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A B S T R A C T

With more frequent and severe droughts under ongoing global warming impacting European forests, major 
components of French forest ecosystems, such as oak woodlands, are at increasing risk of decline. Tree-ring width 
(TRW) records provide valuable insights into both short- and long-term drought impacts on tree growth and have 
been widely used to improve our understanding of the spatial and temporal patterns of drought effects on forest 
ecosystems. However, such data are still lacking for oaks in central France over the past decade, and no high- 
resolution studies have yet explored oak responses to drought in French floodplain environments. Here, we 
investigated the climatic sensitivity, long-term growth response, and drought impact on TRW over the last 
century in two oak species from the Loire River basin in central France: riparian Quercus robur and non-riparian 
Q. petraea. Tree growth in both species was positively correlated with growing season SPEI and precipitation, and 
negatively with summer maximum temperature. Growth of riparian oaks was additionally influenced by summer 
river discharge and exhibited higher and more stable sensitivity to hydroclimatic variability than Q. petraea, 
reflecting species-specific traits and local site conditions. Despite these differences, both species showed 
consistent growth reductions during drought years, with full recovery to pre-drought growth levels not always 
achieved in the following year. Nevertheless, similar long-term growth patterns, with no overall decline over the 
last century, suggest a certain capacity of oaks to buffer drought impacts. These findings highlight the importance 
of continued monitoring of drought effects across contrasting ecological contexts and have direct management 
implications, particularly for Loire River riparian forests protected under the Natura 2000 network and 
encompassing national nature reserves.

1. Introduction

In 2024, global and European mean annual temperatures reached 
record highs, at + 1.6 ◦C and + 2.92 ◦C respectively, relative to the pre- 
industrial period (1850–1900) (Copernicus Climate Change Service, 
2025). This marks the first year in which the global mean temperature 
exceeded + 1.5 ◦C, a threshold beyond which extreme events are pro
jected to become more frequent and more intense (IPCC, 2018). In 
France, 2024 ranked among the five warmest years on record, and the 
last decade (2015–2024) was, on average, 2.2 ◦C warmer than the 
pre-industrial period. This decade was also characterized by 

increasingly severe and widespread droughts, affecting about 10% of the 
national territory (Météo-France, 2025). Under future climate scenarios, 
by the end of the 21st century and under a global warming level of + 3 
◦C, summer precipitation in France is projected to decrease by about 
20% (Soubeyroux et al., 2024), suggesting increases in drought fre
quency and severity during the growing season. This raises concerns 
about how forests will response in the future, as drought have already 
caused widespread impacts on vegetation dynamics, including growth 
declines, dieback episodes, and increased mortality across many species 
(van Mantgem et al., 2009; Allen et al., 2010; Carnicer et al., 2011; 
Schuldt et al., 2020; Hammond et al., 2022).
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Pedunculate oak (Quercus robur L., hereafter Q. robur) and sessile oak 
(Quercus petraea (Matt.) Liebl., hereafter Q. petraea) are dominant de
ciduous trees of Europe’s temperate lowlands, with Q. robur native to 
floodplains and wet lowlands and Q. petraea typically occurring in 
comparatively drier sites (Ducousso, Bordács, 2004; Rameau et al., 
2018). In addition to regulating services such as carbon sequestration, 
water regulation, and soil fertility, oak forests provide cultural services 
through their high heritage value (Haneca et al., 2009). They also supply 
timber for construction, with France being the leading oak producer in 
Europe and accounting for 30–40% of continent’s oak-growing area 
(Lebourgeois et al., 2015). However, the future of oaks under climate 
change remains uncertain. Some studies point to the high vulnerability 
of oaks to drought (Sohar et al., 2014a; Stojanović et al., 2015; Urli et al., 
2015; Colangelo et al., 2018; Nechita and Camarero, 2025), particularly 
when droughts occur consecutively (Schnabel et al., 2022; Bose et al., 
2024). Other studies, in contrast, emphasize their adaptive potential 
compared to co-occurring species (Zimmermann et al., 2015; Bert et al., 
2022; Kasper et al., 2022; Gribbe et al., 2024; Nosenko et al., 2025). This 
adaptability is linked to deep rooting systems, hydraulically safe and 
efficient xylem water transport, and sustained stomatal conductance and 
transpiration, which enhances flexibility and resilience under drought 
conditions (Bréda et al., 1993a; Leuzinger et al., 2005; Gribbe et al., 
2025). Even within the two main European oak species, differences in 
drought vulnerability remain unclear. Q. robur, which has higher water 
requirements and lower hydraulic safety is adapted to moist environ
ments, exhibits lower resistance to xylem embolism, and is therefore 
more sensitive to drought than Q. petraea (Cochard et al., 1992; Epron 
and Dreyer, 1993; Arend et al., 2011; Annighöfer et al., 2015). However, 
reduced post-drought recovery has been reported for Q. petraea (Bose 
et al., 2021, 2024), whereas broadly similar drought responses have also 
been observed in the two species (Bréda et al., 1993b; Cedro, 2007; 
Lebourgeois and Mérian, 2011).

In France, much of the current understanding of oak growth re
sponses to climate comes from the extensive RENECOFOR monitoring 
network (Ulrich, 1995; Lebourgeois, 1997). However, the tree-ring 
chronologies developed within this network have not been updated 
since 2008, leaving a critical gap in assessing the impacts of the recent 
period marked by unprecedented warming and successive severe 
droughts. Furthermore, although oak responses to climate are now 
better understood in upland sites such as plateaus and alluvial terraces 
in France (Lebourgeois et al., 2004; Bergès et al., 2005; Mérian et al., 
2011; Michelot et al., 2012; Barsoum et al., 2015), to our knowledge, no 
studies have investigated the sensitivity of riparian oaks to hydro
climatic variability, despite the ecological importance of these ecosys
tems (Ward et al., 1999; Piégay et al., 2003; Hupp and Rinaldi, 2007; 
Naiman et al., 2010). This is particularly concerning because climate 
models project a decline of up to 20% in the mean annual discharge of 
the Loire River by the end of the century (Dayon et al., 2018), potentially 
threatening the long-term sustainability of these riparian ecosystems 
(Villar et al., 2025), which are already among the most climate-sensitive 
and vulnerable worldwide (Tockner and Stanford, 2002; Perry et al., 
2012; Capon et al., 2013; Rivaes et al., 2013).

Here, we focus on the Loire River basin, France’s longest river 
(1000 km), which drains one-fifth of the metropolitan territory 
(117,000 km²) and represents an emblematic system due to its high 
conservation value and unique biodiversity (Cornier, 2002; Boudin 
et al., 2007; Chevalier et al., 2021). The alluvial hardwood forests of this 
watershed, notably dominated by Q. robur, are designated as Priority 
Habitat of Community Interest under the EU Habitats Directive (Council 
Directive 92/43/EEC, Natura 2000 code: 91F0). Given current and 
future challenges, this study presents a case study aimed at assessing 
whether, at a broader scale, management and conservation strategies 
should be grounded in a more detailed understanding of oak climate–
growth relationships within the Loire River basin. Specifically, we 
address the following questions: (1) Which climatic variables and sea
sons most strongly control oak growth, and are these climate–growth 

relationships stable over time? (2) How have recent changes in tem
perature and hydroclimatic conditions affected radial tree growth? (3) 
What is the impact of drought on riparian and non-riparian oak growth, 
and how effectively do these trees recover afterward? To address these 
questions, we developed two new tree-ring chronologies, updating and 
extending the existing RENECOFOR dataset through 2023. This provides 
a unique opportunity to evaluate oak growth responses to drought over 
the last century, and particularly during the last 15 years, a period of 
intensified climate change for which tree-ring data were previously 
lacking.

2. Material and methods

2.1. Study sites

In this study, three sites (HER, CUF and VLN) were sampled in the 
Loire River basin in central France (Fig. 1a). All three are located in the 
Middle Loire, within the “Island Loire River”, an anabranching section of 
the river between the Bec d’Allier and Briare, characterized by multiple 
channels enclosing wide sand and gravel bars, oxbow lakes, and large 
wooded islands (Gautier and Grivel, 2006). HER and CUF are within the 
alluvial forest at ~160 m above sea level (a.s.l.), with trees located be
tween 5 and 160 m from the active river channel (mean distance =
60 m). CUF is located at the junction of the Allier and Loire rivers 
(46.96◦N, 3.08◦E), while HER is located 30 km downstream in the Val de 
Loire National Nature Reserve (47.25◦N, 2.98◦E). At these two sites, 
riparian vegetation naturally transitions from a softwood forest (Salix 
alba, Populus nigra) to a hardwood forest (Q. robur, Fraxinus excelsior, 
Ulmus minor, Acer campestre) as both the distance from the river channel 
and the elevation above it increase (Gautier et al., 2007; Cornier, 2002). 
Within the riparian zone investigated in this study, hardwood forests are 
dominated by Q. robur, while Q. petraea is absent (Fig. 1b). The two sites 
share similar geomorphological and sedimentological contexts, with 
sandy to gravelly alluvial soils. The VLN site is located on a plateau in 
the Bertranges forest at ~201 m a.s.l., outside the floodplain and about 
5 km from the Loire River channel (47.19◦N, 3.09◦E) and 10 km from the 
HER site. The sampled site is dominated by Q. petraea on silty-clay soils, 
with Q. robur occurring only rarely (Fig. 1c).

At these sites, mean annual temperature and total precipitation over 
1991–2020 average 11.2 ◦C and 720 mm, respectively. Precipitation is 
fairly consistent throughout the year, with a monthly average of 60 mm 
(Fig. 1e). May is the wettest month, with an average rainfall of 72 mm, 
followed by the period from October to December. June to September 
are the hottest and driest months. The mean annual discharge at Gien, 
the gauging station closest to the sites, is 328 m3/s, with high discharge 
from December to May and low discharge from June to November 
(Fig. 1d). Bankfull discharge, defined here as the mean of the 10 highest 
daily discharges for each year over the 1958–2023 study period (Q =
1083 m3/s), is exceeded on average 3.2% of days each year. Since 1901, 
annual hydroclimatic conditions have shifted toward warmer and drier 
states, with increasing maximum temperature (Tmax), vapor pressure 
deficit (VPD), and climatic water deficit (CWD; since 1958), and 
decreasing annual Standardized Precipitation-Evapotranspiration Index 
(December SPEI12, i.e. calculated over a 12-month window) and mean 
discharge (Q; since 1936), while mean precipitation (PRE) has remained 
unchanged (Fig. 1f). These changes reflect shifts in the magnitude and 
severity of hydroclimatic extremes. Over 1958–2023, significant linear 
trends (p < 0.05) were observed in Tmax (+2.6 ◦C, i.e. +0.4 ◦C per 
decade), VPD (+1.78 hPa, i.e. +0.27 hPa per decade), SPEI12 (–1.39, i.e. 
–0.21 per decade), CWD (+131.7 mm, i.e. +20 mm per decade), and Q 
(–92.8 m3/s, i.e. –14.1 m3/s per decade) (Fig. 1f).

2.2. Tree-ring analysis

At HER, CUF and VLN sites, respectively 10, 12 and 31 trees, showing 
no visible sign of injury or disease, were sampled at breast height 
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Fig. 1. (a) Location of the three sampled sites (HER, CUF, and VLN) and the Gien gauging station within the Loire River basin. (b) Pedunculate oak at the CUF site. 
(c) Sessile oaks in the Bertranges forest at the VLN site. (d) Loire River discharge over 1958–2023. Boxplots display minimum, first quartile (Q1), median (horizontal 
line), mean (cross), third quartile (Q3), and maximum monthly discharge, with the box representing the interquartile range (Q3–Q1). The dotted line indicates the 
mean annual discharge, marking the boundary between low and high flows. (e) Climograph between 1991 and 2020. (f) Interannual variations of maximum 
temperature (Tmax), Standardized Precipitation-Evapotranspiration Index (December SPEI12), vapor pressure deficit (VPD), climatic water deficit (CWD), mean 
precipitation (PRE), and mean discharge (Q). The dotted lines represent linear trends over 1958–2023. Climate data were extracted from CRU TS4.08 (Harris et al., 
2020), the Global SPEI database v2.10 (Beguería et al., 2014), and the TerraClimate reanalysis (Abatzoglou et al., 2018) at the grid points closest to HERCUF and VLN 
sites. Discharge data were obtained from the Gien gauging station.
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(~120 cm), using a 4.3 mm diameter increment borer between winter 
2023 and spring 2024. Two cores per tree were taken, successively 
sanded with 120- and 400-grit sandpaper, and scanned at 1200 DPI. 
Tree-ring widths (TRW) were measured and rings dated using CooRe
corder and CDendro (Larsson, 2014; Maxwell and Larsson, 2021). The 
TRW series from each core were averaged per tree after visual and sta
tistical crossdating.

Detrending, tree-ring chronology building and descriptive statistics 
were computed using the dplR package (Bunn, 2008, 2010) in R (R Core 
Team, 2024). The individual mean series were detrended using a cubic 
smoothing spline with a 50% cut-off at 67% of the series length (Cook 
and Peters, 1981), a method commonly applied to remove age-related 
growth trends in forest interior sites (e.g. Čufar et al., 2008; Kern 
et al., 2013; Mikac et al., 2018; Radaković and Stajić, 2021). To reduce 
the biases associated with low replication and extend the length of the 
chronology (Fritts, 1976; Büntgen et al., 2012; Mérian et al., 2013), a 
single chronology (HERCUF) was constructed from the trees of the HER 
and CUF sites (Table 1). The final standardized chronologies were ob
tained by calculating the biweight robust mean of the individual series. 
The residual chronologies were derived in the same way, after pre
whitening the series using an autoregressive model. The running 
Expressed Population Signal (EPS) was used to estimate the number of 
individual series required for each chronology to be representative of a 
theoretical infinite population of trees (Wigley et al., 1984). It was 
calculated using 31-year running windows. The Subsample Signal 
Strength (SSS) was calculated to assess the decrease in climate signal 
linked to the decrease in the number of samples over time (Wigley et al., 
1984; Buras, 2017). Finally, to ensure the consistency of individual se
ries within our chronology, the running interseries correlation coeffi
cient (running rbar) was calculated using a 31-year running window. 
Descriptive statistics of the raw tree-ring chronologies such as mean 
tree-ring series length (MSL), mean tree-ring series growth rate (MGR), 
mean sensitivity (MSI), mean tree-ring series intercorrelation (static 
rbar) and mean autocorrelation (MAC) are reported in Table 1. MSI 
quantifies the year-to-year variability in TRW series (Biondi and Qea
dan, 2008). It ranges between 0 and 1, with complacent tree-ring series 
exhibiting values near 0, while values greater than 0.2 indicate sensitive 
series (Biondi and Qeadan, 2008; Speer, 2010). Static rbar is the mean 
value of all correlations between individual series. MAC, which mea
sures the influence of the growth increment in the previous year on the 
increment of the current year, is the mean value of the first-order 
autocorrelation coefficients.

To identify possible long-term changes in growth related to recent 
climatic trends, temporal trends in the tree-ring chronologies were 
assessed using several methods. The Mann-Kendall test (Mann, 1945; 
Kendall, 1975) was applied to the standardized chronologies, which 
better preserve low-frequency signals, over windows of at least 30 years, 
considering all possible combinations of start and end years within the 
1958–2023 period. The Pettitt test (Pettitt, 1979) was also used to detect 
potential shifts in individual tree-ring series and tree-ring chronologies 
(Table S1).

2.3. Climate and hydrological data

To investigate climate–growth relationships, we compiled hydro
logical and climatic variables describing water availability and atmo
spheric conditions in the Loire River basin. Daily discharge data for the 

Loire River at the Gien gauging station (Fig. 1a) were retrieved from the 
HydroPortail database (https://hydro.eaufrance.fr), for the period 
1936–2023. Two key hydrological parameters were retrieved. First, 
mean monthly discharge was calculated by averaging daily discharge 
values for each month. Second, a low-flow threshold was derived from 
the annual flow duration curve (FDC), which represents the percentage 
of time that a given discharge is equaled or exceeded. The FDC is a 
robust indicator of the combined influence of precipitation and 
groundwater contributions and is widely used to characterize hydro
logical variability in both gauged and ungauged basins (Blöschl et al., 
2013; Lang-Delus et al., 2016; Ghotbi et al., 2020; Medici et al., 2023). 
At Gien, discharge exceeds 106 m3/s for 80% of the year (292 days). 
Discharges below this threshold correspond to very low flow conditions, 
which typically occur during summer.

Because meteorological stations in the Loire River basin are spatially 
dispersed and contain gaps in their records, monthly maximum tem
perature (Tmax) and total precipitation (PRE), were extracted from the 
CRU TS4.08 gridded dataset (Harris et al., 2020). Standardized 
Precipitation-Evapotranspiration indices, calculated over accumulation 
periods ranging from 1 to 6-months (SPEI1–SPEI6 indices), were ob
tained from the Global SPEI database v2.10 (Beguería et al., 2014). Both 
datasets were extracted using the 46.5–47.5◦N, 2.5–3.5◦E grid box, 
which encompasses all three study sites.

We also extracted climatic water deficit (CWD) data from the Ter
raClimate reanalysis dataset (Abatzoglou et al., 2018). Together with 
SPEI, CWD provide information about agricultural drought by charac
terizing limitation in soil moisture availability. The SPEI integrates 
precipitation and potential evapotranspiration (PET), thereby account
ing for atmospheric water demand and allowing drought characteriza
tion at multiple temporal scales (Vicente-Serrano et al., 2010). Climatic 
water deficit (CWD), defined as the difference between PET and actual 
evapotranspiration, represents the absolute magnitude of accumulated 
water deficit and provides a direct proxy for soil moisture limitation. 
Together, SPEI and CWD describe complementary aspects of drought 
related to atmospheric demand and soil water availability (Schwarz 
et al., 2020; Zang et al., 2020).

In addition, vapor pressure deficit (VPD) was used to characterize 
atmospheric drought, representing a distinct, atmosphere-driven 
constraint on tree growth not captured by soil moisture–based metrics 
(Gazol and Camarero, 2022). Monthly VPD was calculated as the dif
ference between saturated vapor pressure (SVP) and actual vapor 
pressure (AVP) with AVP obtained from the CRU TS4.08 dataset. SVP 
was computed using the Tetens (1930) equation: 

SVP = 6.108 × exp
(

17.27 ×
T

237.3 + T

)

(1) 

Where T is the mean monthly temperature (◦C).

2.4. Climate–growth relationships

Climate–growth relationships were assessed using bootstrapped 
correlations between climatic and hydrological variables and the re
sidual tree-ring chronologies. Residual chronologies were used to retain 
high-frequency variability while minimizing temporal autocorrelation. 
Correlation analyses were computed using the treeclim package in R 
(Zang and Biondi, 2015) with 1000 replications following the classical 

Table 1 
General characteristics and descriptive statistics of the HERCUF and VLN tree-ring chronologies. EPS: expressed population signal; SSS: subsample signal strength; 
MSL: mean (min–max) tree-ring series length; MGR: mean growth rate (± 1 standard deviation); MSI: mean sensitivity index; rbar: mean series intercorrelation; MAC: 
mean autocorrelation.

Chronology name Trees (cores) Chronology length Chronology with EPS and SSS > 0.85 MSL (yr) MGR (mm/yr) MSI rbar MAC

HERCUF 22 (44) 1950–2023 1958–2023 60 (43–74) 1.54 ± 0.60 0.30 0.46 0.58
VLN 31 (62) 1878–2023 1901–2023 116 (69–146) 2.32 ± 0.64 0.24 0.48 0.53
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DENDROCLIM2002-style approach, in which individual years are 
resampled with replacement (Biondi and Waikul, 2004).

Analyses were performed over the period 1958–2023, during which 
both EPS and SSS consistently exceeded the 0.85 threshold (Buras, 
2017). Monthly data from May of the previous year to October of the 
current year were included to capture lagged climate–growth responses. 
This temporal window accounts for the reliance of Q. robur and 
Q. petraea on carbohydrates stored from the previous season for vessel 
formation (Barbaroux and Bréda, 2002; Hoch et al., 2003). Additionally, 
twenty-one seasonal combinations, involving climate parameters aver
aged over 2- to 6-month periods from March to September, were 
analyzed.

The temporal stability of climate–growth relationships was evalu
ated using 31-year running correlation functions. All correlation co
efficients presented in the result section are significant at p < 0.05.

All climate time series (n = 225) were detrended prior to analysis 
following the same procedure applied to the tree-ring data, as suggested 
by Ols et al. (2023). Autocorrelation in the detrended climate series was 
very low; only 6 out of 225 time series (2.7%) exhibited an absolute 
first-order autocorrelation (AR1) greater than 0.3, which is below the 
level expected by chance. Consequently, the detrended climate series 
were not prewhitened (Ols et al., 2023).

2.5. Growth response to drought events

Using SPEI and CWD, drought events were identified based on 
percentile thresholds calculated over the 1958–2023 period. Extreme 
droughts were defined as years in which SPEI values fell below the 10th 
percentile or CWD exceeded the 90th percentile, whereas moderate 
droughts corresponded to SPEI values below the 25th percentile or CWD 
above the 75th percentile. Droughts were calculated for the May–Sep
tember period, which represents a compromise interval during which 
hydroclimatic conditions are most critical for tree growth at both sites. 
We also tested whether seasonal timing of droughts (winter: DJF; spring: 
MAM; summer: JJA) influenced the severity of tree growth responses 
(Table S2). VPD was additionally considered to identify drought events 
driven by atmospheric demand but is not emphasized further, as no 
significant reductions in tree growth were observed in response to VPD- 
based atmospheric drought (Fig. S1).

To evaluate growth response to drought, probability density func
tions (PDFs) of tree-ring indices were estimated for each chronology 
using kernel density estimation in R (R Core Team, 2024), and drought 
events were overlaid to evaluate their placement within the growth 
distribution.

Tree resilience to drought was quantified using the resistance (Rt), 
recovery (Rc), and resilience (Rs) indices of Lloret et al. (2011). Rt refers 
to the ability of trees to minimize the growth reduction during drought, 
and was calculated as the ratio between growth during the drought year 
and growth during the preceding years. Rc reflects the ability to regain 
growth following drought and was calculated as the ratio of 
post-drought growth to growth during the disturbance. Rs represents the 
ability of trees to recover their pre-drought growth levels and was 
calculated as the ratio between post-drought and pre-drought growth. 
Values of Rt and Rs < 1 indicate reduced growth during or after drought, 
whereas values > 1 indicate growth enhancement. Rc values < 1 indi
cate incomplete post-drought recovery, whereas values > 1 indicate 
post-drought growth exceeding drought-year growth. Indices were 
computed over reference periods ranging from one to five years, and 
since the results were consistent across periods, only the one-year results 
are presented. Although Basal Area Increment (BAI) was considered, 
analyses were restricted to tree-ring indices, due to the lack of pith offset 
data, as recommended by Klesse and Bigler (2025).

Overall tree-growth responses to drought were assessed using su
perposed epoch analysis (SEA), with drought years treated as key events 
and a five-year before and after each event (− 5 to +5), using the dplR 
package (Bunn, 2008, 2010). Statistical significance was evaluated via 

1000 resampling iterations to generate 95% confidence intervals.

3. Results

3.1. Tree-ring chronologies

A total of 106 cores from 53 trees were successfully crossdated, 
allowing us to develop two site chronologies extending to 2023 
(Table 1). The HERCUF TRW chronology provides a robust record for 
investigating climate–growth relationships in riparian forests during the 
period 1958–2023. Its reliability is supported by relatively high mean 
series intercorrelation (rbar = 0.46), high sensitivity (MSI = 0.30) 
(Table 1), and high running interseries correlation (running rbar), 
running EPS, and running SSS values (Fig. 2a). Over 1958–2023, the 
mean 31-year EPS ranges between 0.86 and 0.94, with an average value 
of 0.91, the mean SSS ranges between 0.88 and 1, with an average value 
of 0.98 and the mean 31-year rbar ranges between 0.32 and 0.63, with 
an average value of 0.44. The VLN TRW chronology, built from trees 
located outside the riparian zone, covers the period 1878–2023, with 
EPS and SSS consistently > 0.85 from 1901 onwards (Fig. 2b). Over 
1958–2023, the mean 31-year running EPS varies from 0.97 to 0.98, 
with an average of 0.98. The SSS remains consistently at 1 throughout 
the period, and the mean 31-year rbar is 0.60, ranging from 0.55 to 0.66. 
Mean growth rate is higher at VLN (2.32 mm/yr) than at HERCUF 
(1.54 mm/yr) (Table 1), and the same contrast holds over 1958–2023 
(2.33 mm/yr at VLN vs. 1.50 mm/yr at HERCUF). Despite this differ
ence in growth level, the two sites exhibit strong shared interannual 
variability (r = 0.56). These robustness statistics confirm that the two 
tree-ring chronologies are suitable for climate–growth analyses over the 
common 1958–2023 period.

3.2. Trends in tree growth

The multi-temporal trend analysis of tree-ring chronologies using the 
Mann-Kendall test revealed no significant trends at HERCUF, whereas at 
VLN one significant negative trend (1960–1992) and one significant 
positive trend (1972–2014) were detected (Fig. 3). The corresponding 
Mann-Kendall τ values ranged from − 0.25 to − 0.28 for 1960–1992 and 
0.21–0.26 for 1972–2014, indicating weak trends. In addition, Pettitt’s 
change-point tests supported these results, with no significant breaks 
detected at either the population or individual level, except for one tree 
at VLN showing a break in 1913, outside the study period (Table S1). We 
therefore conclude that no consistent upward or downward trends in 
tree growth have occurred at HERCUF or VLN since 1958.

3.3. Climate–growth relationships and temporal stability

At HERCUF and VLN, tree growth was predominantly influenced by 
hydroclimatic conditions from late spring through summer, with 
stronger correlations observed at HERCUF. The HERCUF tree-ring 
chronology was negatively correlated with maximum temperature in 
June and July (− 0.53, − 0.33), with CWD in May (− 0.42), June (− 0.63), 
and July (− 0.48), and with VPD in June (− 0.56), July (− 0.38) and 
August (− 0.25). In contrast, it was positively correlated with precipi
tation and SPEI1 in May (0.44, 0.41), June (0.52, 0.58), July (0.37, 
0.42), and over the May–July period (both 0.69) (Fig. 4a).

Tree-ring widths also showed positive correlations with monthly 
discharge from June to September (0.52, 0.61, 0.22, and 0.38, respec
tively), with the strongest association occurring during June–July 
(0.59). Similar relationships were observed between tree growth and 
discharge duration parameters. Tree growth was positively correlated 
with the number of days in June–July exceeding the low-water 
discharge threshold (r = 0.61), and with the number of days above the 
mean discharge, corresponding to the high-flow period associated with 
the submersion of unvegetated bars (r = 0.48) (Fig. 5b). More specif
ically, considering the low-water discharge threshold, 72% of years with 
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above-median discharge coincided with years of above-median growth 
at HERCUF, while 65% of years with very high discharge (> 3rd quar
tile) coincided with years of very high growth (> 3rd quartile) (Fig. 5b). 
When using the mean discharge threshold, 69% of years with above- 
median discharge matched years of above-median growth, and 59% of 
years with very high discharge (> 3rd quartile) matched years of very 
high growth (> 3rd quartile) (Fig. 5b). The highest summer discharges 
(> 90th percentile), recorded in 1969, 1977, 1992, 2008, and 2016, also 
corresponded to some of the highest tree-growth values, which were 
consistently above the third quartile (Fig. 5a). The year 1981 represents 
an exception, as high summer discharges did not result in enhanced 
growth. Unusually cold spring and summer conditions during that year 
may have offset the positive effects of high-water levels on tree growth.

At HERCUF, climatic conditions during the previous winter, early 
spring, and autumn appeared to have little impact on oak growth. 

However, weak but statistically significant correlations were observed 
with precipitation in the previous August and September (0.26, 0.28), as 
well as with the previous September SPEI1, CWD, and VPD (0.33, − 0.28, 
− 0.33), and with February river discharge (0.21).

At VLN, tree growth was positively correlated with precipitation 
from May to July (0.33, 0.29, 0.26) and with SPEI1 from May to August 
(0.27, 0.30, 0.30, 0.27). Positive correlations were also observed for 
both precipitation and SPEI over the May–September period (0.52 and 
0.48, respectively) (Fig. 4a). In contrast, growth was negatively corre
lated with maximum temperature in July and over the June–July period 
(− 0.28, − 0.34), with CWD from May to September (− 0.34, − 0.40, 
− 0.34, − 0.31, − 0.24), and with July VPD (− 0.29). In addition, positive 
winter correlations were found for December precipitation and SPEI 
(both 0.30) and for February precipitation (0.26).

Hydroclimatic conditions from late spring through summer exert a 

Fig. 2. HERCUF (a) and VLN (b) TRW chronologies. From top to bottom: raw individual tree-ring series (grey) and mean chronology (red); residual chronologies 
with 10-year cubic spline smoothing (green) and sample depth (dashed blue line); EPS (solid black line), SSS (dashed black line), and rbar (yellow). Red dashed 
vertical lines indicate years before which either EPS or SSS falls below 0.85.

Fig. 3. Trends in HERCUF (a) and VLN (b) tree-ring chronologies using Mann-Kendall test. The tests were carried out over windows of at least 30 years, considering 
all possible start and end year combinations within the period 1958–2023. Significant windows (p < 0.05) are outlined in black.
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strong and temporally persistent influence on oak growth throughout 
the study period at HERCUF. However, from 1992 onward we observe a 
strengthening of the statistical association with June–July discharge 
with an increase by 0.14 in 66 years, when considering the first 
(1958–1988, r = 0.53) and last (1993–2023, r = 0.68) 31-year correla
tion windows (Fig. 4b). In contrast, the associations with June–July 
maximum temperature and May–July VPD gradually weakened over the 
study period, decreasing by 0.20 and 0.24 over 66 years, from r = − 0.61 
and r = − 0.66 in 1958–1988 to r = − 0.41 and r = − 0.42 in 1993–2023, 
respectively, and losing statistical significance between the 1988–2018 
and 1991–2021 windows (Fig. 4b). At VLN, correlations with 
May–September precipitation and September SPEI5 slightly decreased 
over 66 years, by 0.09 and 0.15, respectively, when considering the first 
(1958–1988, r = 0.47 and r = 0.53) and last (1993–2023, r = 0.38 for 
both) 31-year correlation windows, while correlations with CWD 
weakened from − 0.59 to − 0.36 over the same period. Correlations with 
precipitation and SPEI were not significant between 1976 and 1996. 
Correlations with maximum temperature and VPD were non-significant 
since 1979 with r values fluctuating around –0.2 (Fig. 4b).

3.4. Impacts of severe droughts on tree growth

Based on the analysis of May–September SPEI and CWD data, we 

identified 19 drought events between 1958 and 2023 (8 extreme and 11 
moderate), of which 15 were common to both datasets. These droughts 
occurred in the years 1959, 1961, 1962, 1964, 1976, 1989, 1990, 1996, 
1998, 2003, 2005, 2009, 2011, 2015, 2018, 2019, 2020, 2022, and 2023 
(Fig. 6b, c). The extreme droughts recorded at our sites were not isolated 
anomalies but component of widespread drought episodes affecting 
northern France and, from the 1990s onwards, extending across all of 
France (Fig. 6a). We observed a marked increase in drought frequency 
since the 1990s, with nearly three times as many drought events in 
1990–2023 as in 1958–1989 (Fig. 6b, c).

Probability density functions were used to position documented 
drought years within the distribution of annual growth indices at 
HERCUF and VLN. At HERCUF, 9 of the 19 identified droughts resulted 
in severe growth reductions and fell within the lower tail of the distri
bution (<25th percentile) (Fig. 6d). Several of the narrowest rings 
occurred one year after drought events (1960, 2004, and 2006) (Fig. 6d), 
indicating delayed growth impacts. At VLN, a similar pattern was 
observed, although drought events more frequently translated into very 
low growth (<10th percentile; 1959, 1962, 1976, 1990, 2005, and 
2019) than at HERCUF (1976, 2005) (Fig. 6d, e). Notably, the 1976 
drought, widely recognized as one of the most severe pan-European 
hydroclimatic events of the 20th century (e.g. Briffa et al., 2009; Parry 
et al., 2012), corresponds to the narrowest ring in both chronologies. 

Fig. 4. (a) Static bootstrapped correlation functions between HERCUF, VLN, and climate variables from the previous May to the current October. Tmax: maximum 
temperature; PRE: total precipitation; SPEI: SPEI1 (except for JJ, MJJ and MJJAS, which refer to July SPEI2, June SPEI3 and September SPEI5, respectively); CWD: 
climatic water deficit; VPD: vapor pressure deficit; Q: mean discharge. Green bars indicate significant correlations, while grey bars denote non-significant values 
(p > 0.05). (b) Running bootstrapped correlation functions (31-year window) between HERCUF, VLN, and key climatic parameters. The grey shaded areas indicate 
non-significant correlation values (p > 0.05). The correlation windows are centered, e.g. the value in 1973 corresponds to the correlation coefficient over the 31-year 
window 1958–1988.
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However, most other drought events coincided with growth values 
within the central portion of the distribution, particularly in recent 
extreme drought years (2015, 2018, 2020, 2022, and 2023), even 
though several of these years can be classified as extreme droughts 
(Fig. 6b, c). These results suggest a certain adaptive capacity of the oaks 
at HERCUF and VLN to both moderate and extreme droughts. This is 
particularly noteworthy given the marked increase in the intensity and 
frequency of such events since the 1990s (Fig. 6b, c), whereas overall 
tree growth has remained stable (Fig. 3, Table S1).

However, although these drought events do not always coincide with 
statistically defined low-growth years (Fig. 6d, e), they nonetheless exert 
a strong influence on radial growth, highlighting the sensitivity of both 
Q. robur and Q. petraea to drought stress. At both sites, Lloret resistance 
indices indicate that although drought years did not always correspond 
to exceptionally low TRW, they consistently exhibited reduced growth 
relative to the preceding year, reflecting a clear response to water deficit 
conditions (Fig. 7a). Recovery patterns were more variable across 
drought episodes, but in more than half of the cases, TRW in the year 
following drought were larger than during the drought year, indicating a 
capacity for post-drought growth compensation. In contrast, short-term 
resilience was generally low at both sites, as more than 50% of drought 
events were not followed in the next year by a full return to pre-drought 
growth levels.

The SEA results further support these findings, revealing a consistent 
negative growth anomaly during documented drought years for both 
species, with growth significantly below the long-term mean (Fig. 7b). 
This response was similar in Q. robur and Q. petraea. At HERCUF, trees 
exhibited a significant positive growth anomaly four years after drought 
events, suggesting a delayed compensatory response. A similar pattern 
was observed at VLN, although post-drought growth anomalies were not 
statistically significant there. This suggests that although immediate 
resilience is generally low at both sites, as shown by the resilience index, 
trees may still exhibit longer-term growth compensation several years 
after drought. SEA for drought events defined using VPD showed no 
significant growth reduction from t–5 to t + 5 (Fig. S1), consistent with 
weaker and less stable correlations with tree-ring indices at both sites 

(Fig. 4).
Overall, these results highlight, at both sites, a significant mean 

negative effect on tree growth during drought years (Fig. 7), although 
individual responses are nuanced, as not all droughts, even the most 
severe, correspond to low-growth years (Fig. 6d, e). Neither drought 
intensity nor the occurrence of successive droughts can fully explain 
these observations, since extreme drought periods (2018–2020, 
1961–1962, and 1989–1990) did not lead to similar growth responses 
(Fig. 6d, e and Fig. 7a).

4. Discussion

4.1. Main climatic drivers of tree growth

Growth in both riparian Q. robur (HERCUF) and non-riparian 
Q. petraea (VLN) is primarily driven by May–July precipitation and 
SPEI, correlations being weaker when the window is extended to 
May–September. This is coherent with the typical response of these 
species, for which spring and early-summer water availability is a key 
driver of radial growth, a pattern widely observed across European 
oceanic (Pilcher and Gray, 1982; Friedrichs et al., 2009a; Mérian et al., 
2011; Michelot et al., 2012), continental (Kern et al., 2013; Sochová 
et al., 2024), and Mediterranean climates (Santini et al., 1994; Rozas, 
2005). Variations in water availability during this period directly affect 
tree growth: reduced moisture limits photosynthetic activity by 
decreasing sap flow, stomatal conductance, and carbon assimilation 
whereas higher soil moisture tends to support greater radial increment 
(Bréda et al., 1993a, b; Rust and Roloff, 2002). The strongest hydro
climatic responses, observed in May and June at both sites, are also 
consistent with the pronounced impact of spring droughts on oak growth 
(Camarero et al., 2015; Vanhellemont et al., 2019; Bose et al., 2021). 
Spring droughts are particularly critical, as they can disrupt the 
phenological cycle and delay the onset of xylogenesis (Horáček et al., 
2003; Fonti et al., 2010; Pérez-de-Lis et al., 2016).

Tree growth is negatively influenced by June–July maximum tem
perature and May–July VPD, but these effects are weaker and less 
consistent, suggesting that atmospheric water demand exerts less con
trol on oak growth than soil moisture availability. This may be explained 
by the fact that maximum temperature and associated VPD primarily 
affect stomatal conductance, which is more directly reflected in oak tree- 
ring δ13C and δ18O records (Daux et al., 2018; Treydte et al., 2024), 
whereas oak radial growth is mainly limited by soil moisture availability 
(Bose et al., 2021, 2024), making tree ring widths less sensitive to at
mospheric drought alone.

At HERCUF, in a riparian context, our findings are consistent with 
previously reported positive correlations between Q. robur growth and 
river discharge in European temperate floodplains (Hafner et al., 2015; 
Tumajer and Treml, 2016; Okoński, 2017; Mikac et al., 2018; Netsvetov 
et al., 2019). Moreover, our results indicate a positive influence of the 
duration of moderate river discharge on oak growth, suggesting that 
prolonged periods of moderate flow increase water availability, thereby 
reducing hydric stress and supporting tree growth. Floodplain 
ring-porous species, including oaks, primarily rely on surface water 
stored in the vadose zone, filled by precipitation and capillary rise from 
the groundwater (Sánchez-Pérez et al., 2008; Singer et al., 2013, 2014). 
To explain the effect of the Loire River discharge, we can hypothesize 
that higher and longer summer discharge promotes fine root develop
ment during this period (Ponti et al., 2004; Konôpka et al., 2005). This, 
in turn, mitigates water stress in riparian oaks by enhancing capillary 
rise and increasing the water supply provided by the fine-root system 
(Skiadaresis et al., 2019; Mu et al., 2021; Šenfeldr et al., 2021; Leonova 
et al., 2022; Henkel et al., 2025). Conversely, during summer low-flow 
periods, the drop in the water table restricts water uptake by the 
shallow fine-root system, leading to ecophysiological dysfunctions that 
ultimately reduce growth (Bréda et al., 1995), an effect that is likely 
amplified in the sandy-gravelly alluvial soils of the Loire River where 

Fig. 5. (a) HERCUF tree-ring chronology (black line) and June–July mean 
discharge (blue line). Black dots indicate years with highest summer discharges 
(> 90th percentile), and horizontal line indicates the third quartile (Q3) of the 
HERCUF tree-ring chronology. (b) HERCUF tree-ring chronology (black line) 
and the number of days above the low-water threshold (light blue bars) and 
above the mean discharge (dark blue bars) in June–July. Solid and dotted 
horizontal lines indicate the median (Q2) and the third quartile (Q3) of each 
variable, respectively.
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Fig. 6. (a) May–September SPEI conditions over France during the documented extreme droughts. (b) Time series of May–September SPEI and (c) CWD with 
associated drought events. (d) Probability density function showing the distribution of drought-year growth values within the HERCUF and (e) VLN chronologies. 
Years with documented droughts that coincide with low tree growth (<25th percentile) are shown in dark brown, droughts with no corresponding low growth in 
green, and low growth occurring within one year after a drought in light brown. The median of each distribution is indicated by a black dashed vertical line.
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Fig. 7. (a) Resistance, recovery, and resilience indices of Lloret et al. (2011) computed for drought events using the HERCUF and VLN tree-ring standardized 
chronologies. (b) Mean tree growth responses to drought events at both sites based on superposed epoch analysis. The grey shaded area represents the 95% con
fidence interval, with epochal anomalies falling outside this interval (black) considered statistically significant (p < 0.05).
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capillary rise is limited.
Riparian Q. robur growth at HERCUF shows a weak yet significant 

positive response to late-summer precipitation and SPEI from the pre
vious year. This aligns with studies demonstrating that summer-to- 
autumn hydroclimatic conditions in the year before ring formation 
can influence current-year oak radial growth (Cedro, 2007; Čejková and 
Poláková, 2012; Matisons and Brūmelis, 2012; Bouwman et al., 2025). 
Some studies have also shown that hydroclimatic conditions spanning 
from the previous summer through the current summer best explains 
Q. robur growth (Friedrichs et al., 2009a; Stojanović et al., 2018). Pos
itive correlations between earlywood width in the current year and 
latewood width from the previous year have also been reported in oaks 
(Lebourgeois et al., 2004; Radaković and Stajić, 2021), supporting a 
carryover effect between growing seasons. This delayed growth 
response likely results from the spring remobilization of carbohydrates 
(starch and sugars) stored during the late stages of the previous growing 
season (Lacointe, 2000; Barbaroux and Bréda, 2002; Hoch et al., 2003). 
Favorable late-summer hydroclimatic conditions can enhance these re
serves, supporting increased growth in the following year. At HERCUF, 
Q. robur also shows a weak but significant relationship with the February 
discharge of the river. This sensitivity to winter conditions is even more 
pronounced in Q. petraea from VLN, whose growth is influenced by 
winter hydroclimatic conditions from December of the previous year 
and February of the current year. Numerous studies have likewise re
ported positive correlations between winter hydroclimatic conditions 
and Q. robur and Q. petraea growth (Cedro, 2007; Friedrichs et al., 
2009a; Michelot et al., 2012; Mikac et al., 2018; Stojanović et al., 2018). 
Winter hydroclimatic conditions can favor oak growth by recharging 
soil and groundwater, maintaining the functionality of fine roots, and 
preventing early-season water deficit, thereby supporting earlywood 
vessel formation (Michelot et al., 2012). Winter flooding may also pro
mote the deposition of nutrient-rich sediments, enhancing soil fertility 
and indirectly supporting tree growth (Kroes et al., 2015; Marchetti 
et al., 2020; Marks et al., 2020). However, overbank deposition at 
HERCUF is minimal due to the river’s very low suspended sediment load 
(Gautier et al., 2007).

4.2. Riparian Q. robur and non-riparian Q. petraea climate sensitivity

Riparian Q. robur exhibited overall stronger and more stable sensi
tivity to hydroclimatic parameters compared to non-riparian Q. petraea 
(Fig. 4). Similar patterns have been documented in earlier studies, which 
describe Q. petraea as less sensitive to climate (Pilcher and Gray, 1982; 
Lebourgeois et al., 2004; Friedrichs et al., 2009b; Mérian et al., 2011; 
Michelot et al., 2012). The contrasted climate–growth relationships 
observed at HERCUF and VLN likely reflect differences in functional 
traits. Q. petraea has a more conservative water-use strategy, including 
higher intrinsic water-use efficiency that underpins its greater drought 
tolerance and buffers its growth against interannual hydroclimatic 
variability. In contrast, Q. robur, with lower hydraulic safety and higher 
vulnerability to xylem embolism, reacts more strongly to fluctuations in 
water availability (Cochard et al., 1992; Epron and Dreyer, 1993; Ponton 
et al., 2002; Arend et al., 2011; Annighöfer et al., 2015). Differences in 
hydraulic safety between species and genera remain debated, as many 
physiological processes contribute to xylem adjustment in trees (Choat 
et al., 2012; Cochard et al., 2021; Decarsin et al., 2024). The greater 
hydraulic safety of Q. petraea compared to Q. robur can be explained by 
differences in earlywood vessel anatomy, with Q. robur exhibiting a 
larger total earlywood vessel area than Q. petraea, due to a higher 
number of vessels (Feuillat et al., 1997; Hroš and Vavrčík, 2014). In 
Q. robur, these anatomical traits maximize hydraulic conductivity but 
increase vulnerability to cavitation, consistent with the strong scaling 
between conduit diameter and cavitation risk in ring-porous species 
(Hacke et al., 2006; Sperry et al., 2006) and with the documented 
relationship between vessel size (length and diameter) and embolism 
vulnerability across Quercus species (Cochard and Tyree, 1990; Lobo 

et al., 2018).
Site conditions likely contribute to the differences in climate sensi

tivities observed at VLN and HERCUF. At VLN, deep brown siliceous- 
clay soils provide relatively stable moisture conditions, whereas the 
sandy-gravelly soils at HERCUF impose stronger water limitations and 
variability (Jones et al., 2005), which likely amplify the sensitivity of 
riparian oaks. This interpretation is consistent with the lower growth 
rates at HERCUF, about 1.5 times lower than at VLN (Table 1). It aligns 
with previous studies showing that oaks on deep, drought-resistant soils 
respond weakly to summer precipitation, while those on soils with low 
water retention (shallow, sandy, dry environments) show stronger 
growth responses (Sohar et al., 2014b; Stojanović et al., 2018; Kostić 
et al., 2021; Bouwman et al., 2025).

4.3. Long-term responses of oak trees to drought

No significant decrease in radial growth was observed at either site 
over recent decades. This absence of a declining trend suggests that both 
Q. robur and Q. petraea have maintained relatively high long-term 
resilience to recent climatic changes, consistent with previous findings 
identifying these species among the most drought-tolerant temperate 
broadleaf species (e.g. Kunz et al., 2018; Fuchs et al., 2021; Enderle 
et al., 2024; Bouwman et al., 2025). Our results are in line with several 
recent studies reporting stable oak growth despite ongoing warming and 
increasing drought intensity and frequency across Europe (Zimmermann 
et al., 2015; Fuchs et al., 2021; Kasper et al., 2022; Enderle et al., 2024; 
Leuschner et al., 2024). Q. petraea has even shown increased growth 
under reduced precipitation in Germany, suggesting an acclimatization 
process (Gribbe et al., 2024), a pattern also observed for Q. robur in 
southern England and northern France (Barsoum et al., 2015), and in 
floodplains of the Czech Republic under rising temperatures (Tumajer 
and Treml, 2016).

4.4. Oak responses to severe drought events

Despite the absence of long-term growth decline over the last decade, 
the Lloret indices, combined with the SEA results (Fig. 7a, b), indicate 
that oaks are nevertheless sensitive to short-term water deficits, with 
drought events causing growth reductions followed by variable recovery 
across years. Negative resistance values observed in 12 out of 18 drought 
years (Fig. 7a) are consistent with similar reductions in growth resis
tance reported for Q. robur and Q. petraea during major European 
droughts across various regions (Zang et al., 2012; Kunz et al., 2018; 
Heklau et al., 2019; Bose et al., 2021; Fuchs et al., 2021). These 
short-term growth reductions likely reflect physiological trade-offs. 
While Q. robur and Q. petraea can maintain transpiration and photo
synthesis longer than more isohydric species due to their water-use 
strategy (Bréda et al., 1993a, b; Leuzinger et al., 2005), they are high
ly susceptible to embolism and cavitation (hydraulic failure) during 
severe droughts, leading to sharp reductions in cambial activity and cell 
production (Horáček et al., 2003; Fonti et al., 2010), canopy diebacks 
(Čater, 2015; Kermavnar and Kutnar, 2024) or even tree decline 
(Cochard et al., 1992; Percolla et al., 2021).

However, drought impacts were highly variable, with many drought 
years showing near-normal radial growth (Fig. 6d, e). This pattern is 
particularly evident for recent droughts (2003, 2015, 2018, 2020, 2022, 
and 2023), which rank among the driest on record (Fig. 6b, c). A similar 
trend has also been reported in previous studies. During the exceptional 
2003 drought, Q. robur and Q. petraea were found to maintain radial 
growth (van der Werf et al., 2007), stable sap flow (Leuzinger et al., 
2005), and full leaf cover (Bréda et al., 2006) despite severe water 
deficits across Europe, in contrast to many co-occurring species. Sup
porting evidence also comes from northern Germany, where Q. robur 
likewise maintained near-normal growth under the dry conditions of 
2016, unlike Fagus sylvatica and Carpinus betulus (van der Maaten et al., 
2018). In response to the 2018 extreme drought, Q. robur and Q. petraea 
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exhibited only limited growth reductions (Schnabel et al., 2022), no 
growth decline (Salomón et al., 2022), or even above-average annual 
growth (Neuwirth et al., 2021) and high gross primary productivity 
(Kowalska et al., 2020). These observations indicate that drought 
resilience of oaks is consistently reported across sites and years. This 
resilience is likely linked to phenological traits of ring-porous species, 
which initiate growth early in spring and rapidly form earlywood vessels 
before leaf-out, allowing them to sustain productivity even during 
drought, despite having a shorter overall growing season than 
diffuse-porous species (Pérez-de-Lis et al., 2017; van der Maaten et al., 
2018; Kowalska et al., 2020; Schwarz et al., 2020). Another hypothesis is 
that the climate sensitivity observed at our sites, moderate at VLN and 
strong at HERCUF, has promoted physiological acclimation to drought, 
resulting in more efficient water use. This interpretation aligns with 
recent large-scale studies showing that, for Q. robur and Q. petraea, de
partures from pre-drought growth were smaller, recovery faster (Bose 
et al., 2021), and legacy effects shorter (Bose et al., 2024) at 
climate-sensitive compared to non-sensitive sites.

Overall, oak responses to drought are complex, as events of similar 
intensity can lead to markedly different growth outcomes, influenced 
notably by factors such as the occurrence of consecutive events (Lloret 
et al., 2004; Bréda et al., 2006; Schnabel et al., 2022) or their seasonality 
(Camarero et al., 2015; Vanhellemont et al., 2019; Bose et al., 2021). At 
our sites, we highlight that the influence of drought on oak growth is 
primarily linked to soil moisture conditions (i.e. agricultural drought) 
(Fig. 7) rather than atmospheric water demand (i.e. atmospheric 
drought) (Fig. S1). Nevertheless, no consistent seasonal pattern emerges, 
as both spring and summer droughts correspond to years of reduced 
growth (1962, 1976, 1996, 2005) as well as years of near-normal growth 
(1961, 2003, 2020, 2022), and consecutive droughts do not show a clear 
effect either (Table S2). This variability may reflect an inherent capacity 
of oaks to adjust to drought conditions, but further investigations, using, 
for example, intra-annual wood anatomical data (e.g. vessel traits) 
(Castagneri et al., 2017; Schwarz et al., 2020) or canopy observations (e. 
g. canopy dieback, early leaf shedding, or branch mortality) (Rybníček 
et al., 2015; Knutzen et al., 2025), are needed to clarify the timing, 
duration, and effects of drought on tree growth. In addition, age-related 
effects on drought resistance, resilience, and recovery deserve further 
study, as age-related patterns in tree responses to water stress remain 
poorly constrained (Rozas, 2005; Mikac et al., 2018; Au et al., 2022; 
Meeran et al., 2025). Finally, stable isotope analyses (δ13C and δ18O) 
could provide complementary insights, as they often carry stronger and 
more direct drought signals than tree-ring width data alone (Labuhn 
et al., 2016; Büntgen et al., 2021; Treydte et al., 2024; Arosio et al., 
2025).

5. Conclusions

This study shows that annual radial growth of Q. robur and Q. petraea 
in the Loire River basin is mainly driven by late spring and early summer 
moisture availability and summer maximum temperature. The riparian 
site exhibits stronger and more consistent climate sensitivity than the 
non-riparian site, reflecting both species-specific traits and local hy
drological conditions. The duration of discharge exceeding low-water 
level also plays a key role in controlling riparian tree growth, as rela
tively high summer discharge could help mitigate stress induced by 
extreme temperature. Despite these differences, both species display a 
dual response to drought: a high capacity to buffer long-term climatic 
stress, with no long-term decline in growth detected despite increasing 
severe droughts, alongside clear physiological limits that emerge during 
moderate to severe drought events, when growth often drops below pre- 
drought levels and full recovery is not always achieved.

As drought frequency and severity are expected to intensify in the 
coming decades, refining our understanding of the mechanisms under
lying this dual form of resilience becomes essential. For riparian forests, 
our findings also have important management implications, as the Loire 

River floodplain lies entirely within the Natura 2000 network and in
cludes national nature reserves, where riparian vegetation is a critical 
component of floodplain biodiversity. Expanding tree-ring chronologies 
and integrating high-resolution anatomical data will be crucial for 
determining how, and for how-long, temperate oaks can withstand 
increasing climatic pressure, and for improving our understanding of 
their climate vulnerability.
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Damesin, C., 2018. Comparisons of the performance of δ13C and δ18O of Fagus 
sylvatica, Pinus sylvestris, and Quercus petraea in the record of past climate variations. 
J. Geophys. Res. Biogeosci 123, 1145–1160. https://doi.org/10.1002/ 
2017JG004203.
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e2153. https://doi.org/10.1002/eco.2153.

Marks, C.O., Yellen, B.C., Wood, S.A., Martin, E.H., Nislow, K.H., 2020. Variation in tree 
growth along soil formation and microtopographic gradients in riparian forests. 
Wetlands 40, 1909–1922. https://doi.org/10.1007/s13157-020-01363-9.
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Oberhuber, W., Obojes, N., Osborne, B., Paljakka, T., Plichta, R., Rabbel, I., 
Rathgeber, C.B.K., Salmon, Y., Saunders, M., Scharnweber, T., Sitková, Z., 
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