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Tobias Scharnweber aj,3, J. Julio Camarero j,2, Miroslav Svoboda i,2, Elvin Toromani al,2, 
Volodymyr Trotsiuk b,2, Marieke van der Maaten-Theunissen am,2, Ernst van der Maaten am,2, 
Robert Weigel ac,2, Martin Wilmking aj,2, Tzvetan Zlatanov an,2, Anja Rammig a,1, Christian 
S. Zang ao,1 

a Technical University of Munich, TUM School of Life Sciences, Land Surface-Atmosphere Interactions, Hans-Carl-v.-Carlowitz-Platz 2, 85354 Freising, Germany 
b Swiss Federal Institute for Forest, Snow and Landscape Research WSL, 8903 Birmensdorf, Switzerland 
c The National Museum of Denmark, Environmental Archaeology and Materials Science, I.C. Modewegs Vej 11, DK - 2800 Kgs. Lyngby, Denmark 
d Plant Ecology, University of Goettingen, 37073 Goettingen, Germany 
e Applied Vegetation Ecology, Faculty of Environment and Natural Resources, University of Freiburg, 79106 Freiburg, Germany 
f University of Campania Luigi Vanvitelli, via Vivaldi 43, 8100 Caserta, Italy 
g DendroLab, Dept. of Natural Resources and Environmental Science, University of Nevada, Reno, NV 89557, USA 
h National Institute for Research and Development in Forestry Marin Dracea, 13 Closca street, Brasov, Romania 
i Faculty of Forestry and Wood Sciences, Czech University of Life Sciences, Kamycka 129, Praha 6, Suchdol 16521, Czech Republic 
j Instituto Pirenaico de Ecología (IPE), CSIC, Avda. Montañana 1005, 50080 Zaragoza, Spain 
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ai Departamento de Sistemas y Recursos Naturales, Escuela Técnica Superior de Ingeniería de Montes, Forestal y del Medio Natural, Universidad Politécnica de Madrid. 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Linear mixed-effects model used to 
derive individual and interactive effects. 

• Growth variability and trends are more 
influential during wet conditions. 

• Growth variables are decoupled and 
replaced by climate during dry 
conditions. 

• Climate sensitivity decouples at driest 
conditions, indicating early-warning 
signal.  
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A B S T R A C T   

The future performance of the widely abundant European beech (Fagus sylvatica L.) across its ecological 
amplitude is uncertain. Although beech is considered drought-sensitive and thus negatively affected by drought 
events, scientific evidence indicating increasing drought vulnerability under climate change on a cross-regional 
scale remains elusive. While evaluating changes in climate sensitivity of secondary growth offers a promising 
avenue, studies from productive, closed-canopy forests suffer from knowledge gaps, especially regarding the 
natural variability of climate sensitivity and how it relates to radial growth as an indicator of tree vitality. Since 
beech is sensitive to drought, we in this study use a drought index as a climate variable to account for the 
combined effects of temperature and water availability and explore how the drought sensitivity of secondary 
growth varies temporally in dependence on growth variability, growth trends, and climatic water availability 
across the species’ ecological amplitude. 

Our results show that drought sensitivity is highly variable and non-stationary, though consistently higher at 
dry sites compared to moist sites. Increasing drought sensitivity can largely be explained by increasing climatic 
aridity, especially as it is exacerbated by climate change and trees’ rank progression within forest communities, 
as (co-)dominant trees are more sensitive to extra-canopy climatic conditions than trees embedded in un-
derstories. However, during the driest periods of the 20th century, growth showed clear signs of being decoupled 
from climate. This may indicate fundamental changes in system behavior and be early-warning signals of 
decreasing drought tolerance. The multiple significant interaction terms in our model elucidate the complexity of 
European beech’s drought sensitivity, which needs to be taken into consideration when assessing this species’ 
response to climate change.   

1. Introduction 

Comprehensively understanding how forests’ growth responds to the 
increasing frequency, severity, and duration of drought conditions is 

crucial for assessing their resilience to climate change (Anderegg et al., 
2022; McDowell et al., 2020; Wang et al., 2023). The safeguarding of 
forests is necessary as they provide vital ecosystem services, including 
being a significant carbon sink of anthropogenic greenhouse gas emis-
sions (Cabon et al., 2022; Friedlingstein et al., 2022; Pugh et al., 2019; 
Tagesson et al., 2020), contributing to biodiversity (FAO and UNEP, 
2020; Leuschner and Ellenberg, 2017), providing biogeophysical feed-
back effects (Bonan, 2008; Liu et al., 2023; Makarieva and Gorshkov, 
2007; Portmann et al., 2022; Smith et al., 2023) and contributing to 
human welfare and economy (FAO and UNEP, 2020; Hanewinkel et al., 

1 Christopher Leifsson, Allan Buras, Stefan Klesse, Anja Rammig and Chris-
tian S. Zang are ordered manually.  

2 Author’s ordered alphabetically by their surnames  
3 Deceased. 
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2014). The relatively stable climatic conditions that European forests 
have evolved under are on an unprecedented trajectory (IPCC, 2021), 
and the impacts of climate change on forests may be augmented by 
centuries of management, which has led to non-natural distributions of 
many species (Brunet et al., 2010; Forest Europe, 2020). Given the long 
lifespans and slow recruitment of trees, forest management is challenged 
by selecting tree species for rejuvenation that can cope with the pro-
jected climatic conditions in the 21st century and beyond (Anderegg 
et al., 2022; Berner and Goetz, 2022; Brodribb et al., 2020; Quetin et al., 
2023). 

To quantify trees’ resilience to climate change, approximating 
annual increments in secondary growth using tree-ring width mea-
surements (TRW) is frequently used. Secondary growth is directly linked 
to carbon storage and economic value (Fritts, 1976; Gea-Izquierdo and 
Sánchez-González, 2022; Hanewinkel et al., 2014) and has the advan-
tage of providing spatially and temporally extensive information on 
acute and chronic growth changes in response to climate (Anderegg 
et al., 2015; Babst et al., 2013; Kannenberg et al., 2019; Leifsson et al., 
2023). Converting TRW to basal area increments (BAI) can further 
improve the connection to secondary growth, as BAI is a more accurate 
predictor of actual annual biomass increments (Babst et al., 2014; LeB-
lanc, 1990; Visser et al., 2023). However, secondary growth has a 
limited capacity to reveal changes in the underlying mechanisms that 
govern growth in response to climate change. Recent studies have 
indicated these mechanisms are better elucidated by quantifying alter-
ations in the sensitivity of growth to climate variables, as expressed by 
statistically quantifying climate-growth relationships (Heilmayr et al., 
2023; Kannenberg and Maxwell, 2022; Peltier and Ogle, 2020) because 
climate sensitivity of growth varies in accordance with how limiting 
climate variables are for growth (Stine and Huybers, 2017). If those 
climatic limitations change, so does the climate sensitivity of growth, 
potentially revealing changes in the underlying mechanisms irrespective 
of responses of secondary growth, making it an essential aspect of tree- 
ring-based assessments of climate-change resilience (Kannenberg and 
Maxwell, 2022; Peltier and Ogle, 2020). 

Climate sensitivity of growth is well understood to vary according to 
site-specific climatic conditions (Babst et al., 2013; Buras et al., 2018; 
D’Orangeville et al., 2018; Klesse et al., 2018b; Lange et al., 2018; 
Marchand et al., 2019; Muffler et al., 2020; Zeng et al., 2022) and to 
structural details of forests, such as strata, density, and composition 
(Keen et al., 2021; Marchand et al., 2019; Mausolf et al., 2018; Metz 
et al., 2020; Wang et al., 2023; Zang et al., 2012, 2014). Just as climate 
sensitivity of growth varies with spatial climate variability, climate also 
features a temporal variability called non-stationarity (Anderson-Teix-
eira et al., 2022; Babst et al., 2019; Harvey et al., 2020; Lange et al., 
2018; Leifsson et al., 2023; Muffler et al., 2020; Peltier and Ogle, 2020; 
Szejner et al., 2020; Tumajer et al., 2022; Weigel et al., 2023). 
Remarkably, Wilmking et al. (2020) showed in their review of almost 
2000 papers that 2/3 had not tested for non-stationary climate-growth 
relationships, while more than half of the remaining 1/3 did report non- 
stationary climate-growth relationships. Therefore, climate-change- 
induced deviations in climate-growth relationships must be quantified 
against the backdrop of the natural variability of climate-growth 
relationships. 

Large-scale tree-ring networks tend to be composed mainly of sam-
ples from dominant trees in proximity to the margins of the respective 
species’ distributional range (Cook and Kairiukstis, 1990; Fritts, 1976; 
Grissino-Mayer and Fritts, 1997). Consequently, data from ecologically 
oriented productive and closed-canopy forests are comparatively under- 
represented (Amoroso et al., 2017; Klesse et al., 2018a; Zhao et al., 
2019). However, climate signals are weaker in these environments due 
to more moderate climatic conditions, more complex structural 
composition, and greater competition, with the latter two likely also 
influenced by forest management (Astigarraga et al., 2020; Dulamsuren 
et al., 2022; Keen et al., 2021; Marqués et al., 2022b; Mausolf et al., 
2018; Rollinson et al., 2021; Wang et al., 2023). The implication for 

estimating climate-growth relationships in closed-canopy forests is that 
they are likely influenced by changes in trees’ social status within forest 
communities due to ontogeny, as there is a stark contrast between ju-
venile trees growing in the relatively moist and shaded understories 
compared to large (co-)dominant trees which are more exposed to 
macro-climatic conditions (Brienen et al., 2022; Leuschner et al., 
2023a). The greater exposure to macro-climate of (co-)dominant trees 
may make them more susceptible to drought conditions and drought- 
induced stress, leading to lower or declining growth rates and higher 
growth variability and climate sensitivity (Anderson-Teixeira et al., 
2022; Cailleret et al., 2019; Hansen et al., 2022; Jump et al., 2006; Wang 
et al., 2023), amplified by increasing climatic stress under climate 
change (Buras and Menzel, 2019; Wang et al., 2023). Low and negative 
growth trends have been connected to deteriorating tree vitality (Cail-
leret et al., 2017; Dobbertin, 2005; Dulamsuren et al., 2022; Klesse et al., 
2022; Neycken et al., 2022, 2024; Pedersen, 1998; van der Maaten et al., 
2024), while increasing growth variability and climate sensitivity have 
been connected to early warning signals of mortality following drought 
stress (Cailleret et al., 2019; Camarero et al., 2015; Keen et al., 2021). 

The question that follows is if, and then how, growth trends and 
growth variability influence the sensitivity of BAI to climatic conditions. 
Detrending BAI, as done in some studies (Anderson-Teixeira et al., 2022; 
Bernal-Escobar et al., 2022; Jump et al., 2006; Pedersen, 1998; Weigel 
et al., 2023), leads to quasi-stationary BAI variability, but may mask 
crucial ecological information. Other studies limited their analyses to 
only mature trees after a juvenile period of rapid growth. However, 
defining juvenile periods is problematic in closed-canopy forests as 
growth patterns are more complex due to dependence on non-climatic 
environmental factors, such as variations in incoming radiation and 
resources due to competition. To the best of our knowledge, no study has 
comprehensively analyzed how climate sensitivity varies with growth 
rates expressed as BAI in closed-canopy forests. 

Therefore, the specific aim of this study is to explore how growth 
trends, growth variability, and climatic conditions modulate climate 
sensitivity. For this purpose, we use a drought index as a climate vari-
able, and will consequently, from here on, refer to drought sensitivity 
instead of climate sensitivity and drought conditions instead of climatic 
conditions. We furthermore use European beech (Fagus sylvatica L.) tree- 
ring data from a European-wide network of sites (Dorado-Liñán et al., 
2022; Hacket-Pain et al., 2018; Martinez del Castillo et al., 2022). 
Contrary to the common issue of forest representativeness discussed 
above, the data in this network has been sampled for ecologically ori-
ented purposes in closed-canopy forests. European beech is a native 
species across most of the European continent while also being one of 
the most dominant and economically important tree species (Hane-
winkel et al., 2013; Leuschner and Ellenberg, 2017). Since beech is 
considered drought-sensitive and is widely known to feature a strong 
dependence on water availability (Dorado-Liñán et al., 2022; Leuschner, 
2020; Mazza et al., 2024; Weigel et al., 2023), and has been shown to 
potentially decline in future abundance (Buras and Menzel, 2019), the 
species’ future under climate change is of great importance for many 
European ecosystems and economies (Gessler et al., 2007; Leuschner, 
2020). With an increasing focus on dendroecological studies in the 
complex environments of closed-canopy forests, significant knowledge 
gaps regarding the underlying drivers of altered drought sensitivity of 
secondary growth must be addressed, especially on a cross-regional 
scale, to accurately understand the species’ future under global change. 

To improve our understanding of the variability of climate-growth 
relationships in beech trees in closed-canopy forests, we tested the 
following hypotheses. (H1) Drought sensitivity is positively related to 
growth variability, and (H2) Drought sensitivity is negatively related to 
growth trends. Both of these hypotheses are based on the expectation 
that growth becomes increasingly governed by climatic stress due to 
climate change and due to an increasing influence of extra-canopy 
climate conditions when trees reach a (co-)dominant status. (H3a) 
Drought sensitivity is positively related to temporal variations in 
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drought conditions since climatic constraints on tree growth are 
amplified during drier conditions. Similarly, (H3b) drought sensitivity is 
higher at drier sites than wet sites since tree growth is more constrained 
by the drier conditions. Consequently, H3a and H3b are distinctly 
different in that they refer to temporal and spatial variations in drought 
conditions, respectively. Since it seems likely that these effects on 
drought sensitivity interact, we furthermore explore whether there are 
interactive and non-linear effects of the predictor variables growth 
trends, growth variability, and water availability that modulate their 
relationships with drought sensitivity. 

2. Methods and materials 

2.1. Tree-ring data 

We obtained tree-ring width (TRW) measurements of European 
beech (Fagus sylvatica L.) from 344 sites from a European tree-ring 
network (Fig. 1) (Dorado-Liñán et al., 2022; Hacket-Pain et al., 2018; 
Martinez del Castillo et al., 2022). We calculated basal area increments 
(BAI) as BAIt = πR2

t − πR2
t− 1 where Rt is the stem radius at the end of an 

annual increment and Rt− 1 is the stem radius at the beginning of the 
annual increment. For the trees where diameter at breast height (DBH) 
had been measured, BAIs were calculated by sequentially subtracting 
from the measured DBH towards the pith. When DBH had not been 
measured, BAIs were calculated by adding them up sequentially from 
the pith out. If the former option resulted in BAI being negative (due to a 
mismatch between measured DBH and sum of TRWs), BAI was calcu-
lated according to the second option (see the bai.out function of the 
dplR-package for details, Bunn et al., 2020). To retain absolute rates of 
basal area increments, we did not standardize the sites’ BAI time series. 
However, they were log-transformed because BAI is multiplicative, and 
growth variability increases with increasing growth rates. Site-level 
chronologies were then calculated from the log-transformed BAI time 
series by robust averaging for all years with at least four trees (Fritts, 
1976). 

2.2. Climate data 

We obtained monthly minimum, mean, and maximum temperature 
data from 1901 until 2016, the year of the most recent tree-ring, at a 
spatial resolution of 0.5◦ from the Climate Research Unit (CRU) TS 4.04 
dataset (Harris et al., 2020). Concurrent precipitation data was obtained 
at the same resolution from the Global Precipitation Climatology Center 
(GPCC) version 2018 (Schneider et al., 2014). To conform to local 
topographical effects, these gridded products were downscaled to 30-arc 
sec resolution using CHELSA version 1.2 (Karger et al., 2017). We used 
the drought index Standardized Precipitation-Evapotranspiration Index 
(SPEI) to represent the major climatic variability controlling tree growth 
as it accounts for the combined effects of both temperature and pre-
cipitation. To calculate SPEI, we first calculated modified Hargreaves 
potential evapotranspiration (PET) (Droogers and Allen, 2002; Har-
greaves, 1994), then subtracted PET from precipitation to calculate 
climatic water balance (CWB = P − PET, Thornthwaite, 1948), which 
was then standardized into SPEI (Vicente-Serrano et al., 2010). Because 
light, temperature, and water resources are heterogeneously available 
between sites, the response of growth to the timing and time scale of 
these resources also differ between sites (Vicente-Serrano et al., 2013). 
To account for this variability, we identified the timing and time scale of 
SPEI that best explained tree-ring growth at each site (Leifsson et al., 
2023) by calculating SPEI integrations of 2–12 months for April–Sep-
tember at every site and correlated all these time frames and integra-
tional scales of SPEI with the respective sites’ BAI chronologies. For each 
site, we then selected the one combination of SPEI timing and scale that 
showed the highest positive and significant correlation (Fig. S1), using 
Spearman’s rank to account for potentially non-normally distributed 
data. This site-specific combination of timing and scale (from here on 
called SPEIx-month) selected for each site was the only one used for the 
respective sites for all further analyses. 

2.3. Moving window analyses 

We used a moving window approach to estimate the temporal vari-
ability of the BAI chronologies’ drought sensitivity. We set the window 
length to 31 years to balance having enough data points for robust es-
timations and allowing for good temporal variability. Each window was 
always moved by one year at a time. Each site was analyzed individually 
to estimate the following variables for all available windows: 1) Drought 
sensitivity of BAI to the site-specific combination of SPEIx-month using 
Spearman’s rank correlation. To avoid inflated correlations due to 
collinear overall trends of the relatively short 31-year windows and 
emphasize correlations of the high-frequency inter-annual variability, 
both BAI and SPEIx-month were detrended by linear regression against 
time in each window. 2) Growth trend of (log-transformed) BAI calcu-
lated as the regression coefficient between BAI and time. Contrary to BAI 
used for SPEI-sensitivity correlations; BAI is not detrended against time 
for the growth trends. 3) Growth variability determined as the standard 
deviation of the residuals of the growth trend just described. 4) SPEI 
climatology determined as the average undetrended SPEI, indicating 
drier and wetter climatic periods. Because all sites contained >40 years, 
a minimum of ten 31-year windows could be fit per site, resulting in at 
least ten of each of the above variables being calculated per site. 
Although strong collinearities between these moving window-derived 
variables within sites sometimes occurred, there were no overall col-
linearities across all sites (Fig. S2), supported by variance inflation (VIF) 
<1.5 for the explanatory variables (Zuur et al., 2010). We additionally 
performed further data exploration following the protocol of Zuur et al. 
(2010), ensuring that no assumptions were violated and lowering the 
risk of type I and type II errors. Finally, the inherent autocorrelation of 
these variables induced by the moving window method will be 
accounted for in the linear mixed-effects model explained in Section 2.4. 

N

45°N

55°N

 5°W  5°E 15°E 25°E
Longitude

La
tit

ud
e

Site climate

Dry

Intermediate

Wet

Fig. 1. Analyzed sites colored according to subsetted dry, intermediate, and 
wet tertile groups based on mean annual climatic water balance (see section 2.5 
for details). Topography is a major factor in determining these categories and 
explains the close spatial proximity of dry and wet sites. The green background 
area indicates European beech’s continuous geographical distribution (Cau-
dullo et al., 2017). 
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2.4. Linear mixed-effects model 

The resulting time series of the moving window-derived variables 
were supplied to a linear mixed-effects model. To answer our hypothe-
ses, growth trends, growth variability, and SPEI climatology were sup-
plied as predictor variables, and drought sensitivity as the response 
variable. We tested for non-linear relationships between each site’s 
response variable all predictor variables. Akaike Information Criterion 
(AIC) of linear and quadratic terms was compared, and it was shown that 
AIC was more frequently lower for quadratic terms than for linear terms 
(Fig. S3). Because of this we included non-linear terms of all predictor 
variables (Anderson-Teixeira et al., 2022). We additionally included all 
two-way interactions between the predictor variables, as drought con-
ditions can influence both growth trends and variability (Astigarraga 
et al., 2020; Hansen et al., 2022), and growth trends may influence 
growth variability (Cailleret et al., 2019; Camarero et al., 2015; Klesse 
et al., 2018b; Neycken et al., 2022). 

Due to the multiple linear, non-linear, and interaction terms, all 
variables were z-score standardized (Fig. S4). This improves the model 
performance by removing collinearities between the parameters of the 
main effects and their interactions, making them independent and 
interpretable (Gelman and Hill, 2007; Harrison et al., 2018; Schielzeth, 
2010). The standardization was done at the level of each variable so that 
between-site variations within each variable were retained and could be 
accounted for in the model. A maximal model was created, including the 
second-order polynomials of all variables and all two-way interactions. 
All estimated parameters were significant, except for the interaction 
between growth trends and growth variability, which was removed 
(Table S1). This resulted in the optimal model 

DSij = β0 + β1Gij + β2G2
ij + β3Vij + β4V2

ij + β5Cij + β6C2
ij + β7GCij + β8VCij

+ υj + ϵij

(1)  

where DSij is the drought sensitivity of BAI, Gij is the growth trend of 
BAI, Vij is the growth variability, Cij is the SPEI climatology, while GCij 

and VCij are the respective interactions. In all cases, i refers to an 
observation at site j, and hence υj refers to the random effect of the site- 
level intercept while ϵij is the error associated with the ith observation at 
site j. β0j and β1, …,β8 refer to the fixed effect intercept and the 
regression coefficients of all main effects, quadratic effects, and 

interactions common across all sites. An autocorrelation structure with 
calendar year as a continuous within-site time covariate was included in 
the model, successfully addressing the considerable autocorrelation in 
the data induced by the moving window method (Fig. S5). We set the 
method to maximum likelihood (ML) during the model selection process 
but changed to restricted maximum likelihood (REML) for parameter 
estimation following best statistical practice (Harrison et al., 2018; 
Pinheiro and Bates, 2000; Zuur et al., 2009). 

2.5. Assessing the effect of site aridity on model predictions 

While the model in Eq. 1 tests for the effect of temporal variations in 
SPEI climatology within sites, we also assessed how the model pre-
dictions differed depending on site climate. To do so, we created two 
subsets of sites, one with the driest and one with the wettest tertile of 
sites, based on the sites’ mean annual CWB. The mean annual CWB was 
calculated over the whole period for which we had climate data (1901 to 
2016), irrespective of the length of the TRW-chronologies of the 
respective sites, to avoid bias. Due to the lack of objective thresholds, we 
determined the dry and wet subsets based on tertiles. The mean annual 
CWB of the dry tertile group ranged between − 439.5 and 125.8 mm y− 1, 
whereas the wet tertile group ranged between 349.5 and 1555 mm y− 1 

(Fig. 2). Comparing these sites by mean annual precipitation sum and 
mean annual temperature showed an overlapping border between the 
groups caused by the modified Hargreaves PET, taking into account 
differences in incoming radiation at different latitudes (Figs. 1 and 2). 

The two subsets of relatively wet and relatively dry sites (high and 
low mean annual CWB, respectively) were applied to Eq. 1 individually, 
allowing group-specific estimations of all parameters (Table S2). The 
subset of sites with intermediate climatic conditions (middle tertile) was 
not analyzed. 

2.6. Visualization of drought sensitivity responses 

To show how drought sensitivity reacts to all three predictor vari-
ables, we created full factorial matrices of − 2, 0, and + 2 standard de-
viations (σ) between all three pairwise combinations of growth 
variability, growth trends, and SPEI climatology, resulting in matrices 
with nine levels each. Each explanatory variable was combined in its 
continuous version with the categorical matrix of the other two vari-
ables, which were applied to Eq. 1. This allowed drought sensitivity to 
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Fig. 2. Dry, intermediate, and wet tertile subsets of sites used to compare effects of site climate. Climatic conditions between 1901 and 2016 are shown as (a) mean 
annual climatic water balance (CWB) and (b) within their climate envelope. The overlap of groups in (b) is due to CWB accounting for differences in incoming 
radiation depending on latitude. 
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vary as a function of the continuous variable for each of the nine con-
figurations of the other two predictor variables. Note that standard de-
viations are calculated from 31-year averages of all explanatory 
variables, as per the moving window approach (Section 2.3), and are 
therefore not equal to standard deviations of the initial input data (e.g. 
-2 σ in SPEI climatology ∕= -2 σ in SPEI). The predictions were calculated 
based on the group-specific model parameters to compare dry and wet 
sites. 

3. Results 

3.1. Model overview 

Drought sensitivity was most sensitive and negatively related to SPEI 
climatology (Table 1), indicating drought sensitivity increased with 
increasingly dry conditions. Drought sensitivity was positively related 
and second most sensitive to growth variability, indicating drought 
sensitivity increased with higher growth variability. Drought sensitivity 
was least sensitive and negatively related to growth trends, indicating 
drought sensitivity decreased slightly with increasing growth trends 
(Table 1). All quadratic terms showed negative signs, indicating 
concave-down non-linear relationships between drought sensitivity and 
all explanatory variables. Drought sensitivity was again most sensitive to 
the quadratic term of SPEI climatology, but less sensitive to the 
quadratic term of growth variability compared to the respective term of 
growth trends, in contrast to their linear terms. The interaction between 
SPEI climatology and growth trends (GC) was negative, meaning that 
the relationships between these variables and drought sensitivity 
become more negative with higher (wetter) SPEI climatology and higher 
growth trends. In comparison, the interaction between SPEI climatology 
and growth variability (VC) was positive, meaning that the relationships 
between these variables and drought sensitivity became more positive 
with increasing (wetter) SPEI climatology and increasing growth vari-
ability (Table 1). Consequently, the negative relationship between SPEI 
climatology and drought sensitivity is influenced in opposite directions 
by growth trends and growth variability, the former enhancing the 
negative relationship and the latter mitigating and potentially reversing 
it. While all parameters in the model were significant, the explained 
variance was low, with marginal R2 ~ 0.08 and conditional R2 ~ 0.08 
(Nakagawa et al., 2017), indicating high variance in the estimated 
parameters. 

3.2. Response of drought sensitivity 

To visualize how drought sensitivity reacts to all three predictor 
variables of the model (Table 1), the following three sections display 
drought sensitivity varying as a function of each continuous variable for 
each of the nine configurations of the other two predictor variables. 

3.2.1. Effects of growth variability on drought sensitivity 
Drought sensitivity generally increased with increasing growth 

variability, with a comparably small quadratic effect due to an order of 
magnitude difference between the two terms (Table 1, Fig. 3). However, 
while the coupling of the positive relationship increased with wetter- 
than-average SPEI climatology, it decreased with drier-than-average 
SPEI climatology to the point that the relationship between growth 
variability and drought sensitivity was lost during the driest conditions, 
as indicated by the flat slope of the yellow lines in Fig. 3. The difference 
in drought sensitivity between the lower and upper ends of the growth 
variability range was 0.02, 0.12, and 0.22 for dry, average, and wet SPEI 
climatology, respectively. In comparison, the difference in mean 
drought sensitivity between dry and wet periods increased with 
increasing growth trends, as indicated by the increasing distance be-
tween lines between the facets in Fig. 3. During wet periods, mean 
drought sensitivity decreased significantly with increasing growth 
trends, 0.26, 0.19, and 0.04 for − 2, 0, and + 2 σ, respectively. During 
dry periods, the difference was not as large and instead increased 
slightly with growth trends, 0.29, 0.37, and 0.38 for − 2, 0, and + 2 σ, 
respectively. Consequently, while mean drought sensitivity increased 
with declining SPEI climatology (drier periods), this pattern was broken 
at low growth trends (Fig. 3a). 

3.2.2. Effects of growth trends on drought sensitivity 
The relationship between drought sensitivity and growth trends was 

relatively weak compared to the other variables. However, the quadratic 
term and interaction term with SPEI climatology were higher compared 
to the corresponding terms for growth variability (Table 1). Overall, 
drought sensitivity decreased with increasing growth trends and more so 
with higher (wetter) SPEI climatology (Fig. 4). The difference in drought 
sensitivity between − 2 and + 2 σ of growth trends was − 0.07 and − 0.22 
for average and wet SPEI climatology, respectively (cyan and purple 
lines in Fig. 4a compared to Fig. 4c). However, the relationship between 
growth trends and drought sensitivity switched to become positive 
during dry climatic periods, with a corresponding difference in drought 
sensitivity of 0.09 (yellow lines in Fig. 4a compared to Fig. 4c). This was 
caused by the relatively high estimate of the interaction term between 
growth trends and SPEI climatology compared to the linear and 
quadratic terms of growth trends (Table 1). A consequence of this is that 
under average SPEI climatology, the highest drought sensitivity is found 
around a growth trend of approximately zero. In contrast, it is found at 
declining growth trends at wetter-than-average periods and at 
increasing growth trends at drier-than-average periods (Fig. 4). 

The negative relationship between growth trends and drought 
sensitivity became more negative with increasing SPEI climatology. The 
difference in mean drought sensitivity between − 2 and + 2 σ of SPEI 
climatology was 0.28 and 0.09 for − 2 and + 2 σ of growth variability, 
respectively, although mean drought sensitivity was higher in the latter 
case. Furthermore, the interaction between growth trends and SPEI 
climatology led to a change from a negative to a positive relationship 
between growth trends and drought sensitivity in drier-than-average 
periods (yellow line compared to cyan and purple lines in Fig. 4). 

3.2.3. Effects of SPEI climatology on drought sensitivity 
Drought sensitivity was most sensitive to the respective linear and 

quadratic terms of SPEI climatology, in addition to SPEI climatology 
being the only explanatory variable that significantly interacted with the 
other explanatory variables (Table 1). SPEI climatology had an overall 
negative relationship with drought sensitivity, though it reversed to a 
positive relationship due to interactions (Fig. 5). As indicated in Figs. 3 
and 4, drought sensitivity became insensitive to variations in growth 
variability and growth trends at very low (dry) SPEI climatology (left 
edges of facets in Fig. 5). At low (dry) SPEI climatology, the difference in 
drought sensitivity between − 2 and + 2 σ of growth variability was 0.02 
for all values of growth trends. This was in contrast to high (wet) SPEI 
climatology (right edges of facets in Fig. 5), where drought sensitivity 

Table 1 
Estimated parameters of the restricted maximum likelihood (REML) best model. 
G is growth trends, V is growth variability, and C is SPEI climatology. V2, G2, and 
C2 are the quadratic terms of the respective linear terms. GC and VC are the 
interactions between the respective linear terms.  

Parameter Value Std.Error t-Value p-Value 

Intercept  0.083  0.038  2.184  0.029 
G  − 0.080  0.012  − 6.686  0.000 
G2  − 0.045  0.004  − 10.608  0.000 
V  0.148  0.010  14.847  0.000 
V2  − 0.016  0.003  − 5.225  0.000 
C  − 0.219  0.008  − 27.742  0.000 
C2  − 0.060  0.004  − 14.384  0.000 
GC  − 0.093  0.007  − 13.236  0.000 
VC  0.059  0.006  9.505  0.000  
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declined rapidly with decreasing growth variability and increasing 
growth trends, resulting in a corresponding difference in drought 
sensitivity of 0.22. Consequently, there was a shift in maximum drought 
sensitivity towards higher (wetter) SPEI climatology with increasing 
growth variability and decreasing growth trends. At below-average 
growth variability and above-average growth trends (purple and or-
ange lines in Fig. 5a), maximum drought sensitivity was found at <− 2 σ 
of the SPEI climatology distribution (i.e., more negative than the mini-
mum SPEI climatology shown in Fig. 5a). At above-average growth 
variability and below-average growth trends, this point shifted to inside 
the ± 2 σ distribution of SPEI climatology (i.e., inside Fig. 5c). At − 2 σ of 
growth trends and + 2 σ of growth variability (cyan line in Fig. 5c), 
maximum drought sensitivity occurred at wetter-than-average SPEI 

climatology, with the consequence of a strong decline in drought 
sensitivity towards drier-than-average periods. 

3.2.4. Effect of site aridity on drought sensitivity 
The model parameters created for dry and wet tertiles of sites were 

largely similar but with some differences (Fig. 6, Table S2). The more 
notable difference was a large difference in intercept, which was positive 
for dry sites but negative for wet sites. The consequence was a consid-
erably higher mean drought sensitivity for dry sites than wet sites 
(Fig. S6a and S7-S9). Other differences in model parameters between dry 
and wet tertiles of sites were higher effects for the linear term for growth 
variability (V), the quadratic term for growth trends (G2), and the 
interaction between growth variability and SPEI climatology (VC), as 
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Fig. 3. Drought sensitivity (DS) as a function of growth variability (V) for − 2, mean, and + 2 standard deviations of SPEI climatology (C, colors; yellow, teal, and 
purple, respectively) and growth trend (G, facets; (a), (b) and (c), respectively). The left and right edges of the facets represent − 2 and + 2 standard deviations of the 
distribution of growth variability values, respectively. X- and y-axes are presented as non-standardized variables to improve interpretation. Predictions based on the 
x-axis variable outside ±2 standard deviations have been cut to adhere to the same distribution range as the categorized variables (colors and facets). The black 
vertical line indicates the mean of the distribution of growth variability. The data shown are fixed effects level predictions. The corresponding figure distinguishing 
between dry and wet sites can be found in Fig. S7. 
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Fig. 4. Drought sensitivity (DS) as a function of growth trend (G) for − 2, mean, and + 2 standard deviations of SPEI climatology (C, colors; yellow, teal, and purple, 
respectively) and growth variability (V, facets; (a), (b) and (c), respectively). The left and right edges of the facets represent − 2 and + 2 standard deviations, 
respectively, of the distribution of growth trend values. X- and y-axes are presented as non-standardized variables to improve interpretation. Predictions based on the 
x-axis variable outside ±2 standard deviations have been cut to adhere to the same distribution range as the categorized variables (colors and facets). The black 
vertical line indicates the mean of the distribution of growth trends, while the gray vertical line indicates the point of no growth trend, separating increasing and 
decreasing trends (corresponding to − 0.73 standard deviations from the mean). The data shown are fixed effects level predictions. The corresponding figure dis-
tinguishing between dry and wet sites can be found in Fig. S8. 
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well as a somewhat higher effect of the linear term for SPEI climatology 
(C), in dry sites compared to wet sites (Fig. 6). The model for dry sites 
did not show that the quadratic term for growth variability was signif-
icant, though the effect was still marginally higher than that for wet sites 
(Fig. 6). These effects were underlined by slight positive shifts in the 
distributions of growth trends and growth variability for dry sites 
compared to wet (Fig. S6b and c). 

The greater effect of the linear term for growth variability for dry 
sites resulted in an overall much more sensitive relationship with 
drought sensitivity (Fig. S7). However, the interaction between growth 
trends and SPEI climatology was also greater, resulting in a similar 
relationship between growth variability and drought sensitivity for dry 
and wet sites at the driest distribution range of SPEI climatology 
(compare the increasing difference in sensitivity between yellow and 
purple lines in Fig. S7). 

Comparing the relationship between growth trends and drought 
sensitivity between dry and wet sites showed that, on the one hand, the 

linear term was higher for wet sites, but on the other hand, the quadratic 
term was higher for dry sites (Fig. S8). The relationship consequently 
showed a more pronounced peak drought sensitivity for the dry sites, 
especially for average and wetter-than-average SPEI climatology, which 
more frequently occurred within ± 2 σ of the growth trends distribution, 
in contrast to the wet sites where it occurred at lower growth trends than 
− 2 σ (Fig. S8). 

The relationship between SPEI climatology and drought sensitivity 
showed the least difference between the dry and wet sites’ respective 
model terms (Fig. S9). The greatest difference was the greater interac-
tion term between SPEI climatology and growth variability for dry sites, 
which was most pronounced at the lower range of the distribution of 
growth variability, where the relationship between growth variability 
and drought sensitivity was more negative than for wet sites (compare 
the steepness of the slopes of dry and wet sites in Fig. S9a). As a result, 
the difference in drought sensitivity between dry and wet sites increased 
with drying SPEI climatology, which is also evident in the corresponding 
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Fig. 5. Drought sensitivity (DS) as a function of SPEI climatology (C) for − 2, mean, and + 2 standard deviations of growth trend (G, colors; turquoise, black, and 
orange, respectively) and growth variability (V, facets; (a), (b) and (c), respectively). The left and right edges of the facets represent − 2 and + 2 standard deviations, 
respectively, of the distribution of SPEI climatology values. X- and y-axes are presented as non-standardized variables to improve interpretation. Predictions based on 
the x-axis variable outside ±2 standard deviations have been cut to adhere to the same distribution range as the categorized variables (colors and facets). The black 
vertical line indicates the mean of the distribution of SPEI climatology. The data shown are fixed effects level predictions. The corresponding figure distinguishing 
between dry and wet sites can be found in Fig. S9. 

+

−0.25

0.00

0.25

Intercept G G² V V² C C² GC VC
Parameter

Ef
fe

ct

Site climate Dry sites Wet sites

Fig. 6. Comparison of parameter effects for dry and wet subsets of sites after being supplied to Eq. 1 (Table S2). Non-significant parameters are indicated by a ‘+’ and 
were kept as the model was created based on all data (see section 2.4). 
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figure for growth variability (compare the distance between dashed and 
solid lines in Fig. S7a to Fig. S7c). 

3.3. Temporal trends of variables 

The distributions of the four variables, drought sensitivity of growth 
(DS), growth trends (G), growth variability (V), and SPEI climatology 
(C), all showed different temporal trends (Fig. S10). The response var-
iable, drought sensitivity, showed a significant positive trend (P < 0.01), 
as did growth variability (P = 0.019). Growth trends showed a positive 
trend until approximately 1960 (P < 0.001), after which it shifted to a 
negative trend that continued until the present (P < 0.001). SPEI 
climatology exhibited a more complex long-term fluctuation. In the 
1930s–50s, the distributions of values had medians slightly lower than 
0, indicating that most sites were slightly drier than on average. This 
shifted towards the 1970s–80s when the medians of the distributions 
were slightly >0, indicating that most sites were slightly wetter than on 
average. Since the 1980s, the distributions trended towards average 
climatic conditions, with the most recent median being approximately 
0 (Fig. S10). Note that the SPEI climatology shown here is that of the 
analyzed sites (Fig. 1) and is not representative of the region that makes 
up the ecological amplitude of beech, let alone Europe as a whole. 
Furthermore, the annual distributions of variable values do not reveal 
potential trends within individual sites. 

4. Discussion 

4.1. Effects of growth variability on drought sensitivity (H1) 

The model identified growth variability as having an overall positive 
influence on drought sensitivity (i.e., a tightened coupling) in accor-
dance with our first hypothesis (H1). This is in line with the central claim 
in dendroclimatology that increased inter-annual growth variability is 
driven by a stronger translation of climatic variability into growth 
variability, i.e., drought sensitivity, rather than originating from inter-
nal processes decoupled from climate (Bunn et al., 2013; Fritts, 1976; 
LaMarche, 1978). The relationship can partly be explained by changes in 
trees’ social status within forest communities due to ontogeny and partly 
by increasingly dry climatic conditions. Juvenile trees are embedded in 
the relatively moist micro-climate of the understory, preventing a strong 
influence of ambient climate outside the canopy layer. This understory 
embedding is removed as the trees reach a (co-)dominant status once 
their crowns become increasingly exposed to incoming radiation and 
extra-canopy climatic conditions (Brienen et al., 2022; Leuschner et al., 
2023a). Furthermore, growth variability is negatively correlated with 
SPEI climatology (Fig. S2), indicating that increasingly dry climatic 
conditions (i.e., decreasing SPEI climatology) lead to increasing growth 
variability and thereby indirectly influencing drought sensitivity. The 
increasing influence of climate on growth equals greater drought 
sensitivity and consequently inter-annual growth variability (Bunn 
et al., 2013; Carrer and Urbinati, 2004; Leuschner et al., 2023a; Thom 
et al., 2023; Weigel et al., 2023; Zang et al., 2014). This may further 
explain the more sensitive relationship between growth variability and 
drought sensitivity at drier sites compared to wetter sites during wet 
climatic periods (Fig. S7), as the dry sites are in greater need of water 
due to typically dry conditions. 

However, the non-linear relationship tapers off with increasing 
growth variability, eventually reaching a saturation point and sus-
pending the translation between climate variability and growth vari-
ability (Bunn et al., 2013). This occurs at lower values of growth 
variability with increasingly dry conditions, when mean drought sensi-
tivity is also higher, possibly due to greater exposure to extra-canopy 
climatic conditions. The likely conclusion is that a climatic threshold 
has been passed beyond which the physiological mechanisms can 
tolerate (i.e., beyond an optimum response curve discussed in Wilmking 
et al., 2020). This is in contrast to the increasing climate sensitivity 

expected if the climate is more growth-limiting, as is the case for most of 
the SPEI climatology range (Fig. 5). This explains the higher mean 
drought sensitivity during wetter-than-average periods and low and 
declining growth trends (purple and teal lines in Fig. 3a and 4) as such 
growth rates may be related to stressed trees, which are more sensitive 
to drought conditions (Neycken et al., 2022), raising drought sensitivity 
under wetter-than-average conditions but lowering drought sensitivity 
under dry conditions. Likewise, the lower mean drought sensitivity 
during wetter-than-average periods and high growth trends (purple and 
teal lines in Fig. 3c and 4) also concur with trees’ social status within 
forest communities. High growth rates are more likely to be related to 
juvenile trees, which are more likely to be embedded in the moist and 
shaded understory where they are less responsive to inter-annual vari-
ability of climate during wet periods but better able to utilize tempo-
rarily warm periods compared to declining trees (Thom et al., 2023; 
Wang et al., 2023). 

The lack of a clear relationship between drought sensitivity and 
growth variability (i.e., decoupling) during dry periods (yellow lines in 
Fig. 3) may also be an effect of increasing climatic stress due to climate 
change. This might explain why mean drought sensitivity is lower at low 
growth trends, as trees with these growth rates may be more vulnerable 
to increased climate stress. In comparison, while the relationship be-
tween drought sensitivity and growth variability is also decoupled at 
high growth trends, the higher mean drought sensitivity may be 
explained by the considerable buffering capacity against extra-canopy 
climate in understories of beech forests (Leuschner et al., 2023a). 
Lastly, when comparing dry and wet sites during dry periods, there is no 
apparent difference in the sensitivity of the relationship between growth 
variability and drought sensitivity. In contrast, it is considerably more 
sensitive in dry sites than in wet sites during wet periods (Fig. S7). This 
may suggest that beech in dry sites, while generally more sensitive to 
inter-annual drought conditions, have also adapted to the locally dry 
conditions. 

4.2. Effects of SPEI climatology on drought sensitivity (H3) 

In agreement with H3a, the relationship between SPEI climatology 
and drought sensitivity was generally negative and in line with Liebig’s 
law of the minimum (Stine and Huybers, 2017). However, the higher 
non-linear effect of SPEI climatology had the effect that peak drought 
sensitivity more frequently occurred within ±2 σ of the SPEI clima-
tology distribution with higher growth variability and lower growth 
trends (Fig. 5). These results show that during the dry end of the climatic 
conditions over the course of the 20th century, maximum drought 
sensitivity was surpassed, resulting in a reversal and decline in drought 
sensitivity, in contrast to H3a. This is in general accordance with the 
optimum response curves presented by Wilmking et al. (2020) as well as 
other studies showing that drought sensitivity of secondary tree growth 
is non-stationary (Anderson-Teixeira et al., 2022; Babst et al., 2019; 
Mazza et al., 2024; Tumajer et al., 2022; van der Maaten et al., 2024; 
Weigel et al., 2023). The decline in the climate signal towards drier 
conditions may indicate an early-warning signal for an approaching 
tipping point (Duffy et al., 2021), e.g., due to cavitation fatigue (Hacke 
et al., 2001). This is corroborated by the decoupling in climate signal of 
growth with decreasing growth trends (cyan line in Fig. 5c). Conse-
quently, a continued drying of the European climate may lead to further 
fatigue and detrimental effects due to insufficient time to recover, 
especially if trees are also faced with potential legacy effects following 
drought events (Leifsson et al., 2023). 

A limitation of our study is that it cannot distinguish the effects of 
either juvenile trees that are exposed to extra-canopy climate, such as in 
the case of gaps in the canopy, or the influence of larger and deeper root 
systems of larger trees (Annighöfer, 2018; Brinkmann et al., 2019; but 
see also Gessler et al., 2022). Regarding the juvenile trees, a problem 
arises from the bias of the data against such occurrences in favor of 
closed-canopy conditions because of the ecologically oriented sampling. 
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Regarding both the juvenile and large trees, the respective effects are 
masked in the current results. In the case of juvenile trees, it would 
require knowing how the gaps affect growth trends and variability, 
which, however, is unknown. In the case of large trees, better access to 
(deeper) groundwater would lower the drought sensitivity during dry 
SPEI climatology, a partial influence that is likewise unknown. It should, 
however, also prevent the declining drought sensitivity towards the 
drier SPEI climatology, which is not the case (Fig. 5). 

The predicted drought sensitivity was considerably higher for dry 
sites than wet sites, agreeing with H3b (Fig. S6 and S9). Consequently, 
the impact of site aridity on mean drought sensitivity overruled the 
corresponding effect of temporal SPEI climatology. The exceptions, 
when drought sensitivity was relatively similar between dry and wet 
sites, were at very low growth variability and high growth trends (or-
ange lines in Fig. S9a). Assuming that these conditions relate to moist 
and shaded understories as discussed above, it indicates that juvenile 
trees are relatively equally sensitive to extra-canopy climatic conditions 
across beech’s ecological amplitude, despite a divergence towards lower 
growth trends. In the case of the remainder of the data, the higher 
drought sensitivity at dry sites agrees with many reports (Knutzen et al., 
2017; Weber et al., 2013; Weigel et al., 2023; Zimmermann et al., 2015), 
though notably there are many reports of the opposite (Cavin and Jump, 
2017; Friedrichs et al., 2009; Muffler et al., 2020). In contrast, Hacket- 
Pain et al. (2016), the only other study covering a comparable clima-
tological range as our study, reported a lack of difference between dry 
and wet sites, as did van der Maaten-Theunissen et al. (2016) in their 
comparison of two sites of contrasting available soil water holding ca-
pacity. However, except for Hacket-Pain et al. (2016), all of the refer-
enced studies performed their analyses on a more limited climatological 
and geographical scale, and it may be that some of these studies reveal a 
more pronounced influence of specific local details, e.g., topography 
(Didion-Gency et al., 2021; Miranda et al., 2022), forest composition 
(Didion-Gency et al., 2021), and edaphic factors (Leuschner, 2020; 
Weigel et al., 2023). 

4.3. Effects of growth trends on drought sensitivity (H2) 

Our results showed a generally negative relationship between 
growth trends and drought sensitivity. Interestingly, however, this was 
not always the case because of the non-linear and interaction effects, in 
addition to differences between dry and wet sites, providing a more 
nuanced perspective on the relationship (Fig. 4 and S8). Consequently, 
there was divergent support for H2. As with site climate, the literature is 
equivocal about whether negative growth trends are related to 
increasing climate stress. In agreement with the overall effect of our 
results, negative growth trends have been reported to occur in 
conjunction with increasingly dry conditions (Jump et al., 2006; 
Neycken et al., 2024; Piovesan et al., 2008; Weigel et al., 2023). How-
ever, Diers et al. (2022) found a decline in drought sensitivity with 
declining growth trends, which in our results was the case during drier- 
than-average periods, especially at drier sites (yellow lines in Fig. 4 and 
S9). Marqués et al. (2022a) and Mazza et al. (2024) found that beech 
with declining growth rates showed lower sensitivity to precipitation 
and an intensified negative sensitivity to temperature, contrary to 
Knutzen et al. (2017), who found an increased sensitivity to precipita-
tion with declining growth rates. All of these results can also be dis-
cerned under specific conditions in our results. Neycken et al. (2022) 
and van der Maaten et al. (2024) did not find clear differences in climate 
sensitivity between vital and declining beech. Hacket-Pain and Friend 
(2017) found climate sensitivity to decrease for both decreasing and 
increasing growth rates, while Camarero et al. (2021) reported declining 
growth rates to occur in conjunction with both declining and un-
changing sensitivity to precipitation. The relationship between growth 
trends and climate sensitivity in beech is evidently complicated and 
highly variable. However, because of the non-linear terms and in-
teractions in our model, many of these responses can be found in our 

results depending on the details of all variables and site climate. This 
study is, to the authors’ knowledge, the most comprehensive analysis of 
the relationship between growth trends and climate sensitivity, and the 
results shown here were only revealed through our multivariate and 
multidimensional approach where we analyzed the effects of growth 
variability, growth trends and SPEI climatology on drought sensitivity 
simultaneously. 

4.4. Decoupled relationships with drought sensitivity 

The dry climatic conditions our sites experienced in the 20th century 
led to drought sensitivity decoupling from growth variability, and the 
relationship with growth trends reversed from increasing to decreasing 
under low and negative growth trends. Such indications may be signs of 
early-warning signals prior to drought-induced mortality (Cailleret 
et al., 2019, 2017). While the evidence of such a decoupling is not 
consistent across angiosperms (Cailleret et al., 2019), beech may be 
assumed to be more sensitive compared to other angiosperms because of 
its comparably more anisohydric hydraulic strategy (Gessler et al., 2007; 
Leuschner et al., 2021; Walthert et al., 2021) which allows for main-
tained carbon assimilation despite drought stress (Gebhardt et al., 2023; 
Motte et al., 2023; Zang et al., 2014). However, the observed decoupling 
of growth variability and growth trends from drought sensitivity may 
likewise be due to adaptation mechanisms, as beech has been reported to 
have a good ability to acclimate (Arend et al., 2022; Leuschner et al., 
2023b). Still, growth rates in beech trees have been reported to decline 
following drought events (Camarero et al., 2021; Meyer et al., 2020; 
Schmied et al., 2023), as has mortality (Buras et al., 2020; Frei et al., 
2022; Schuldt et al., 2020) which drier climatic conditions may worsen 
(Frei et al., 2022). 

5. Conclusion 

This study has elucidated the complex nature of climate sensitivity of 
secondary growth in European beech across its geographical and 
climatological distribution. Our novel approach allowed us to determine 
the influence of growth trends, growth variability, and spatial and 
temporal SPEI climatology on drought sensitivity at unprecedented 
detail, dealing with all individual and interactive components simulta-
neously. The main conclusion to be drawn is the highly non-stationary 
nature of drought sensitivity of growth, which depends on not only 
SPEI climatology but also growth characteristics, including their in-
teractions. While drought sensitivity increases with growth variability 
and decreases with growth trends, increasingly dry climatic conditions 
also increase drought sensitivity, potentially intensified by climate 
change. However, drought sensitivity is decoupled from growth vari-
ability and growth trends during dry periods. 

While other studies have reported non-stationary climate sensitivity 
of secondary growth, to the authors’ knowledge, none have clearly 
shown the continuous, non-linearity presented in this study. Our results 
can largely be explained by both increasingly dry climatic conditions 
due to climate change and by trees’ rank progression within forest 
communities. However, drought sensitivity declined during the driest 
periods the trees experienced in the 20th century. This may indicate a 
tipping point and that further drying of European climate could lead to a 
continued decline of climate sensitivity and a critical slowing down due 
to an accumulation of legacy effects caused by continually dry condi-
tions and insufficient recovery time. 

The results of this study improve our understanding of how climate- 
growth relationships vary in closed-canopy European beech forests and 
reveal underlying causes. This possibly explains the widely diverging 
observations on climate sensitivity and growth characteristics found in 
the literature and may consequently guide future research towards a 
unified theory of European beech’s drought sensitivity in a changing 
climate. 
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review & editing, Resources. Tobias Scharnweber: Resources. Mir-
oslav Svoboda: Writing – review & editing, Resources. Elvin Tor-
omani: Writing – review & editing, Resources. Volodymyr Trotsiuk: 
Writing – review & editing, Resources. Marieke van der Maaten- 
Theunissen: Writing – review & editing, Resources. Ernst van der 
Maaten: Writing – review & editing, Resources. Robert Weigel: Writing 
– review & editing, Resources. Martin Wilmking: Writing – review & 
editing, Resources. Tzvetan Zlatanov: Writing – review & editing, Re-
sources. Anja Rammig: Writing – review & editing, Supervision. 
Christian S. Zang: Writing – review & editing, Supervision, Resources, 
Project administration, Methodology, Funding acquisition, 
Conceptualization. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Gridded historical temperature data is available at the Climatic 
Research Unit https://crudata.uea.ac.uk/cru/data/hrg/ and gridded his-
torical precipitation data is available at the Global Precipitation 
Climatology Centre https://opendata.dwd.de/climate_environment/GPCC 
/html/. European beech tree-ring data is not publicly available, 

contact Christian Zang (christian.zang[at]hswt.de) for inquiries. 

Acknowledgments 

This project is funded by the Bavarian Ministry of Science and the 
Arts in the context of the Bavarian Climate Research Network (BayKliF). 
The following authors acknowledge funding support. AMP: Project 
PN23090301, within FORCLIMSOC program (Ministry of Research, 
Innovation and Digitization of Romania). ASJ: Supported by the UK 
Natural Environment Research Council under grants NE/V00929X/1 
and NE/S010041/1. BS: Supported by the Ministry of Education, Sci-
ence and Technological Development of the Republic of Serbia within 
the framework of the program technological development [451-03-65/ 
2024-03/200169]. CCR: Grant of the Ministry of Research, Innovation 
and Digitization, under the “Romania’s National Recovery and Resil-
ience Plan - Founded by EU –NextGenerationEU” program, project 
“Compound extreme events from a long-term perspective and their 
impact on forest growth dynamics (CExForD)” number 760074/ 
23.05.2023, code 287/30.11.2022, within Pillar III, Component C9, 
Investment 8. FB: Funded, in part, by the Experiment Station of the 
College of Agriculture, Biotechnology, and Natural Resources at the 
University of Nevada, Reno (USA). IP: CNCS-UEFISCDI, project number 
PN-III-P4-PCE-2021–1002. IDL: Proyectos de Generación de Con-
ocimiento, MICIN (#PID2021-128759OA-I00) and Proyectos de Con-
solidación Investigadora 2022 (#CNS2022-135228). JJC: Projects 
PID2021-123675OB-C43 and TED2021-129770B-C21 (Spanish Minis-
try of Science and Innovation). JK: DFG GRK 2010 Response. KC: ARIS 
-Slovenian Research and Innovation Agency, program P4-0015. LMW: 
DFG GRK 2010 Response. MB: MCID nucleu program, project 
PN23090303. MK: Supported by the Ministry of Education, Science and 
Technological Development of the Republic of Serbia within the 
framework of the program technological development [451-03-65/ 
2024-03/200169] and Science Fond of the Republic of Serbia [6686]. 
MP: Supported by University of Forestry, Sofia, Project No. B1219. MS: 
Czech Science and the project TRANSFER. TZ - D01-320/30.11.2023 
LTER-BG. PJ: Czech Science and the project TRANSFER. TZ - D01- 
320/30.11.2023 LTER-BG. TZ: “D01-320/30.11.2023 LTER-BG”. WH: 
National Natural Science Foundation of China (No. 32271973). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2024.173321. 

References 

Amoroso, M.M., Daniels, L.D., Baker, P.J., Camarero, J.J. (Eds.), 2017. Dendroecology: 
Tree-Ring Analyses Applied to Ecological Studies. Springer International Publishing, 
Cham. https://doi.org/10.1007/978-3-319-61669-8.  

Anderegg, W.R.L., Schwalm, C., Biondi, F., Camarero, J.J., Koch, G., Litvak, M., Ogle, K., 
Shaw, J.D., Shevliakova, E., Williams, A.P., Wolf, A., Ziaco, E., Pacala, S., 2015. 
Pervasive drought legacies in forest ecosystems and their implications for carbon 
cycle models. Science 349, 528–532. https://doi.org/10.1126/science.aab1833. 

Anderegg, W.R.L., Wu, C., Acil, N., Carvalhais, N., Pugh, T.A.M., Sadler, J.P., Seidl, R., 
2022. A climate risk analysis of Earth’s forests in the 21st century. Science 377, 
1099–1103. https://doi.org/10.1126/science.abp9723. 

Anderson-Teixeira, K.J., Herrmann, V., Rollinson, C.R., Gonzalez, B., Gonzalez-Akre, E. 
B., Pederson, N., Alexander, M.R., Allen, C.D., Alfaro-Sánchez, R., Awada, T., 
Baltzer, J.L., Baker, P.J., Birch, J.D., Bunyavejchewin, S., Cherubini, P., Davies, S.J., 
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Brunet, J., Fritz, Ö., Richnau, G., 2010. Biodiversity in european beech forests - a review 
with recommendations for sustainable forest management. Ecol. Bull. 77–94. 

Bunn, A.G., Jansma, E., Korpela, M., Westfall, R.D., Baldwin, J., 2013. Using simulations 
and data to evaluate mean sensitivity as a useful statistic in dendrochronology. 
Dendrochronologia 31, 250–254. https://doi.org/10.1016/j.dendro.2013.01.004. 

Bunn, A.G., Korpela, M., Biondi, F., Campelo, F., Mérian, P., Qeadan, F., Zang, C., 2020. 
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