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Abstract
Climate change is expected to significantly impact agriculture by altering temperature and precipitation patterns, with notable 
effects on crop phenology and yields in Mediterranean regions. The European chestnut (Castanea sativa Mill., Fagaceae) is a 
culturally and economically important species in the Mediterranean area, particularly in mountainous regions of Cévennes in 
France where traditional chestnut-based agrosystems are under pressure. However, the potential impacts of climate change on 
chestnut phenology and varietal adaptation remain poorly investigated. This study used the process-based model PHENOFIT 
to assess the suitability of future climatic conditions (under scenarios RCP4.5 and RCP8.5) for three major chestnut varieties 
grown in Cévennes mountains. Originally developed for forest trees, this model estimates tree fitness based on survival and 
reproductive success under specific pedoclimatic conditions. A network of on-farm monitoring sites and a citizen-science 
approach provided phenological and climatic data to model the consequences of climate extremes and global warming on 
a shift of the cultivation area until 2100. Model projections suggest an upward and downward elevational expansion of 
potentially suitable chestnut growing areas, alongside a phenological advance from budburst to fruit maturation. Risks of 
spring and autumn frosts are projected to decline and winter warming is not projected to compromise exposure to chilling 
temperatures that break bud dormancy. Chestnut varieties showed different responses to climate change, indicating the need 
for further studies on their functional traits, especially drought tolerance, varietal plasticity and fruit quality, to enhance the 
model’s projections’ reliability and propose adaptive strategies for sustainable chestnut cultivation in the upcoming decades.

Keywords  Process-based modelling · Chestnut (Castanea sativa Mill.) · Varieties  · Phenology · Agroforestry · Citizen-
science

Introduction

Climate change causes widespread adverse impacts to nature 
and people that are unequally distributed across ecosystems 
and regions, and is recognised to pose a significant threat 
to both agriculture and forests worldwide (IPCC 2023). 
Changes in temperature and precipitation are expected to 
reduce yields of most crops (Challinor et al. 2009; Dettori 
et al. 2017; IPCC 2023; Rezaei et al. 2023) due to shifts in 
phenology affecting crop development (Parker et al. 2020), 
exposure to late frost (Vitasse et al. 2018a, b; Zohner et al. 
2020; Lamichhane 2021; Guo et al. 2024), early heat waves 
and summer drought (Fahad et al. 2017; Dietz et al. 2021), 
as well as reduction in chill accumulation causing develop-
mental disorders (Leolini et al. 2018b, a; Rodríguez et al. 
2021; Fernandez et al. 2022).
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The Mediterranean region, is a climate change hotspot 
(IPCC 2023), with a continued increase in temperature 
extremes, heatwaves and droughts (Lionello and Scarascia 
2018; Seneviratne et al. 2021; IPCC 2023). Future pro-
jections predict similar trends (De Luis et al. 2010; Lor-
enzo and Alvarez 2022), with more frequent and intense 
droughts (Böhnisch et al. 2021, 2025; García-Valdecasas 
Ojeda et al. 2021; Soares et al. 2023) especially during 
summer months (Giorgi and Lionello 2008; Ozturk et al. 
2015; IPCC 2023), thus significantly disrupting agricul-
ture and forestry, two climate-sensitive sectors in this 
region (IPCC 2023).

Mediterranean forests show large events of tree mortality 
and diebacks consistently linked to warmer and drier aver-
age conditions (Sánchez-Salguero et al. 2020), exacerbated 
by biotic stresses such as pathogens (Homet et al. 2019). 
Projections suggest possible local extinction for many forest 
species that may not be able to migrate fast enough to keep 
up with changing climates (IPCC 2023).

Among tree crops sensitive to climate change, Cas-
tanea sativa (Mill.) known as the European sweet chestnut 
(Fagaceae), has a wide distribution range from Northern 
Europe to Asia Minor (Conedera et al. 2016; Freitas et al. 
2021) and covers 2,715,050 ha in Europe (Gomes-Laranjo 
et al. 2024). It is mesophilic, thus displaying optimal growth 
in medium humidity and temperature (Gomes-Laranjo et al. 
2009), but also grows in Mediterranean climates with warm 
summers and humid cold winters (Zhang et al. 2011). Cli-
mate change-induced shifts in precipitation regimes are 
expected to lead to more frequent and intense droughts 
(Böhnisch et al. 2021; García-Valdecasas Ojeda et al. 2021; 
Soares et al. 2023), further increasing the potential risks to 
chestnut cultivation in addition to other challenges encoun-
tered by this sector (Aumeeruddy-Thomas et al. 2012; Bellat 
et al. 2019).

Traditional chestnut agrosystems are complex agrofor-
estry systems in the Mediterranean, that incorporate both 
orchard and forest components. People have been deeply 
linked to selected varieties of chestnut since the Middle Ages 
(Reyne 1984; Pitte 1986; Conedera et al. 2004). Between 
400 and 500 varieties are known in France (Hennion et al. 
2009; Bouffartigue 2020) and have been multiplied through 
vegetative propagation by grafting onto rootstock of chest-
nut (Castanea sativa) naturally growing from seedlings or 
on vegetative coppices grown from cut trees (Aumeeruddy-
Thomas et al. 2012; Bouffartigue 2020). Most traditional 
farms are polyvarietal, representing a diversity of genetic 
resources originating from diverse regions that have been 
exchanged over time between farmers (Dupré 2002; Bouf-
fartigue 2020), associated with a deep knowledge of farmers 
regarding their phenology, morphological traits, post-pro-
duction treatment, conservation and sensitivity to pathogens 
(Aumeeruddy-Thomas et al. 2024).

Chestnut agrosystems are multifuntional, combining 
chestnut fruit production, livestock grazing (mostly sheep 
and goats), production of diverse fruits and vegetables, bee-
keeping and management of forests for livestock and wood 
(Pitte 1986). Yet, the dominant species remains the chestnut, 
representing a significant part of farmers’ revenue in France 
and across Europe (Castellana et al. 2021; Freitas et al. 2022; 
CTIFL 2023). Moreover, since agroforestry has been iden-
tified as an adaptive strategy for mitigating impacts of cli-
mate change, studying chestnut agrosystems are of particular 
interest for understanding their ability to thrive in the future 
and provide real solutions in the Mediterranean “climate 
change hotspot” (IPCC 2023).

There remains a significant knowledge gap regarding 
the ability of chestnut producers to endure the impacts of 
climate change, notably those associated with a produc-
tion decrease (Freitas et al. 2021). Rising concerns were 
expressed by producers and stakeholders, encouraging 
them to take action notably by partnering with research-
ers (Aumeeruddy-Thomas et al. 2024). Studying chestnut 
trees’ ability to cope with climate change and especially the 
large possibilities offered by selected varieties is important 
to implement appropriate adaptive solutions for chestnut 
growers (Freitas et al. 2021; Marques et al. 2025).

Projections for chestnut forests under climate change 
predict a decrease of the suitable growing area and of their 
productivity in Portugal and Turkey (Çobanoğlu et al. 2023; 
Erturk and Aricak 2024; Freitas et al. 2024; Álvarez-Álvarez 
et al. 2025). More precisely, phenological changes (Larue 
et al. 2021; Conedera et al. 2021) and drought-induced 
physiological stress (Alcaide et al. 2019; Pérez-Giron et al. 
2020; Castellana et al. 2021) have been reported. These 
studies have described chestnut trees’ behaviour at a spe-
cies level and were mainly targeted towards forest. Little is 
known about variations at the varietal level within managed 
chestnut orchards (Gomes-Laranjo et al. 2012; Freitas et al. 
2021). Yet, varieties are known to display substantial vari-
ation in their phenology, morphology (Furones-Pérez and 
Fernández-López 2009; Dinis et al. 2011) and functional 
traits (Gomes-Laranjo et al. 2006), but whether these dif-
ferences translate into different capacities to adapt to future 
climatic conditions is largely unknown.

Crop yield modelling is a key aspect of agricultural 
research on climate change impacts on food security (Chal-
linor et al. 2009; Lobell et al. 2013; Zipper et al. 2016; Leng 
et al. 2019; Guo et al. 2019; Li et al. 2019). Several crop 
models describing key physiological mechanisms have been 
developed during the last decades, such as APSIM, DSSAT, 
STICS and ORYZA (Farooq et al. 2023; Gavasso-Rita et al. 
2024). However, a clear modelling gap exists for perennial 
and underrepresented crops such as chestnut. Indeed, the 
vast majority of studies focuses on the main annual crops, 
i.e., maize, soybean, wheat and rice, highlighting the need to 
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extend research to other crops (Hu et al. 2024; Gavasso-Rita 
et al. 2024). Data scarcity on chestnut compared to other 
fruit trees (Fernandez et al. 2022) makes it challenging to 
use existing crop models. In this study, we propose to use a 
process-based model to study the impact of climate change 
on chestnut varieties in a major region of chestnut produc-
tion in southern France, the Cévennes.

Originally developed for forest trees, the PHENOFIT 
model estimates a tree’s fitness as a product of its survival 
and reproductive success across its lifetime, depending on 
the pedoclimatic conditions (Chuine and Beaubien 2001). 
The model is based on three main ecophysiological pro-
cesses affecting survival and reproduction: phenology, 
resistance to drought and resistance to frost. Compared to 
other tree ecophysiology models such as FOREST-BGC, 
BIOMASS, 3-PG or TRIPLEX (Landsberg 2003; Lo 
et al. 2011), PHENOFIT uses a relatively small number of 
parameters, which makes it particularly suitable for use in 
data-poor environments, such as the rugged, mid-altitude 
regions where chestnuts are traditionally grown in southern 
Europe (Pérez-Girón et al. 2020). Nevertheless, its calibra-
tion requires phenological observations of leaf unfolding, 
flowering, fruit maturation and leaf senescence, and cor-
responding meteorological data that are not available in the 
literature. We thus established a participatory observation 
network in southern France to collect these data. This col-
laborative effort brings together chestnut growers, ecologists 
and regional agricultural institutions to co-construct phe-
nological monitoring protocols (Aumeeruddy-Thomas et al. 
2024). This group of people monitored fourteen varieties 
spanning a large range of precocity of fruit ripening, in order 
to evaluate intraspecific variability in climate sensitivity, a 
key component of adaptive capacity (Fernandez et al. 2022).

With this study we aimed to address the degree of suit-
ability of future climatic conditions until 2100 for the 
main chestnut varieties cultivated in traditional orchards in 
Cévennes. More precisely, here we assess the extent to which 
climate change will shift chestnut phenology and how this 
will translate into changes in exposure to late frosts, develop-
mental issues due to warmer winters, and changes in grow-
ing area distribution. Finally, given the great adaptability 
of Castanea sativa (Mill.) which occupies a wide range of 
habitats, and the existence of varieties historically selected 
to suit orchard systems with specific management regimes 
(Conedera et al. 2016), our aim is to assess their plasticity 
for cultivation in future climatic conditions.

Consistent with current predictions for other forest tree 
species, we expect a decrease of the growing area and a 
migration towards higher elevation for cultivated varieties 
notably because of a decreased frost risk. We also expect 
phenology changes, especially shifts towards earlier dates 
for all development stages as well as different responses to 
climate change of the chestnut varieties.

Materials and methods

Study area

Our study relied on phenological and meteorological obser-
vations from four sites located in the Cévennes, southern 
France, within a wider observation network (Aumeeruddy-
Thomas et al. 2024). These sites lie in middle range moun-
tainous regions characterised by a Mediterranean climate. 
Data were collected either by chestnut producers living on-
site or by local non-governmental organizations (Fig. 1).

Chestnut varieties and orchards contexts

Varieties of Castanea sativa in France are clones as con-
firmed by genetic studies (Bouffartigue et al. 2020). They 
are preserved through vegetative propagation by graft-
ing (Furones-Pérez and Fernández-López 2009; McKey 
et al. 2010). We observed 3 named and grown varieties 
in Cévennes, each observed at least in two sites within 
traditional orchards.

The orchards at the four study sites contain old trees 
(over 100-year-old) grafted onto rootstocks growing spon-
taneously and selected by farmers for their vigour and site-
suitability. These trees grow in an irregular pattern, reflect-
ing farmer’s choices. Historically, soil conditions were 
improved through terracing, which is now largely aban-
doned, and by nutrient inputs linked to animal husbandry 
practices (Aumeeruddy-Thomas et al. 2012; Bouffartigue 
2020). Although the rootstock may influence observed 
traits, it was not explicitly investigated and was controlled 
for in the experimental design (see below).

Varieties observed were selected with the producers in 
relation to our scientific questions, covering early and late 
varieties that are easily found in sites with distinct topo-
climatic conditions, and in relation to producers’ interest in 
terms of fruit quality, market relevance and cultural signifi-
cance. The three chosen varieties were: Figarette, Gascaise 
and Pellegrine.

Phenology data

Phenological observation followed a simplified version 
of the Biologische Bundesanstalt, Bundessortenamt und 
CHemische Industrie (BBCH) scale (Bleiholder et al. 1989), 
commonly used in agronomy (Larue 2021) and ecology 
(Badeau et al. 2017). To make it better fit with chestnut trees 
and field constraints, this scale was adapted during work-
shops with local stakeholders to ensure feasibility within 
farm settings (Badeau et al. 2017; Aumeeruddy-Thomas 
et al. 2024). Observers recorded five main phenological 
stages: budburst, leaf unfolding, flowering, fruit maturation 
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and leaf senescence (Supplementary Table S1) that are key 
in both the BBCH scale and PHENOFIT model. Each stage 
is described with two sub-stages, corresponding to 10% and 
50% of organs that have reached the targeted development 
stage. Observations were conducted three times a week for 
each developmental stage mentioned above (Badeau et al. 
2017; Stucky et al. 2018). We built a simplified protocol 
(Aumeeruddy-Thomas and Ponsa 2025) to facilitate observa-
tion by chestnut producers and take into account the rugged 
and hilly topography of farms (Aumeeruddy-Thomas et al. 
2024).

For each variety per site, five trees were observed and the 
mean dates of phenological stages of the five individuals 
were calculated to mitigate environmental microvariations 
(Furones-Pérez and Fernández-López 2009) and potential 
rootstock effects (Nimbolkar et al. 2016; Dogra et al. 2018).

Farmers were trained in 2021 and we conducted joint 
observations with them in order to decrease observer bias. 
They started observations alone in 2022. We used data col-
lected between 2021 and 2024 representing a total of 205 
observations across sub-stages for all varieties, sites and 

years (Table 1), but the majority of the data concerned 2022 
and 2023.

Meteorological data

To account for the potential effect of local topography on 
climatic condition over the area, especially the response of 
temperature to altitude, slope, aspect and curvature, 27 sim-
ple meteorological stations were installed across the study 
area following an optimized sampling to maximize the top-
ographic situations and covering the period 2012—2014. 
Each station contained an iButton (DS1923-F5) protected by 
a white sunray shielding device calibrated with a standard 
meteorological station (DAVIS), and placed at 1.20 m above 
ground in a cleared area to avoid the effects of tree shade. 
Hourly temperature and humidity data recorded by iButtons 
were collected every five months. We extracted from these 
data the daily minimum, maximum and mean temperature 
on each site with a ± 0.5 °C accuracy, further processed for 
a gridded fine resolution topoclimate interpolation. Miss-
ing meteorological data were gap-filled applying the average 

Fig. 1   Map showing the altitudinal gradient of the growing region 
modelled and the associated observation sites. At each site, the 
observed trees are within the following elevation range: Plantier 

(300–340m, slope 19.52°), Cabanelle (480–540m, slope 21.80°), 
Jasse (580–640m, slope 15.48°), Regent (580–640m, slope 11.98°).
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difference calculated between the nearest Météo France 
weather station Saint-Martin-de-Lansuscle (https://​donne​
espub​liques.​meteo​france.​fr/) and our own measurements.

Gridded climatic data

A topo-climatic interpolation at 100-m resolution was con-
ducted for each meteorological variable (solar radiation, tem-
perature and precipitation) over a 600 km2 area correspond-
ing to the growing chestnut area in a representative area of 
chestnut cultivation in Cévennes (Delrieu et al. 2025). This 
interpolation was realized for both historical and RCP4.5 
& RCP8.5 scenarios daily climate data. Note that while the 
RCP4.5 scenario has a stabilisation trajectory expecting a 
2 °C global surface temperature to increase by 2100, the 

RCP8.5 scenario predicts at least a 4 °C increase by the 
end of the century if no action is undertaken (Calvin et al. 
2023). The climate interpolation processing chain required 
elevation data from ASTER-GDEM, the daily meteorologi-
cal data from the Météo France nearest weather station, the 
gridded SAFRAN and the meteorological data registered by 
iButtons as well as data from the DRIAS database for future 
projections. Due to the high spatial resolution required for 
the study over the area, and to avoid unnecessary energy 
consumption for the model simulations (Voosen 2024), we 
compared climate projections from several available models 
to identify whether we could use a single model’s projec-
tions that lie at the median of the projections of all models. 
We chose the CNRM-CM5/ALADIN63, a regional climate 
model which projections of temperature and precipitation 
change are situated at the median of the projections of all 
models available.

Downscaling and predictive modelling of topo-climatic 
variables are detailed by Delrieu et al. (2025) (see Supple-
mentary Material, Downscaling Methods section). The pro-
duced downscaled projections include daily (1) global solar 
radiations, (2) minimum, maximum and mean air tempera-
tures, (3) potential evapotranspiration and (4) precipitation. 
Global solar radiation was calculated with the combination 
of direct and diffuse clearsky radiation (Druel et al. 2025) 
attenuated by a cloudiness proxy index (Hargreaves and 
Samani 1982). Daily temperatures were obtained using a 
refined data-driven topoclimatic interpolation of minimum 
and maximum temperatures with a Random Forest model, 
beyond the usual lapse-rate considering the effect of altitude 
on temperature decrease. Potential evapotranspiration was 
computed from solar radiation and mean air temperature 
with a simplified Priestley-Taylor equation (Allen et al. 1998; 
Anupoju et al. 2025). Precipitations were interpolated using 
the bilinear reprojection function raster::projectRaster() of 
the 8 km resolution SAFRAN gridded data.

Model calibration

To assess the climate suitability of the different varieties of 
chestnut tree, we used the process-based model PHENOFIT 
(Chuine and Beaubien 2001), that estimates tree survival 
and reproductive success under specified pedoclimatic 
conditions. This model has been used to predict the future 
geographic distribution of forest tree species (e.g. Morin 
et al. 2008; Saltré et al. 2015; Gauzere et al. 2020; Van der 
Meersch et al. 2025). The main ecophysiological processes 
represented in the model are the phenology (budburst, leaf 
unfolding, flowering, fruit maturation and leaf senescence) 
and resistance to abiotic stressors such as frost and drought. 
PHENOFIT estimates the suitability of pedoclimatic condi-
tions for a particular species or variety using a fitness proxy 
defined as the product of (1) the probability of survival, (2) 

Table 1   Phenological data collected between 2021 and 2024 and 
used for modelling each phenology stage  for each variety. For leaf 
senescence date, there were not enough data to reliably characterize 
each variety. Analyses were therefore conducted at  the species level 
(Castanea sativa), using all available observations across all recorded 
varieties, including varieties other  than Figarette, Gascaise and Pel-
legrine

Phenology stage Variety Number 
of sites

Number of 
observations

Mean date 
(day of year)

Budburst
BBCH 06

Figarette 3 7 99 ± 7
Gascaise 2 5 98 ± 4
Pellegrine 4 11 107 ± 4

Budburst
BBCH 07

Figarette 3 7 104 ± 6
Gascaise 2 5 105 ± 3
Pellegrine 4 11 112 ± 4

Leaf unfolding
BBCH 11

Figarette 3 7 111 ± 5
Gascaise 2 5 113 ± 5
Pellegrine 4 11 119 ± 4

Leaf unfolding
BBCH 15

Figarette 3 7 115 ± 6
Gascaise 2 5 121 ± 1
Pellegrine 4 11 125 ± 2

Flowering
BBCH 61

Figarette 3 4 170 ± 4
Gascaise 2 2 164 ± 5
Pellegrine 4 7 170 ± 2

Flowering
BBCH 65

Figarette 3 4 174 ± 5
Gascaise 2 3 167 ± 4
Pellegrine 4 7 172 ± 2

Fruit maturation
BBCH 81

Figarette 4 6 270 ± 3
Gascaise 2 4 276 ± 3
Pellegrine 4 8 282 ± 3

Fruit maturation
BBCH 85

Figarette 4 7 278 ± 3
Gascaise 2 4 284 ± 5
Pellegrine 4 8 290 ± 3

Leaf senescence
BBCH 91

Castanea 16 17 303 ± 10

Leaf senescence
BBCH 95

Castanea 16 17 312 ± 7

https://donneespubliques.meteofrance.fr/
https://donneespubliques.meteofrance.fr/
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the proportion of fruits not destroyed by frost and (3) the 
probability that fruits reach full maturation (Supplementary 
Fig. S1). The model runs on a daily time step using daily 
meteorological data and yearly yield outputs.

Model calibration requires first calibrating phenological 
sub-models of leaf unfolding, flowering, fruit maturation and 
leaf senescence using inverse modelling. This was done with 
the phenological data collected for each variety (except leaf 
senescence, which was calibrated with data for all varieties 
due to lack of data) and the associated daily temperature data 
from the data loggers. Second, other parameters related to 
frost and drought resistance were identified in the literature.

Calibration of phenology sub‑models

To calibrate sub-models for each phenological stage we 
used the Phenology Modelling Platform 5 (PMP5), a soft-
ware that allows building and calibrating phenology models 
(Chuine et al. 2013; Chuine and Régnière 2017). Among the 
models available, we selected the simplest models because 
of the relatively small amounts of data available for each 
phenological stage and each variety (see Supplementary 
Materials and Table S2 for the phenology models’ descrip-
tion and calibration details).

For each phenological stage we calibrated several phenol-
ogy models and selected the models providing the best effi-
ciency ( EFF =

SStot−SSres

SStot
 with SSres the residual sum of 

squares 
∑n

1
(yi − ŷi)

2 and SStot the total sum of squares 
∑n

1
(yi − y)

2 with yi the observed dates, y the mean of the 
observed dates and ŷi the predicted dates), the best Root 
Mean Squared Error ( RMSE =

�

1∕n
∑n

1
(yi − ŷi)

2  ), the 
most realistic parameter values and the most realistic predic-
tions at the scale of the whole growing area, especially 
regarding the hierarchy of precocity for all phenological 
stages between the varieties.

Calibration of frost and drought resistance

Sub-model parameter values for frost and drought resistance 
were extracted from the literature. Castanea sativa is a mes-
ophilic species adapted to mean temperatures between 8 and 
15 °C, tolerating maximum temperatures up to 31 °C and 
minimum temperatures down to − 16 °C (Gomes-Laranjo 
et al. 2009; Zhang et al. 2011; Freitas et al. 2021). Tolerance 
of low temperatures could be even greater considering that 
Castanea dentata displays frost tolerance up to − 28.9 °C 
(Schaberg et al. 2022). We set the lethal frost threshold at 
−30 °C (Schaberg et al. 2022) and temperature causing 50% 
damage of leaf tissues at −2 °C (Breisch 1995; Fernandez 
Lopez et al. 2005; Schaberg et al. 2022). Moreover, tolerance 
to humidity was set between 500- and 3500—mm annual 
precipitation (Nakhutsrishvili 2012; Conedera et al. 2016; 

Metreveli et al. 2023). Parameters values for frost hardiness 
of flowers and fruits, as well as maximum frost hardiness 
during dormancy, data for chestnut were not available so 
we relied on values known for beech, Fagus sylvatica L., 
another Fagaceae species living in western Europe (Sup-
plementary Table S2).

Model simulations

Using the climatic data produced at a 100-m resolution 
across the study area, the model PHENOFIT was run for the 
historical period (2001—2020) and future period (2076—
2100) following RCP 4.5 and RCP 8.5. From pooling the 
model yearly output, we generated both maps and time series 
at four location points corresponding to the study sites.

Results

Phenology model calibration results

Two sets of parameters were selected per variety for the leaf 
unfolding-flowering stage and two sets of parameters for the 
fruit maturation stage. In each set, the first one had the highest 
model efficiency and the second one a slightly lower efficiency 
but was more consistent with parameter values obtained for the 
other studied varieties. Parameter values of the leaf senescence 
stage were identical for all varieties (see Material & methods). 
Thus, for each variety, we constructed four parameter sets (2 
leaf unfolding-flowering × 2 fruit maturation sets) to describe 
their whole phenological cycle. These parameter sets showed 
intra-varietal variability (Table 2). Using PHENOFIT, we then 
tested these parameter sets on past climatic data to assess their 
ability to replicate current observed phenology and varieties’ 
precocity across the entire growing area. For future projec-
tions, we selected for each variety the set of parameters which 
provided the most consistent predictions of the entire pheno-
logical cycle across the growing area (Table 2).

The efficiency of the retained parameter sets for budburst 
was 0.93, 0.89 and 0.31 respectively for Figarette, Gascaise 
and Pellegrine (Table 2). Despite a weaker efficiency for the 
last variety, it achieved a RMSE value of 4.18 days which 
is acceptable compared to the data precision of 2—3 days. 
For fruit maturation of the three varieties, the efficiency 
ranged between 0.49 and 0.77 but these efficiencies were 
still accompanied by satisfactory RMSE values comprised 
between 2.96 and 2.07 days. The leaf senescence date was 
harder to predict accurately as data was combined for all 
varieties. It showed low efficiency (EFF = 0.37) and high 
RMSE (RMSE = 8.36 days). The calibrated models predict 
that the precocity of a variety is conserved from leaf unfold-
ing to fruit maturation consistently with the local knowl-
edge of chestnut farmers, e.g., Figarette is the earliest variety 
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and Pellegrine the latest one from leaf unfolding to fruit 
maturation.

Shifts in phenology

Projections at the four sites revealed differences between 
varieties and between sites. Varieties especially differed for 
dates of leaf unfolding and fruit maturation (Fig. 2). In most 
cases, an early leaf unfolding date translated into an early 
fruit maturation date (Fig. 2). Figarette is always the earli-
est to achieve fruit maturation on a given site (except in 
La Jasse in 2001—2020), regardless of the climatic condi-
tions, and Pellegrine is always the latest (Fig. 2). Climatic 
conditions of the RCP8.5 scenario generated a shift towards 
earlier dates of leaf unfolding (−11.8 ± 3.6 days), flowering 
(−17.5 ± 2.6 days) and fruit maturation (−22 ± 6.8 days), 
but later dates of leaf senescence of about a week (6.8 ± 0.3 
days) compared to 2001—2020. Therefore, under future cli-
matic conditions, the growing season enlarges and the time 

between fruit maturation and leaf senescence is projected to 
be longer than in historical conditions.

Moreover, the differences between varieties in fruit matu-
ration date is predicted to decrease (Supplementary Fig. S2). 
The range between the earliest and the latest varieties on 
each site decreased from 21.5 ± 4 days in historical condi-
tions (2001—2020) to 14.8 ± 2.1 days under RCP8.5 condi-
tions in 2076—2100.

At the scale of the growing area in Cévennes (hereafter 
Cévennes growing area), we observed that leaf unfolding 
(Fig. 3c) and flowering (Fig. S3e) currently occur earlier at 
valley bottoms and later on crests and summits. This pattern 
is projected to persist under future climatic scenarios. In 
contrast, fruit maturation (Fig. 3d) and leaf senescence (Fig. 
S3f) display non-linear elevational gradient under current 
and RCP4.5 conditions, with earlier dates at mid-elevations. 
Under RCP8.5, however, these events are projected to occur 
progressively earlier at lower elevations.

By 2100, projections under future climatic conditions 
indicate an overall advancement of all phenological stages 

Table 2   Parameter sets of the 
different phenological models 
used to obtain the projections 
with the model PHENOFIT for 
each variety

Process Function Parameter Figarette Gascaise Pellegrine

Dormancy
BBCH 00 to 07

Threshold inferior t0 –122 –122 –122
Vb 16.41 17.29 19.24
Ccrit 27.86 92.10 34.62

GDD Tb 1.72 1.58 0.04
Fbud
crit

1071.97 677.31 1516.21
RMSE 1.89 1.32 4.18
Efficiency 0.93 0.89 0.31

Leaf unfolding
BBCH 07 to 15

GDD Tb
F
leaf

crit

1.72 1.58 0.04
109.68 176.59 165.81

RMSE
Efficiency

4.46 1.76 3.14
0.56 –0.55 –0.14

Flowering
BBCH 07 to 65

GDD Tb 1.72 1.58 0.04

F
flower

crit
815.04 717.45 840.19

RMSE 1.45 1.16 4.06
Efficiency –1.80 0.93 –2.42

Fruit maturation
BBCH 65 to 85

Sigmoid aa –7.50 –16.01 –22.83
bb 20.50 22.45 22.21

F
fruit

crit
11.06 20.46 19.88

Wang & Engel Topt 5.96 5.87 5.29
Matmoy 54.02 48.84 52.67

RMSE 2.96 2.71 2.07
Efficiency 0.49 0.77 0.65

Castanea
Leaf senescence
BBCH 95

Threshold inferior t0 244
Vb 20.64
Fcrit 44.89

RMSE 8.36
Efficiency 0.37
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(except for leaf senescence) across the Cévennes growing 
area. This shift is particularly pronounced under the high-
emission scenario RCP8.5 which predicts warmer temper-
atures on average. For fruit maturation (Fig. 3d) and leaf 
senescence (Fig. S3f), the non-linear gradient along eleva-
tion tends to vanish under RCP8.5, leading to a homogeniza-
tion of the date of occurrence of these events regardless of 
elevation. In addition to these trends, interannual variations 
to the dates are observed (Fig. S4). The average variation of 
the dates across all varieties and climate scenarios is for leaf 
unfolding is 11 days (mean date 123 DOY), for flowering 9 
days (mean date 172 DOY), for maturation 19 days (mean 
date 306 DOY), for leaf senescence 6 days (mean date 310 
DOY). The interannual variation in the phenological dates 
is predicted to decrease under scenario RCP8.5 except for 
leaf senescence (Fig S4d).

Extension of the chestnut growing area

Projections for the three varieties under future climatic 
conditions in Cévennes reveal new potential growing areas, 
uphill and downhill from the current still viable cultivation 
zones, where chestnut could potentially be grown after 2050 
(Fig. 3a). These extensions both uphill and downhill indicate 
an increasing ability of the varieties to meet their climatic 
requirements to achieve their entire annual development 

undamaged by climatic hazards in future climatic condi-
tions. More precisely, this extension results from three main 
effects. First, temperature warming increases the probability 
that fruit maturation will be completed before the end of 
the season because fruit maturation occurs earlier while leaf 
senescence occurs later (Fig. S3b). Second, projected tem-
perature warming should progressively release leaves and 
flowers from exposure to frost, despite the advancing of leaf 
unfolding (Fig. 3c) and flowering dates (Fig. S3e). Third, 
projected climatic conditions used for this study do not result 
in an increase in summer drought that would impact survival 
and fruit development.

The wider spatial occurrence of successful leaf unfold-
ing and flowering, suggests that rising temperature advances 
these developmental stages both uphill and downhill, while 
not exposing leaves and flowers to greater frost risk. Sec-
ond, the extension downhill also reveals that temperature 
warming in this area does not prevent chilling requirements 
to be met in order to break bud dormancy. Fruit maturation 
is also reached earlier both uphill and downhill under both 
RCP4.5 and RCP8.5 conditions. This suggests a better abil-
ity of fruits to achieve maturity undamaged, i.e., a faster 
development and a lower risk of exposure of reproductive 
organs to frost in future climatic conditions. The expansion 
of the suitable growing area is particularly remarkable for 
the variety Pellegrine. This variety, occurring later than the 

Fig. 2   Mean DOY of leaf unfolding (green), flowering (purple), fruit 
maturation (red) and leaf senescence (blue) for each variety, site and 
climatic conditions: a past (2001—2020), b RCP4.5 (2076—2100), 

c RCP8.5 (2076—2100). Grey represents sites where the variety is 
actually absent
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others notably shows a much higher fruit index (proportion 
of flower-fruit undamaged by frost) under future climatic 
conditions (Fig. 3b) indicating a reduced exposure to frost 
events, while summer drought remains non-limiting.

Discussion

Chestnut varieties growing area extension 
and shifts in phenology

Our projections suggest a capacity of chestnut varieties 
to survive in their current growing area and to potentially 
extend beyond their current range. The considered chestnut 

varieties are predicted to find adequate conditions to grow at 
higher but also lower elevations in the mountainous region 
of the Cévennes. Although phenology is influenced by envi-
ronmental conditions and thus display regional variability, 
the relative order of precocity among varieties is maintained 
for budburst and fruit maturation. Our projections confirm 
that these precocity rankings remain stable under future cli-
matic scenarios (Fig. 3).

Under RCP4.5, achievement of fruit maturation may 
restrict survival of chestnut varieties because of frost dam-
age (Fig. 3d). In contrast, under RCP8.5, frost is no longer 
a restricting factor in the studied growing area (Fig. 3b–d). 
When frost still constrains the distribution of varieties either 
uphill or downhill, phenological events tend to occur later 

Fig. 3   Projections of PHENOFIT for each variety and climatic con-
ditions. a Fitness index and b fruit index (proportion of undamaged 
fruits). Colour scale represents their probability between 0 and 1. c 
Leaf unfolding date and d fruit maturation date. Colour scale repre-

sents the mean values of each variable for all years of the time period. 
Areas in grey are outside a realistic range. Associated standard devia-
tion is presented in Supplementary Fig. S4
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than in the optimal range (Fig. 3d). The predicted increased 
distribution area is associated with a trend towards earlier 
leaf unfolding, flowering and fruit maturation in the current 
distribution area. This current shift towards earlier phenol-
ogy has been identified in many other trees (Kramer et al. 
2000; Vitasse et al. 2011; Asse et al. 2018) and Mediterra-
nean crops (Moriondo and Bindi 2007). Projections under 
RCP8.5 also show a later occurrence of leaf senescence. 
Combined with an earlier budburst, this increases the growth 
period of chestnut trees. However, while spring displays 
optimal conditions for photosynthesis and growth, autumn 
is not optimal as photoperiod decreases. Moreover, despite 
being associated to accelerated leaf development and flow-
ering for other Fagaceae species, these longer growth peri-
ods may increase water stress during summer and autumn 
through extended evapotranspiration (Puchałka et al. 2017, 
2024) which could decrease chestnut growth and affect car-
bon balance (Flexas et al. 2006).

Under RCP8.5, where development of observed chestnut 
varieties is no longer limited downhill in valleys, we expect 
earlier achievement of phenological stages at lower eleva-
tion. Chilling requirements are predicted to be met, despite 
increased winter temperatures (Supplementary Fig. S5), 
which will allow for normal budburst (Lange et al. 2016; 
Chuine et al. 2016; Leolini et al. 2018b, a). Late-spring and 
autumn frost damages (Díaz et al. 2009; Freitas et al. 2022), 
of which frequency may increase with climate change and 
overlap because of earlier phenology (Zohner et al. 2020; 
Sangüesa-Barreda et al. 2021) are not predicted to affect the 
development of leaves, flowers and fruits for chestnut trees 
under the future climatic conditions used for this study in 
the Cévennes region. Similar observations have been made 
on beech suggesting that the decreasing frequency of late 
spring frost event due to climate change even confers a fit-
ness advantage to trees with early budburst as it enables 
for a prolongated growing season and better fruiting prob-
ability (Duputié et al. 2015). However, our findings con-
trast with most previous studies which project a decrease 
in the extension of chestnut forests growing area based on 
a correlative modelling approach (Çobanoğlu et al. 2023; 
Erturk and Aricak 2024; Freitas et al. 2024; Álvarez-Álvarez 
et al. 2025). This difference can be due to the models used. 
Process-based models are notoriously less pessimistic than 
correlative models (Morin and Thuiller 2009; Keenan et al. 
2011; Cheaib et al. 2012; Takolander et al. 2019) because 
less sensitive to climate change than correlative models, but 
they are also more robust (Van der Meersch et al. 2025). It 
can also reflect the difference between forest chestnut trees 
and the cultivated chestnut trees which have been selected 
for fruit production and are meant to survive in man-made 
agrosystems associated with management practices. The 
PHENOFIT model only predicts species potential distribu-
tions, i.e. the geographical realisation of their climatic niche, 

while cultivated chestnut trees’ occurrence also depends 
upon human management.

Chilling accumulation

Warmer winters due to climate change may compromise the 
ability of temperate trees to meet chilling requirements nec-
essary for dormancy release and proper phenological devel-
opment (Chuine et al. 2016; Funes et al. 2016; Rodríguez 
et al. 2019). Despite the fact that Castanea sativa requires 
only moderate chilling (Santos et al. 2017), winter chilling 
may become insufficient in regions like the Mediterranean. 
For chestnut tree, this could lead to developmental issues 
such as bud abscission, delayed flowering or decreased 
flower quality (Atkinson et al. 2013) that could dramatically 
impact fruit production (Luedeling et al. 2011; Iglesias et al. 
2012; Fraga et al. 2021). However, our predictions show that 
the three varieties considered would still be able to meet 
their chilling requirement until 2100 under RCP8.5 sce-
nario in the study area, despite a 6 °C temperature increase. 
This contrasts with previous studies which have forecasted 
dormancy break issues before the end of the twenty-first 
century for other fruit trees such as apricot and peach in low-
elevation Mediterranean sites exhibiting warmer conditions 
than in Cévennes (Chuine et al. 2016; Rodríguez et al. 2019; 
Egea et al. 2021). However, our results align with studies 
on deciduous trees in mountainous areas, where chilling 
requirements are still expected to be fulfilled despite ris-
ing temperatures, leading to earlier budbreak due to more 
optimal chilling conditions (Güsewell et al. 2017; Asse 
et al. 2018). As chilling requirements are expected to be 
met until 2100 in the growing area, the warming of spring, 
particularly enhanced in this mountainous region (Bruley 
et al. 2022), accelerates cell growth and leads to earlier leaf 
unfolding and flowering, and as a consequence also of fruit 
maturation, as also observed by Santamaría et al. (2011).

Late spring and autumn frosts

Our results suggest that in the Cévennes growing area, frost 
is the main limiting factor to chestnut distribution downhill 
and uphill because of its effects on leaves and flowers. Late-
spring frost is known for its adverse effects on plants’ distri-
bution and growth because of the tissue damage they cause 
(Kollas et al. 2014; Körner et al. 2016; Liu et al. 2018). 
Current exposure to spring frost can happen from March to 
mid-May and chestnut buds are increasingly sensitive as they 
unfurl (Osaer et al. 1998). Despite future predictions indi-
cating a decrease in the total number of frost days per year 
(Supplementary Fig. S5), temperate trees, and especially 
fruit trees’ exposure to these events has increased over the 
last decade and are predicted to increase in some areas due 
to earlier budbreak (Liu et al. 2018; Vitasse et al. 2018a, b; 
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Zohner et al. 2020). In future climatic conditions, we predict 
for the three chestnut varieties earlier leaf unfolding, flow-
ering and fruit maturation, along with higher fruit and leaf 
indices, both of which indicate lower frost damage to flow-
ers and leaves respectively, which is consistent with studies 
on European temperate trees (Vitasse et al. 2011). Moreo-
ver, despite earlier flowering, chestnut catkins of traditional 
varieties remain unaffected by frost under both RCP4.5 and 
RCP8.5 scenarios, as their flowering occurs mainly in June 
and thus falls outside the frost risk window. These results 
are consistent with studies on Castanea sativa highlighting 
correlation between flushing time and resistance to spring 
frost (Fernández-López et al. 2005).

If climate change seems to benefit Pellegrine, Gascaise 
and Figarette in the Cévennes, it might not benefit hybrid 
varieties which are known to be more sensitive to frost 
damage notably because of their earlier budburst (Gurney 
et al. 2011; CTIFL 2023). This is detrimental economically 
because these hybrids are known to have high yields and to 
fruit early, traits that are highly prized by chestnut farmers 
(Perulli et al. 2024). Moreover, fruit exposure to autumn 
frost is projected to decrease due to earlier fruit maturation, 
thus avoiding adverse consequences for chestnut production 
(Díaz et al. 2009). However, because of the lack of data on 
the frost hardiness of chestnut flowers and young fruits, we 
applied the parameter values used for beech (Fagus sylvatica 
L.), respectively − 5.3 °C and – 6 °C, which may be different 
from the three varieties frost hardiness.

Shortening of maturation period

We predicted a considerable shortening of the fruit matura-
tion period. The difference between the earliest and the latest 
varieties decreased by almost a week to span on 14.8 ± 2.1 
days in RCP8.5 (2076—2100) compared to historical condi-
tions. This result is consistent with previous studies which 
showed a trend towards a weakening of the leaf unfolding 
date gradient along elevation in European mountainous 
regions with global warming (Vitasse et al. 2018a, b). Our 
results suggest a similar trend for fruit maturation. This 
shortening and uniformization of the maturation period 
across the growing area could have adverse effects on chest-
nut producers’ ability to organise and complete harvesting 
before selling.

Varietal variation in behaviour

Our results highlight phenological variation among three 
varieties. On the four sites, leaf unfolding of Figarette and 
Pellegrine occurred on average at day 115 ± 6 and day 
125 ± 2, respectively in 2021—2024, and fruit matura-
tion occurred at day 278 ± 3 and day 290 ± 3 on average 

respectively. These phenological differences translate into 
different parameter values of the phenological models. For 
example, the threshold temperature value of the chilling 
function obtained for Figarette was 16.4 while it was 19.24 
for Pellegrine. Genetic differences among chestnut varie-
ties are well documented (Bouffartigue et al. 2020) and 
translate into distinct functional traits that may influence 
phenology or frost resistance (Lauteri et al. 2003; Furones-
Pérez and Fernández-López 2009). Similar varietal differ-
ences in functional traits have also been demonstrated in 
other crops such as walnuts, grapevine and almonds (Díaz 
and Fernández-López 2005; Ortega-Farias and Riveros-
Burgos 2019; Sakar et al. 2023). However, modelling stud-
ies rarely consider these variations in functional traits (Fre-
itas et al. 2022; Álvarez-Álvarez et al. 2025). While frost 
is not predicted to be an issue for chestnut in the Cévennes 
under future climatic conditions, other functional traits 
could confer better survival ability to some varieties than 
others. These considerations highlight the importance of 
studying varietal responses to understand the resistance 
of a crop to climate change (Jacobsen 2014; Fraga et al. 
2021), and highlight the importance of genetic variability 
for long term adaptation (Sheth and Angert 2016; Zett-
lemoyer and Peterson 2021). Regarding varietal selection 
based on phenology in the Cévennes region, our results do 
not suggest selecting varieties with lower chilling require-
ments by the end of the twenty-first century. However, this 
does not preclude that such selection might be necessary 
after 2100.

Role of the rootstock

In order to isolate varietal response to future climatic con-
ditions, we deliberately chose not to include the rootstock 
effect in our analysis by pooling observations from five 
individuals per variety, despite its well-documented role 
in tree performance and resilience to environmental stress. 
This methodological choice allows a clearer interpretation 
of varietal behaviour, although grafting, and rootstocks in 
particular, can significantly influence multiple traits, from 
morpho-physiology and phenology to pest resistance and 
abiotic stress tolerance (Nimbolkar et al. 2016; Dogra et al. 
2018; Schwarz et al. 2010; Baron et al. 2019). Rootstock can 
indeed modulate the plant's response to climatic challenges 
such as their ability to tolerate cold and drought (Marques 
et al. 2025). Therefore, while not directly addressed in this 
study, the genetic diversity and role of rootstocks remain 
crucial for the long-term adaptation and survival of chestnut 
crops, and should be the focus of dedicated complementary 
studies (Míguez-Soto et al. 2019; Zhang et al. 2011; Castel-
lana et al. 2021; Freitas et al. 2021).
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Drought tolerance

Drought is considered to be the most important limiting fac-
tors for chestnut along with frost (Díaz et al. 2009; Freitas 
et al. 2022; Álvarez-Álvarez et al. 2025). In the Mediter-
ranean region, climate change is predicted to lead to shifts 
in precipitation patterns (De Luis et  al. 2010; Lorenzo 
and Alvarez 2022), resulting in more frequent and intense 
droughts (García-Valdecasas Ojeda et  al. 2021; Soares 
et al. 2023) including southern France and the Cevennes 
region (Ruffault et al. 2013). Chestnut tree has a wide range 
of tolerance for precipitation but its optimal range varies 
among places and studies, with minimum precipitations 
between 500 and 800 mm (Nakhutsrishvili 2013; Conedera 
et al. 2016; Metreveli et al. 2023) with exceptions as low as 
200 mm in black sea region (Cedano Giraldo and Mumcu 
Küçüker 2024) including areas with up to 3500 mm of pre-
cipitations (Nakhutsrishvili 2013; Metreveli et al. 2023). 
For this study, we selected an annual precipitation range of 
500—3500 mm to predict survival to drought to account for 
full precipitation range besides exceptions which is not set to 
be limiting as the Cévennes record of mean annual precipita-
tions is above 1000 mm since 1940 (meteoblue). According 
to CNRM-CM5/ALADIN63 projections, annual precipita-
tion should not shift above 3500 mm or below 500 mm in 
the growing area under RCP8.5. Rainfall seasonnality is 
recognised as critical for agriculture (Iglesias et al. 2012; 
Conedera et al. 2016). Long periods of drought, exceed-
ing two months, constitute a major limiting factor for the 
growth of chestnut trees (Freitas et al. 2021) and may affect 
the quality of their fruits (Farooq et al. 2023). Moreover, 
chestnut trees require rainfall during the fruiting period at 
the end of summer or early September (Breisch 1995). This 
potential effect of drought on fruit development was prop-
erly taken into account in the model by using a daily water 
budget in the fruit development model. The shift towards 
earlier fruit maturation is likely to expose trees to higher 
temperatures and droughts during the fruiting period, result-
ing on detrimental consequences on chestnut fruits such as 
lower quality (Castellana et al. 2021), as already observed on 
grapevine (Ramos et al. 2018). Potential effects of very high 
temperatures were not taken into account in PHENOFIT. 
Yet, temperatures above 32 °C can induce thermo-inhibition 
in chestnut trees, with heatwaves during the growing sea-
son, expected to increase in the future (Ruffault et al. 2013), 
potentially reducing yield despite adequate precipitation 
conditions (Marques et al. 2025). In addition to its effects 
on yields, water stress could also lead to smaller leaves lim-
iting photosynthesis as well as flower and fruit abscission 
(Fraga et al. 2021) which is not taken into account in the 
PHENOFIT model. Furthermore, in our study, chestnut trees 
occur in anthropized low tree density systems, comparable 
to Spanish oak-based Dehesa, known to enhance individual 

water accessibility (Montero et al. 2008; Moreno and Cubera 
2008). We concur with Conedera et al. (2016) that modelling 
chestnut and its growing area must account for long-standing 
human impacts that have shaped these habitats.

Limits to our study

The simulated topo-climatic data were obtained with 
CNRM-CM5/ALADIN63, which, in mountainous regions, 
tends to overestimate precipitations by 15%, especially dur-
ing summer (+ 100%) and underestimate temperatures by 
more than 2 °C (Marson et al. 2024; Robin et al. 2024; Del-
rieu et al. 2025). These biases might explain why we see no 
drought in the projections until 2100 even under scenario 
RCP8.5. Therefore, our results might be overly optimistic 
regarding the potential effect of drought and must be taken 
with caution. To mitigate bias in climate projections, it is 
recommended to rely on several climatic models and bias 
correction techniques (Ruffault et al. 2013; Farooq et al. 
2023). Unfortunately, our projections were very resource-
intensive due to the high spatial resolution chosen which 
limited our ability to use multiple climate models. While 
future studies might consider using lower spatial resolution 
to better address this issue, this would likely reduce the use-
fulness of the projections for the farmers.

Another limitation to our study comes from the dataset 
and data available on chestnut tree ecophysiology. Pheno-
logical observations are challenging on chestnut tree. Obser-
vations of flowering are especially difficult since chestnut 
trees display a diversity of male catkins from astaminate to 
longistaminate (Solignat and Chapa 1975; Larue et al. 2021) 
and have shown behaviours such as premature catkin loss. 
Leaf senescence is also notoriously difficult to observe (Liu 
et al. 2018), especially because it is sensitive to external 
factors such as strong winds, storms or disease (Delpierre 
et al. 2009). The scarcity of data on leaf senescence obliged 
us to use a phenology model that was calibrated using all 
data available, regardless of variety. This model is there-
fore representative of the behaviour of Castanea sativa in 
the studied area rather than of each of the three varieties 
individually. Moreover, data scarcity on the other stages 
made it complicated to identify best parameter values for 
each stage because of compensations between some param-
eters leading to non-equifinality of parameter values (Van 
der Meersch and Chuine 2025). Because of this, we were 
not able to perform a cross validation of the phenological 
models (Chuine and Régnière 2017), which requires addi-
tional data not used during parameter adjustments (Stone 
1977). We also found very few data and information on the 
ecophysiology of Castanea sativa, which is somehow puz-
zling given the socioeconomic importance of the species. 
Therefore, we had to rely on information on other Fagaceae 
species, especially for frost resistance which, thus, might be 
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under or overestimated. Yet, major differences in frost toler-
ance have been reported between species (Gomes-Laranjo 
et al. 2009; Zhang et al. 2011; Freitas et al. 2021; Schaberg 
et al. 2022). It is therefore important to assess frost hardiness 
of chestnut varieties through controlled freezing experiments 
(Díaz et al. 2009).

Data scarcity on chestnut tree also prevented us from 
using more complex ecophysiology model than PHENOFIT. 
In particular, it would have been interesting for farmers to 
get projections of the impact of climate change on fruit 
quantity and quality, as well as on chestnut tree diseases and 
pests (Bindi and Olsen 2011; Dorado et al. 2023), the influ-
ence of extreme climatic events and precipitation seasonality 
(Iglesias et al. 2012; Vitasse et al. 2019) or the effects of 
soils, highly heterogenous, and associated management prac-
tices which affect water retention capacities (Aguilera et al. 
2013). However, most models still struggle to integrate these 
effects (Clarke et al. 2021; Campillay-Llanos et al. 2024) and 
overcoming these barriers will require further research. For 
soil heterogeneity, testing extremes in depths could better 
inform on the extent to which it influences water stress. New 
versions of the model are being developed to better integrate 
trees’ physiology and responses to their growth conditions. 
However, including more parameters could affect the qual-
ity of predictions, if not associated with very large datasets.

The increased complexity of process-based models, while 
improving realism, introduces a higher risk of overfitting 
and non-identifiability of parameters, especially when 
inverse calibration is used without adequate physiological 
constraints (Basler 2016; Higgins et al. 2020; Zhang et al. 
2024). These issues are exacerbated by the scarcity of long-
term series of ecophysiological data and the difficulty of 
directly measuring some biological processes such as car-
bon allocation, dormancy break or frost hardiness (Chuine 
et al. 2013; Franklin et al. 2020). Uncertainty is further com-
pounded when simulations rely on a single deterministic 
parameter set, ignoring the range of plausible sets (Fu et al. 
2020; Simmonds et al. 2024).

Conclusion

This study highlights that, under RCP 4.5 and RCP8.5 sce-
narios, in the mountainous Mediterranean region of the 
Cévennes, chestnut trees may display earlier phenology and 
increase of their potential growing area uphill and down-
hill from their current distribution range. This implies that 
chestnut trees are likely to continue meeting their chilling 
requirements for budburst despite a warming of fall and 
winter. While late-spring and autumn frosts remain key 
limiting factors for chestnut trees distribution and fruiting 
ability, climate change is expected to ease such constraints, 
potentially enabling cultivation at both higher and lower 

altitudes. Warmer temperatures are projected to induce 
earlier budburst without significantly increasing the risk of 
frost damage on leaves and flowers. Fruit maturation is also 
expected to advance and shift towards a period less exposed 
to frost, while delayed leaf senescence could contribute to an 
extended growing season. However, the projected narrow-
ing of the fruit maturation window under RCP8.5 may pose 
challenges for growers. Earlier fruit development could also 
coincide with periods of heightened drought risk, raising 
concerns about water availability. The different phenologies 
observed across the three studied varieties underscore the 
need for further investigation on varietal tolerance to both 
frost and drought. Exploring this genetic diversity may ena-
ble the identification and selection of varieties better suited 
to future climatic conditions.

While relying on a limited set of data obtained collabo-
ratively with chestnut producers during four years, process-
based modelling has proven effective for projecting the 
behaviour of distinct varieties. Nevertheless, improving 
our knowledge of chestnut ecophysiology is essential for 
improving models’ projections, anticipating climate change 
impacts and informing adaptive strategies to help farmers 
make better-informed decisions and support the long-term 
sustainability of their agricultural systems. This study, ini-
tiated at the request of the chestnut fruit production sector 
to assess climate change impacts on orchards, deepens our 
understanding of varietal dynamics under real conditions 
and marks a first step towards exploring the resilience of 
exceptionally rich polyvarietal agrosystems.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10113-​026-​02605-y.

Acknowledgements  We thank all members of the ROC-CHÂ project, 
including the chestnut producers, local Agricultural Chamber and local 
associations of chestnut growers for their contributions and also efforts 
to collect phenological and meteorgogical data. We also thank the 
SNPC (Syndicat National des Producteurs de Châtaignes) for their 
support. We thank ADEME (French national environmental transi-
tion agency), the Fondation de France and the RESILIÂNCE projet 
financed by the Ministry of Agriculture for their financial support. 
Finally, we thank the Biocultural Interaction and Forecast Teams of 
UMR CEFE and the CNRS for hosting this study. We acknowledge 
the use of METEO FRANCE online meteorological data. We also 
thank Professor Doyle McKey for revising the pre-final version of the 
manuscript.

Author contributions  P-N: Conceptualization, Data curation, Formal 
analysis, Investigation, Methodology, Writing original draft, Writ-
ing—review & editing, Resources, Validation, Visualization. AT-Y: 
Conceptualization, Data curation, Project Principal Investigator, Fund-
ing acquisition, Investigation, Methodology, Resources, PhD Supervi-
sion, Validation, Visualization, Writing—review & editing. D-V: Data 
curation, Formal analysis, Methodology, Validation, Writing—review 
& editing. M-F: Data curation, Formal analysis, Methodology, Super-
vision, Validation, Writing—review & editing C-I: Conceptualiza-
tion, Formal analysis, Investigation, Methodology, Writing original 
draft, Writing—review & editing, Resources, Supervision, Validation, 
Visualization.

https://doi.org/10.1007/s10113-026-02605-y


	 Regional Environmental Change          (2026) 26:124   124   Page 14 of 18

Data availability  Data used will be available on InDores open access 
repository (DOI).

Declarations 

Competing interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 International License, 
which permits any non-commercial use, sharing, distribution and repro-
duction in any medium or format, as long as you give appropriate credit 
to the original author(s) and the source, provide a link to the Creative 
Commons licence, and indicate if you modified the licensed material. 
You do not have permission under this licence to share adapted material 
derived from this article or parts of it. The images or other third party 
material in this article are included in the article’s Creative Commons 
licence, unless indicated otherwise in a credit line to the material. If 
material is not included in the article’s Creative Commons licence and 
your intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://crea-
tivecommons.org/licenses/by-nc-nd/4.0/.

References

Aguilera E, Lassaletta L, Gattinger A, Gimeno BS (2013) Manag-
ing soil carbon for climate change mitigation and adaptation in 
Mediterranean cropping systems: a meta-analysis. Agric Ecosyst 
Environ 168:25–36. https://​doi.​org/​10.​1016/j.​agee.​2013.​02.​003

Alcaide F, Solla A, Mattioni C, Castellana S, Martín MÁ (2019) Adap-
tive diversity and drought tolerance in Castanea sativa assessed 
through EST-SSR genic markers. Forestry 92:287–296. https://​
doi.​org/​10.​1093/​fores​try/​cpz007

Allen RG, Pereira LA, Raes D, Smith M (1998) “Crop evapotranspira-
tion.” FAO irrigation and drainage paper 56, FAO, Rome.

Álvarez-Álvarez P, Aviñoa-Arias A, Díaz-Varela E, López-Bao JV, 
Pérez-Girón JC (2025) Impact of climate change over distribution 
and potential range of chestnut in the Iberian Peninsula. Front For 
Glob Change. https://​doi.​org/​10.​3389/​ffgc.​2025.​15610​27

Anupoju V, Kambhammettu BP, Peddinti SR (2025) Comparative analy-
sis of FAO dual Kc, Priestley-Taylor and flux variance similarity 
methods in partitioning evapotranspiration from flood-irrigated rice 
fields. Irrig Drain 74:569–585. https://​doi.​org/​10.​1002/​ird.​3039

Asse D, Chuine I, Vitasse Y, Yoccoz NG, Delpierre N et al (2018) 
Warmer winters reduce the advance of tree spring phenology 
induced by warmer springs in the Alps. Agric For Meteorol 
252:220–30. https://​doi.​org/​10.​1016/j.​agrfo​rmet.​2018.​01.​030

Atkinson JC, Brennan RM, Jones HG (2013) Declining chilling and its 
impact on temperate perennial crops. Environ Exp Bot 91:48–62. 
https://​doi.​org/​10.​1016/j.​envex​pbot.​2013.​02.​004

Aumeeruddy-Thomas Y, Ponsa N (2025) Protocole de suivis phé-
nologiques de variétés de châtaigniers, Projet ROC-CHÂ, Mont-
pellier, UMR CEFE, CNRS, hal-05336265

Aumeeruddy-Thomas Y, Therville C, Lemarchand C, Lauriac A, Rich-
ard F (2012) Resilience of Sweet Chestnut and Truffle Holm-Oak 
Rural Forests in Languedoc-Roussillon, France: Roles of Social-
Ecological Legacies, Domestication, and Innovations. Ecology 
and Society 17. https://​www.​jstor.​org/​stable/​26269​035

Aumeeruddy-Thomas Y, Ponsa N, Calvet E, Deplaude H, Franchi C et al 
(2024) Methodology for phenoclimatic observations and model-
ling of Castanea sativa Mill. traditional cultivars and revitalizing 
chestnut growers’ local knowledge in France, ROC-CHA project. 
Acta Hortic 1400:31–40

Badeau V, Bonhomme M, Bonne F, Carré J, Cecchini S, et al (2017) 
Les plantes au rythme de saisons. Biotope Édition. 336 p.

Baron D, Amaro ACE, Pina A, Ferreira G (2019) An overview of 
grafting re-establishment in woody fruit species. Sci Hortic 
243:84–91. https://​doi.​org/​10.​1016/j.​scien​ta.​2018.​08.​012

Basler D (2016) Evaluating phenological models for the prediction of 
leaf-out dates in six temperate tree species across Central Europe. 
Agric For Meteorol 217:10–21. https://​doi.​org/​10.​1016/j.​agrfo​
rmet.​2015.​11.​007

Bellat JL, Dasue J, Guérin B, Gomes-Laranjo J, Fernandez J, et al 
(2019) European Chestnut White Paper. Available online: 
(accessed on 10 October 2022).

Bindi M, Olesen JE (2011) The responses of agriculture in Europe to 
climate change. Reg Environ Change 11:151–158. https://​doi.​
org/​10.​1007/​s10113-​010-​0173-x

Bleiholder H, Van Den Boom T, Langelüddecke T, Stauss R (1989) 
Einheitliche Codierung der phänologischen Stadien bei Kultur 
und Schadpflanzen. Gesunde Pflanz 41:381–384

Böhnisch A, Mittermeier M, Leduc M, Ludwig R (2021) Hot spots and 
climate trends of meteorological droughts in Europe-assessing the 
percent of normal index in a single-model initial-condition large 
ensemble. Front Water. https://​doi.​org/​10.​3389/​frwa.​2021.​716621

Böhnisch A, Felsche E, Mittermeier M, Poschlod B, Ludwig R (2025) 
Future patterns of compound dry and hot summers and their link 
to soil moisture droughts in Europe. Earths Future 13. https://​doi.​
org/​10.​1029/​2024E​F0049​16

Bouffartigue C (2020) Importance de la re-domestication pour la con-
servation de l’agrobiodiversité: le cas du châtaignier. Sciences 
agricoles. Institut agronomique, vétérinaire et forestier de France. 
278. (NNT:20–20IAVF0016)

Bouffartigue C, Debille S, Fabreguettes O, Ramos Cabrer A, Peireira-
Lorenza S et al (2020) Two main genetic clusters with high 
admixture between forest and cultivated chestnut (Castanea 
sativa Mill.) in France. Ann For Sci 77. https://​doi.​org/​10.​1007/​
s13595-​020-​00982-w

Breisch H (1995) Châtaignes et marrons. CTIFL, France
Bruley E, Mouillot F, Lauvaux T, Rambal S (2022) Enhanced spring 

warming in a Mediterranean mountain by atmospheric circula-
tion. Sci Rep. https://​doi.​org/​10.​1038/​s41598-​022-​11837-x

Calvin K, Dasgupta D, Krinner G, Mukherji A, Thorne P, et al (2023) 
IPCC, 2023: Climate Change 2023: Synthesis Report. Contri-
bution of Working Groups I, II and III to the Sixth Assessment 
Report of the Intergovernmental Panel on Climate Change [Core 
Writing Team, H. Lee and J. Romero (Eds.)]. IPCC, Geneva, 
Switzerland. First. Avec Hoesung Lee. Intergovernmental Panel 
on Climate Change (IPCC).

Intergovernmental Panel On Climate Change (Ipcc) (2023) Climate 
Change 2022 - Impacts, Adaptation and Vulnerability: Working 
Group II Contribution to the Sixth Assessment Report of the 
Intergovernmental Panel on Climate Change, 1re éd. Cambridge 
University Press. https://​doi.​org/​10.​1017/​97810​09325​844

Campillay-Llanos W, Ortega-Farias S, Ahumada-Orellana L (2024) 
Development and validation of phenological models for eight 
varieties of sweet cherry (Prunus avium L.) growing under Medi-
terranean climate condition. Sci Hortic. https://​doi.​org/​10.​1016/j.​
scien​ta.​2023.​112711

Castellana S, Martin MÁ, Solla A, Alcaide F, Villani F et al (2021) 
Signatures of local adaptation to climate in natural populations 
of sweet chestnut (Castanea sativa Mill.) from Southern Europe. 
Ann For Sci. https://​doi.​org/​10.​1007/​s13595-​021-​01027-6

Cedano Gıraldo D, Mumcu Küçüker D (2024) Assessing climate 
change impacts on the spatial distribution of Castanea sativa 
Mill. using ecological niche modeling. Anadolu Orman Arast 
Derg 9. https://​doi.​org/​10.​53516/​ajfr.​13743​98

Challinor AJ, Ewert F, Arnold S, Simelton E, Fraser E (2009) 
Crops and climate change: progress, trends, and challenges in 

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.agee.2013.02.003
https://doi.org/10.1093/forestry/cpz007
https://doi.org/10.1093/forestry/cpz007
https://doi.org/10.3389/ffgc.2025.1561027
https://doi.org/10.1002/ird.3039
https://doi.org/10.1016/j.agrformet.2018.01.030
https://doi.org/10.1016/j.envexpbot.2013.02.004
https://www.jstor.org/stable/26269035
https://doi.org/10.1016/j.scienta.2018.08.012
https://doi.org/10.1016/j.agrformet.2015.11.007
https://doi.org/10.1016/j.agrformet.2015.11.007
https://doi.org/10.1007/s10113-010-0173-x
https://doi.org/10.1007/s10113-010-0173-x
https://doi.org/10.3389/frwa.2021.716621
https://doi.org/10.1029/2024EF004916
https://doi.org/10.1029/2024EF004916
https://doi.org/10.1007/s13595-020-00982-w
https://doi.org/10.1007/s13595-020-00982-w
https://doi.org/10.1038/s41598-022-11837-x
https://doi.org/10.1017/9781009325844
https://doi.org/10.1016/j.scienta.2023.112711
https://doi.org/10.1016/j.scienta.2023.112711
https://doi.org/10.1007/s13595-021-01027-6
https://doi.org/10.53516/ajfr.1374398


Regional Environmental Change          (2026) 26:124 	 Page 15 of 18    124 

simulating impacts and informing adaptation. J Exp Bot. https://​
doi.​org/​10.​1093/​jxb/​erp062

Cheaib A, Badeau V, Boe J, Chuine I, Delire C et al (2012) Climate 
change impacts on tree ranges: model intercomparison facili-
tates understanding and quantification of uncertainty. Ecol Lett 
15(6):533–44. https://​doi.​org/​10.​1111/j.​1461-​0248.​2012.​01764.x

Chuine I, Beaubien EG (2001) Phenology is a major determinant of 
tree species range. Ecol Lett. https://​doi.​org/​10.​1046/j.​1461-​
0248.​2001.​00261.x

Chuine I, Régnière J (2017) Process-based models of phenology for 
plants and animals. Annu Rev Ecol Evol Syst 48:159–182. 
https://​doi.​org/​10.​1146/​annur​ev-​ecols​ys-​110316-​022706

Chuine I, Cortazar-Atauri IGd, Kramer K, Hänninen H (2013) Plant 
Development Models. In Phenology: An Integrative Environ-
mental Science, édité par Mark D. Schwartz. Springer Nether-
lands. https://​doi.​org/​10.​1007/​978-​94-​007-​6925-0_​15

Chuine I, Bonhomme M, Legave J, Cortazar-Atauri IG, Charrier G 
et al (2016) Can phenological models predict tree phenology 
accurately in the future? The unrevealed hurdle of endodormancy 
break. Glob Change Biol 22. https://​doi.​org/​10.​1111/​gcb.​13383

Clarke BJ, Otto FEL, Jones RG (2021) Inventories of extreme weather 
events and impacts: Implications for loss and damage from and 
adaptation to climate extremes. Climate Risk Management 32: 
100285. Çobanoğlu, Hatice. 2023. « Climate Change Effect on 
Potential Distribution of Anatolian Chestnut (Castanea Sativa 
Mill.) in the Upcoming Century in Turkiye ». Forestist 73:247–
256. https://​doi.​org/​10.​1016/j.​crm.​2021.​100285

Çobanoğlu H (2023) Climate change effect on potential distribution 
of Anatolian chestnut (Castanea sativa Mill.) in the upcoming 
century in Turkiye. Forestist 73(3):247–256. https://​doi.​org/​10.​
5152/​fores​tist.​2023.​22065

Conedera M, Krebs P, Tinner W, Pradella M, Torriani D (2004) The 
Cultivation of Castanea Sativa (Mill.) in Europe, from Its Origin 
to Its Diffusion on a Continental Scale. Vegetation History and 
Archaeobotany 13. https://​doi.​org/​10.​1007/​s00334-​004-​0038-7

Conedera M, Tinner W, Krebs P, Rigo D, Caudullo G (2016) Castanea 
Sativa in Europe: Distribution, Habitat, Usage and Threats.

Conedera M, Krebs P, Gehring E, Wunder J, Hülsmann L et al (2021) 
How future-proof is sweet chestnut (Castanea sativa) in a global 
change context? For Ecol Manage 494. https://​doi.​org/​10.​1016/j.​
foreco.​2021.​119320

CTIFL (2023) La châtaigne. Centre Technique Interprofessionnel des 
Fruits et Légumes, France

De Luis M, Brunetti M, Gonzalez-Hidalgo JC, Longares LA, Martin-
Vide J (2010) Changes in seasonal precipitation in the Iberian 
Peninsula during 1946-2005. Glob Planet Change 74:27–33. 
https://​doi.​org/​10.​1016/j.​glopl​acha.​2010.​06.​006

Delpierre N, Dufrêne E, Soudani K, Ulrich E, Cecchini S et al (2009) 
Modelling interannual and spatial variability of leaf senescence 
for three deciduous tree species in France. Agric For Meteorol 
149:938–48. https://​doi.​org/​10.​1016/j.​agrfo​rmet.​2008.​11.​014

Delrieu V, Mouillot F, Chuine I, Ponsa N, Aumeeruddy-Thomas Y 
(2025) Downscaling of daily topo-climatic variables within 
chestnut tree orchards in Lozère, France: Temperatures, global 
radiations, potential evapotranspiration and precipitation. CEFE 
(Centre d’écologie fonctionnelle évolutive), 1919 route de 
Mende, 34293 Montpellier

Dettori M, Cesaraccio C, Duce P (2017) Simulation of climate change 
impacts on production and phenology of durum wheat in Medi-
terranean environments using CERES-Wheat model. Field Crops 
Res 206:43–53. https://​doi.​org/​10.​1016/j.​fcr.​2017.​02.​013

Díaz R, Fernández-López J (2005) Genetic variation at early ages for 
several traits of interest for timber-production breeding of Juglans 
regia. Can J For Res 35:235–243. https://​doi.​org/​10.​1139/​x04-​162

Díaz R, Johnsen Ø, Fernández-López J (2009) Variation in spring 
and autumn freezing resistance among and within Spanish wild 

populations of Castanea sativa. Ann For Sci. https://​doi.​org/​10.​
1051/​forest/​20090​59

Dietz K-J, Zörb C, Geilfus C-M (2021) Drought and crop yield. Plant 
Biol 23:881–893. https://​doi.​org/​10.​1111/​plb.​13304

Dinis TL, Peixoto F, Pinto T, Costa R, Bennett RN et al (2011) Study  
of morphological and phenological diversity in chestnut trees  
(‘Judia’ variety) as a function of temperature sum. Environ Exp  
Bot 70:110–20. https://​doi.​org/​10.​1016/j.​envex​pbot.​2010.​08.​003

Dogra K, Kour K, Kumar R, Bakshi P, Kumar V (2018) Graft-incom-
patibility in horticultural crops. Int J Curr Microbiol App Sci. 
https://​doi.​org/​10.​20546/​ijcmas.​2018.​702.​218

Dorado JF, Pinto G, Monteiro P, Chaves N, Alías JC et al (2023) Heat 
stress and recovery effects on the physiology and biochemistry 
of Castanea sativa Mill. Front For Glob Change. https://​doi.​org/​
10.​3389/​ffgc.​2022.​10726​61

Druel A, Ruffault J, Davi H, Chanzy A, Marloie O, De Cáceres M, 
Olioso A, Mouillot F, François C, Soudani K, Martin-StPaul NK 
(2025) Enhancing environmental models with a new downscaling 
method for global radiation in complex terrain. Biogeosciences 
22:1–18. https://​doi.​org/​10.​5194/​bg-​22-1-​2025

Dupré, L. (2002). Du marron à la châtaigne d’Ardèche: la relance d’un 
produit régional. In: C.T.H.S, Paris.

Duputié A, Rutschmann A, Ronce O, Chuine I (2015) Phenological 
plasticity will not help all species adapt to climate change. Glob 
Change Biol. https://​doi.​org/​10.​1111/​gcb.​12914

Egea JA, Egea J, Ruiz D (2021) Reducing the uncertainty on chilling 
requirements for endodormancy breaking of temperate fruits by 
data-based parameter estimation of the dynamic model: a test 
case in apricot. Tree Physiol 41:644–656. https://​doi.​org/​10.​
1093/​treep​hys/​tpaa0​54

Erturk N, Aricak B (2024) Potential change of chestnut (Castanea 
sativa Mill.) distribution areas in Kastamonu due to global cli-
mate change. World Journal of Advanced Research and Reviews 
22. https://​doi.​org/​10.​30574/​wjarr.​2024.​22.1.​1216

Fahad S, Bajwa AA, Nazir U, Anjum SA, Farooq A et al (2017) Crop 
production under drought and heat stress: plant responses and 
management options. Front Plant Sci. https://​doi.​org/​10.​3389/​
fpls.​2017.​01147

Farooq A, Farooq N, Akbar H, Hassan ZU, Gheewala SH (2023) A criti- 
cal review of climate change impact at a global scale on cereal crop  
production. Agronomy. https://​doi.​org/​10.​3390/​agron​omy13​010162

Fernandez E, Mojahid H, Fadón E, Rodrigo J, Ruiz D et al (2022) 
Climate change impacts on winter chill in Mediterranean temper-
ate fruit orchards. Reg Environ Change. https://​doi.​org/​10.​1007/​
s10113-​022-​02006-x

Fernandez-Lopez J, Zas R, Blanco-Silva R, Díaz R (2005) Geographic 
differentiation in adaptive traits of wild chestnut Spanish popula-
tions (Castanea sativa Miller). Forest Syst. https://​doi.​org/​10.​
5424/​srf/​20051​41-​00870

Flexas J, Bota J, Galmés J, Medrano H, Ribas-Carbó M (2006) Keep-
ing a positive carbon balance under adverse conditions: responses 
of photosynthesis and respiration to water stress. Physiol Plant 
127(3):343–352. https://​doi.​org/​10.​1111/j.​1399-​3054.​2006.​00621.x

Fraga H, Moriondo M, Leolini L, Santos JA (2021) Mediterranean 
olive orchards under climate change: a review of future impacts 
and adaptation strategies. Agronomy 11. https://​doi.​org/​10.​3390/​
agron​omy11​010056

Franklin O, Harrison SP, Dewar R, Farrior CE, Brännström A et al (2020) 
Organizing principles for vegetation dynamics. Nat Plants 6:444–53. 
https://​doi.​org/​10.​1038/​s41477-​020-​0655-x

Freitas TR (2024) Study of climate change impacts and the adaptation 
measures in agricultural, chestnut and almond species, in Portu-
guese Territory. https://​hdl.​handle.​net/​10348/​12532

Freitas TR, Santos JA, Silva AP, Fraga H (2021) Influence of climate 
change on chestnut trees: a review. Plants (Basel, Switzerland) 
10:14–63. https://​doi.​org/​10.​3390/​plant​s1007​1463

https://doi.org/10.1093/jxb/erp062
https://doi.org/10.1093/jxb/erp062
https://doi.org/10.1111/j.1461-0248.2012.01764.x
https://doi.org/10.1046/j.1461-0248.2001.00261.x
https://doi.org/10.1046/j.1461-0248.2001.00261.x
https://doi.org/10.1146/annurev-ecolsys-110316-022706
https://doi.org/10.1007/978-94-007-6925-0_15
https://doi.org/10.1111/gcb.13383
https://doi.org/10.1016/j.crm.2021.100285
https://doi.org/10.5152/forestist.2023.22065
https://doi.org/10.5152/forestist.2023.22065
https://doi.org/10.1007/s00334-004-0038-7
https://doi.org/10.1016/j.foreco.2021.119320
https://doi.org/10.1016/j.foreco.2021.119320
https://doi.org/10.1016/j.gloplacha.2010.06.006
https://doi.org/10.1016/j.agrformet.2008.11.014
https://doi.org/10.1016/j.fcr.2017.02.013
https://doi.org/10.1139/x04-162
https://doi.org/10.1051/forest/2009059
https://doi.org/10.1051/forest/2009059
https://doi.org/10.1111/plb.13304
https://doi.org/10.1016/j.envexpbot.2010.08.003
https://doi.org/10.20546/ijcmas.2018.702.218
https://doi.org/10.3389/ffgc.2022.1072661
https://doi.org/10.3389/ffgc.2022.1072661
https://doi.org/10.5194/bg-22-1-2025
https://doi.org/10.1111/gcb.12914
https://doi.org/10.1093/treephys/tpaa054
https://doi.org/10.1093/treephys/tpaa054
https://doi.org/10.30574/wjarr.2024.22.1.1216
https://doi.org/10.3389/fpls.2017.01147
https://doi.org/10.3389/fpls.2017.01147
https://doi.org/10.3390/agronomy13010162
https://doi.org/10.1007/s10113-022-02006-x
https://doi.org/10.1007/s10113-022-02006-x
https://doi.org/10.5424/srf/2005141-00870
https://doi.org/10.5424/srf/2005141-00870
https://doi.org/10.1111/j.1399-3054.2006.00621.x
https://doi.org/10.3390/agronomy11010056
https://doi.org/10.3390/agronomy11010056
https://doi.org/10.1038/s41477-020-0655-x
https://hdl.handle.net/10348/12532
https://doi.org/10.3390/plants10071463


	 Regional Environmental Change          (2026) 26:124   124   Page 16 of 18

Freitas TR, Santos JA, Silva AP, Martins J, Fraga H (2022) Climate 
change projections for bioclimatic distribution of Castanea 
sativa in Portugal. Agronomy 12:11–37. https://​doi.​org/​10.​
3390/​agron​omy12​051137

Fu Y, Li X, Zhou X, Geng X, Guo Y et al (2020) Progress in plant 
phenology modeling under global climate change. Sci China 
Earth Sci. https://​doi.​org/​10.​1007/​s11430-​019-​9622-2

Funes I, Aranda X, Biel C, Carbó J, Camps F et al (2016) Future climate 
change impacts on apple flowering date in a Mediterranean sub-
basin. Agric Water Manag 164:19–27. https://​doi.​org/​10.​1016/j.​
agwat.​2015.​06.​013

Furones-Pérez P, Fernández-López J (2009) Morphological and phe-
nological description of 38 sweet chestnut cultivars (Castanea 
sativa Miller) in a contemporary collection. Span J Agric Res. 
https://​doi.​org/​10.​5424/​sjar/​20090​74-​1097

García-Valdecasas Ojeda M, Gámiz-Fortis SR, Romero-Jiménez E, 
Rosa-Cánovas JJ, Yeste P et al (2021) Projected changes in the 
Iberian Peninsula drought characteristics. Sci Total Environ. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2020.​143702

Gauzere J, Teuf B, Davi H, Chevin L-M, Caignard T et al (2020) 
Where is the optimum? Predicting the variation of selection 
along climatic gradients and the adaptive value of plasticity. 
A case study on tree phenology. Evol Lett 4:109–23. https://​
doi.​org/​10.​1002/​evl3.​160

Gavasso-Rita YL, Papalexiou SM, Li Y, Elshorbagy A, Li Z et al 
(2024) Crop models and their use in assessing crop production 
and food security: a review. Food Energy Secur. https://​doi.​
org/​10.​1002/​fes3.​503

Giorgi F, Lionello P (2008) Climate change projections for the Medi-
terranean region. Glob Planet Change 63:901–04. https://​doi.​
org/​10.​1016/j.​glopl​acha.​2007.​09.​005

Gomes-Laranjo J, Peixoto F, Sang HWWF, Torres-Pereira J (2006) 
Study of the temperature effect in three chestnut (Castanea 
sativa Mill.) cultivars’ behaviour. J Plant Physiol 163:945–955. 
https://​doi.​org/​10.​1016/j.​jplph.​2005.​06.​020

Gomes-Laranjo J, Almeida P, Ferreira-Cardoso J, Peixoto F (2009) 
Ecophysiological characterization of C. sativa trees growing 
under different altitudes. Acta Hortic 844:119–126. https://​doi.​
org/​10.​17660/​ActaH​ortic.​2009.​844.​16

Gomes-Laranjo J, Pereira-Lorenzo S, Marino G (2024) The world 
sector of chestnut. Acta Hortic 1400:1–14. https://​doi.​org/​10.​
17660/​ActaH​ortic.​2024.​1400.1

Guo C, Tang Y, Lu J, Zhu Y, Cao W et al (2019) Predicting wheat 
productivity: integrating time series of vegetation indices into 
crop modeling via sequential assimilation. Agric For Meteorol. 
https://​doi.​org/​10.​1016/j.​agrfo​rmet.​2019.​01.​023

Guo W, Dai H, Qian J, Tan J, Xu Z et al (2024) An assessment of the 
relationship between spring frost indicators and global crop 
yield losses. Sci Total Environ 954. https://​doi.​org/​10.​1016/j.​
scito​tenv.​2024.​176560

Gurney KM, Schaberg PG, Hawley GJ, Shane JB (2011) Inadequate 
cold tolerance as a possible limitation to American Chestnut 
restoration in the Northeastern United States. Restor Ecol 
19:55–63. https://​doi.​org/​10.​1111/j.​1526-​100X.​2009.​00544.x

Güsewell S, Furrer R, Gehrig R, Pietragalla B (2017) Changes in 
temperature sensitivity of spring phenology with recent climate 
warming in Switzerland are related to shifts of the preseason. 
Glob Change Biol. https://​doi.​org/​10.​1111/​gcb.​13781

Hargreaves GH, Samani ZA (1982) Estimating potential evapora-
tion. J Irrig Drain Div 108:225–230. https://​doi.​org/​10.​1061/​
JRCEA4.​00013​90

Hennion B, Breisch H, Lafargue M, Pasquet N, Boutitie A et al (2009) 
La châtaigne fait son évaluation pour le frais. Réussir Fruits Et 
Légumes, No 286:32

Higgins SI, Larcombe MJ, Beeton NJ, Conradi T, Nottebrock 
H (2020) Predictive ability of a process-based versus a 

correlative species distribution model. Ecol Evol. https://​
doi.​org/​10.​1002/​ece3.​6712

Homet P, González M, Matías L, Godoy O, Pérez-Ramos IM et al 
(2019) Exploring interactive effects of climate change and exotic 
pathogens on Quercus suber performance: damage caused by 
Phytophthora cinnamomi varies across contrasting scenarios of 
soil moisture. Agric For Meteorol. https://​doi.​org/​10.​1016/j.​agrfo​
rmet.​2019.​06.​004

Hu T, Zhang X, Khanal S, Wilson R, Leng G et al (2024) Climate change 
impacts on crop yields: a review of empirical findings, statistical 
crop models, and machine learning methods. Environ Model Softw. 
https://​doi.​org/​10.​1016/j.​envso​ft.​2024.​106119

Iglesias A, Quiroga S, Moneo M, Garrote L (2012) From climate 
change impacts to the development of adaptation strategies: 
challenges for agriculture in Europe. Clim Change 112:143–68. 
https://​doi.​org/​10.​1007/​s10584-​011-​0344-x

Jacobsen S-E (2014) New climate-proof cropping systems in dry areas 
of the Mediterranean Region. J Agron Crop Sci. https://​doi.​org/​
10.​1111/​jac.​12080

Keenan T, Serra J, Lloret F, Ninyerola M, Sabate S (2011) Predict-
ing the future of forests in the Mediterranean under climate 
change, with niche- and process-based models: CO2 matters! 
Glob Change Biol 17(1):565–579. https://​doi.​org/​10.​1111/j.​
1365-​2486.​2010.​02254.x

Kollas C, Körner C, Randin CF (2014) Spring frost and growing season 
length co-control the cold range limits of broad-leaved trees. J 
Biogeogr 41:773–783. https://​doi.​org/​10.​1111/​jbi.​12238

Körner C, Basler D, Hoch G (2016) Where, why and how? Explain-
ing the low-temperature range limits of temperate tree species. J 
Ecol. https://​doi.​org/​10.​1111/​1365-​2745.​12574

Kramer K, Leinonen I, Loustau D (2000) The importance of phenol-
ogy for the evaluation of impact of climate change on growth 
of boreal, temperate and Mediterranean forests ecosystems: an 
overview. Int J Biometeorol 44:67–75. https://​doi.​org/​10.​1007/​
s0048​40000​066

Lamichhane JR (2021) Rising risks of late-spring frosts in a changing 
climate. Nat Clim Change 11:554–555. https://​doi.​org/​10.​1038/​
s41558-​021-​01090-x

Landsberg J (2003) Physiology in forest models: history and the future. 
Curr Biol 7. https://​doi.​org/​10.​1016/​S0960-​9822(97)​70976-X

Lange M, Schaber J, Marx A, Jäckel G, Badeck F-W et al (2016) Simu-
lation of forest tree species’ bud burst dates for different climate 
scenarios: chilling requirements and photo-period may limit bud 
burst advancement. Int J Biometeorol. https://​doi.​org/​10.​1007/​
s00484-​016-​1161-8

Larue C, Barreneche T, Petit RJ (2021) Efficient monitoring of phe-
nology in chestnuts. Scientia Horticulturae. https://​doi.​org/​10.​
1016/j.​scien​ta.​2021.​109958

Lauteri M, Scartazza A, Guido MC, Brugnoli E (2003) Genetic vari-
ation in photosynthetic capacity, carbon isotope discrimination 
and mesophyll conductance in provenances of Castanea sativa 
adapted to different environments. Funct Ecol 11:675–83. https://​
doi.​org/​10.​1046/j.​1365-​2435.​1997.​00140.x

Leng G, Peng J, Huang S (2019) Recent changes in county-level maize 
production in the United States: spatial-temporal patterns, climatic 
drivers and the implications for crop modelling. Sci Total Environ 
686:819–827. https://​doi.​org/​10.​1016/j.​scito​tenv.​2019.​06.​026

Leolini L, Bregaglio S, Moriondo M, Ramos MC, Bindi M et al (2018) 
A model library to simulate grapevine growth and development: 
software implementation, sensitivity analysis and field level 
application. Eur J Agron 99:921–05. https://​doi.​org/​10.​1016/j.​
eja.​2018.​06.​006

Leolini L, Moriondo M, Fila G, Costafreda-Aumedes S, Costafreda-
Aumedes S, Ferrise R et al (2018) Late spring frost impacts on 
future grapevine distribution in Europe. Field Crops Res. https://​
doi.​org/​10.​1016/j.​fcr.​2017.​11.​018

https://doi.org/10.3390/agronomy12051137
https://doi.org/10.3390/agronomy12051137
https://doi.org/10.1007/s11430-019-9622-2
https://doi.org/10.1016/j.agwat.2015.06.013
https://doi.org/10.1016/j.agwat.2015.06.013
https://doi.org/10.5424/sjar/2009074-1097
https://doi.org/10.1016/j.scitotenv.2020.143702
https://doi.org/10.1002/evl3.160
https://doi.org/10.1002/evl3.160
https://doi.org/10.1002/fes3.503
https://doi.org/10.1002/fes3.503
https://doi.org/10.1016/j.gloplacha.2007.09.005
https://doi.org/10.1016/j.gloplacha.2007.09.005
https://doi.org/10.1016/j.jplph.2005.06.020
https://doi.org/10.17660/ActaHortic.2009.844.16
https://doi.org/10.17660/ActaHortic.2009.844.16
https://doi.org/10.17660/ActaHortic.2024.1400.1
https://doi.org/10.17660/ActaHortic.2024.1400.1
https://doi.org/10.1016/j.agrformet.2019.01.023
https://doi.org/10.1016/j.scitotenv.2024.176560
https://doi.org/10.1016/j.scitotenv.2024.176560
https://doi.org/10.1111/j.1526-100X.2009.00544.x
https://doi.org/10.1111/gcb.13781
https://doi.org/10.1061/JRCEA4.0001390
https://doi.org/10.1061/JRCEA4.0001390
https://doi.org/10.1002/ece3.6712
https://doi.org/10.1002/ece3.6712
https://doi.org/10.1016/j.agrformet.2019.06.004
https://doi.org/10.1016/j.agrformet.2019.06.004
https://doi.org/10.1016/j.envsoft.2024.106119
https://doi.org/10.1007/s10584-011-0344-x
https://doi.org/10.1111/jac.12080
https://doi.org/10.1111/jac.12080
https://doi.org/10.1111/j.1365-2486.2010.02254.x
https://doi.org/10.1111/j.1365-2486.2010.02254.x
https://doi.org/10.1111/jbi.12238
https://doi.org/10.1111/1365-2745.12574
https://doi.org/10.1007/s004840000066
https://doi.org/10.1007/s004840000066
https://doi.org/10.1038/s41558-021-01090-x
https://doi.org/10.1038/s41558-021-01090-x
https://doi.org/10.1016/S0960-9822(97)70976-X
https://doi.org/10.1007/s00484-016-1161-8
https://doi.org/10.1007/s00484-016-1161-8
https://doi.org/10.1016/j.scienta.2021.109958
https://doi.org/10.1016/j.scienta.2021.109958
https://doi.org/10.1046/j.1365-2435.1997.00140.x
https://doi.org/10.1046/j.1365-2435.1997.00140.x
https://doi.org/10.1016/j.scitotenv.2019.06.026
https://doi.org/10.1016/j.eja.2018.06.006
https://doi.org/10.1016/j.eja.2018.06.006
https://doi.org/10.1016/j.fcr.2017.11.018
https://doi.org/10.1016/j.fcr.2017.11.018


Regional Environmental Change          (2026) 26:124 	 Page 17 of 18    124 

Li Y, Guan K, Yu A, Peng B, Zhao L et al (2019) Toward build-
ing a transparent statistical model for improving crop yield 
prediction: modeling rainfed corn in the U.S. Field Crops Res 
234:55–65. https://​doi.​org/​10.​1016/j.​fcr.​2019.​02.​005

Lionello P, Scarascia L (2018) The relation between climate change 
in the Mediterranean Region and global warming. Reg Environ 
Change. https://​doi.​org/​10.​1007/​s10113-​018-​1290-1

Liu Q, Piao S, Janssens IA, Fu Y, Peng S et al (2018) Extension of 
the growing season increases vegetation exposure to frost. Nat 
Commun. https://​doi.​org/​10.​1038/​s41467-​017-​02690-y

Lo YH, Blanco JA, Kimmins JP, Seely B, Welham C (2011) Link-
ing climate change and forest ecophysiology to project future 
trends in tree growth: A review of forest models. Climate 
Change—Research and Technology for Adaptation and Miti-
gation. InTech, Rijeka, pp 63–86

Lobell DB, Hammer GL, McLean G, Messina C, Roberts MJ et al 
(2013) The critical role of extreme heat for maize production 
in the United States. Nat Clim Change 3:497–501. https://​doi.​
org/​10.​1038/​nclim​ate18​32

Lorenzo NM, Alvarez I (2022) Future changes of hot extremes in 
Spain: towards warmer conditions. Nat Hazards 113:383–402. 
https://​doi.​org/​10.​1007/​s11069-​022-​05306-x

Luedeling E, Girvetz EH, Semenov MA, Brown PH (2011) Climate 
change affects winter chill for temperate fruit and nut trees. 
PLoS One. https://​doi.​org/​10.​1371/​journ​al.​pone.​00201​55

Marques T, Ferreira-Pinto A, Fevereiro P, Pinto T, Gomes-Laranjo J 
(2025) Current biological insights of Castanea sativa Mill. to 
improve crop sustainability to climate change. Plants. https://​
doi.​org/​10.​3390/​plant​s1403​0335

Marson P, Corre L, Soubeyroux J, Sauquet É (2024) Rapport de syn-
thèse sur les projections climatiques régionalisées. Recherche 
Data Gouv, juin 28. https://​doi.​org/​10.​57745/​PUR7ML

McKey D, Elias M, Pujol B, Duputié A (2010) The evolutionary 
ecology of clonally propagated domesticated plants. New Phy-
tol 186:318–332. https://​doi.​org/​10.​1111/j.​1469-​8137.​2010.​
03210.x

Metreveli V, Kreft H, Akobia I, Janiashvili Z, Nonashvili Z et al 
(2023) Potential distribution and suitable habitat for chestnut 
(Castanea sativa). Forests. https://​doi.​org/​10.​3390/​f1410​2076

Míguez-Soto B, Fernández-Cruz J, Fernández-López J (2019) Medi-
terranean and northern Iberian gene pools of wild Castanea 
Sativa Mill. are two differentiated ecotypes originated under 
natural divergent selection. PLoS One. https://​doi.​org/​10.​1371/​
journ​al.​pone.​02113​15

Montero MJ, Moreno G, Bertomeu M (2008) Light distribution in 
scattered-trees open woodlands in Western Spain. Agrofor Syst 
73:233–244. https://​doi.​org/​10.​1007/​s10457-​008-​9143-4

Moreno G, Cubera E (2008) Impact of stand density on water status and 
leaf gas exchange in Quercus ilex. For Ecol Manage 254:74–84. 
https://​doi.​org/​10.​1016/j.​foreco.​2007.​07.​029

Morin X, Thuiller W (2009) Comparing niche- and process-based 
models to reduce prediction uncertainty in species range shifts 
under climate change. Ecology 90(5):1301–1313. https://​doi.​org/​
10.​1890/​08-​0134.1

Morin X, Viner D, Chuine I (2008) Tree species range shifts at a 
continental scale: new predictive insights from a process-based 
model. J Ecol 96:784–794. https://​doi.​org/​10.​1111/j.​1365-​2745.​
2008.​01369.x

Moriondo M, Bindi M (2007) Impact of climate change on the phenol-
ogy of typical Mediterranean crops. Ital J Agrometeorol 3:5–12

Nakhutsrishvili G (2012) The Vegetation of Georgia (South Caucasus). 
Springer Science & Business Media

Nimbolkar KP, Awachare C, Reddy YTN, Chander S, et al (2016) Role of 
rootstocks in fruit production-a review. 3.

Ortega-Farias S, Riveros-Burgos C (2019) Modeling phenology of four 
grapevine cultivars (Vitis vinifera L.) in Mediterranean climate 

conditions. Sci Hortic 250:38–44. https://​doi.​org/​10.​1016/j.​scien​
ta.​2019.​02.​025

Osaer A, Vaysse P, Berthoumieu JF, Audubert A, Trillot M (1998) Gel 
de printemps. Protection des vergers. Centre technique interpro-
fessionnel des fruit et legumes, Paris, France

Ozturk T, Ceber ZP, Türkeş M, Kurnaz ML (2015) Projections of cli-
mate change in the Mediterranean Basin by using downscaled 
global climate model outputs. Int J Climatol. https://​doi.​org/​10.​
1002/​joc.​4285

Parker AK, Cortázar-Atauri IG, Trought MCT, Destrac A, Agnew R 
et al (2020) Adaptation to climate change by determining grape-
vine cultivar differences using temperature-based phenology 
models. OENO One 54:955–74. https://​doi.​org/​10.​20870/​oeno-​
one.​2020.​54.4.​3861

Pérez-Girón JC, Álvarez-Álvarez P, Díaz-Varela ER, Lopes DMM 
(2020) Influence of climate variations on primary production 
indicators and on the resilience of forest ecosystems in a future 
scenario of climate change: application to sweet chestnut agro-
forestry systems in the Iberian Peninsula. Ecol Indic. https://​doi.​
org/​10.​1016/j.​ecoli​nd.​2020.​106199

Perulli GD, Boini A, Morandi B, Corelli Grappadelli L, Manfrini L 
(2024) The effects of chestnut apical bud positions on vegeta-
tive and reproductive annual growth. Acta Hortic 1400:319–324. 
https://​doi.​org/​10.​17660/​ActaH​ortic.​2024.​1400.​38

Pitte J (1986) Terres de Castanide: Hommes et paysages du Châtaignier 
de l’Antiquité à nos jours. Fayard.

Puchałka R, Koprowski M, Gričar J, Przybylak R (2017) Does tree-ring 
formation follow leaf phenology in pedunculate oak (Quercus 
robur L.)? Eur J Forest Res 136(2):259–268. https://​doi.​org/​10.​
1007/​s10342-​017-​1026-7

Puchałka R, Prislan P, Klisz M, Koprowski M (2024) Tree-ring forma-
tion dynamics in Fagus sylvatica and Quercus petraea in a dry 
and a wet year. Dendrobiology 91:1–15. https://​doi.​org/​10.​12657/​
denbio.​091.​001

Reyne J (1984) Marrons et châtaignes d’Ardèche. Syndicat des Produc-
teurs de Châtaignes et Marrons de l’Ardèche.

Rezaei EE, Webber H, Asseng S, Boote K, Durand JL et al (2023) 
Climate change impacts on crop yields. Nat Rev Earth Environ 
4:831–46. https://​doi.​org/​10.​1038/​s43017-​023-​00491-0

Robin Y, Corre L, Marson P, Bernus S, Vrac M, et al (2024) Projections 
climatiques régionalisées : correction de biais et changements 
futurs. Recherche Data Gouv, juin 28. https://​doi.​org/​10.​57745/​
KXRB5B

Rodríguez A, Pérez-López D, Sánchez E, Centeno A, Gómara I et al 
(2019) Chilling accumulation in fruit trees in Spain under climate 
change. Nat Hazards Earth Syst Sci. https://​doi.​org/​10.​5194/​
nhess-​19-​1087-​2019

Rodríguez A, Pérez-López D, Centeno A, Ruiz-Ramos M (2021) 
Viability of temperate fruit tree varieties in Spain under climate 
change according to chilling accumulation. Agric Syst. https://​
doi.​org/​10.​1016/j.​agsy.​2020.​102961

Ruffault J, Martin-StPaul NK, Duffet C, Goge F, Mouillot F (2013) Pro-
jecting future drought in Mediterranean forests: bias correction 
of climate models matters! Theor Appl Climatol 117:113–122. 
https://​doi.​org/​10.​1007/​s00704-​013-​0992-z

Sakar EH, Yamani ME, Boussakouran A, Rharrabti Y (2023) Repro-
ductive phenology calendar and its correlation with air tempera-
ture in five Mediterranean almond [Prunus dulcis (Mill.) D.A. 
Webb] cultivars grown in Morocco. Sci Hortic. https://​doi.​org/​
10.​1016/j.​scien​ta.​2023.​112014

Saltré F, Duputié A, Gaucherel C, Chuine I (2015) How Climate, 
Migration Ability and Habitat Fragmentation Affect the Pro-
jected Future Distribution of European Beech. Glob Change Biol 
21. https://​doi.​org/​10.​1111/​gcb.​12771

Sánchez-Salguero R, Colangelo M, Matías L, Ripullone F, Camarero 
JJ (2020) Shifts in growth responses to climate and exceeded 

https://doi.org/10.1016/j.fcr.2019.02.005
https://doi.org/10.1007/s10113-018-1290-1
https://doi.org/10.1038/s41467-017-02690-y
https://doi.org/10.1038/nclimate1832
https://doi.org/10.1038/nclimate1832
https://doi.org/10.1007/s11069-022-05306-x
https://doi.org/10.1371/journal.pone.0020155
https://doi.org/10.3390/plants14030335
https://doi.org/10.3390/plants14030335
https://doi.org/10.57745/PUR7ML
https://doi.org/10.1111/j.1469-8137.2010.03210.x
https://doi.org/10.1111/j.1469-8137.2010.03210.x
https://doi.org/10.3390/f14102076
https://doi.org/10.1371/journal.pone.0211315
https://doi.org/10.1371/journal.pone.0211315
https://doi.org/10.1007/s10457-008-9143-4
https://doi.org/10.1016/j.foreco.2007.07.029
https://doi.org/10.1890/08-0134.1
https://doi.org/10.1890/08-0134.1
https://doi.org/10.1111/j.1365-2745.2008.01369.x
https://doi.org/10.1111/j.1365-2745.2008.01369.x
https://doi.org/10.1016/j.scienta.2019.02.025
https://doi.org/10.1016/j.scienta.2019.02.025
https://doi.org/10.1002/joc.4285
https://doi.org/10.1002/joc.4285
https://doi.org/10.20870/oeno-one.2020.54.4.3861
https://doi.org/10.20870/oeno-one.2020.54.4.3861
https://doi.org/10.1016/j.ecolind.2020.106199
https://doi.org/10.1016/j.ecolind.2020.106199
https://doi.org/10.17660/ActaHortic.2024.1400.38
https://doi.org/10.1007/s10342-017-1026-7
https://doi.org/10.1007/s10342-017-1026-7
https://doi.org/10.12657/denbio.091.001
https://doi.org/10.12657/denbio.091.001
https://doi.org/10.1038/s43017-023-00491-0
https://doi.org/10.57745/KXRB5B
https://doi.org/10.57745/KXRB5B
https://doi.org/10.5194/nhess-19-1087-2019
https://doi.org/10.5194/nhess-19-1087-2019
https://doi.org/10.1016/j.agsy.2020.102961
https://doi.org/10.1016/j.agsy.2020.102961
https://doi.org/10.1007/s00704-013-0992-z
https://doi.org/10.1016/j.scienta.2023.112014
https://doi.org/10.1016/j.scienta.2023.112014
https://doi.org/10.1111/gcb.12771


	 Regional Environmental Change          (2026) 26:124   124   Page 18 of 18

drought-vulnerability thresholds characterize dieback in two 
Mediterranean deciduous oaks. Forests. https://​doi.​org/​10.​
3390/​f1107​0714

Sangüesa-Barreda G, Di Filippo A, Piovesan G, Rozas V, Di Fiore L et al 
(2021) Warmer springs have increased the frequency and exten-
sion of late-frost defoliations in southern European beech forests. 
Sci Total Environ. https://​doi.​org/​10.​1016/j.​scito​tenv.​2021.​145860

Santamaría ME, Rodríguez R, Cañal MJ, Toorop PE (2011) Tran-
scriptome analysis of chestnut (Castanea sativa) tree buds sug-
gests a putative role for epigenetic control of bud dormancy. 
Ann Bot 108:485–498. https://​doi.​org/​10.​3390/​f1107​0714

Santos JA, Costa R, Fraga H (2017) Climate change impacts on 
thermal growing conditions of main fruit species in Por-
tugal. Clim Change 140:273–286. https://​doi.​org/​10.​1007/​
s10584-​016-​1835-6

Schaberg PG, Murakami PF, Collins KM, Hansen CF, Hawley GJ 
(2022) Phenology, cold injury and growth of American chest-
nut in a range-wide provenance test. For Ecol Manage. https://​
doi.​org/​10.​1016/j.​foreco.​2022.​120178

Schwarz D, Rouphael Y, Colla G, Venema JH (2010) Grafting as 
a tool to improve tolerance of vegetables to abiotic stresses: 
thermal stress, water stress and organic pollutants. Sci Hortic 
127:162–171. https://​doi.​org/​10.​1016/j.​scien​ta.​2010.​09.​016

Seneviratne IS, Zhang X, Adnan M, Badi W, Dereczynski C, et al 
(2021) Weather and climate extreme events in a changing cli-
mate. Édité par V. P. Masson-Delmotte, A. Zhai, S. L. Pirani, 
et C. Connors. Cambridge University Press. https://​centa​ur.​
readi​ng.​ac.​uk/​101846/

Sheth SN, Angert AL (2016) Artificial selection reveals high genetic 
variation in phenology at the trailing edge of a species range. 
Am Nat 187:182–193. https://​doi.​org/​10.​1086/​684440

Simmonds EG, Adjei KP, Cretois B, Dickel L, González-Gil R et al 
(2024) Recommendations for quantitative uncertainty consid-
eration in ecology and evolution. Trends Ecol Evol 39:328–37. 
https://​doi.​org/​10.​1016/j.​tree.​2023.​10.​012

Soares PMM, Careto JAM, Russo A, Lima DCA (2023) The future 
of Iberian droughts: a deeper analysis based on multi-scenario 
and a multi-model ensemble approach. Nat Hazards 117. 
https://​doi.​org/​10.​1007/​s11069-​023-​05938-7

Solignat, G., & Chapa, J. (1975) La biologie florale du châtaignier.
Stone M (1977) Asymptotics for and against cross-validation. Biom-

etrika 64:29–35. https://​doi.​org/​10.​2307/​23357​66
Stucky BJ, Guralnick R, Deck J, Denny EG, Bolmgren K et al (2018) 

The Plant Phenology Ontology: a new informatics resource for 
large-scale integration of plant phenology data. Front Plant Sci. 
https://​doi.​org/​10.​3389/​fpls.​2018.​00517

Takolander A, Hickler A, Meller L, Cabeza M (2019) Compar-
ing future shifts in tree species distributions across Europe 
projected by statistical and dynamic process-based models. 
Reg Environ Change 19(1):251–266. https://​doi.​org/​10.​1007/​
s10113-​018-​1403-x

Van der Meersch V, Chuine I (2025) Can inverse calibration help 
improving process-explicit species distribution models? Ecol 
Model. https://​doi.​org/​10.​1016/j.​ecolm​odel.​2025.​111132

Van der Meersch V, Armstrong E, Mouillot F, Duputié A, Davi H 
et al (2025) Paleorecords reveal biological mechanisms crucial 
for reliable species range shift projections amid rapid climate 
change. Ecol Lett. https://​doi.​org/​10.​1111/​ele.​70080

Vitasse Y, François C, Delpierre N, Dufrêne E, Kremer A et al (2011) 
Assessing the effects of climate change on the phenology of 
European temperate trees. Agric For Meteorol 151:969–80. 
https://​doi.​org/​10.​1016/j.​agrfo​rmet.​2011.​03.​003

Vitasse Y, Schneider L, Rixen C, Christen D, Rebetez M (2018) 
Increase in the risk of exposure of forest and fruit trees to spring 
frosts at higher elevations in Switzerland over the last four dec-
ades. Agric For Meteorol 248:60–69. https://​doi.​org/​10.​1016/j.​
agrfo​rmet.​2017.​09.​005

Vitasse Y, Signarbieux C, Fu YH (2018) Global warming leads to more 
uniform spring phenology across elevations. Proceedings of the 
National Academy of Sciences 115:100–48. https://​doi.​org/​10.​
1073/​pnas.​17173​42115

Vitasse Y, Bottero A, Cailleret M, Bigler C, Fonti P et al (2019) Con-
trasting resistance and resilience to extreme drought and late 
spring frost in five major European tree species. Glob Chang 
Biol. https://​doi.​org/​10.​1111/​gcb.​14803

Voosen P (2024) Climate modelers grapple with their own emissions. 
Science. https://​doi.​org/​10.​1126/​scien​ce.​adq17​72

Zettlemoyer MA, Peterson ML (2021) Does phenological plasticity 
help or hinder range shifts under climate change? Front Ecol 
Evol. https://​doi.​org/​10.​3389/​fevo.​2021.​689192

Zhang C, Gomes-Laranjo J, Correia CM, Moutinho-Pereira JM, 
Carvalho Gonçalves BM, et al (2011) Response, tolerance and 
adaptation to abiotic stress of olive, grapevine and chestnut in 
the Mediterranean region: role of abscisic acid, nitric oxide and 
microRNAs. In Plants and Environment, édité par Hemanth Vas-
anthaiah. InTech. https://​doi.​org/​10.​5772/​24719

Zhang Y, Pichon L, Roux S, Pellegrino A, Simonneau T et al (2024) 
Why make inverse modeling and which methods to use in agri-
culture? A review. Computers and Electronics in Agriculture. 
https://​doi.​org/​10.​1016/j.​compag.​2024.​108624

Zipper SC, Qiu J, Kucharik CJ (2016) Drought effects on US maize 
and soybean production: spatiotemporal patterns and historical 
changes. Environ Res Lett. https://​doi.​org/​10.​1088/​1748-​9326/​
11/9/​094021

Zohner CM, Mo L, Renner SS, Svenning J-C, Vitasse Y et al (2020) 
Late-spring frost risk between 1959 and 2017 decreased in North 
America but increased in Europe and Asia. Proceedings of the 
National Academy of Sciences. https://​doi.​org/​10.​1073/​pnas.​
19208​16117

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.3390/f11070714
https://doi.org/10.3390/f11070714
https://doi.org/10.1016/j.scitotenv.2021.145860
https://doi.org/10.3390/f11070714
https://doi.org/10.1007/s10584-016-1835-6
https://doi.org/10.1007/s10584-016-1835-6
https://doi.org/10.1016/j.foreco.2022.120178
https://doi.org/10.1016/j.foreco.2022.120178
https://doi.org/10.1016/j.scienta.2010.09.016
https://centaur.reading.ac.uk/101846/
https://centaur.reading.ac.uk/101846/
https://doi.org/10.1086/684440
https://doi.org/10.1016/j.tree.2023.10.012
https://doi.org/10.1007/s11069-023-05938-7
https://doi.org/10.2307/2335766
https://doi.org/10.3389/fpls.2018.00517
https://doi.org/10.1007/s10113-018-1403-x
https://doi.org/10.1007/s10113-018-1403-x
https://doi.org/10.1016/j.ecolmodel.2025.111132
https://doi.org/10.1111/ele.70080
https://doi.org/10.1016/j.agrformet.2011.03.003
https://doi.org/10.1016/j.agrformet.2017.09.005
https://doi.org/10.1016/j.agrformet.2017.09.005
https://doi.org/10.1073/pnas.1717342115
https://doi.org/10.1073/pnas.1717342115
https://doi.org/10.1111/gcb.14803
https://doi.org/10.1126/science.adq1772
https://doi.org/10.3389/fevo.2021.689192
https://doi.org/10.5772/24719
https://doi.org/10.1016/j.compag.2024.108624
https://doi.org/10.1088/1748-9326/11/9/094021
https://doi.org/10.1088/1748-9326/11/9/094021
https://doi.org/10.1073/pnas.1920816117
https://doi.org/10.1073/pnas.1920816117

	Impacts of climate change on the phenology and distribution range of Castanea sativa (Mill.) varieties in the Cévennes mountainous region, Southern France
	Abstract
	Introduction
	Materials and methods
	Study area
	Chestnut varieties and orchards contexts
	Phenology data
	Meteorological data
	Gridded climatic data
	Model calibration
	Calibration of phenology sub-models
	Calibration of frost and drought resistance
	Model simulations

	Results
	Phenology model calibration results
	Shifts in phenology
	Extension of the chestnut growing area

	Discussion
	Chestnut varieties growing area extension and shifts in phenology
	Chilling accumulation
	Late spring and autumn frosts
	Shortening of maturation period
	Varietal variation in behaviour
	Role of the rootstock
	Drought tolerance
	Limits to our study

	Conclusion
	Acknowledgements 
	References




