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Climatic data
[bookmark: _Hlk221104588]Although the most recent IPCC assessments are framed using SSP (Shared Socioeconomic Pathway) scenarios, our study relies on RCP (Representative Concentration Pathways). The two RCP scenarios we have used, RCP4.5 and RCP8.5 have direct equivalent SSP scenarios: SSP2-4.5 and SSP5-8.5 respectively (IPCC 2023). RCP4.5 and SSP2-4.5 have equivalent radiative forcing in 2100 (4.5 Wm-2) as do RCP8.5 and SSP5-8.5 scenarios (8.5 Wm-2). 
Downscaling Methods
Downscaling and predictive modelling of topo-climatic variables are detailed by Delrieu et al. (2025). The produced downscaled projections include (1) global solar radiations, (2) minimum (Tmin), maximum (Tmax) and mean (Tmean) air temperatures, (3) potential evapotranspiration and (4) precipitation.
Daily clearsky solar radiation was calculated from standard astrophysical equations relating incoming direct radiation with solar angle as a function of day of the year (DOY), latitude and topographical features, including projected shading effects, and diffuse radiation based on the skyview topographical index (Druel et al. 2025). Global solar radiation then resulted in the combination of direct and diffuse radiation attenuated by the cloudiness proxy index from Hargreaves & Samani (1982) derived from Tmax-Tmin.
Our study additionally provided a refined data-driven topoclimatic interpolation of temperature Tmin and Tmax, beyond the usual lapse-rate considering the effect of altitude on temperature decrease. We built a random forest regression model (‘randomForest’ R package) investigating daily Tmin and Tmax measured in the Meteorological stations as a function of the reference Météo France station corresponding temperatures Tminref and Tmaxref, wind speed as an index of daily atmospheric turbulences, the corresponding Meteorological station’s altitudes, heat load index (HLI) defined as the integrated solar radiation received during hottest hours of the day occurring between 1:00pm and 3:00pm (Geiger et al. 2009), the daily solar radiation as a seasonal index, and the skyview index differentiating valley bottoms and ridge crests (Zaksek et al. 2011). To balance predictive accuracy with computational efficiency, we manually tested several combinations of Random Forest parameters (mtry, min.node.size, and num.trees) on representative subsets of the dataset. The final configuration (num.trees = 500, mtry = 3, min.node.size = 5) provided the best compromise between accuracy, measured by the root mean square error (RMSE), and processing time. This model was then applied to all the pixels of the study area represented by their topographical feature as altitude, daily HLI and skyview, and the daily wind and solar radiation of the reference meterological station. This same model was then applied to future climates of the reference Meteo France station, projected with the quantile method bias correction of DRIAS scenarios for the corresponding reference pixel (Ruffault et al. 2013).
Daily potential evapotranspiration (PET) used for drought assessment in PHENOFIT was then computed from solar radiation and mean air temperature with a simplified Priestley-Taylor equation (Anupoju et al. 2025, Allen et al. 1998). Soil water holding capacity was derived from the EU Soil Hydraulic Grid at 1km (Toth et al. 2017) and Soil Grids (Poggio et al. 2021; Turek et al 2023).
[bookmark: _Hlk221786802]Precipitations were interpolated using the bilinear reprojection function raster::projectRaster() of the 8km resolution SAFRAN gridded data, thus assuming no particular topographical effect beside the one already included if the raw data.

Phenology models
General model structure
The general structure of phenology models can be described as followed:  the occurrence date of a phenology event taking place at the end of development phase  such that where the cumulative development state  on day  increases daily according to the development rate , which is a function of meteorological variables. This progression starts at , the end of the previous phase , and continues until , the end of the current phase. The phase is considered complete when the cumulative sum from of daily development rates  reaches the critical threshold . A model can describe several phases of development that can overlap or sequentially follow each other (Chuine and Régnière 2017). 

[bookmark: _Hlk204529499]Model calibration
Leaf unfolding and flowering sub-models
Since for chestnut trees flowers are in the same bud as leaves (Breisch 1995), we first calibrated a 2-phase model for leaf unfolding date (BBCH 15) and then a 1-phase model for the delay between leaf unfolding and flowering (BBCH 65). Similarly, because we had more data on the budburst stage (BBCH 09), we first calibrated a 2-phase model for this stage and then a 1-phase model for the delay between budburst and leaf unfolding. This calibration process allowed us making the most of our data. The first phase of a 2-phase model aims to describe for endodormancy and the second phase describe the ecodormancy, while a 1-phase model describe only the ecodormancy. The rate of development during endodormancy was described with a negative threshold function of temperature (Eq. 1) while the rate of development during ecodormancy was described with a growing degree-day function (Eq. 2).

Eq. 1: 
Eq. 2: 

Fruit maturation sub-model
For fruit ripening date (BBCH85) we used a 2-phases model since fruits with slow growth periods tend to exhibit a 2-phase growth pattern with first cellular multiplication after pollination before cellular enlargement (Pei et al. 2020) and then an accumulation of photosynthetic assimilates (Chuine and Beaubien 2001). The rate of development of the first phase was described by a sigmoid function and the rate of development of the second phase was described with a Wang function (Eq. 3) (Wang and Engel 1998). 
Eq. 3: 


Leaf senescence sub-model
Leaf senescence date (BBCH95) in deciduous trees is mainly regulated by cold temperatures (Estralla and Menzel 2006) and short photoperiod (Keskitalo et al. 2005). We had fewer data for leaf senescence than for other stages so we gathered all observations across varieties and used a 1-phase model whose response function was a sigmoid negative (Eq. 4).
Eq. 4: 
[bookmark: _Toc204562727]
[bookmark: _Hlk206670279]Supplementary Fig. S1 Schematic description of PHENOFIT4 (Van der Meersch 2025) with ecophysiological processes and functional traits simulated by the model (Chuine and Beaubien 2001) adapted to chestnut tree’s phenology (pictures ©Ponsa).
[image: ]


[bookmark: _Hlk206668824]Supplementary Table S1 BBCH scale of the five stages observed, adapted to chestnut trees for field observations with farmers.
	Phenological stage
	
	

	Stage 0 – Bud development 

	Budburst 
(BBCH 06)
	Green leaf tips have emerged (BBCH 07)

	Stage 1 - Leaf development 
	10% leaves unfolded, horizontally (BBCH 11)
	50 % leaves unfolded, horizontally (BBCH 15)

	Stage 6 - Flowering 

	10% of unisexual male catkins mature (BBCH 61)
	50 % of unisexual male catkins mature (BBCH 65)

	Stage 8 - Fruit maturity

	10% of chestnut fallen 
(BBCH 81)
	50 % of chestnut fallen 
(BBCH 85)

	Stage 9 - Leaf senescence

	10% of leaves turned yellow (BBCH 91)
	50 % of leaves turned yellow (BBCH 95)




[bookmark: _Toc204562728][bookmark: _Hlk206670199]Supplementary Table S2 PHENOFIT parameters for chestnut tree. When no value is indicated, please refer to Table 3 showing parameter values for each variety. 
	Process
	Subprocess
	Function
	Parameter
	Set values
	Definition

	Leaf unfolding
	Endodormancy
	Threshold inferior
	 
	-122
	Starting date of the endodormancy phase

	
	
	
	
	
	Threshold temperature of the Threshold inferior function

	
	
	
	
	
	Critical state of development corresponding to dormancy break

	
	Ecodormancy
	GDD
	
	
	Threshold temperature of the GDD function

	
	
	
	
	
	Critical state of development corresponding to leaf unfolding

	Flowering
	Endodormancy
	Threshold inferior
	
	-122
	Starting date of the endodormancy phase

	
	
	
	
	
	Threshold temperature of the Threshold inferior function

	
	
	
	
	
	Critical state of development corresponding to dormancy break

	
	Ecodormancy
	GDD
	
	
	Threshold temperature of the GDD function

	
	
	
	
	
	Critical state of development corresponding to leaf unfolding

	Fruit maturation
	Cell multiplication and growth
	Sigmoid
	
	
	Slope at the inflection point of the sigmoid function

	
	
	
	
	
	Mid-response temperature of the sigmoid function

	
	
	
	
	
	Accumulation threshold above which accumulation starts

	
	Photosynthetic assimilate accumulation
	Wang & Engel (1998)
	
	
	Optimal temperature of the Wang function

	
	
	
	
	
	Accumulation threshold above which maturation occurs

	
	
	
	
	
	Standard deviation

	
	
	
	
	0.6
	Prop. of injured leaves reducing by 50% the flux of photosynthetic assimilates

	Leaf senescence
	 
	Sigmoid negative
	
	40
	Critical temperature at the inflection point

	
	
	
	
	
	Slope at the inflection point of the sigmoid function

	
	
	
	
	
	Accumulation threshold above which accumulation starts

	
	
	
	
	
	Standard deviation

	Frost hardening
	Death
	
	
	-30
	Lethal temperature

	
	Leaf
	 
	 
	-2
	Minimum level of frost hardiness

	
	
	
	 
	-30
	Maximum level of frost hardiness

	
	Flower 
	
	
	-5.3
	Minimum level of frost hardiness

	
	
	
	
	-30
	Maximum level of frost hardiness

	
	Fruit
	
	
	-6
	Maximum level of frost hardiness of young fruit

	
	
	
	
	-20
	Maximum level of frost hardiness of mature fruit

	
	Thermal control
	
	
	10
	Upper limit of the effective range of temperature

	
	
	
	
	-16
	Lower limit of the effective range of temperature

	
	Photoperiod control
	

	
	10
	Lower limit of the effective range of photoperiod

	
	
	
	
	16
	Upper limit of the effective range of photoperiod

	Water stress
	Precipitation range
	
	500
	Minimum level of precipitation

	
	
	
	3500
	Maximum level of precipitation





[bookmark: _Toc204562729]Supplementary Results
[bookmark: _Hlk206670331]Supplementary Fig. S2 Boxplot of fruit maturation date with the mean for each variety and climatic condition.
[bookmark: _Toc204562730][image: ]

Supplementary Fig. S3 Projections of PHENOFIT4 results representing for each variety under each climatic scenario. a) survival as a product of temperatures, drought and carbon survival, b) fruit maturation index, c) carbon survival and d) leaf index. Colour scale represents their probability between 0 and 1. e) flowering date and f) leaf senescence date. Colour scale represents the day of the year predicted for the completion of phenological stage in the studied area. Areas in grey are outside a realistic range.
[image: ]




[bookmark: _Hlk206669868]Supplementary Fig. S4 Projections of standard deviation to each phenological stage predicted with PHENOFIT for each variety and climatic conditions. a) leaf unfolding date, b) flowering date, c) fruit maturation date and d) leaf senescence date. Colour scale represents the standard deviation in days to the mean DOY represented in Fig. 3.
[image: ]

Supplementary climatic results
Supplementary Fig. S5 Projections representing the evolution of minimum temperatures during winter (December, January, February) under each climatic scenario. a) interannual mean of winter minimum temperatures, b) interannual standard deviation of winter minimum temperatures.
[image: ]
Supplementary Fig. S6 Projections representing the evolution of cumulated days of frost in a year under each climatic scenario. a) interannual mean of frost days, b) interannual standard deviation of frost days. 
[image: ]

Supplementary Fig. S7 Projections representing the evolution of maximum temperatures during summer (July, August) under each climatic scenario. a) interannual mean of summer maximum temperatures, b) interannual standard deviation of summer maximum temperatures.
[image: ]
Supplementary Fig. S8 Projections representing the evolution of cumulated growing degree days (in degree Celsius with temperatures above -3°C) in a year under each climatic scenario. a) interannual mean of growing degree days, b) interannual standard deviation of growing degree days.
[image: ]
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