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ABSTRACT
With ongoing global warming, increasing water deficits promote physiological stress on forest ecosystems with negative impacts 
on tree growth, vitality, and survival. How individual tree species will react to increased drought stress is therefore a key research 
question to address for carbon accounting and the development of climate change mitigation strategies. Recent tree-ring studies 
have shown that trees at higher latitudes will benefit from warmer temperatures, yet this is likely highly species-dependent 
and less well-known for more temperate tree species. Using a unique pan-European tree-ring network of 26,430 European 
beech (Fagus sylvatica L.) trees from 2118 sites, we applied a linear mixed-effects modeling framework to (i) explain variation 
in climate-dependent growth and (ii) project growth for the near future (2021–2050) across the entire distribution of beech. We 
modeled the spatial pattern of radial growth responses to annually varying climate as a function of mean climate conditions 
(mean annual temperature, mean annual climatic water balance, and continentality). Over the calibration period (1952–2011), 
the model yielded high regional explanatory power (R2 = 0.38–0.72). Considering a moderate climate change scenario (CMIP6 
SSP2-4.5), beech growth is projected to decrease in the future across most of its distribution range. In particular, projected 
growth decreases by 12%–18% (interquartile range) in northwestern Central Europe and by 11%–21% in the Mediterranean re-
gion. In contrast, climate-driven growth increases are limited to around 13% of the current occurrence, where the historical 
mean annual temperature was below ~6°C. More specifically, the model predicts a 3%–24% growth increase in the high-elevation 
clusters of the Alps and Carpathian Arc. Notably, we find little potential for future growth increases (� 10 to +2%) at the poleward 
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leading edge in southern Scandinavia. Because in this region beech growth is found to be primarily water-limited, a northward 
shift in its distributional range will be constrained by water availability.

1   |   Introduction

In the context of climate change, droughts, heatwaves, and 
other climatic extreme events are becoming more frequent and 
severe—a trend which is likely to continue in the future (Cook 
et�al.�2014; IPCC�2021; Spinoni et�al.�2018). Warmer tempera-
tures and increasing water deficits already put a strain on for-
est ecosystems globally and thus put their contribution to the 
land carbon sink and the multitude of other ecosystem services 
they provide at risk (Babst et�al.�2019; Pan et�al.�2011; Salomón 
et�al.�2022). Accurately predicting how individual tree species 
and the forests they form will respond in space to increasing 
drought stress is a central challenge in global change research. 
The vegetation model ensembles generally project the terrestrial 
carbon sink to increase. However, these models just recently 
started to integrate more detailed implementations of critical 
processes related to drought effects on tree vitality and mortal-
ity (Papastefanou et� al.�2020; Xu et� al.�2016), ultimately lead-
ing to a remarkable spread among individual model projections 
(Schurgers, et�al., 2018). To overcome and reduce these uncer-
tainties regarding forest growth responses to climate variabil-
ity and climate change, large spatiotemporal observations are 
needed. However, current large-scale observation networks 
lack temporal resolution (national forest inventories, Evans 
et�al.�2022), have limited temporal depth (eddy-covariance flux 
towers), and/or yield only indirect measures of tree growth (flux 
towers, Cabon et�al.�2022; remotely sensed metrics of greenness, 
Arend, Hoch, and Kahmen�2023). Here, tree-ring networks pro-
vide a solution since they represent a direct measure of radial 
tree growth providing data at annual resolution and over much 
longer time scales (Babst et�al.�2018; Klesse et�al.�2018). As such, 
tree rings can improve and constrain vegetation models (Babst 
et�al.�2021). Although several large-scale tree-ring studies have 
been conducted in the past using multi-species data from the 
International Tree Ring Data Bank (Zhao et�al.�2019), the re-
quired large-scale species-specific analyses remain rare (but see 
e.g., Klesse et�al.�2020, Martinez del Castillo et�al.�2022).

In recent years, Central Europe has faced two hot and very 
dry summers in 2018 and 2022, causing drought-induced early 
defoliation across many tree species, widespread reduction 
in forest carbon uptake, and enhanced mortality risk (Arend 
et�al.�2022; Bastos et�al.�2020; Buras, Rammig, and Zang�2020; 
Frei et�al.�2022; Schuldt et�al.�2020; van der Woude et�al.�2023). 
This raised concerns about the future vitality of several tree spe-
cies in European forests, especially for European beech (Fagus 
sylvatica L.; Leuschner�2020; Frei et�al.�2022; Schuldt et�al.�2020, 
Scharnweber et�al.�2020), one of the most widespread, ecolog-
ically and economically important broadleaved tree species in 
Europe (Leuschner and Ellenberg�2017; Peters�2013). Across its 
distribution area, radial growth of beech was found to be mainly 
driven by water availability (Cavin and Jump�2017; Hacket-Pain 
et�al.�2016; Rozas et�al.�2015; Weigel et�al.�2023; Martinez del 
Castillo et�al.�2022). Only in cool, mountainous regions at higher 
elevation was beech shown to be positively related to warmer 
growing season temperatures (Di Filippo et�al.�2007; Dittmar, 

Zech, and Elling�2003; Dulamsuren et�al.�2017). This was also 
suggested by Bosela et�al.� (2023) by combining empirical tree-
ring-based and process-based mechanistic models. However, 
there are contrasting findings about how temperature limitation 
will affect future growth at the northern edge of beech's distri-
bution. Using a large tree-ring dataset, an aridity index, and lat-
itude and elevation as spatial predictors, Martinez del Castillo 
et� al.� (2022) projected an increase in growth at the northern 
range edge of European beech in southern Scandinavia. In con-
trast, more regionally focused studies in southern Scandinavia 
showed that beech growth was predominantly water-limited 
and hence is expected to be under increased drought stress 
in the future, leading to a decrease in growth (Farahat and 
Linderholm�2018; Harvey et�al.�2020; Muffler et�al.�2020).

Motivated by these contrasting findings, we aimed to refine future 
growth projections of beech using only climatological instead of 
geographic predictors. We employed an extensive tree-ring net-
work encompassing the entire distribution of European beech to 
analyze the climate sensitivity of radial growth since 1952 within 
a linear mixed-effects framework analogous to Cook's aggregate 
growth model (Cook�1987) and used the output of 10 general cir-
culation models (CMIP6, SSP2-4.5) to project growth for the near-
term future (2021–2050; IPCC�2021). In evaluating the model and 
growth projections, we sought to address the following questions:

•	 Q1: Which geographic regions of European beech are most 
sensitive to variability in climate and to which variable and 
season is growth the most sensitive?

•	 Q2: Under which mean climatic conditions is growth most 
sensitive to variations in climate and at which thermal 
threshold does the primary limiting growth factor change 
from energy (temperature) to water?

•	 Q3: How much of the distribution range of beech is energy-
limited and can benefit from climate change?

•	 Q4: What is the magnitude and sign of projected growth 
changes at the poleward leading edge of European beech?

2   |   Material and Methods

2.1   |   Study Area and Tree-Ring Data

We compiled a European beech tree-ring data network consist-
ing of 26,430 individual tree-ring time series from 2118 sites, 
covering almost the entire distributional range of this tree spe-
cies (Figure�1; Table�1). The dataset consists of previously gath-
ered ring-width data of the European Beech Tree-Ring Network 
(EBTRN; as used in Dorado-Liñán et� al.� 2022; Hacket-Pain 
et�al.�2018; Martinez del Castillo et�al.�2022) as well as newly 
collected and other previously published or unpublished data for 
the clustering approach, see below. (Alfaro-Sánchez et�al.�2019; 
Badeau et� al.�1995; Bosela et� al.�2019; Camarero et� al.�2021; 
Gillerot et�al.�2021; Kašpar et�al.�2020, 2021; Klesse et�al.�2022; 
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Lévesque, Walthert, and Weber�2016; Martínez-Sancho 
et� al.�2020; Neycken et� al.�2022; Šamonil et� al.�2013; Serra-
Maluquer et�al.�2019; Tallieu et�al.�2020; Vannoppen et�al.�2019; 
Vaší�ková et�al.�2019; Vitasse et�al.�2019).

To delineate climatically meaningful and geographically coher-
ent regions, tree-ring time series were clustered into eight regions 
using a supervised self-organizing map algorithm (Wehrens and 
Buydens�2007), where the inputs were the detrended ring-width 
time series between 1952 and 1981 (22,577 of 26,430 samples), 
geographic coordinates (latitude, longitude, and elevation), and 
climate normals, that is, mean annual temperature (MAT) and 
mean annual precipitation (MAP). The cluster information was 
only used to summarize model findings and assess model skill 
at the regional level. The ring-width detrending for the cluster-
ing approach was performed with a cubic smoothing spline with 
a 50% frequency cutoff at 30 years. Strong weighting toward 
the geographic and climatic variables was necessary to form 

geographically coherent regions (shown in Figure�1; Table�1), 
that is, no sites belonging to one region were randomly scattered 
throughout the distribution within other regions: 33% ring width 
(RW) and 67% geographic and climate information. The number 
of regions was a compromise between climatically distinct re-
gions across Europe, differences in growth limiting factors, and 
data availability.

2.2   |   Climate Data

Historic climate data were extracted for each of the 2118 
sites using CHELSA CRUts (Karger et� al.�2017; Karger and 
Zimmermann�2018), which is based on the CRU TS4.01 grid-
ded historical monthly data product spanning the years 1901 
to 2021. We focused on monthly mean minimum and max-
imum temperatures (tmin and tmax, respectively) and monthly 
precipitation sums, with which we calculated climatic water 

FIGURE �     |    Distribution of the studied sites across geographic (a) and climatic space (b). The different colors refer to the eight self-organized 
mapping (SOM) clusters across Europe (Table�1; Figure�3). MAT = Mean annual temperature, MAP = mean annual precipitation sum. The dark gray 
dots show occurrence data based on the EU-Forest dataset of Mauri, Strona, and San-Miguel-Ayanz�(2017). Map lines delineate study areas and do 
not necessarily depict accepted national boundaries.

TABLE �     |    Supervised-organizing mapping (SOM) clusters and their median and interquartile range (IQR) of mean annual temperature (MAT), 
mean annual precipitation (MAP), and elevation. “High” and “low” elevation are relative to the distribution of beech occurrence.

SOM cluster MAT (°C) MAP (mm) Elevation (m a.s.l.)
Replication (sites/

samples)

SE Europe 6.4 (5.0–7.3) 1092 (886–1217) 1360 (1183–1581) 75/2585

High Elevation E Europe 4.7 (4.0–5.2) 1191 (976–1374) 900 (798–1029) 403/3701

SW Europe 8.1 (6.9–8.9) 1244 (982–1388) 1180 (992–1355) 121/2808

High Elevation Alps 5.6 (4.6–6.2) 1702 (1526–1860) 1007 (930–1210) 179/2567

Central Europe wet 7.9 (7.4–8.6) 1242 (1126–1380) 597 (500–700) 279/3329

Low Elevation E Europe 6.9 (6.2–7.7) 787 (731–869) 520 (400–636) 503/3796

Central- NW Europe 9.2 (8.6–9.6) 867 (818–946) 290 (134–381) 476/5534

Central- N Europe 8.0 (7.2–8.4) 663 (590–762) 85 (52–119) 82/2110
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balance (CWB) using the modified Hargreaves' formulation of 
potential evapotranspiration (Beguería and Vicente-Serrano 
2023; Droogers and Allen�2002; Hargreaves�1994). We used a 
search radius of 10 km around target grid cells to minimize the 
elevation difference between the actual elevation of the site as 
recorded in the field and the elevation of the CHELSA grid cell.

Future climate projections were taken from 10 Atmosphere–
Ocean General Circulation Models (AOGCMs) of the CMIP6 
multi- model ensemble (Table�S1). These data typically have 
a spatial resolution of more than 1 × 1° in longitude and lati-
tude, which does not allow for a representation of small-scale 
climate variability, particularly in regions with heterogeneous 
topography. Therefore, the CMIP6 data were downscaled 
and bias-adjusted to a spatial resolution of 1 × 1 km, match-
ing the resolution of the data used for the historical period 
of analysis (see above). Downscaling was obtained using a 
monthly quantile-mapping approach. That is, for each avail-
able variable-model combination (e.g., precipitation from 
CanESM2), we determined for each of the 12 months and 2118 
site coordinates the quantiles of the corresponding CHELSA 
CRUts as well as the quantiles of the CMIP6 projections over 
the historic period 1951–2014 (i.e., 64 quantiles). From these 
quantile pairs, we derived a transfer function, which allowed 
for transferring the coarsely resolved and typically biased 
CMIP6 projections into the statistical density function of the 
CHELSA CRUts data (see Figure�S1 for a validation of the 
transfer function). By applying the model-variable-specific 
transfer functions to the projections of the SSP2-4.5 scenario 
for the period 2021–2050, we obtained bias-adjusted, down-
scaled projections of tmax, tmin , and precipitation. The average 
of the 10 AOGCMs projects an increase of MAT by 1.5°C in 
the 2021–2050 period relative to the 1981–2010 period and an 
increase in MAP of 61 mm across all of our sites.

2.3   |   Linear Mixed- Effects Model

The modeling approach follows Klesse et�al.�(2020). In short, be-
cause growth rings within a time series, as well as time series 
within a sampling site, are not independent, we modeled tree 
RW variation using a linear mixed-effects model. This frame-
work allowed us to simultaneously estimate the (fixed) effects of 
tree size (TS), climate normals (means of 1952–1981; CN), conti-
nentality (Cont), and annually varying seasonal climate (CA) on 
the annual growth RW, as well as account for unexplained vari-
ation between samples and locations (via random intercept and 
random slope terms). Because these variables potentially influ-
ence each other concerning their effect on RW, we also allowed 
for various interactions. The model has the form:

where RW of sample s in year t is nested in plot p. RWp,s,t is influ-
enced by TSp,s of the preceding year t-1, climate normals CNi,p 

(climate normals of 1952–1981 that are constant and hence do 
not include the time index t), annually varying seasonal climate 
variables CAj,k,p,t (specific to each year t), and random effects 
� 0 and �1 specific to each sample s nested within each sampling 
location p. TS is the age-specific cumulative diameter at breast 
height (DBH) of each sample derived from subtracting twice the 
RWs from the measured DBH at the time of sampling. When 
DBH information was missing, TS was summed from the first 
radial increment, assuming the first measured growth ring 
originates at the pith (TSa = 0). This fixed effect (TS) serves the 
same purpose as the dendrochronological practice of detrending 
and accounts for the growth variability associated with increas-
ing TS. The index i in CN varies from one to two, specifying 
MAT and mean annual CWB. The index j in CA specifies two 
climate variables—mean maximum temperature and CWB 
(precipitation sum minus potential evapotranspiration; where 
the latter was calculated following Droogers and Allen�2002). 
The index k specifies eight 2-month seasons, beginning with 
the previous year's May and June, July and August, up to cur-
rent year's July and August (noting that the winter period, from 
previous November to current year February, is a 4-month sea-
son because initial model trials showed very similar shapes of 
the parameters). Contp is a measure of continentality and was 
calculated as the mean difference between July and January 
mean maximum temperatures over the 1952–1981 period (Noce 
et�al. 2020). It allows for the systematic adjustment of climate 
sensitivities based on the annual temperature amplitude of each 
site in our model. We included this term after early model trials 
showed an improvement in model fit in the SW and SE Europe 
regions. The scalars �0, � 1, and � 4 and the vectors �2-3,5–12, along 
with the random effects �0 and �1 are regression parameters es-
timated by the model.

The influences of TS (�_1) and climate normals CNi (� 2) on 
RW were fit using natural cubic splines with a B-spline basis 
and 2 degree�of freedom, with the knot placed at the median 
(de Boor�1978). Only the linear terms of CNi were used in �4. 
We also included only linear terms for the time-varying sea-
sonal climate variables CAj,k  to limit model complexity. These 
terms (� 5-6) capture the plastic response of tree growth to local 
interannual climate variation. To capture variability across 
environmental gradients in size-related trends of radial incre-
ments, we specified interactions between TS and each of the two 
CNi variables (� 3). Expecting climate sensitivity to vary across 
populations growing under different climatic conditions (Fritts 
et�al.�1965), we also included (two-, three-, and four-way) inter-
actions between CNi, Contp, and CAj,k  variables (� 7-12). These 
interaction terms (particularly between CNi and CAj,k ) capture 
spatial variation in climate sensitivities driven by variation in 
MAT and MAP—that is, the growth limiting factors. Only the 
linear terms of CNi were used in these three- and four-way inter-
actions. Because of moderately high variance inflation factors 
(6–8) in early model trials, we also included only the linear term 
of MAT in the interaction with CWB.

Two kinds of random effects, �0p,s and �1p,sTSp,s,t-1, were included 
for each sample nested within a sampling location. The first is an 
intercept modification, � 0p,s, capturing variation in the average 
RW among sites and samples within sites, caused by unquanti-
fied factors such as stand density, soil-, or microsite conditions. 
The second term, �1p,sTSp,s,t-1, is a random slope modification of 

�� � �� �� � � � � � � �� � �� �� �� � � � � �� ��� � � � � �� ��� � �� � �� �� �� � � � �� � �

� �� � � � � � ��� �� ��� �� �� � � � � �� � �� �� �� � �� ��� �� �� � � �� �� �� �� ���

� �� ��� �� �� � � � � �� ���� � � �� ��� �� �� � � � � �� �� � � � �� � � � �� ��� �� ��

� � �� � �� �� � � � ���� � � �� ��� �� �� � � �� � �� �� � � � ���� � � �� � �

� � �� � �� �� � � � �� � � � ���� � � �� ��� �� �� � � � � �� � � � � �� �� � �� �� � � � � � �� �� �
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the effect of TS, capturing the degree to which the shape of the 
size-related trend in absolute RWs is influenced by (unquanti-
fied) tree- and site-specific factors, adding further flexibility to 
this detrending analog. These two terms, the random intercept 
modification and random modification of the influence of TS, 
have the added benefit that they adjust for error associated with 
the assumption that the first ring of each time series starts at 
pith when DBH information is missing. To account for the high 
variation in per-site replication, we also applied a weighting 
scheme equal to the inverse square root of the site-specific sam-
ple replication, thereby relatively down-weighting heavily repli-
cated sites (> 20 samples) compared to sparsely replicated sites 
with only 1–5 samples (Klesse et�al.�2020).

Because ring-width variability is proportional to the mean RW, 
we log-transformed the response variable, requiring the trans-
position of all ring-width values by +0.01 mm to accommodate 
non-positive (zero) values—that is, missing rings. The model 
was implemented using the lme4 package (Bates et�al.�2015) in R 
version 4.3.1; (R Core Team�2023). All predictor variables were 
normalized to a mean of zero and a standard deviation of one. 
During the model fitting, we kept track of collinearity in the 
model predictors and removed interactions with variance infla-
tion factors above 8 (Table�S2).

2.4   |   Model Calibration and Verification

We evaluated model performance (fit to data), that is, the ability 
of the model to reproduce temporal (interannual) variability by 
calculating Pearson correlation coefficients between observed 
vs. predicted ring-width time series at the regional scale (see 
supervised-organizing mapping [SOM] clustering above). We 
defined regions primarily to better visualize the model projec-
tions and because regional-scale chronologies have much less 
individual- and stand-related noise that could mask climate–
growth relationships (Klesse et�al.�2020).

Focusing on the ability of the model to predict high-frequency, 
that is, the climate-driven variation in RWs, we divided each 
observed raw ring-width time series by the (back-transformed) 
growth curve predicted by the model (including all fixed and 
random effects), holding all time-varying climate variables 
(CAs) constant at their site-specific median. This is analogous 
to the standard dendrochronological practice of detrending 
(Klesse et�al.�2020), that is, the effect of TS changing over time 
is removed. Predicted (back-transformed) ring-width time series 
were generated with the same model, with a constant stem DBH 
of 30 cm (the median cumulative DBH in our dataset) and in-
cluding interannual climate variability (CAs). Before averaging 
these observed and predicted time series with Tukey's bi-weight 
robust mean to form separate region-level chronologies, each 
individual series was divided by its mean to dampen possible 
low-frequency distortions in the site-level chronology due to 
changing sample replication over time.

Finally, we complemented Pearson correlations with calibration-
verification trials. Reduction of error (RE) and coefficient of effi-
ciency (CE) statistics (Cook, Briffa, and Jones�1994) were used to 
evaluate prediction of the full model separately during the 1952–
1981 and 1982–2011 periods, where values < 0 indicate limited 

predictive skill and hence low confidence in model predictions. 
We chose 2011 as the end of the verification period because of a 
rapid drop in sample replication afterward. We also calculated 
the Kling–Gupta efficiency score (KGE, Gupta et�al.�2009) across 
the 1952–2011 period. The KGE is a diagnostic decomposition of 
CE, facilitating the analysis of the relative importance of its dif-
ferent components (correlation, bias, and variability).

To visualize the climate sensitivities estimated by the model, we 
calculated the relative sensitivity of radial growth increments 
to a change in each variable CAj (CWB or mean maximum 
temperature) for each season k by increasing the focal CAj,k  
by 50 mm or 1°C, respectively, holding all other seasonal CAj,k  
values as well as TS constant at their median. 50 mm or 1°C are 
roughly equivalent to the mean standard deviation of CWB and 
Tmax, respectively, across all seasons and sites.

2.5   |   Projection of Future Growth

We projected future growth of an average-sized tree (constant 
DBH of 30 cm) based on the fixed effects of the linear mixed-
effects models described above. Model projections used near-
term (2021–2050) future values of CAj,k  variables. Projected 
changes in growth were calculated as a percent change com-
pared to the modeled 1952–2011 mean growth rate (also with 
a constant DBH of 30 cm) at each sampling site; hence, we re-
port relative growth change. We used the EU-Forest dataset, a 
gridded 1 × 1 km product harmonizing forest plot surveys from 
National Forest Inventories (Mauri, Strona, and San-Miguel-
Ayanz�2017), to spatially extrapolate the beech sites responding 
positively to climate change across space and sum up their area 
relative to the entire potential distribution (Q3). Therefore, we 
regressed the projected growth change at our sites against MAP 
(linear term) and MAT (quadratic term) and derived the line 
where the interpolation changes from positive to negative, that 
is, the energy-vs-water limitation boundary. Based on the com-
bination of historic MAP and MAT values of the Mauri, Strona, 
and San-Miguel-Ayanz� (2017) grid points, we classified them 
as energy-limited (above the boundary line) or water-limited 
(below the boundary line).

3   |   Results

3.1   |   Model Output and Performance

We found the highest average radial growth rates (4.3 mm/
year) for a tree of 30 cm in diameter in the mild oceanic cli-
mates of NW-Europe (France, UK, Belgium; Figure�2). The 
lowest average growth rates (< 1 mm/year) were observed at 
cooler high-elevation sites in mountainous regions of the Alps 
and Carpathians. Across the distribution of beech, the model 
adequately reproduced past interannual growth variability; it 
explained overall 58.8% of the high-frequency variance of the 
data (Table�S2). The median correlation between modeled and 
observed regional growth variability was r = 0.75 and ranged 
from r = 0.63 in south-eastern Europe and r = 0.56 in the high-
elevation cluster of eastern Europe to r = 0.86 in central-NW 
Europe (Figure�3). Using the full model, all RE and CE sta-
tistics are positive, except the late-verification period of the 
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high-elevation cluster of Eastern Europe (RE: +0.21, CE: �0.23; 
Table�S3).

3.2   |   Climate Sensitivities

Wetter-than-average seasons appeared to be beneficial 
for growth across beech's distribution and across seasons 
(Figure�4;Figures�S2 and S3). The most important season of 
influence regarding CWB is May–June of the same growing 
season, followed by May–June of the previous year and July–
August of the same growing season (Q1). All of these sea-
sonal effects are strongest in the warmest and driest places 
(Figure�4; Q2). Increased temperatures have a variable effect 
on growth but tend to negatively impact growth. The strongest 
negative effect of increased temperatures is in July–August of 
the previous year, with negative effects across the entire dis-
tribution (Figure� 5). However, warmer-than-average winter 
(previous November to February) temperatures positively af-
fect growth. There is a clear gradient in the growth response 
to higher temperatures, with sites in colder locations respond-
ing more positively to increasing temperatures. This even 
leads to a switch in response sign from colder to warmer MAT 
at around 6°C MAT (Figure�5c,d), where trees in the coldest 
locations benefit from higher temperatures. The warmer and 
drier the location, the higher the sensitivity of trees to an in-
crease in CWB (Figure�4).

Geographically, growth sensitivity to variations in CWB is 
strongest in NW-Central Europe, whereas temperature sen-
sitivity is highest (most negative) in the Mediterranean re-
gion (Q1).

3.3   |   Growth Projection

Considering a moderate and currently realistic climate change 
scenario (CMIP6, SSP2-4.5), European beech growth is projected 

to decrease over the period 2021–2050 relative to the calibra-
tion period (1952–2011) across most of its distribution area. In 
Central and Western Europe, the model projects a growth de-
crease of 12%–18% (range of values represents the interquartile 
range; Q3), in the Mediterranean region of 11%–21% (Figure�6a, 
Figure�7), peaking at a 30% growth decrease at the most extreme 
sites. Notably, also in the northernmost region, growth is pro-
jected to decrease by 6%–14%.

In contrast, beech forests growing historically (1951–1980) 
below a MAT of about 6°C are mostly projected to benefit from 
climate warming (Figure�6c). The model predicts a growth in-
crease of 3%–24% in the high-elevation clusters of the Alps and 
Carpathian Arc, with some sites predicted to increase by > 50% 
(Figures�6c and 7). However, the area where beech growth is 
projected to benefit from global warming only comprises around 
13% of beech's current distributional range and is limited to the 
high-elevation sites in Central Europe and the Carpathians (Q3; 
Figure�S6).

4   |   Discussion

Our study showed that across almost its entire distribution, 
beech growth is water-limited primarily by summer drought 
and heat. This widespread drought sensitivity was shown previ-
ously (Cavin and Jump�2017; Hacket-Pain et�al.�2016; Martinez 
del Castillo et�al.�2022), but our comprehensive study now re-
veals that northernmost populations will not benefit as previ-
ously expected (Q4). Opposite to expectation, we find that only 
at 13% of beech's current occurrence, areas restricted to higher 
elevations and colder temperatures, climate warming is pro-
jected to be beneficial to growth.

To our knowledge, our study provides for the first time a thresh-
old of MAT at 6°C–7°C, above which beech radial tree growth 
gradually switches from energy limitation to water limitation 
(Q2; Figure�5; Figures�S4 and S5), independent from latitude or 

FIGURE �     |    Modeled mean growth rate for a simulated beech tree of 30 cm in diameter during the 1952–2011 calibration period across Europe 
(a), across latitude and elevation (b), and across climate space (means of 1952–1981) (c). MAT = Mean annual temperature, MAP = mean annual 
precipitation sum. Map lines delineate study areas and do not necessarily depict accepted national boundaries.
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elevation. This finding aligns very well with the regional clus-
tering, where the warm edge of the two high-elevation clusters 
runs at 6°C MAT (Figure�1). These MAT values are equiva-
lent to mean monthly maximum temperatures in May–June of 
14°C–17°C (range depends on continentality and moisture avail-
ability) or average July–August temperatures between 17°C and 
20°C. The beneficial nature of global warming for cooler sites 
might thus be considered temporary, should warming exceed 
these above-mentioned thresholds. In all other places, where 
beech currently dominates forests in Europe, increasing tem-
peratures and the concomitant increase in atmospheric and soil 
dryness will likely lead to reduced radial growth and hence for-
est productivity.

4.1   |   No Growth Enhancement at the Poleward 
Leading Edge

Predictions from species distribution models of how species 
will respond to climate change often assume that variation in 
growth rates across spatial climatic gradients predicts how in-
dividual occurrence and populations will respond to climate 
change through time (Adler, White, and Cortez�2020). Similar 
to what was shown previously for Douglas-fir (Pseudotsuga 
menziesii [Mirb.] Franco; Klesse et� al.�2020) and Ponderosa 
pine (Pinus ponderosa s.l.; Perret, Evans, and Sax�2024), ab-
solute growth rates of European beech are currently highest 
on the warm side of the species' distribution, whereas growth 

FIGURE �     |    Time series of modeled (color) and observed (black) average regional ring-width indices. Pearson correlation coefficients (r) between 
modeled and observed time series over the 1952–2011 are reported. The sample replication per regional cluster is shown in gray.
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sensitivity to temporally varying temperatures is more negative 
at warmer sites. Our study thus contributes to the growing body 
of literature showing that spatial gradients in growth rates are 
independent of and often opposed to the gradient of climate sen-
sitivity and that simple space-for-time approaches, as they are 
often used in species distribution models, can lead to severely 
misleading projections of increased growth with climate change 
(Perret, Evans, and Sax�2024; Yue et�al.�2023).

There are several dendrochronological studies that use lati-
tudinal gradients as the basis for expectations about climate 
growth response patterns, where latitude is used as a proxy for 
temperature-related changes in climate sensitivity (e.g., Cavin 
and Jump�2017; Chagnon et�al.�2023; Henttonen et�al.�2014; 
Huang et� al.� 2010). When assessed in a qualitative way, 
this latitude-for-temperature substitution often holds true. 
However, when a geographic predictor such as latitude, longi-
tude, or elevation is included quantitatively as a linear predic-
tor, care must be taken that such a relationship with a climate 
variable is stable over the application domain. Contrary to a 
previous study (Martinez del Castillo et� al.�2022), we show 
that there is little chance for growth increases due to climate 
warming in the northernmost poleward edge of the distribu-
tion of beech (Q3; Figure�6). Whereas Martinez del Castillo 
et� al.� (2022) projected clear growth increases in southern 

Scandinavia (Denmark, Sweden, and Norway), our model 
shows that beech is still water-limited in this region (Figure�5; 
Figures�S2 and S3). One possible explanation is that Martinez 
del Castillo et� al.� (2022) used latitude, elevation, and de 
Martonne's aridity index as spatial predictors of climate sen-
sitivity, whereas this study employs MAT, mean CWB, and 
climatically derived continentality and their interactions. 
Latitude and elevation are ecologically rather indirect predic-
tors to include with a linear term as a proxy for mean climate 
conditions describing growth limiting factors across large 
scales. In our network across Europe, these linear geographic 
rather than climatic predictors create a systematic cold bias at 
northern latitudes and hence lead to overestimated tempera-
ture sensitivity (Figures�S7 and S8). Further, the Gulf Stream 
causes western coastal sites to be 1°C–2°C warmer compared 
to continental eastern sites at the same latitude and eleva-
tion. We show how these effects in combination can create a 
bias, and we therefore advise against the use of geographical 
predictors (latitude, longitude, and elevation) for climate sen-
sitivity estimation in large-scale studies. Directly using down-
scaled MAT and CWB (or other climatic variables relevant for 
tree growth) can be much more readily physiologically and 
mechanistically translated and thus should be superior vari-
ables when modeling radial growth. We thus see little chance 
that tree growth at the poleward leading edge can notably 

FIGURE �     |    Sensitivity (% growth change) of beech growth to seasonal climatic water balance (CWB) as a function of mean annual temperature 
(MAT) and mean annual climatic water balance (Mean CWB) (a–d) and across Europe (e–h). Increased growth in response to an increase in CWB of 
50 mm is shown in blue; negative changes are yellow. 50 mm roughly corresponds to the average standard deviation of climatic water balance across 
all seasons and sites. Sensitivities across all seasons are shown in Figures�S2 and S3. Map lines delineate study areas and do not necessarily depict 
accepted national boundaries.
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increase under any future climate change scenario that pre-
dicts increasing water deficits. Hypothetically, in more north-
western and coastal locations of isolated beech populations 
in Norway, higher annual CWB or precipitation sums could 
allow growth to be less water-constrained, and thus, beech 
might benefit from warmer projected temperatures in these 
specific locations.

When considering a north- and northeastward expansion of 
beech as compensation for productivity and potential range 
losses in the center and southern part of the distribution, our 
study dampens expectations because of the observed drought 
sensitivity of the relatively dry northern and northeastern study 
sites in our dataset. In a more local study from central to north-
eastern cold-marginal beech populations, Weigel et� al.� (2018) 
pointed out both summer drought and winter cold limitations 
along this gradient. Thus, radial growth in potential leading edge 
populations in this area may face two limiting stressors in the 
future, that is, summer drought and periods of extreme winter 
cold (Ringgaard et�al.�2020). However, tree establishment, that 
is, germination success and survival, was shown to be strongly 
positively correlated with winter temperatures and minimum 
May temperatures (Muffler et�al.�2021). More generally, warmer 
temperatures (Klop�i�, Rozman, and Bon�ina� 2022) and a 
moister climate increases seedling density (Silva et� al.�2012). 

Concluding, while climate warming might not benefit radial 
growth rates in northern and northeastern populations, the ef-
fect on establishment is very likely to be seen positively.

4.2   |   Climate Sensitivity to Drought

We found the highest growth sensitivity to variability in May–
June CWB of the same growing season, when cell division 
and enlargement peak (Q1; Etzold et�al.�2022; van der Maaten 
et�al.�2018; Zweifel et�al.�2021). The sensitivity is highest in 
the warmest and driest areas and much weaker in cool and 
moist places with mean CWB above 1000 mm (Figure� 4), 
underlining the potentially important role of soil moisture 
and high water vapor pressure deficit (VPD) for turgor pres-
sure to enable and facilitate wood formation processes (Q2; 
Cabon et� al.�2022; Peters et� al.�2021). Among the warmest 
and driest sites in our dataset are the low elevation sites in 
central to northern Europe, with annual precipitation sums 
well below 750 mm, in extreme cases even below 600 mm, 
and MATs above 8°C (Weigel et�al.�2023). The recent negative 
growth trends in northern Central Europe were shown to be 
strongest in regions with < 350 mm growing season precipita-
tion (or about 660 mm MAP, Knutzen et�al.�2017; Leuschner 
et� al.�2023; Weigel et� al.�2023). This contrasts with SW and 

FIGURE �     |    Sensitivity (% growth change) of beech growth to seasonal maximum temperatures (Tmax) as a function of mean annual temperature 
(MAT) and mean annual climatic water balance (Mean CWB) (a–d) and across Europe (e–h). Increased growth in response to an increase in Tmax of 
1°C is shown in blue; negative changes are yellow. 1°C roughly corresponds to the average standard deviation of maximum temperature across all 
seasons and all sites. Sensitivities across all seasons are shown in Figures�S4 and S5. Map lines delineate study areas and do not necessarily depict 
accepted national boundaries.
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SE Europe, where most beech sites are situated in cooler and 
wetter higher elevation sites (Figure�5; Figures�S4 and S5; 
Table�1). This could explain why drought sensitivity of beech 
is among the highest in the center of its geographical distribu-
tion and not as often assumed only at the (geographical) rear 
edge in the Mediterranean region (Q1; Cavin and Jump�2017, 
Muffler et� al.� 2020). Moreover, these rear edge sites may be 
particularly rich in high- quality habitats for beech owing 
to small-scale environmental variation (e.g., topography, 
edaphic factors, and vegetation structure) buffering their 
lower climatic suitability (Vilà- Cabrera and Jump�2019; Bert 

et�al.�2022). Another reason could be that marginal southern 
beech populations growing in a warmer and drier climate 
have developed higher plasticity-induced resistance to embo-
lism than those from northern Europe growing in more favor-
able conditions (Stojni� et�al.�2018).

We interpret the similar (but slightly weaker) responses to May–
June CWB and May–June temperature of the previous year 
(Figure� S4) as a statistically integrated biological memory and 
carry-over effect of our model taking care of some of the positive 
auto-correlation in tree-ring time series (the climate memory, 

FIGURE �     |    Projected mean growth 2021–2050 relative to baseline growth during the 1952–2011 calibration period across Europe (a), across 
latitude and elevation (b), and across climate space (c). Map lines delineate study areas and do not necessarily depict accepted national boundaries.

FIGURE �     |    Kernel density distributions of regional projected relative growth changes for the 2021–2050 period compared to 1952–2011 mean 
growth rates assuming SSP2-4.5 emission scenario. The boxes represent the interquartile range of the distributions, and the whiskers extend to 1.5 
times the interquartile range. White circles represent the median of the distributions.
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as discussed in Peltier, Barber, and Ogle�2018). The strongest re-
sponse to temperature alone was found in July–August of the 
previous year. In contrast to the above-mentioned lagged CWB 
effect interpretation, this is less likely to be a manifestation of 
auto-correlation. Firstly, in July–August, across most of beech's 
distribution, most of the tree ring is usually already formed (Etzold 
et�al.�2022; Salomón et�al.�2022; Martinez del Castillo et�al.�2016; 
Michelot et�al.�2012; van der Maaten, van der Maaten-Theunissen, 
and Spiecker�2012). For this reason, any climate effect in a sea-
son without substantial growth cannot contribute much to the 
observed auto-correlative characteristics of radial growth (but see 
Je�ík et�al.�2021 for a temperature-limited high- elevation site in 
Slovakia where beech grows well into July). Secondly, the response 
looks different than that of July–August of the current year, which 
shows a mean temperature-related switch to positive sensitivity 
at the coldest locations, making it unlikely to be related to auto-
correlation. For it to be a manifestation of climatically caused auto-
correlation, the response patterns of the two seasons (current and 
previous year) should look similar. The most plausible explana-
tions are that warmer-than-average temperatures in peak summer 
increase fruit production in the coming year, redistributing car-
bon allocation away from wood production to reproduction in the 
following year (Hacket-Pain et�al.�2018; Nussbaumer et�al.�2021), 
or contribute to spending or depletion of non-structural carbo-
hydrates through respiration or bud formation, or even lead to 
embolisms that reduce the water-conducting area and hydraulic 
capacity in the following year (Arend et�al.�2022).

4.3   |   Caveats

Although we gathered an unprecedentedly rich tree-ring dataset 
for a single European tree species, the network is far from being 
perfect. Compared to the site and sample replication in Central 
Europe, it has a far lower replication density in the mountainous 
and climatically heterogeneous south-eastern Europe (Italy and 
the Balkans; see also the large range of projected growth changes 
in Figure�7 in this region). In our model, this imbalance is re-
flected in the lowest coefficients of determination of all regions. 
Further, the high-elevation cluster of Eastern Europe has a nega-
tive CE in the late-verification period. The growth projections in 
these two regions are hence associated with the highest uncer-
tainties. Future modeling and sampling endeavors should focus 
on these two regions, as well as the generally under-sampled 
warmest populations, relying on a denser and better-replicated 
network to reduce uncertainties in the climate response and 
future projected growth trajectories. The dataset also does not 
cover well the most recent period (2015–2022), which contained 
several exceptional summer droughts in Central and Southern 
Europe with large consequences for tree health (Buras, Rammig, 
and Zang�2020; Schuldt et�al.�2020; van der Woude et�al.�2023). 
A continued updating, expansion, and densification of the beech 
tree-ring network is desired, but these efforts need to be accom-
panied by a continued contribution to public data repositories 
(Babst et�al.�2021) by data producers.

4.4   |   Outlook: Where to Go From Here

Over the past decade, it has become more and more evident 
that soil moisture is a crucial factor for wood formation since 

it is a direct measure of water potential and turgor pressure 
needed for cell enlargement and division (Fatichi, Leuzinger, 
and Körner�2014; Kannenberg et�al.�2024; Peters et�al.�2021). 
The critical role of microsite conditions—likely characterized 
by differences in soil water availability—has been shown 
previously to account for differences in the sensitivity of ra-
dial growth to interannual variations in precipitation (Klesse 
et�al.�2018; Schmied et�al.�2023). A logical next step in the re-
finement of statistical growth models would thus be the incor-
poration of soil moisture, together with other microclimate-, 
stand structure-, or management-related information that 
has been shown to affect climate sensitivity of tree growth 
(Buras et� al.�2018; del Río et� al.�2017). However, a primary 
challenge to informing soil-moisture models will be the qual-
ity and resolution of large-scale soil data, which can range 
from 0.5 × 0.5° (Global level, Wang-Erlandsson et� al.�2016) 
to 1 × 1 km (European level: e.g., Hiederer�2013; global level: 
Fischer et�al.�2008) resolution. Another challenge is the lack of 
precise site coordinates for samples collected before the wide-
spread availability of GPS, that is, all data collected before and 
during the early 2000s.

We encourage joint community efforts to continuously collect 
and compile species-distribution- wide tree-ring datasets and 
the resulting accompanying analyses to gain insights into gra-
dients, thresholds, and magnitudes of climate sensitivities and 
the intricate interplay of energy versus water limitation on ra-
dial tree growth. Such datasets and analyses are in our view 
invaluable calibration targets for improving next-generation 
vegetation models with dedicated wood formation modules. 
Cross-disciplinary model-data-fusion efforts are hence needed 
to better constrain the future trajectory of the forest carbon sink.
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