling et al., 2013). These trends 

56 challenge long-standing practices that assume local seed sources will remain best suited to future 

57 conditions and motivate climate-informed approaches to regeneration and restoration (Anderegg 

58 et al., 2020; Seidl et al., 2025; Seidl & Senf, 2024; Senf et al., 2020; Trumbore et al., 2015).

59 Local adaptation is well documented in forest trees. Over two centuries of common-garden and 

60 provenance trials, reinforced by genomic analyses, have revealed pronounced clines in adaptive 
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61 traits along temperature and moisture gradients, indicating that many populations are finely tuned 

62 to their local climates despite substantial gene flow (Aitken & Whitlock, 2013; Benito Garzón et 

63 al., 2019; Savolainen et al., 2007; Vitasse et al., 2009). This body of evidence established the 

64 long-standing forestry principle that “local is best,” which continues to underpin seed-transfer 

65 regulations and provenance zoning, for example within the French forest seed zones framework 

66 used to define seed-source boundaries based on homogeneous characteristics of climate and 

67 soil (Guitton, 1998; IGN, 2013). Yet these same climatic clines also imply vulnerability: when the 

68 climate velocity is faster than trees can evolve or disperse (Serra-Diaz et al., 2014). In such a 

69 case, local genotypes may risk maladaptation if seed sourcing remains tied to historical conditions 

70 (Alberto et al., 2013; J. H. Pedlar et al., 2021; Rehfeldt et al., 2002).

71 Meta-analyses across plants show that local genotypes typically outperform foreign ones in their 

72 home sites, but also that performance advantages are context dependent and can reverse under 

73 environmental change (Hereford, 2009; Hufford & Mazer, 2003; Kawecki & Ebert, 2004; Leimu & 

74 Fischer, 2008). For trees, plasticity and high climate tolerance mean that some populations can 

75 thrive outside their place of origin, particularly along established climate gradients. This dual 

76 evidence, namely strong local adaptation and the possibility of successful transfer, defines the 

77 central dilemma for seed sourcing in a rapidly changing climate.

78 Assisted dispersal (AD), the intentional, human-mediated movement of species, populations, or 

79 genotypes to track shifting climates, has emerged as a prominent adaptation option (Aitken & 

80 Whitlock, 2013; McLachlan et al., 2007; J. Pedlar et al., 2012; Williams & Dumroese, 2013). Within 

81 this concept, assisted gene flow (AGF) refers to the translocation of pre-adapted genotypes within 

82 a species’ range, aiming to reduce maladaptation while maintaining natural species distributions. 

83 While AGF often carries lower ecological risks than beyond-range AD, both approaches raise 

84 concerns about maladaptation to non-climatic factors, disruption of local biotic interactions, and 

85 outbreeding depression when divergent lineages interbreed (Aitken & Bemmels, 2016; Prober et 

86 al., 2015). Consequently, quantitative, spatially explicit frameworks are needed to balance 

87 benefits and risks when implementing such strategies.

88 In parallel, seed-sourcing concepts have diversified beyond strict local provenances. Composite 

89 provenancing mixes seed from multiple nearby sources to capture diversity and mimic natural 

90 gene flow, whereas climate-adjusted provenancing intentionally skews mixes toward sources 

91 from warmer or drier climates to hedge against directional change (Broadhurst et al., 2008; Prober 

92 et al., 2015). Although composite provenancing, mixing seed from multiple nearby sources, has 
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93 been proposed to mimic natural gene flow. Both local and climate-adjusted approaches share the 

94 premise that maintaining within-species diversity and spreading climatic risk can improve 

95 establishment and long-term persistence under uncertain futures. However, guidance on when to 

96 favor each approach remains limited by a shortage of tools coupling climatic suitability with 

97 demographic outcomes at landscape scales (Breed et al., 2019; Bucharova et al., 2019; Prober 

98 et al., 2015; Rellstab et al., 2016).

99 Species distribution models (SDMs) are widely used to estimate spatial climate suitability (Elith & 

100 Leathwick, 2009; Franklin, 2010; Guisan et al., 2006) and have been increasingly applied to 

101 assess assisted-migration strategies in forest trees (Hällfors et al., 2016, 2017). However, climatic 

102 suitability alone cannot predict population trajectories when dispersal, episodic recruitment, and 

103 age structure interact, factors particularly important for long-lived species (Alberto et al., 2013; J. 

104 Pedlar et al., 2012; Ste-Marie et al., 2011). To address these limitations, we combined population-

105 specific SDMs with dynamic range-shift simulations (simRShift; (Bertrand et al., 2012) to quantify 

106 the joint effects of seed origin, planting effort, and topography on future persistence under climate 

107 change.

108 Furthermore, previous studies indicate that complex topography and vegetation can maintain 

109 more stable local microclimates than suggested by coarse regional climate projections, creating 

110 upland and topographically sheltered sites where warming rates are reduced (Aalto et al., 2018, 

111 2022; Dobrowski, 2011). In contrast, warm low-elevation sites already show strong climatic 

112 disequilibrium for many temperate trees, with documented growth declines under recent warming 

113 (Jump et al., 2006) and increasing vulnerability of drought-related traits (Benito Garzón et al., 

114 2019). However, climatic suitability alone does not determine future persistence; demographic 

115 processes further constrain how populations respond to change. Because oak regeneration is 

116 inherently slow and establishment probabilities remain low even under favourable climates (Clark 

117 et al., 1999), and because recruitment is ultimately limited by both seed arrival and the availability 

118 of safe microsites (Nathan & Muller-Landau, 2000), increasing planting effort is expected to 

119 improve persistence but with diminishing returns once suitable microsites become saturated.

120 Here, we use Quercus petraea in France as a case study (Figure 1). Quercus petraea is a widely 

121 distributed temperate oak, with high sylvicultural value and well-documented local adaptation 

122 patterns (Kremer et al., 2012). Climate change projections show a strong decline for this species 

123 by 2100 (Benito Garzón et al., 2019; Vitasse et al., 2009), but seed sourcing is restricted within 

124 the French seed zones (Figure 1). This regulatory framework corresponds to what we refer to 
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125 hereafter as the local provenance scenario. We therefore simulated the outcomes of alternative 

126 seed-sourcing strategies under future climate scenarios, varying both (i) planting effort (5%, 10%, 

127 25%, 50%, 100% of suitable sites planted per decade), and (ii) provenance type (local versus 

128 mixed). Based on the ecological theory and empirical evidence outlined above, we hypothesized 

129 that:

130 (H1) Assisted seed dispersal will buffer the climate-driven decline of Quercus petraea, but the 

131 efficiency of planting will show diminishing returns, such that increasing planting effort yields 

132 progressively smaller gains in preserved area.

133 (H2) Local provenances will retain a competitive advantage only in climatically stable mountain 

134 regions, but will be outperformed by non-local sources in warmer lowlands.

135 (H3) Provenance selection over space and time will not follow a simple north-south or elevational 

136 gradient, but rather a multi-directional pattern emerging from interactions between climate 

137 change, topography, soil moisture, and regional climate extremes.

138

139 2. Methods

140 We developed a spatially explicit simulation workflow to evaluate assisted dispersal strategies 

141 using provenance-specific species distribution models (SDMs), performance metrics derived from 

142 dynamic species range simulations, and environmental suitability thresholds. The aim was to 

143 identify, per cell and per decade, the most suitable provenance (Nprovenance = 6) to assist 

144 species establishment (pixel occupancy) under future climate scenarios and assess the long-term 

145 effects of different assisted dispersal strategies on range persistence and expansion. In our 

146 simulations, assisted dispersal corresponds to planting young trees (i.e., seedlings or saplings) 

147 rather than sowing seeds, matching standard forestry practice. We used Quercus petraea as a 

148 case study species, with six geographically distinct source provenances.

149 2.1.1 Study area and species provenances

150 The study was conducted across Metropolitan France, excluding Corsica, which spans a 

151 pronounced climatic gradient from temperate Atlantic to Mediterranean and continental forest 

152 biomes (Figure 1). 
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153 We focused on Quercus petraea (sessile oak) Matt. Liebl., one of the most widespread and 

154 ecologically important deciduous tree species in Western Europe. Q. petraea is a foundation 

155 species of temperate and sub-Mediterranean forests in France, occurring from lowland Atlantic 

156 plains to mid-elevation continental and mountain environments. In France, it covers approximately 

157 2.1 million hectares, representing 14-15% of all metropolitan forest area, and forms extensive 

158 pure or mixed stands across most regions (NFI, 2025). At the European scale, Q. petraea and Q. 

159 robur together constitute the dominant deciduous oak complex, accounting for a major proportion 

160 of broadleaf timber volume and ecological functioning across Atlantic and continental biomes. The 

161 species’ wide distribution, high ecological importance, and major silvicultural role justify its 

162 relevance as a model for assessing climate-informed seed sourcing and assisted-dispersal 

163 strategies. Beyond its ecological significance, it is also a cornerstone species in French 

164 silviculture, valued for its high-quality timber, long rotation cycles, and major contribution to both 

165 biodiversity conservation and economic forestry (Becker & Lévy, 1982; Lebourgeois, 1999). The 

166 species exhibits extensive phenotypic and genetic variation linked to local climatic conditions, with 

167 well-documented adaptive differentiation in growth, phenology, and drought tolerance (Aitken & 

168 Whitlock, 2013; Ducousso & Bordacs, 2003; Jensen, 2000; Kremer et al., 2012). This makes Q. 

169 petraea an ideal model for exploring the outcomes of climate-informed seed sourcing and assisted 

170 dispersal at landscape scales.

171 Seed origins were defined according to forest reproductive material developed by the French 

172 National Forest Inventory (NFI). This ecological zoning framework delineates regions based on 

173 biogeographic, climatic, and edaphic criteria and underpins official seed-transfer and forest-

174 management regulations in France (Guitton, 1998; IGN, 2013).

175 For Q. petraea, we identified six representative seed-source provenances (Figure 1A), each 

176 corresponding to a distinct seed zone or cluster of adjacent regions (hereafter referred to as 

177 “Prov”): Prov 1,  Atlantic Northwest, characterized by cool, humid oceanic climates; Prov 2, 

178 Northeastern Continental, with colder winters and higher thermal amplitude; Prov 3, Southwestern 

179 Atlantic, warm and subhumid; Prov 4,  Massif Central, intermediate climates with pronounced 

180 altitudinal gradients; Prov 5, Alpine-Jura, cool-humid montane conditions; Prov 6, Pyrenean, 

181 warm-dry mountain climate.

182 These provenances encompass the major climatic and genetic diversity of Q. petraea across 

183 France and correspond to the officially recognized seed-provenances regions used by forestry 

184 nurseries and the Office National des Forêts (ONF, the French National Forest Agency). Their 
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185 geographic distribution and altitudinal ranges are illustrated in (Figure 1A), together with climatic 

186 gradients that structure their adaptive differentiation (Figure 1B).

187 2.1.2 Current presence-absence data

188 Presence-absence records of Q. petraea were obtained from the French National Forest 

189 Inventory (NFI), which implements a systematic 1 km × 1 km sampling grid covering the entire 

190 national territory. Approximately one-tenth of the grid nodes are surveyed annually, ensuring both 

191 spatial and temporal representativeness. We extracted all NFI plots surveyed between 2005 and 

192 2022, resulting in 113,983 plots where Q. petraea was recorded as present, out of 464,747 total 

193 forest plots.

194 Each NFI plot follows a circular nested design, and presence was defined within a 15 m radius 

195 (709 m²) according to NFI standards. Individuals were considered present if they exceeded a 

196 diameter at breast height (DBH) of 7.5 cm, ensuring that only established trees were included 

197 while accounting for advanced regeneration.

198 2.2.1 Provenance climatic suitability 

199 We developed a set of species distribution models-SDMs (Elith & Leathwick, 2009; Franklin, 

200 2010; Guisan et al., 2006) to characterize the realized climatic niche of Q. petraea across 

201 Metropolitan France and to generate climate suitability layers subsequently used as inputs for 

202 dynamic range-shift simulations (simRShift; Bertrand et al., 2012). Two complementary biological 

203 scales were implemented: (1) a species-level SDM, calibrated on the full distribution of Q. petraea, 

204 representing the baseline control scenario, and (2) provenance-level SDMs, trained separately 

205 for each of the six provenances defined by the French seed zones (Prov 1-6). These provenance 

206 models capture fine-scale differences in climatic responses and were used to guide seed-source 

207 selection and planting suitability decisions.

208 All models were based on a consistent suite of climatic predictors previously shown to control oak 

209 distributions in France (Cheaib et al., 2011). Monthly time-series data for maximum temperature, 

210 minimum temperature, and precipitation were compiled from the CHELSA v2.1 database (Karger 

211 et al., 2017) at a 1 km spatial resolution for the period 1981-2020. The 1 km grid resolution aligns 

212 with the spatial design of the French NFI and minimizes the influence of coordinate randomization 

213 applied to preserve NFI plot confidentiality. Future climate projections for 2020-2100 were derived 
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214 from a single General Circulation Model (GCM), MRI-ESM2-0 under the SSP5-8.5. This climate 

215 scenario represents current warming trends (O’Neill et al., 2016), and was selected based on an 

216 independent evaluation conducted over metropolitan France (Supplementary Material S1), where 

217 four candidate models (MRI-ESM2-0, IPSL-CM6A-LR, GFDL-ESM4, MPI-ESM1-2-HR) were 

218 compared against high-resolution Météo-France observational datasets (2015-2023; >80,000 

219 temperature and >97,000 precipitation records). MRI-ESM2-0 showed the lowest overall bias and 

220 root mean square error across temperature and precipitation variables under both SSP3-7.0 and 

221 SSP5-8.5. Because our objective is to assess biological responses rather than climate-model 

222 uncertainty, we retained the single best-performing GCM, following regional model-selection 

223 practice, and provided full evaluation results in Supplementary Material S1.

224 Following the BIOCLIM methodology (Xu & Hutchinson, 2011), we derived three key climatic 

225 predictors representing major thermal and hydric constraints on oak distribution: mean annual 

226 maximum temperature of the hottest month (TMXH), mean annual minimum temperature of the 

227 coldest month (TMNC), and total precipitation of the driest quarter (PRDR). In addition to these 

228 climatic predictors, we included soil pH (Coudun et al., 2006) as an edaphic covariate, as soil 

229 acidity is a well-known driver of tree species distributions in France and strongly improves SDM 

230 discrimination when climatic gradients alone are insufficient. Because edaphic properties change 

231 over much longer timescales than climate, soil pH was treated as temporally static and assumed 

232 constant under future climate scenarios. The ecological rationale for combining climatic and 

233 edaphic factors is further supported by large-scale analyses of French forest communities 

234 showing that both climate and substrate jointly structure species distributions, including temperate 

235 oaks (Bertrand et al., 2011).

236 SDMs were implemented using two machine learning algorithms, Random Forest (RF) (Breiman, 

237 2001) and Extreme Gradient Boosting (XGBoost) (Chen & Guestrin, 2016), within the tidymodels 

238 framework in R (Kuhn & Silge, 2022). For each model (species-level and provenance-level), the 

239 dataset was randomly split into 70 % training and 30 % testing subsets.

240 To address the imbalance between presence and absence data, a random subsampling 

241 procedure was applied during model calibration to equalize the number of presence and absence 

242 observations, a standard practice to improve classifier performance and reduce AUC inflation 

243 (Kuhn & Johnson, 2013). Hyperparameters (see the ODMAP in Supplementary material S2 for 

244 more information) were tuned via 5-fold cross-validation using a grid-search approach, optimizing 

245 the area under the receiver operating characteristic curve (ROC-AUC) as the evaluation metric. 
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246 The final model configuration corresponded to the best-performing combination of 

247 hyperparameters averaged across cross-validation folds.

248

249 Model performance was assessed using cross-validated ROC-AUC scores on the training data 

250 and independently evaluated on the 30% testing subset. Final predictions corresponded to the 

251 ensemble mean of Random Forest (RF) and XGBoost probability outputs, an approach shown to 

252 reduce algorithmic bias and improve predictive robustness (Araújo & New, 2007; Marmion et al., 

253 2009). Model discrimination capacity was evaluated using the area under the receiver operating 

254 characteristic curve (ROC-AUC) and the True Skill Statistic (TSS), computed as ensemble means 

255 from RF and XGBoost outputs. All provenance-SDMs and species-SDM achieved high predictive 

256 performance on testing subsets (Table S1; ROC-AUC > 0.93, TSS > 0.7), confirming that the 

257 selected climatic and edaphic predictors effectively captured provenance-level environmental 

258 gradients across France.

259 SDMs (both species- and provenance-levels) were projected to future decades (2020-2100, in 

260 10-year intervals) under SSP5-8.5 to serve as input for the range shift dynamic simulations (see 

261 below). Probability output maps, here interpreted as climate suitability, were for each provenance 

262 within and across seed zones per decade, enabling the dynamic 10-yr evaluation of assisted 

263 dispersal strategies under future climates.

264 Metadata for all SDMs follow the ODMAP standard (Zurell et al., 2020) and are available in the 

265 Supplementary material S2.

266

267 2.2.2 Dynamic range shift simulations 

268 We used the simRShift (SRS) model (Bertrand et al., 2012) to simulate climate-driven forest 

269 provenance dynamics and spatial range shifts. SRS is a process-based, cohort-explicit model 

270 that tracks the number of juveniles, mature individuals, and mortality within each 1-km cell over 

271 decadal time steps.

272 At each time step, provenance change results from reproduction, establishment, dispersal, 

273 growth, and mortality, which are modulated by climatic suitability and local stand conditions. In 
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274 this study, growth, mortality, reproduction and establishment are driven by the climatic suitability 

275 from SDM outputs. Species-specific life-history traits such as age of maturity, lifespan, dispersal 

276 distance, and reproductive periodicity (masting) are explicitly integrated, making the model 

277 particularly suited to simulate long-lived, slow-dispersing species such as oaks, species-specific 

278 parameters can be found in (Table S2). Dispersal probability in simRShift depends on both 

279 species traits and land cover (NFI). Following Bertrand et al. (2012), we assumed full dispersal in 

280 forested cells (P = 1), reduced dispersal across semi-forested mosaics (P = 0.75 for forest < 30 

281 %), and limited dispersal through non-forest areas (P = 0.5). This approach captures the known 

282 fragmentation effects on acorn dispersal and regeneration. We assumed no major land-use 

283 change during the 21st century, constraining potential colonization to existing forest and semi-

284 forest habitats.

285 Each simulation was run at 1-km spatial resolution over the period 2020-2100 in 10-year time 

286 steps, representing decadal averages of climate conditions. We restricted simulations to cells with 

287 ≥30 % forest cover and added isolated patches containing National Forest Inventory (NFI) 

288 presences in mixed forest-agriculture mosaics, ensuring that all known occurrences were included 

289 in the initial distribution.

290 The initial distribution of Q. petraea was delineated using the alpha-hull method (α = 0.03; 

291 (Pateiro-López & Rodríguez-Casal, 2010), which flexibly defines species range boundaries while 

292 excluding spatial outliers (Serra-Diaz et al., 2024). This geographic approach, independent of the 

293 SDMs, ensures realistic initialization of the range even where NFI sampling is sparse (Boonman 

294 et al., 2024; Guo et al., 2023). Cells containing known presences but excluded by the alpha-hull, 

295 for instance in isolated patches in agriculture-forest mosaics, were added to the initial range. 

296 Initial age structure and cohort density per cell were derived from NFI plots; missing values were 

297 imputed using a k-nearest neighbor (kNN) approach (Kowarik & Templ, 2016), based on 

298 environmental similarity (elevation, soil pH, ecoregion, and bioclimatic predictors). This method 

299 has been successfully applied to reconstruct forest age and composition for dynamic simulation 

300 modeling (Beaudoin et al., 2018; Serra-Diaz et al., 2018).

301 We simulated three scenarios of species assisted dispersal: 
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302 (1) No assisted dispersal (SRS-control) 

303 Which serves as a baseline to compare against assisted strategies. This baseline run used the 

304 species-wide SDM of Q. petraea to project range dynamics under climate change without any 

305 planting intervention. It simulated natural recruitment, dispersal, and mortality from 2020 to 2100, 

306 providing a control against which to quantify range contraction and persistence.

307 (2) Planting simulations (SRS-planting for mixed provenances)

308 This scenario introduced assisted-dispersal planting interventions every decade from 2030 to 

309 2090. It consists of two sub-steps:

310

311 Provenance-performance simulations (SRS-performance)

312 To quantify the intrinsic performance of each regional provenance (Prov 1-6), we ran separate 

313 simulations (SRS-performance) using their corresponding provenance-specific SDMs as climatic 

314 input. Each simulation produced decadal outputs describing the number of new juveniles, mature 

315 trees, and mortality per cell. From these, we computed performance metrics for each provenance 

316 at each decade (e.g., 2030-2040): Maturation success = (new mature individuals in 2040) / (initial 

317 juveniles in 2030), Reproductive success = (new juveniles in 2040) / (initial matures in 2030), 

318 Persistence ratio = (total individuals in 2040) / (total in 2030), and Mortality rate = (deaths in 2040) 

319 / (total in 2030). These indices were combined into a composite performance score (perf_score: 

320 Maturation success score + Reproductive success score + Persistence score +  Mortality score)  

321 for each provenance and decade.

322 Decadal planting decisions

323 Then, for each time step, we combined the environmental suitability score (i.e., the predicted 

324 probability of occurrence from the provenance-specific SDMs; envS_score) and the performance 

325 score (from SRS-performance) using an equal weighting scheme. The final suitability index was 

326 therefore computed as: Final_score = 0.5 × perf_score + 0.5 × envS_score.

327 The provenance with the highest Final_score in each cell was selected as the best-performing 

328 provenance. Planting was permitted only where environmental suitability ≥ 0.6 and site fertility ≥ 

329 0.6 (details on site fertility can be found in supplementary material S3), and in cells where the 

330 species was absent (to align with assisted dispersal principles). The threshold of 0.6 was chosen 
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331 because values above this level represent moderate to high climate suitability, ensuring that 

332 planting occurred only in locations where establishment and persistence were likely to be 

333 maintained. New cohorts of juveniles (age = 5 years) coming from the best provenance were 

334 added to eligible cells, with planting effort varying by scenario (5 %, 10 %, 25 %, 50 %, 100 % of 

335 suitable cells). These cohorts were introduced into the model’s juvenile layer and simulated from 

336 year t to t + 10 (e.g., 2030-2040), after which the planting-selection-simulation loop was repeated 

337 for each subsequent decade until 2100.

338 Because planting decisions are based on provenance-SDM suitability, but SRS trajectories follow 

339 the species-level SDM, we applied a post-hoc ecological filtering step to enhance ecological 

340 realism and address conceptual concerns to retain only planted cells where establishment 

341 succeeded. For each decade, we compared newly planted cells (e.g. 2090 plantings) with 

342 simRShift outputs in the next decade (e.g. presence in 2100),  retained only planted cells where 

343 establishment successfully persisted, and excluded non-persistent cells from maps and summary 

344 statistics.

345 Specifically, we compared planted cells (e.g., in 2090) with predicted presence from simRShift in 

346 the subsequent decade (e.g., 2100) and removed non-persistent cells from the visualizations and 

347 downstream analyses. This step reconciles the use of population-level SDMs (used for selecting 

348 where to plant) with the species-level SDM used within simRShift simulations. The filtering 

349 guarantees that only realistic, demographically viable planting efforts are considered. On average, 

350 over 85-90% of planted cells persisted to the next decade, with minor variation across time and 

351 planting effort (see Supplementary Figure. S1). Provenance-level survival rates were consistent 

352 across space and time (e.g., Q. petraea 5: 90.1%, Q. petraea 4: 76.4%, Q. petraea 6: 75.3%, Q. 

353 petraea 3: 83.0%; see Supplementary Figure. S2).

354

355 (3) Assisted dispersal using local provenances (SRS-planting local)

356 This scenario mirrors the mixed-provenance planting framework but restricts planting strictly to 

357 the local provenance of each seed zone. No non-local provenance was allowed to be selected, 

358 representing a traditional “local-only” seed-use strategy with no assisted dispersal allowed across 

359 seed zones.
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360 Because simRShift includes stochastic dispersal and mortality processes, each simulation was 

361 repeated 50 times to capture internal variability. Outputs were summarized as mean predicted 

362 presence, recruitment, and mortality across replicates.

363 2.2.3 Statistical analyses of planting efforts and provenance-environment sorting

364 All statistical analyses were done using R ver. 4.3.2 (https://www.R-project.org/). To evaluate 

365 whether planting treatments produced significantly different outcomes, we analysed two 

366 complementary aspects of the simulation outputs: (i) planting  treatment effects on preserved area 

367 and efficiency (efficiency, calculated as the gain in additional occupied cells compared to baseline 

368 without planting, relative to the number of cells planted per decade), and (ii) environmental 

369 differences among planted provenances.

370 Planting treatment effects on preserved area and efficiency

371 We tested whether planting effort (5%, 10%, 25%, 50%, and 100% of suitable cells planted per 

372 decade) significantly influenced preserved area and efficiency using linear mixed-effects models 

373 (LMMs). Because the dataset contains repeated observations for multiple years (2030-2100), 

374 year was treated as a random intercept to account for temporal non-independence, while planting 

375 percentage was treated as a fixed effect. Models were fitted in R using restricted maximum 

376 likelihood (REML) with lmer (lme4), and denominator degrees of freedom and p-values were 

377 obtained using the Satterthwaite approximation (lmerTest). Estimated marginal means and 

378 Tukey-adjusted pairwise contrasts were computed with emmeans.

379 Environmental differences among provenances

380 To assess whether planted provenances were preferentially assigned to distinct climatic 

381 environments, we analysed variation in four environmental variables at planting locations: mean 

382 annual maximum temperature of the hottest month (TMXH), mean annual minimum temperature 

383 of the coldest month (TMNC), total precipitation of the driest quarter (PRDR), and elevation. For 

384 each variable, we fitted an LMM with provenance as a fixed effect and planting year as a random 

385 intercept to account for decadal differences in the climate. Provenance differences were tested 

386 using Satterthwaite-adjusted F-tests, and significant pairwise contrasts were identified using 

387 Tukey-corrected estimated marginal means.
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388 Results

389 Across all scenarios, Quercus petraea exhibited a sharp contraction of climatically suitable habitat 

390 through the 21st century (Figure 2A). This effect is evident regardless of the planting effort . 

391 Increasing planting effort enhanced total preserved area, but with pronounced diminishing returns 

392 (Figure S3-S7). Final presence rose from ≈ 102 × 10³ ha at 5 % effort to ≈ 189 × 10³ ha (10 %), 

393 411 × 10³ ha (25 %), 683 × 10³  ha (50 %), and 1018 × 10³ ha (100 %). Efficiency declined 

394 monotonically with effort, indicating that low-effort strategies were most cost-efficient, whereas 

395 higher efforts maximized total persistence (Figure S6, S7). These patterns were statistically 

396 confirmed by linear mixed-effects models (Table 1), planting percentage had a highly significant 

397 effect on both preserved area and efficiency (both p < 0.0001). Preserved area increased 

398 monotonically with planting effort, whereas efficiency decreased significantly from 5% to higher 

399 planting efforts (all Tukey-adjusted p < 0.0001), demonstrating clear diminishing returns,  and 

400 revealing a trade-off between total preserved area and efficiency (Table 1).  We thus retained the 

401 5% planting effort for subsequent analyses, as it represents a realistic and cost-efficient level for 

402 large-scale implementation.

403 Without planting, the projected presence area declined from roughly 3,762 × 10³ ha in 2030 to  2 

404 × 10³ ha by 2100. Active planting substantially slowed this decline, but mixed plantings retained 

405 a consistently larger presence, reaching ≈ 102× 10³  ha by 2100 compared with ≈ 46× 10³ ha 

406 under local seed use and only ≈ 2 × 10³ ha without planting (Figure 2B). Early in the 21st century, 

407 local and mixed strategies showed similar distributions, yet from 2060 onward mixed origins 

408 supported broader, more continuous forest cover , particularly in central and eastern France. 

409 The composition of seed provenance varied strongly among seed zones (Figure. 3A, B). The 

410 Alpine-Jura region (Zone 5) remained entirely self-sourced (Prov 5, 100 % local; Figure 3A, B, C). 

411 Statistical analyses showed that provenance 5 was assigned to the coldest and wettest 

412 environments among all provenances (TMNC and PRDR LMMs, both p < 0.0001; (Table 2).

Page 17 of 59

https://drive.google.com/file/d/1zfoDUaVx9fJBJiGHdW8useoTGIkMyhpU/view?usp=sharing
https://drive.google.com/file/d/1Segx8597owxnF5RHgYAmIsCpVzuMzVal/view?usp=sharing
https://drive.google.com/file/d/1Xiy8kAwBUNydfSNaKZreXu8EqgMxDLgg/view?usp=sharing
https://drive.google.com/file/d/1WVIYe1qmMornFsplfGl5JXHHNdcqLGKa/view?usp=sharing
https://drive.google.com/file/d/1zfoDUaVx9fJBJiGHdW8useoTGIkMyhpU/view?usp=sharing
https://drive.google.com/file/d/1-aWswCIWExJCLKdd4dQoiG2szMxQP1ja/view?usp=sharing
https://drive.google.com/file/d/1-aWswCIWExJCLKdd4dQoiG2szMxQP1ja/view?usp=sharing
https://drive.google.com/file/d/19BvmmEbTh6Tdc3LnVgdP0-1ltRHmbHbR/view?usp=sharing


413 In contrast, the Massif Central (Zone 4) became a major sink (Figure 3A, B, C), integrating local 

414 (Prov 3, ≈ 35 %), northeastern continental (Prov 2, ≈ 39 %), Pyrenean warm-dry (Prov 6, ≈ 19 %), 

415 and warm-dry southwestern Atlantic origins (Prov 3, ≈ 7 %) donors, each occupying distinct 

416 altitudinal belts. At high elevations (> 1100 m), local, northeastern continental, and Pyrenean  

417 provenances coexisted, whereas warm-dry southwestern Atlantic origins (Prov 3, ≈ 7 %) were 

418 restricted to intermediate plateaus  between 391 & 1100 m (Figure 3A ,B ,C). 

419 The northeastern region (Zone 2, Vosges/Alsace/Champagne) displayed a similarly structured 

420 mosaic, combining local (Prov 2,≈ 74 % ) + Alpine genotypes (Prov 5, ≈ 5 %) concentrated  in the 

421 Vosges Mountains, with Atlantic donors (Prov 3,≈ 20 %) restricted to warmer lowlands (95.9-398 

422 m), illustrating fine-scale differentiation between montane and planar environments (Figure 3A, 

423 B, C).

424 The climate sorting pattern in the northeastern region (Zone 2, Vosges/Alsace/Champagne), and 

425 the Massif Central (Zone 4), aligns with our statistical results, which showed that Prov 3 was 

426 planted in the warmest sites in lowlands (highest TMXH and TMNC values, (Table 2), whereas 

427 Prov 2, 4, 5, and 6 occupied cooler, wetter uplands (p < 0.0001).

428 In the Pyrenean region (Zone 6), approximately 45 % of planted cells originated from the Massif 

429 Central provenance (Prov 4), 42 % from the continental northeastern provenance (Prov 2), and 

430 13 % from the local Pyrenean provenance (Prov 6). These three origins co-occurred within a 

431 narrow elevational belt between ~1050 and 2100 m. 

432 Oceanic north-western France (Zone 1) drew predominantly from south-western Atlantic 

433 provenances (Prov 3, ≈ 95 %), reflecting climate matching along an oceanicity gradient, while the 

434 south-western region lost climatic suitability and ceased to receive planting effort by late century 

435 (Figure 3A, B, D).

436 Discussion
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437 Our simulations demonstrate that climate-informed assisted dispersal can partially mitigate the 

438 climate-driven decline of Quercus petraea, confirming key aspects of our initial hypotheses. As 

439 predicted by H1, range persistence increased with planting effort, but with strong diminishing 

440 efficiency. In line with H2, local adaptation persisted mainly in climatically stable mountain regions, 

441 whereas in warmer and drier lowlands, mixed seed provenance enhanced persistence by 

442 combining local and warm-adapted provenances. Consistent with H3, assisted dispersal 

443 produced multi-directional rather than simple latitudinal seed flows, reflecting climatic matching 

444 along aridity, continentality and elevation gradients. Together, these findings highlight how local 

445 adaptation, spatial reorganization and planting effort jointly determine the long-term effectiveness 

446 of assisted dispersal under future climates.

447

448 Assisted dispersal effort mitigates but does not prevent the decline of Quercus petraea
449

450 Our results show that assisted migration, regardless of the specific seed provenance, can 

451 substantially slow the projected climate-driven contraction of Quercus petraea compared with 

452 natural dispersal alone. Under a no-planting scenario, the species retained only ≈2 × 10³ ha by 

453 2100, whereas any planting strategy maintained more area (Figure 2B). This demonstrates that 

454 planting, when implemented strategically by forest managers, can meaningfully buffer the rate of 

455 decline and prolong the persistence of Q. petraea under climate change. The challenge then 

456 becomes not whether to plant, but how to allocate planting effort and which provenances will 

457 maximize both persistence and genetic resilience.

458

459 Building on this overarching result, our simulations confirm the main hypotheses guiding our 

460 analysis. As predicted by H1, In our simulations, total range persistence increased monotonically 

461 with planting effort but showed clear diminishing efficiency, reflecting the expected saturation of 

462 suitable microsites once the most favorable habitats are occupied. Around 5 % of planting effort 

463 would likely capture most of the attainable gains, while doubling effort beyond that could produce 

464 only modest additional benefits.

465

466 This non-linear relationship suggests that moderate planting levels (≈ 5-10 %) could offer an 

467 optimal trade-off between total persistence and operational feasibility. Beyond this range, 
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468 increasing planting effort would yield in sharp diminishing ecological returns while dramatically 

469 increasing logistical and financial demands. In practice, planting more than 5-10 % of suitable 

470 microsites per decade would likely exceed realistic nursery production, labor capacity, and 

471 budgetary constraints for most European forest agencies. Thus, low-effort strategies remain not 

472 only the most efficient per planted cell but also the most plausible to implement at scale, whereas 

473 higher efforts (≥ 25-50 %) maximize absolute area retained but may be impractical given current 

474 reforestation capacities.

475

476 Similar diminishing returns have been observed in empirical reforestation and assisted-dispersal  

477 programs, where high-density or large-scale plantings increased cost and logistical burden 

478 without proportionate ecological gain (Williams & Dumroese, 2013). Strategic, moderate 

479 investments could prove to be sufficient to achieve most survival and adaptation benefits, 

480 particularly when genetic diversity and site selection are optimized (Alfaro et al., 2014). Together, 

481 these findings suggest that moderate, spatially targeted planting efforts could deliver substantial 

482 persistence benefits under climate change while remaining feasible within operational and 

483 financial constraints.

484

485 Spatially, increasing planting effort would likely expand the footprint of mixed-origin forests 

486 outward from mountainous and continental cores into adjacent lowlands, reflecting the 

487 progressive saturation of suitable microsites within the area (Figure S3, S4). These dynamics 

488 suggest that early planting in climatically secure regions could stabilize core refugia, while 

489 incremental expansion toward transitional zones might help maintain connectivity under ongoing 

490 change.

491 Local and mixed provenances are an option in many regions
492

493 Local origins retained advantages in topographically buffered regions, confirming long-standing 

494 evidence for local adaptation in forest trees (Aitken & Whitlock, 2013; Savolainen et al., 2007). 

495 The Alpine-Jura region remained entirely self-sourced through 2100 (Figure 3A,B). Our statistical 

496 analyses showed that provenance 5 was consistently assigned to the coldest and wettest 

497 environments among all provenances, indicating that its climatic niche remains well aligned with 
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498 future conditions. Likewise, in the high Massif Central (> 1100 m), local provenances were the 

499 second most dominant in persistence where microclimatic buffering could have maintained 

500 conditions similar to historical baselines (Figure 3A,B). 

501

502 Elsewhere, local-only and mixed provenances performed similarly until 2060, after which locals 

503 declined faster in lowland and continental zones (Figure 2B). This pattern aligns with meta-

504 analyses showing that home-site advantages are context dependent and erode under rapid 

505 climate change (Alberto et al., 2013; Hereford, 2009; Leimu & Fischer, 2008; J. H. Pedlar et al., 

506 2021; Rehfeldt et al., 2002).

507

508 By 2100, mixed provenances planting sustained approximately 2.5 times larger presence areas 

509 than locals under equal effort. Introduced provenances complemented rather than replaced 

510 locals, consistent with functional complementarity and portfolio-diversity effects (Aitken & 

511 Bemmels, 2016; Breed et al., 2019; Bucharova et al., 2019; Fady et al., 2016; Kremer et al., 2012; 

512 J. H. Pedlar et al., 2021). Recent operational trials similarly demonstrate that blending local and 

513 warm-adapted sources increases seedling establishment and drought survival (De Kort et al., 

514 2014). This complementarity parallels experimental findings that mixtures of stress-tolerant and 

515 stress-intolerant ecotypes maximize performance under fluctuating stress (Nemer et al., 2023). 

516 Together, these results illustrate a portfolio effect akin to the assisted gene flow rationale: 

517 combining locally adapted and pre-adapted provenances enhances persistence under variable 

518 and rapidly changing climates. However, such benefits must be weighed against genetic 

519 uncertainties, including the potential for outbreeding depression and disruption of locally co-

520 adapted gene complexes when divergent lineages interbreed (Aitken & Bemmels, 2016; Prober 

521 et al., 2015). Although our modelling framework focuses on climate matching and does not 

522 simulate genetic risks explicitly, these considerations remain important for operational 

523 deployment and highlight the need for monitoring genetic outcomes in assisted-dispersal 

524 programmes.

525 Spatial and altitudinal reorganization of seed exchanges  

526 Assisted dispersal reorganized seed exchanges in a multi-directional rather than purely south-to-

527 north pattern. Seed transfers followed climatic matching rather than geographic distance, 

528 producing a structured redistribution of origins across both horizontal and vertical gradients 

529 (Kapeller et al., 2012). Warm-oceanic Atlantic provenances (Prov 3) were consistently selected 
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530 in low-elevation warm sites, including lowland portions of the Massif Central and the Vosges-

531 Alsace-Champagne region (Table 2). In contrast, mid- and high-elevation areas, the Vosges 

532 uplands, Alps, Jura, Massif Central uplands and Pyrenees, favoured locally adapted or climate-

533 analogous continental and Alpine provenances (Prov 2, 4, 5, 6), reflecting cooler and more humid 

534 conditions in these mountain belts (Table 2).

535 Warm-oceanic provenances from the Atlantic margin (Prov 1, Prov 3) were consistently selected 

536 in low-elevation sites across central and north-western France, including lowland portions of the 

537 Massif Central (≈ 400-1100 m) and the Vosges-Alsace-Champagne region. In contrast, mid- and 

538 high-elevation areas, the Vosges uplands, Alps, Jura, Massif Central uplands, and Pyrenees, 

539 favored locally adapted or climate-analogous continental and Alpine provenances (Prov op 2, 

540 Prov 4, Prov 5, Prov 6), reflecting the cooler and more humid conditions in these mountain belts. 

541 This vertical sorting produced altitudinally stratified mixtures, with Atlantic donors dominating 

542 lowlands while continental, Alpine, and local provenances prevailed above ≈ 1100 m.

543 These qualitative patterns were statistically supported by our environmental analyses: 

544 provenance identity significantly predicted elevation, hottest-month and coldest-month 

545 temperatures, and dry-season precipitation (all p < 0.0001; Table 2). Provenance 3 was planted 

546 in the warmest and driest lowlands (highest TMXH and lowest PRDR), whereas provenances 2, 

547 4, 5 and 6 dominated cooler, wetter uplands. Furthermore, our results mirror empirical 

548 provenance-transfer findings showing that forest-tree performance aligns with temperature-

549 moisture regimes rather than latitude per se (Kapeller et al., 2012). They also correspond to 

550 physiological limits described for mountain treelines, where temperature thresholds govern 

551 establishment and survival, making high-elevation belts natural microclimatic refugia for trees 

552 (Körner, 2012). Similar multi-directional and altitude-structured seed flows have been reported in 

553 other temperate and boreal trees (Aitken & Bemmels, 2016; Aitken & Whitlock, 2013; Fady et al., 

554 2016; Kapeller et al., 2012; Kremer et al., 2012; Prober et al., 2015; Serra‐Diaz et al., 2016). 

555 Together, these results show that assisted dispersal should not be guided by a simple uniform 

556 poleward shift but a complex, multi-directional and altitudinally stratified redistribution of seed 

557 sources.  
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558 Limitations and assumptions of the modeling framework

559 Our simulations rely on SDM-derived suitability as a proxy for climate-dependent demographic 

560 rates in simRShift (mortality, recruitment, and establishment). Although SDMs do not explicitly 

561 model physiological process, growing empirical evidence shows that SDM probabilities correlate 

562 well with observed patterns of drought-induced mortality, regeneration failures, and demographic 

563 responses to warming in European forests (Elvira et al., 2021; Margalef-Marrase et al., 2020; 

564 Perez-Navarro et al., 2021; Thuiller et al., 2019; Urban et al., 2016). The 10-year time step 

565 balances the temporal scale of tree demographic processes with the spatial scale (1 km) of the 

566 environmental data. For Quercus petraea, finer demographic data, such as provenance-specific 

567 mortality curves, drought thresholds, or dispersal kernels, would further refine predictions, but are 

568 currently unavailable at national scale. Despite these limitations, coupling SDMs with dynamic 

569 simulations provides a transparent, spatially explicit, and operationally realistic way to assess the 

570 potential outcomes of assisted dispersal strategies under future climates.

571 We also acknowledge that our simulations do not explicitly represent interspecific competition. 

572 Both SDM projections and simRShift dynamics assume that Q. petraea responses are 

573 independent of competitors, whereas in reality, recruitment, growth, and microsite availability are 

574 strongly shaped by interactions with co-occurring tree and understory species. Incorporating 

575 competitive dynamics could modify persistence trajectories, especially in densely populated 

576 lowland forests. Likewise, planting effort in practice is shared among multiple species, meaning 

577 that large-scale investment in Q. petraea may reduce the capacity to assist other climate-sensitive 

578 taxa. Our estimates therefore represent the potential outcomes under dedicated planting effort, 

579 rather than the full multispecies prioritization faced by forest managers.

580 The need for adaptive climate-informed assisted dispersal of tree species

581 Our study operationalizes assisted dispersal and assisted gene flow concepts in a way that is 

582 tractable for management, by working within fixed forest seed zones used by national agencies 

583 and French National Forest Inventory (NFI). Rather than replacing zoning with complex 

584 continuous rules, we embed climate-explicit decision‐making inside the forest seed zones 

585 framework: donors are chosen to match projected climate at recipient sites while respecting 

586 administrative units and likely nursery supply chains. This reconciles two needs highlighted in the 

587 literature, climate realism and operational simplicity (Alberto et al., 2013; Prober et al., 2015). The 

588 finding that some seed zones (e.g., Alps/Jura) remain self-sourced while others (e.g., Massif 
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589 Central, NE lowlands, NW oceanic) rely on targeted imports provides zone-specific guidance that 

590 foresters can implement without overhauling existing regulations.

591 The species’ future distribution will likely depend on a dual strategy: conserving local lineages in 

592 topographic refugia and integrating climate-matched ecotypes elsewhere. Rather than replacing 

593 traditional zoning, climate-explicit provenance choice operationalizes assisted gene flow within 

594 existing national policy. This approach provides a scalable pathway for adapting European 

595 adaptation and mitigation programs to an accelerating climate change.
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913 Tables 

914

915 Table 1. Estimated marginal means (± SE) of preserved area and planting efficiency across years 

916 (2030-2100), derived from linear mixed-effects models (LMMs) with planting effort as a fixed effect 

917 and year as a random intercept. Preserved area corresponds to total occupied area (×10³ ha), 

918 and efficiency is expressed as the gain in occupied cells relative to the no-planting baseline per 

919 1,000 planted cells (%). Different letters within each column indicate significant pairwise 

920 differences among planting efforts (Tukey-adjusted p < 0.05). Overall effects of planting effort 

921 were highly significant for both preserved area and efficiency (p < 0.0001).

Planting effort
Preserved area 
(×10³ ha) ± SE

Tukey group
Efficiency (%) ± 
SE

Tukey group

5% 548 ± 214 D 170.0 ± 47.4 C

10% 624 ± 204 D 101.0 ± 22.4 CB

25% 813 ± 183 C 54.8 ± 8.51 AB

50% 1047 ± 165 B 36.5 ± 4.76 AB

100% 1386 ± 160 A 24.4 ± 2.87 A

922

923

924

925

926

927

928

929
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930 Table 2. Environmental characteristics of planting locations for each provenance, based on linear 

931 mixed-effects models (LMMs). Values represent estimated marginal means (± SE) of elevation, 

932 mean annual maximum temperature of the hottest month (TMXH), mean annual minimum 

933 temperature of the coldest month (TMNC), and total precipitation of the driest quarter (PRDR). 

934 Provenance was treated as a fixed effect and planting year as a random intercept. Different letters 

935 within each column indicate significant pairwise differences (Tukey-adjusted p < 0.05). Overall 

936 provenance effects were highly significant for all variables (p < 0.0001).

937

938

939

940

941

942

Provenance
Elevation 
(m) ± SE

Tukey 
group

TMXH 
(°C) ± 
SE

Tukey 
group

TMNC 
(°C) ± 
SE

Tukey 
group

PRDR 
(mm) ± 
SE

Tukey 
group

2-
Northeastern 
continental

942 ± 

33.1
D

24.9 ± 

0.28
B

–3.31 ± 

0.27
D

65.6 ± 

3.86
B

3-
Southwestern 
Atlantic 

226 ± 38 E
27.0 ± 

0.29
A

0.16 ± 

0.29
E

35.9 ± 

3.96
E

4-Massif 
Central

1102 ± 36 B
24.6 ± 

0.27
D

–2.83 ± 

0.28
C

60.8 ± 

3.90
D

5-Alpine/Jura 1046 ± 35 C
25.9 ± 

0.28
B

–5.44 ± 

0.27
A

93.8 ± 

3.77
A

6-Pyrenean 1351 ± 38 A
23.4 ± 

0.28
E

–4.00 ± 

0.29
B

62.7 ± 

3.94
C
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943 Figure captions

944 Figure 1. Current distribution of Quercus petraea and projected climatic changes across French 

945 seed zones. 

946 (A) Present-day distribution of Q. petraea and the location of the six provenance clusters used to 

947 define seed origins. 

948 (B) Projected mean changes in key temperature and precipitation variables between 2020-2030 

949 and 2090-2100 under the MRI-SSP585 scenario. Values represent mean change per seed zone 

950 (Δ = 2090-2100 minus 2020-2030). Numbers indicate provenance identities: 1 = Northwestern 

951 Atlantic, 2 = Northeastern continental, 3 = Southwestern Atlantic, 4 = Massif Central, 5 = Alpine-

952 Jura, 6 = Pyrenean.

953

954 Figure 2. Effects of seed sourcing strategy on the range persistence of Quercus petraea through 

955 the 21st century. 

956 (A) Maps of predicted species presence from 2030 to 2100 simulated with simRShift under three 

957 scenarios: no planting, local provenances only, and mixed provenances, assuming a 5% planting 

958 effort (years shown: 2030, 2080, and 2100). 

959 (B) Temporal trajectories of total occupied area (10³ ha) from 2030 to 2100 for each scenario 

960 (years shown: 2050 to 2100).

961

962 Figure 3. Spatial and temporal dynamics of planted provenance origins under the 5% planting 

963 scenario. 
964 (A) Temporal evolution of planted origins for Local provenances (top row) and Mixed provenances 

965 (bottom row) strategies from 2030 to 2090. 

966 (B) Mean contribution of each provenance to planting within seed zones, expressed as the 

967 average proportion of planted cells across years (donut charts). 

968 (C) Topography of France showing major mountain systems (Vosges, Jura, Alps, Massif Central, 

969 Pyrenees), illustrating how elevation gradients correspond to patterns of provenance allocation 

970 and persistence. 

971 (D) Relative planting effort per seed zone, expressed as the proportion of planted cells allocated 

972 to each region across years. Colours correspond to provenance identities as in Figure 1.
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Global Circulation model selection: 
To identify the most reliable CMIP6 models over metropolitan France, the performance of four 
GCMs (MRI-ESM2-0, IPSL-CM6A-LR, GFDL-ESM4, and MPI-ESM1-2-HR) was assessed 
against monthly observations from Météo-France weather stations for the period 2015-2023. 

Model performance was evaluated using three metrics: Root Mean Square Error (RMSE), 
which measures the average deviation from observations; Bias, which quantifies systematic 
over- or underestimation. Each metric was calculated for four variables: mean temperature 
(tas), maximum temperature (tasmax), minimum temperature (tasmin), and precipitation (pr) 
under two emission scenarios (SSP3-7.0 and SSP5-8.5). 

The evaluation used 97,020 precipitation records from 914 stations, and a total of 83,196 
temperature records, consisting of 24,336 mean-temperature records from 227 stations, 
28,908 minimum-temperature records from 270 stations, and 29,952 maximum-temperature 
records from 281 stations, covering the period 2015-2023. This extensive observational 
database ensures robust spatial and climatic coverage across metropolitan France. Each 
GCM received a rank (1-4) for every variable and emission scenario based on RMSE, with 
lower RMSE values indicating better performance. A weighted scoring system was then 
applied to derive the overall model ranking: 4 points for Rank 1, 3 points for Rank 2, 2 points 
for Rank 3, and 1 point for Rank 4. The total score for each GCM corresponds to the sum of 
these weighted ranks across all variables and scenarios.
This ranking-based approach provides an empirical yet transparent framework to identify 
GCMs with the best overall agreement with observed climatology, consistent with previous 
regional model evaluation studies (e.g., Knutti et al., 2010; McSweeney et al., 2015). 

Table 1 summarizes the comparative performance of the four CMIP6 GCMs across variables 
and scenarios. Based on the ranking, the models MRI-ESM2-0, GFDL-ESM4, and IPSL-
CM6A-LR demonstrated the lowest RMSE and bias values and were therefore retained for 
downscaling. The MPI-ESM1-2-HR model exhibited consistently higher RMSE values, 
particularly for temperature variables, and was therefore excluded from the set of models 
retained for downscaling. 

Table 1. Performance-based ranking of four CMIP6 General Circulation Models over 
metropolitan France (2015–2023), evaluated using RMSE across four climate variables and 
two emission scenarios (SSP3-7.0 and SSP5-8.5). 

Model Rank 1 Rank 2 Rank 3 Rank 4 Total Score 
= 4×R1 + 3×R2 + 2×R3 + 1×R4

MRI-ESM2-0 3 4 1 0 26

GFDL-ESM4 2 3 3 0 23 

IPSL-CM6A-LR 3 2 1 2 22

MPI-ESM1-2-HR 2 0 2 4 16
To complement the overall ranking presented in Table 1, Table 2 provides the detailed 
evaluation results for each climate variable (precipitation, mean temperature, minimum 
temperature, and maximum temperature) under both emission scenarios (SSP3-7.0 and 
SSP5-8.5). For each model, the Bias, RMSE are reported along with the corresponding 
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performance rank. This detailed breakdown allows a more nuanced interpretation of how each 
GCM performs across different components of the French climate system.

Table 2. Detailed performance metrics of CMIP6 General Circulation Models (GCMs) for 
precipitation and temperature variables over metropolitan France (2015–2023), including 
Bias, RMSE, number of stations, and ranking under SSP3-7.0 and SSP5-8.5.

Variable Emission 
Scenario (SSP)

General Circulation 
Model (GCM)

Bias RMSE Rang

IPSL-CM6A-LR -3.88 36.82 1

MRI-ESM2-0 8.78 41.52 2

GFDL-ESM4 3.23 43.21 3
ssp370

MPI-ESM1-2-HR 12.45 49.66 4

GFDL-ESM4 7.5 40.32 1

IPSL-CM6A-LR 2.94 41.82 2

MRI-ESM2-0 4.4 43.33 3

Precipitation

ssp585

MPI-ESM1-2-HR 7.88 45.08 4

MRI-ESM2-0 -0.34 3.53 1

GFDL-ESM4 -0.22 3.74 2

IPSL-CM6A-LR -0.41 3.82 3

ssp370

MPI-ESM1-2-HR -1.15 3.9 4

MPI-ESM1-2-HR -0.89 3.73 1

GFDL-ESM4 -0.62 3.8 2

MRI-ESM2-0 -0.12 3.81 3

Mean Temperature

ssp585

IPSL-CM6A-LR -0.59 3.82 4

MRI-ESM2-0 0.59 1.53 1
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IPSL-CM6A-LR 0.47 1.87 2

MPI-ESM1-2-HR -0.1 1.87 3ssp370

GFDL-ESM4 0.79 2.14 4

MPI-ESM1-2-HR -0.02 1.6 1

IPSL-CM6A-LR 0.31 1.96 2

MRI-ESM2-0 0.75 2.02 3

Minimum Temperature

ssp585

GFDL-ESM4 0.42 2.08 4

MRI-ESM2-0 -1.48 2.37 1

GFDL-ESM4 -1.44 2.72 2

IPSL-CM6A-LR -1.49 2.86 3

ssp370

MPI-ESM1-2-HR -2.42 3.51 4

MRI-ESM2-0 -1.18 2.68 1

IPSL-CM6A-LR -1.7 2.85 2

GFDL-ESM4 -1.85 3.06 3

Maximum Temperature

ssp585

MPI-ESM1-2-HR -2.26 3.24 4
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Study on methodology in species distribution modeling

– ODMAP Protocol –

David Nemer

2025-27-02

Overview

Authorship

Contact : david.nemer@agroparistech.fr

Model objective

Model objective: Forecast and transfer

Target output: Suitable vs. unsuitable habitat

Focal Taxon

Focal Taxon: Quercus petraea

Scale of Analysis

Spatial extent: 123900, 1241900, 6049652, 7110652 (xmin, xmax, ymin, ymax)

Spatial resolution: 1000 (km)

Temporal extent: 1981-2020, 2020-2100

Boundary: natural

Biodiversity data

Observation type: French National Forest Inventory (NFI) 

Response data type: presence-absence

Predictors

Predictor types: climatic

Algorithms

Modelling techniques: XGBoost, randomForest

Model averaging: Averaging/ensemble modelling
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Workflow

Model workflow: 

1. Presence-absence data were extracted from the French National Forest Inventory (NFI). 
NFI data were filtered to include only plots with valid species information by removing 
records with missing or incomplete species identifications. 

2. Data splitting into training and test sets. 

3. Model specification for RF and XGBoost. 

4. Cross-validation and tuning. 

5. Final model selection and fitting. 

6. Making predictions on the test set and evaluating models using AUC metrics.  

7. Ensemble modelling. 

8. Predictions on the current & future climate

Software

Software: Software: R version 4.3.2. key packages (raster, terra sf, tidymodels)

Data

Biodiversity data

Taxon names: Quercus petraea

Ecological level: species

Data sources: French National Forest Inventory (NFI)

Data partitioning

Training data: Data splitting into training (70%) and test sets (30%)

Validation data: Cross-validation

Predictor variables

Predictor variables: 

Maximum temperature of the hottest month (TMXH), Minimum temperature of the coldest 
month (TMNC), Precipitation of the driest quarter (PRDR), Soil pH
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Data sources: CHELSA database (Karger et al., 2017)

Spatial extent: 123900, 1241900, 6049652, 7110652 (xmin, xmax, ymin, ymax)

Spatial resolution: 1 km

Coordinate reference system: lon/lat WGS 84 (EPSG:4326)

Temporal extent: 1981-2020

Transfer data

Data sources: CHELSA database (Karger et al., 2017)

Spatial extent: 123900, 1241900, 6049652, 7110652 (xmin, xmax, ymin, ymax)

Spatial resolution: 1 km

Temporal extent: 2020-2100

Models and scenarios: MRI_ESM2 (ssp585)

Model

Model settings

XGBoost: formula (pa~ TMXH + TMNC + PRDR)

randomForest: formula (pa~ TMXH + TMNC + PRDR) 

Threshold selection

Threshold selection: Threshold selection: Minimum Training Presence

Assessment

Performance statistics

Performance on training data: AUC

Performance on validation data: AUC

Performance on test data: AUC

Plausibility check

Response shapes: partial response plots

Expert judgement: map display
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Prediction

Prediction output

Prediction unit: Probability

Random Forest and Gradient Boosting Machine models were used to predict the 
distribution of the species across different time periods, including the current climate and 
future periods (2020-2100). For the future climate scenarios, one General Circulation 
Models (GCM) was utilized: MRI_ESM2 under two Shared Socioeconomic Pathways (SSPs): 
SSP585. To enhance the robustness of the predictions, an ensemble approach combining RF 
and XGBoost was applied. 
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We quantified site fertility using a spatially explicit index derived from dominant height, which is widely 
used as a dendrometric measure of site quality (site index) in even-aged forests. Site index is classically 
defined as the average height of dominant and codominant trees at a reference age and is considered 
the most widely accepted quantitative indicator of site productivity in many forest regions (Engel et 
al., 2023; Hanson et al., 2003).

We used national forest inventory plots as calibration data. For each plot, dominant height (Hdom, m) 
was computed as the mean height of dominant trees (Sharma et al., 2011). Explanatory variables 
included soil and site properties (available water capacity, pH, C/N ratio, slope) (Bravo-Oviedo et al., 
2008), stand structure (age, relative stand density index), species identity, and climatic descriptors 
(mean annual temperature and precipitation). 

A Random Forest model (implemented with the ranger package) was fitted to predict Hdom as a 
function of all environmental and stand variables. 

To derive a map of soil fertility, we applied the fitted model to a 1-km grid covering the study area. For 
each grid cell, we extracted the soil and site variables and fixed non-edaphic covariates to standard 
reference conditions (pure beech stand, reference age of 100 years, median relative density, and 
median climate). Under these standardized stand and climate conditions, spatial variation in predicted 
dominant height primarily reflects differences in soil-related site quality. We then linearly rescaled 
Hdom between its minimum and maximum predicted values to obtain a dimensionless fertility index 
ranging from 0 (lowest fertility within the study area) to 1 (highest fertility)

 

Bravo-Oviedo, A., Tomé, M., Bravo, F., Montero, G., del Río, M., 2008. Dominant height growth 
equations including site attributes in the generalized algebraic difference approach. Can. J. For. Res. 
38, 2348–2358. https://doi.org/10.1139/X08-077

Engel, M., Mette, T., Falk, W., Poschenrieder, W., Fridman, J., Skudnik, M., 2023. Modelling Dominant 
Tree Heights of Fagus sylvatica L. Using Function-on-Scalar Regression Based on Forest Inventory 
Data. Forests 14, 304. https://doi.org/10.3390/f14020304

Hanson, E.J., Azuma, D.L., Hiserote, B.A., 2003. Site Index Equations and Mean Annual Increment 
Equations for Pacific Northwest Research Station Forest Inventory and Analysis Inventories, 1985-
2001.

Sharma, R.P., Brunner, A., Eid, T., Øyen, B.-H., 2011. Modelling dominant height growth from national 
forest inventory individual tree data with short time series and large age errors. For. Ecol. Manag. 
262, 2162–2175. https://doi.org/10.1016/j.foreco.2011.07.037
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Provenances ROC-AUC TSS
Q.petarea 1 0.94 0.75
Q.petarea 2 0.94 0.79
Q.petarea 3 0.95 0.82
Q.petarea 4 0.93 0.75
Q.petarea 5 0.98 0.93
Q.petarea 6 0.93 0.72

Table S1. Predictive performance metrics of provenance-specific species distribution models (SDMs) for Quercus petraea 
(provenances 1-6). Values correspond to ensemble mean scores combining Random Forest and XGBoost models. ROC-AUC = area 
under the receiver operating characteristic curve; TSS = True Skill Statistic.

Page 50 of 59



Species
Maximum 
Dispersal 
Distance
(meters)

Age of maturity 
(years)

Maximum 
lifespan (years)

Masting event 
per decade

Reference

Quercus 
petraea

4000 40 800 3 1) Bonner, F.T., Karrfalt, R.P. & 
Nisley, R.G. 2008. The woody 
plant seed manual. USDA 
Forest Service, Agricultural 
Handbook 727, Washington, 
DC, 1223 pp.

2) Vittoz, P., & Engler, R. (2007). 
Seed dispersal distances: A 
typology based on dispersal 
modes and plant traits. 
Botanica Helvetica, 117(2), 
109–124. 
https://doi.org/10.1007/s00035-
007-0797-8  

Table S2. Species-specific demographic and dispersal traits used as input parameters in the simRShift (SRS) model for Quercus 
petraea, including maximum dispersal distance, age at maturity, maximum lifespan, and frequency of masting events.
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Figure S1. Effects of post-hoc survival filtering from 2030 to 2100 on survival rates (mean ± SE) across planting strategies and effort 
levels (e.g. 5-100% mixed, 5% local-only).
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Figure S2. Effects of post-hoc survival filtering on survival rates (mean ± SE) for each planted provenance across decades under the 
5% mixed-provenance strategy. Provenance 1 was only used in 2030.
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Figure S3. Spatial distribution of planted provenance origins for the mixed-provenance strategy under increasing planting efforts 
(5%, 10%, 25%, 50%, 100%) from 2030 to 2090.
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Figure S4. Temporal dynamics of total occupied area (10³ ha) from 2030 to 2100 comparing mixed-provenance strategies across 
planting-effort levels (5-100%) and the no-planting baseline.
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Figure S5. Maps of predicted Q. petraea presence from 2030 to 2100 simulated with simRShift under no planting and increasing 
planting efforts (5%, 10%, 25%, 50%, 100%).

Page 57 of 59



Figure S6. Temporal evolution of planting efficiency and total preserved area across planting efforts.
(Top) Planting efficiency, expressed as the gain in occupied cells relative to the no-planting baseline divided by the number of 
planted cells per decade.
(Bottom) Total preserved area through time for each planting-effort level.
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Figure S7. Trade-off between planting efficiency and total preserved area by 2100. Scatterplot showing the relationship between total 
preserved area (10³ ha; x-axis) and planting efficiency (gain per planted cell; y-axis) across planting-effort levels. The concave 
relationship highlights diminishing returns: increasing planting effort increases absolute area preserved but reduces efficiency per 
planted cell.
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