Climate-change-driven growth decline of European beech forests
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Abstract: 
The growth of past, present, and future forests was, is and will be affected by climate variability. This multifaceted relationship has been assessed in several regional studies, but spatially resolved, large-scale analyses are largely missing so far. Here we estimate recent changes in growth of 5800 beech trees (Fagus sylvatica L.) from 324 sites, representing the full geographic and climatic range of species. Future growth trends were predicted considering state-of-the-art climate scenarios. The validated models indicate growth declines across large region of the distribution in recent decades, and project severe future growth declines ranging from -20% to more than -50% by 2090, depending on the region and climate change scenario (i.e. CMIP6 SSP1-2.6 and SSP5-8.5). Forecasted forest productivity losses are most striking towards the southern distribution limit of Fagus sylvatica, in regions where persisting atmospheric high-pressure systems are expected to increase drought severity. The projected 21st century growth changes across Europe indicate serious ecological and economic consequences that require immediate forest adaptation.

Introduction
Global environmental change is affecting ecosystems in many regions around the world. Forests are key terrestrial ecosystems where evidence increasingly points towards cascading impacts related to anthropogenic-induced climate change1–3, including far-reaching consequences for the water and carbon (C) cycles, and services to society4. Evolving questions related with those impacts can be best addressed through large-scale analyses, encompassing the full distribution range of key species3. 
There is a long tradition of forest cover prediction research focus on understanding the links between climate change and forest presence/abundance5,6. Less knowledge is available on ecologically-based predictions of species growth performance. Considering that the stem represents ~70% of the tree’s biomass7, secondary growth can be considered a reasonable proxy of total C sequestration7, and can be effectively used as an indicator of tree health and performance8.
Dendroecological analyses typically present local data and have provided valuable regional insight into growth responses to local habitat conditions and climate change2,9.  Despite recent advances in tree-ring research9, spatio-temporal studies of actual and predicted growth are uncommon, particularly at scales incorporating species’ geographic and climatic distributions10. The tree-ring community has developed international dendrochronological databanks, yet these are typically biased or limited for certain taxa, biomes and trailing-edge populations 11–13, hindering their value for ecologically-focused application. If such challenges can be overcome, the large spatial scale represented by tree-ring networks, their annual resolution and the potential for multi-decade assessment of growth changes present a unique opportunity to unravel spatial patterns and drivers of recent growth, and predict future growth dynamics based on climate change scenarios. Such information would be crucial to estimate species resilience to warmer and potentially drier future conditions. 
Successful upscaling of tree-ring data, however, requires dense networks covering the full range of bioclimatic and ecological conditions of the study species. To enable this advance, we established a dense and species-specific network supportive of comparative ecological analyses, covering the entire ecological spectrum of Fagus sylvatica L. (hereafter beech), including over 780,000 ring width measurements from 5,800 trees and 324 sampling sites across Europe (Fig. 1).
Beech is one of the most important forest species in Europe from an ecological (e.g. habitat, biodiversity) and socio-economical (e.g. timber harvest, recreation) perspective14. Beech played a dominant role in postglacial reforestation, rapidly spreading from its Mediterranean refuges to the central and northern regions of the continent15. Currently, in the face of rapid climate change, beech may be endangered in its geographical and ecological range16. However, the species’ resilience to predicted changes and its ecological plasticity across the distribution range are not well understood. 
Using this network, we analyse past growth rates of beech and use this information to project growth variability considering different climate change scenarios (i.e, representative Shared Socioeconomic Pathways scenarios of CMIP6 (Coupled Model Intercomparison Project)) to disentangle 21st century patterns of the species’ performance at continental scales. We perform a comparative analysis among regions in Europe and map forest growth considering local environmental stresses and disturbances. A generalized linear mixed-effects model (GLMM) is developed to model tree growth and support spatio-temporal comparisons across the species’ distribution range, identifying regions where growth has increased or declined in recent decades. The model is validated and used to predict radial growth during three distinct periods until the late 21st century and the results discussed considering likely climate change scenarios.
Our study provides evidences of striking changes in growth patterns of this species during the studied period, especially in the southern areas. The models showed that growth is being recently limited due to climate and modulated by site-prevailing conditions.  In this sense, forecasted reductions in precipitation and temperature increments would lead to an overall decrease in tree productivity, most notably if both conditions occur at the same time. Interestingly, tree growth could be significantly enhanced at high latitudes in the future, even under a worst-case climate change scenario.
Results
Model development and performance. Among the tested mixed-effects models, the full model containing all considered and significant variables and interactions was the most accurate to predict the species’ growth across Europe, as shown by the Akaike Information Criterion (AIC) scores (Table 1). AIC measures the relative goodness of fit of a given model; the lower its value, the more accurate the model is. . Indeed, 86% of growth variability was explained by the model (Supplementary Figure 1). We modelled annual basal area increment (BAI) for 324 beech sites across Europe considering (i) prevailing moisture/aridity conditions, (ii) elevation and latitude to estimate radiation and photoperiod, and (iii) seasonally varying climate conditions including precipitation totals and temperatures from previous-year summer to current-year autmn (relative to the year of tree-ring formation). The GLMM included a total of 21 variables organized in three, interacting variable groups. This resulted in a total of 66 variable interactions that significantly contributed to the growth model (Supplementary Data 1). When fitting the GLMM, estimated previous-year BAI was considered as random factors to account for size dependency of growth trends.
Application of the GLMM demonstrated that the interaction of geographical variables as latitud or altitud with the aridity index (AI) were significant to explain beech growth variability (i.e. the effects of e or latitude were different between trees growing in xeric and mesic climates). Precipitation correlated positively with tree growth, whereas maximum and minimum temperatures showed variable effects and depended on the season. Seasonal temperatures effects were stronger in explaining growth variability across the distribution range than precipitation.
Contributions of variable interactions to model beech growth were relevant. Regardless of the specific weight and significance of each seasonal climatic variable, our results show that most sensitivities to annually varying climate are modulated by mean aridity and the geographic components altitude and latitude. The final model was able to reproduce tree-ring growth across Europe and covering the entire species distribution for every year for the period 1955-2016 (Supplementary Figure 1).
Past regional growth changes. To compare beech forest performance over past decades, mean growth rates of two consecutive 31-year periods were computed for a population-wide average beech tree with a fixed basal area of 86059.03 (1/10000 mm2) (i.e. the average basal area of the entire data set, which is equivalent to a 80 years old tree) (Fig. 2). This multidecadal aggregation was chosen as it represents an unprecedented increase in temperatures from 1955-1985 to 1986-2016 exceeding 1°C in many regions in Europe17. Indeed, the most recent period is the warmest 31-year period in Europe over the past 500 years, and is up to 0.45ºC warmer than the second warmest 31-year period, which occurred from 1750 to 177918. 
Our results reveal substantial spatio-temporal differences in beech growth over the past six decades across Europe (Fig. 3). Tree growth rate was two to three times higher at low altitudes in NW and central Europe including coastal sites in Belgium, Netherlands, Denmark and the British Isles, compared in the southern distribution limit of beech. Lower tree growth is also modelled at higher altitudes in central Europe, the Alps, and along the Carpathians. Growth was lowest at the northernmost and south-western edge of the species’ distribution in Sweden and Spain, respectively, as well as in Italy and south-eastern Europe. The most recent period showed a similar geographical pattern in tree growth, compared to 1955-1985. However, regions of high growth are overall less extensive and regions of reduced growth overall larger, and these tendencies are superimposed on a general decrease in growth magnitude.
The spatial representation of growth differences between 1955-1985 and 1986-2016 reveals a notable decline in growth across most of the area covered by European beech (Fig. 3). The strength of this decline varies across Europe, being higher at low latitudes and lower towards north, thereby revealing a distinct latitudinal gradient of forest growth decline. The sharpest contrast was recorded between northern areas including Sweden and Norway, where modelled growth increase up to 20% between the two periods, and south Europe, where severe growth declines of up to -20%  were modelled.
21st century growth responses to climate change scenarios. The GLMM yields varying BAI trends under the projected climate change scenarios (Fig. 4). Even under the relatively optimistic SSP1-2.6 scenario, growth changes across geographic gradients remain greater in magnitude than the observed changes in growth between the two historical periods. Growth reductions up to 30% are projected in southern Europe during the 2020-250, compared to a baseline of 1986-2016 (Fig 4a). This decline increases northward to reductions of ~10% and then zero change prevailing in central European sites. On the other hand, growth increases of ~25% are projected in mountainous environments across central Europe, and ~35% increases are expected for southern Scandinavia. Patterns from 2040-2070 and 2060-2090 (Figs. 4b and c) are similar, except for more accentuated growth reductions in southern Europe including the Balkans, and more polarized patterns (e.g. in the Apennines, Greece, Romania and Spain versus the Alps, Sweden and Denmark) towards the end of the 21st century.
The more realistic SSP5-8.5 scenario leads to dramatic decreases in beech productivity over vast parts of Europe (Fig. 4d-f). From 2020-2050 growth, decreases of 20-30% are expected to affects most forests in central Europe, even including some elevated sites in northeast France and southern Germany. In southern Europe, growth reductions may exceed 50%, particularly during the period 2040-2070. On the other hand, north of 55ºN and in mountainous regions of Central Europe, growth trends are positive. These spatially varying trends continue throughout the 2040-2070 and 2060-2090 periods, though at much accelerated rates. From 2040-2070, the general southeast-to-northwest pattern, modulated by altitude, is pronounced, including maximum growth reductions >50% in southern Europe. The dramatic changes modelled from 2060-2090 considering SSP5-8.5 should be interpreted with caution, as the altered climatic conditions in some regions exceed the applicability domain of the GLMM (Supplementary Figure 2).
Discussion
Our study provides evidence of striking changes in growth patterns of a European key tree species over the past 60 years and upcoming 80 years. Over recent decades, growth declines are particularly severe towards the southern distribution limits in Europe, and these general trends will continue as the climate continues to warm and become drier. GLMM models demonstrate how spatial differences in growth are predominantly explained by differences in temperature and water availability, all modulated by site-prevailing climate conditions. Consequently, reductions in precipitation or increases in temperature will lead to an overall decrease in tree productivity, most notably if both conditions occur simultaneously. Importantly, our results help to reconcile previous results, which had failed to provide a consistent picture of growth trends in beech across Europe, particularly in southern Europe where predicted declines were not consistently reported in site-based analyses. Here we show that when age/size effects are accounted for, growth declines in beech are observed across southern Europe, particularly at lower elevation. Furthermore, our results generalise recent reports of growth declines extending into central Europe. In this sense, our study reconciles differences across studies and provides a comprehensive approach revealing a persistent decrease in beech tree productivity and C sequestration since the 1980s in all but the most northern of the species distribution. 
Adaptive management is of major importance for preserving forest viability and mitigating harmful effects of climate change. To invoke such management policies, we need to assess species-specific climatic effects at varying spatio-temporal scales19,20. In this sense, empirical modelling has  proven useful to forest managers to anticipate climate impacts on future forest growth, supporting, for example,  species selection in case of tree plantations, or planning assisted migrations21,22. Therefore, dendroecology combined with modelling is a powerful tool to evaluate the environmental imprints on mid to long-term forest dynamics, and opens the possibility to estimate tree productivity, and associated functioning under projected climate and site conditions10,23. The GLMM model applied here also addresses possible sampling biases that commonly apply in field-based applications (e.g., the big-tree selection bias24), as it takes into account and minimise the effects of size and age in statistical analysis by adding tree size as random factor. Potential biases can occur, however, if sample sizes are small and if age cohorts were equal across sites24. 
The climatic and geographical variables included in models for continent-scale growth predictions must be ecologically meaningful and accessible. Although other variables affect growth variability of beech, such as soil type, nutrient presence, masting events, competition and insect infestation25–31, most of these are difficult to predict. Evaluating their impact on growth is also challenging in spatial modelling, often because of limited spatial resolution, and may depend directly or be correlated with other variables. For example, photoperiod determines the seasonality of processes in trees, the length of xylogenesis, and therefore the amount of growth32, yet it is closely correlated with latitude. The interaction among variables must be considered given the variability of climate sensitivity of a species across environmental, altitudinal and latitudinal gradients 33–36.
The GLMM growth model applied here displays strong geographical variance and reveals the existence of a regional optimum for beech growth in mountainous areas of central Europe, under the current climate. The spatial variability of beech growth across Europe follows an apparent combination of N-S and NW-SE gradients, combined with an altitudinal gradient. In this sense, beech is more productive (i.e. produce wider rings) at lower elevations, particularly in NW Europe. Indeed, beech phenology, as well as rates and timing of xylogenesis, are affected by altitude37–39, which in turn control tree growth. The evaluation of the impact of the warmer and drier conditions over recent decades across the species’ distribution requires consideration of local differences from regional climate and site conditions. The observed N-S and NW-SE growth gradients across Europe may be affected by prevailing atmospheric circulation patterns, continentality and photoperiod optimum, but further research is needed to disentangle the drivers of growth variability across these large scales, geographic gradients.
Subsequent to a tree growth increase during the first part of the last century in Europe40, recent studies reported growth decreases in beech41,42. This decrease was attributed to increasing temperatures, the impact of extreme climatic events and long-term changes of environmental conditions. Our findings of negative beech BAI trends over past decades are inconsistent with other studies reporting growth increases31,43,44 and spatially varying growth trends depending on altitude45. However, the different findings are mainly due to varying approaches when dealing with age effects, and whether the results are derived from repeated diameter measurements and detrended chronologies instead of raw tree growth increments. Despite methodological differences, local case studies are relevant as they may account local trends, which could help to identify research gaps and further research46. In this sense, our study reconciles differences across studies and provides a comprehensive approach revealing a persistent decrease in beech tree productivity and C sequestration since the 1980s. Although beech has been reported to be drought sensitive throughout Europe34,42,47, our simulations suggest that temperatures may start to gain prominence as a limiting factor across a large portion of the species’ distribution area. Our results support those of Mette et al. (2013)48 showing that beech growth in central Europe is currently not only limited by precipitation. The observed and projected temperature increases foster atmospheric pressure deficits, constrain stomata closure, amplify tree water demand and increase risks of hydraulic failure41. Drought induced defoliation, extension of canopy duration and associated limitations of metabolic reserves (where respiration may exceed photosynthesis49), and higher turnover rates of fine roots likely contribute to this temperature sensitivity50. Thus, even though beech is a late-successional species that is considered competitively superior to many other European tree species51, including broad-leaved Quercus, Acer, Tilia, Fraxinus and Carpinus42, it is also prone to warming-induced growth declines.
Our results also demonstrate that the effects of warming temperatures, especially beyond 1.5ºC, cannot be compensated without large increases in precipitation (as in the SSP1-2.6 scenario, see Supplementary Figure 3), except at very high altitudes in central Europe. Similar conclusions were drawn by Walentowski et al. (2017)20 demonstrating that temperature rises must be compensated by increases in precipitation to maintain tree vitality. Severe growth reductions are expected if the combination of summer drought and hotter temperatures becomes prevailing, as is forecasted in SSP5-8.5. The cumulative effect of “hotter droughts”52 might lead to amplified hydraulic failure and dieback of vast forested areas. The highest vulnerability of beech sites to global warming is observed at the southern edge of the species’ distribution range , as shown by Forzieri et al. (2021)3.
The projected increase of global mean surface temperature by the end of the 21st century is expected to range from 1.5-5.5ºC (with respect to 1900-2000) depending on the Shared Socioeconomic Pathways scenario. The projected changes in precipitation will not be uniform, but include decreases in southern Europe and increases in northern latitudes (north of 55ºN)1. However, future climate is uncertain, particularly for precipitation, as the CMIP6 archive might be subject to multiple sources of error. Our results are likely affected by additional uncertainties including the role of extreme weather events (i.e. late spring frost, heat waves, fires), soil composition (i.e. nitrogen, phosphorous, potassium) and tree species competition, all of which complicating species-specific tree growth projections.
Projected climate change will foster a progressive decrease of beech growth. As beech is a dominant tree species across large regions of Europe’s forests, this indicates an important reduction in functioning as a carbon sink to mitigate atmospheric CO2 increases. Furthermore, as beech is high importance both commercially and environmentally, a long-lasting decrease in productivity may be critical at multiple levels. We recommend to forest managers to consider these results in long-term silviculture plannings. 
Conclusions
Analysing the drivers of growth across an unprecedented network of beech sites covering Europe, we report a pervasive growth rate decline from 1955-2016. This decline is widespread in Europe, except for sites located towards the northern distribution range in Denmark, Norway and Sweden and at higher elevation in mountain regions. Recorded growth variations range from +10-20% in the north, to -20% in the south of Europe. By employing a GLMM, we show that future increases in global temperature, particularly those exceeding 1.5ºC, lead to a widespread decrease -20 to -40% in beech growth, a situation that could be further amplified to -50% if drought conditions prevail. These significant growth trends point towards increased forest mortality, as declining growth has been reported as a precursor of tree die-off2. These findings challenge recent predictions of increasing terrestrial carbon stocks under climate change scenarios53, as the strength of beech forests as a carbon sink will decrease. 
Methods
Tree-ring network. We compiled a network of tree-ring chronologies from closed-canopy and mature stands dominated by European beech. The databank comprises 324 sites, with ~5,800 trees and ~780,000 tree-ring measurements. Geographically, the networks extends from 5.8-28.4°E and 38.8-58.5°N, and  covers the entire geographic distribution range of Fagus sylvatica in Europe. Sites also cover the full climatic range of the species, with annual precipitation and temperature ranging from 500-2,000 mm and 3.8-13.5ºC, respectively (Fig. 1, Supplementary Data 2). The selected plots are mostly undisturbed sites, located between 1 and 1900 m a.s.l, covering the full elevation gradient of the species, including beech treeline sites.
Increment cores were dried and sanded according to standard procedures54 to enhance the visibility of tree-ring boundaries. Tree-ring widths were measured to the nearest 0.01 mm and each tree-ring series were crossdated using COFECHA or CooRecorder software. Classical detrending methods to remove age-related trends were not applied to support comparisons between different periods. We instead converted the tree-ring width data into annual basal area increments (BAI), in cm2 year -1, as this procedure accounts for the geometrical constraint of adding a cross-sectional area of wood to a stem of an increasing radius. The BAI series of each tree were obtained based on the measured diameter at breast height when sampled, and computed using the bai.out function of the R package dplR (version 1.7.2). The mean BAI of defined periods can be compared over time, as it is not affected by biological trends55,56. 
Climate variables. CHELSAcruts57 was used to extract climate data from gridded networks. Monthly precipitation and maximum and minimum temperatures were downloaded and combined to seasonal means covering the period from 1901-2016. Prevailing moisture conditions were defined by applying the De Martonne aridity index58 (AI) as previous studies showed that site-specific moisture conditions modulate the climate sensitivity of trees59. AI was calculated for European grid cells from 1950-2016 using (Eq. 1):


where P is the annual precipitation sum (in mm) and T (in °C) the annual mean air temperature. The climate types defined by De Martonne range from arid (values from 0 to 10), semi-arid (10-20), Mediterranean (20-24), semi-humid (24-28), humid (28-35), very humid (35-55) to extremely humid (>55).
[bookmark: _GoBack]Predictive growth model. Generalized linear mixed-effects models (GLMM) were used to estimate the joint effects of climate and geographical variables on tree growth. In the statistical computing environment R, GLMMs were fitted by maximum likelihood (Adaptive Gauss-Hermite Quadrature) using the R package lme4 (version 1.1-21). These models are particularly useful as they combine the properties of linear mixed models and generalized linear models, allowing the inclusion of random effects and the analysis of nonnormal data60,61. Mixed models are suited for studies over time influenced both by factors that can be assumed to be similar for many sites (e.g. the effect of climate) and by characteristics that substantially vary from site to site (e.g. populations)62. In addition, mixed models explicitly account for the correlations between repeated measurements within each site. In fact, collinearity among predictor variables can cause problems in model’s variables interpretation because those predictors explain some of the same variance in the response variable, and their effects cannot be estimated independently63. Since the main objective of model application is the interpretation of the output (i.e. growth models), nor the influence of the variables, we included variables based on AIC values (Table 1).
The model was based on the period 1950-2016 due to the common availability of climate and dendrochronological data. We then fitted a single GLMM to predict annual BAI of a tree j in a site i in a year t as a function of prevailing climate, latitude, altitude, temperature and precipitation (season k), assuming a gamma distribution of the response variable (Eq. 2):
Where β is the intercept, f are smoothing functions and log are logarithms applied to the variables. All variables were standardized before model constructions to guarantee a compensated weight and avoid effects related with the range of variables. The elements included in the model as independent variables were AI (Aridity Index), LAT (latitude), ALT (altitude), Tmax (maximum seasonal temperatures from previous to current summer), Tmin (minimum seasonal temperatures from previous to current summer) and PP (total seasonal precipitation from previous to current summer), as well as the statistically significant interaction between variables. To account for the possible influence of age effects (i.e. trends), and particularities of individual trees, we additionally included a random slope of previous year basal area (BA) of each ring and tree (Code). Therefore, BA and tree code were included as random factors in the model to avoid individual influences on our results. The model was evaluated considering the dominant paradigm of GLMM validation64, which involves the generation of a null hypothesis (i.e. null model) to test the selected model through a chi-squared test (P < 0.05). We thereby evaluated the accuracy of the model (full model) using a likelihood ratio test by comparing the model with reduced models where explanatory variables of interest were omitted, before finally a comparison with a “null” model was performed, where only the intercept term and random effects were included (Table 1).
Later, the model was applied to each cell of a climatic grid covering the entire species range, based on EUFORGEN distribution maps65. Annual BAI values from 1950-2016 were calculated to compare mean growth rates over Europe, i.e. mean BAI values of the periods from 1955-1985 and 1986-2016. The turning point in the mid-1980s was selected as this represents the onset of an ongoing period of strong warming 17,18. Percentage growth changes31 were calculated for each grid point by comparing mean growth rates with pre-defined periods. All maps were produced using R package maps (version 3.3.0). 
Simulated growth considering climate change scenarios. We used CMIP6 multi-model ensemble means representative of various earth system models for minimum and maximum temperature (21 models) as well as precipitation (26 models) to project future tree growth, representative of an optimistic (SSP1-2.6) and a pessimistic (SSP5-8.5) scenario66. To do so, we for each scenario-model combination computed the difference of variable-specific climatologies between historic simulations (period 1985-2014) and future simulations representative of three distinct periods (2020-2050, 2040-2070, 2060-2090) and averaged those over all models for each scenario to obtain ensemble means. These ensemble mean delta-values were then added to the corresponding CHELSAcruts67 climate variables, to obtain climate data representing simulated climatologies of the corresponding scenario and period.. Therefore, all seasonal climatic variables of the model were updated to future projected predictions (depending on the SSP), meanwhile geographic variables and AI index remained stable. Future beech growth was forecasted by applying the model to projected local climatic conditions, resulting in six growth variation scenarios.
Given the range of the climate scenarios, we calculated applicability domains (AD)59,68 of the model for each period (Supplementary Figure 2). When the range of future climate variability exceeded the range of past conditions from 1901-2016, the predictive performance of the model becomes uncertain. Therefore, for different combinations of seasonal climate conditions located within the AD, growth estimates are expected to be as reliable as those in the training sample. However, for those pixels outside the AD, the reliability of estimates declines, and the predicted growth patterns should be interpreted with caution.
Acknowledgments 
EMdC was supported and financed by the Alexander von Humboldt Foundation. CSZ and AB acknowledge funding by the Bavarian Ministry of Science and Arts from the Bavarian Climate Research Network (BayKliF); JE by the ERC advance project Monostar (AdG 882727) and SustES project (CZ.02.1.01/0.0/0.0/16_019/0000797); CH by the German Research Foundation (HA 8048/1-1); IDL by Fundació La Caixa through the Junior Leader Program (LCF/BQ/LR18/11640004); SM by European Regional Development Fund (KK.05.1.1.02); KC, MM, JG, PP by Slovenian Research Agency ARRS, programs P4-0015 and P4–0107 and project J4-2541; BS by the Ministry of Education and Science of the Republic of Serbia (Project 451-02-68/2020/14/2000169); ICP was supported by Romanian Ministry of Education and Research grant CNCS-UEFISCDI, project number PN-III-P4-ID-PCE-2020-2696, within PNCDI III. We thank the World Climate Research Programme and Earth System Grid Federation for hosting and promoting CMIP6, and Wolfram Elling and Christoph Dittmar for beech tree-ring data.
Author contributions 
E.M.d.C. and M.d.L. conceived the study and conducted first drafts and analyses. C.S.Z., A.H.-P., C.H., R.W., R.S.-N and S.K. contributed critically to the drafts, conceived new ideas and designed final methodology. A.B. pre-processed and contributed the CMIP6 data.  E.M.d.C. analysed the data, drafted and led the writing of the manuscript with inputs from A.H.-P., J.E., I.D.-L., T.S., S.M., V.R.d.D, and A.J. All authors, i.e. E.M.d.C, C.S.Z, A.B., A.H.-P., J.E., R.S.-N., C.H., R.W., S.K., V.R.d.D., T.S., I.D.-L., M.v.d.M.-T., E.v.d.M., A.J., S.M., B.-E.B., W.B., L.C., H.C., V.Č., K.Č., C.D., J.G., E.G.-P., P.J., M.K., J.K., N.L., C.L., L.A.L., A.M., M.M., R.M., L.M., P.N., A.M.P., I.C.P., P.P., A.R.-C., M.R., B.S., M.S., E.T., V.T., M.W., T.Z and M.d.L implemented fieldwork, collected the tree-ring data, actively contributed to the manuscript and gave final approval for its publication.
Additional information:
Supplementary Information accompanies this paper.
Data Availability The data that support the findings of this study are available from the corresponding author and co-authors upon reasonable request. All relevant data for the figures are included in the supplementary information files.
Competing interests The authors declare no competing interests.
References
1.	IPCC. IPCC Fifth Assessment Report (AR5). IPCC s. 10-12 (2014).
2.	Cailleret, M. et al. A synthesis of radial growth patterns preceding tree mortality. Glob. Chang. Biol. 23, 1675–1690 (2017).
3.	Forzieri, G. et al. Emergent vulnerability to climate-driven disturbances in European forests. Nat. Commun. 12, 1–12 (2021).
4.	Bonan, G. B. Forests and climate change: Forcings, feedbacks, and the climate benefits of forests. Science (2008) doi:10.1126/science.1155121.
5.	Buras, A. & Menzel, A. Projecting Tree Species Composition Changes of European Forests for 2061–2090 Under RCP 4.5 and RCP 8.5 Scenarios. Front. Plant Sci. 9, 1–13 (2019).
6.	van der Maaten, E. et al. Species distribution models predict temporal but not spatial variation in forest growth. Ecol. Evol. 7, 2585–2594 (2017).
7.	Lebaube, S., Le Goff, N. L., Ottorini, J. M. & Granier, A. Carbon balance and tree growth in a Fagus sylvatica stand. Ann. For. Sci. 57, 49–61 (2000).
8.	Dobbertin, M. Tree growth as indicator of tree vitality and of tree reaction to environmental stress: A review. European Journal of Forest Research (2005) doi:10.1007/s10342-005-0085-3.
9.	Büntgen, U. Re-thinking the boundaries of dendrochronology. Dendrochronologia 53, 1–4 (2019).
10.	Klesse, S. et al. Continental-scale tree-ring-based projection of Douglas-fir growth: Testing the limits of space-for-time substitution. Glob. Chang. Biol. 26, 5146–5163 (2020).
11.	Zhao, S. et al. The International Tree-Ring Data Bank (ITRDB) revisited: Data availability and global ecological representativity. J. Biogeogr. 46, 355–368 (2019).
12.	Babst, F. et al. When tree rings go global: Challenges and opportunities for retro- and prospective insight. Quat. Sci. Rev. 197, 1–20 (2018).
13.	Klesse, S. et al. Sampling bias overestimates climate change impacts on forest growth in the southwestern United States. Nat. Commun. 9, 1–9 (2018).
14.	Yousefpour, R. et al. Realizing Mitigation Efficiency of European Commercial Forests by Climate Smart Forestry. Sci. Rep. 8, 1–11 (2018).
15.	Giesecke, T., Hickler, T., Kunkel, T., Sykes, M. T. & Bradshaw, R. H. W. Towards an understanding of the Holocene distribution of Fagus sylvatica L. J. Biogeogr. 34, 118–131 (2007).
16.	Fang, J. & Lechowicz, M. J. Climatic limits for the present distribution of beech (Fagus L.) species in the world. J. Biogeogr. (2006) doi:10.1111/j.1365-2699.2006.01533.x.
17.	Luterbacher, J., Dietrich, D., Xoplaki, E., Grosjean, M. & Wanner, H. European Seasonal and Annual Temperature Variability, Trends, and Extremes since 1500. Science (80-. ). 303, 1499–1503 (2004).
18.	Luterbacher, J. et al. European summer temperatures since Roman times. Environ. Res. Lett. 11, (2016).
19.	Nabuurs, G. J. et al. By 2050 the mitigation effects of EU forests could nearly double through climate smart forestry. Forests 8, 1–14 (2017).
20.	Walentowski, H. et al. Assessing future suitability of tree species under climate change by multiple methods: A case study in southern Germany. Ann. For. Res. 60, 101–126 (2017).
21.	Mäkelä, A. et al. Process-based models for forest ecosystem management: Current state of the art and challenges for practical implementation. Tree Physiol. 20, 289–298 (2000).
22.	Leech, S. M., Almuedo, P. L. & Neill, G. O. Assisted Migration : Adapting forest management to a changing climate. BC J. Ecosyst. Manag. 12, 18–34 (2011).
23.	Sass-Klaassen, U. G. W. et al. A tree-centered approach to assess impacts of extreme climatic events on forests. Front. Plant Sci. 7, 1069 (2016).
24.	Bowman, D. M. J. S. J. S., Brienen, R. J. W. W., Gloor, E., Phillips, O. L. & Prior, L. D. Detecting trends in tree growth: Not so simple. Trends Plant Sci. 18, 11–17 (2013).
25.	Hacket-Pain, A. J. et al. Climatically controlled reproduction drives interannual growth variability in a temperate tree species. Ecol. Lett. 21, 1833–1844 (2018).
26.	Dorji, Y., Annighöfer, P., Ammer, C. & Seidel, D. Response of beech (Fagus sylvatica L.) trees to competition-new insights from using fractal analysis. Remote Sens. 11, (2019).
27.	Petit-Cailleux, C. et al. Combining statistical and mechanistic models to unravel the drivers of mortality within a rear-edge beech population. PCIEcology (2019).
28.	Weigel, R., Gilles, J., Klisz, M., Manthey, M. & Kreyling, J. Forest understory vegetation is more related to soil than to climate towards the cold distribution margin of European beech. J. Veg. Sci. (2019) doi:10.1111/jvs.12759.
29.	Etzold, S. et al. Nitrogen deposition is the most important environmental driver of growth of pure, even-aged and managed European forests. For. Ecol. Manage. (2020) doi:10.1016/j.foreco.2019.117762.
30.	Martínez-Sancho, E. et al. The GenTree Dendroecological Collection, tree-ring and wood density data from seven tree species across Europe. Sci. Data 7, 1–7 (2020).
31.	Hartl-Meier, C., Dittmar, C., Zang, C. & Rothe, A. Mountain forest growth response to climate change in the Northern Limestone Alps. Trees 28, 819–829 (2014).
32.	Way, D. A. & Montgomery, R. A. Photoperiod constraints on tree phenology, performance and migration in a warming world. Plant, Cell Environ. 38, 1725–1736 (2015).
33.	Martínez del Castillo, E. et al. Spatial patterns of climate – growth relationships across species distribution as a forest management tool in Moncayo Natural Park ( Spain ). Eur. J. For. Res. 138, 299 (2019).
34.	Hacket-Pain, A. J., Cavin, L., Friend, A. D. & Jump, A. S. Consistent limitation of growth by high temperature and low precipitation from range core to southern edge of European beech indicates widespread vulnerability to changing climate. Eur. J. For. Res. 135, 897–909 (2016).
35.	van der Maaten, E. Climate sensitivity of radial growth in European beech (Fagus sylvatica L.) at different aspects in southwestern Germany. Trees - Struct. Funct. 26, 777–788 (2012).
36.	Decuyper, M. et al. Spatio-temporal assessment of beech growth in relation to climate extremes in Slovenia – An integrated approach using remote sensing and tree-ring data. Agric. For. Meteorol. 287, 107925 (2020).
37.	Kraus, C., Zang, C. & Menzel, A. Elevational response in leaf and xylem phenology reveals different prolongation of growing period of common beech and Norway spruce under warming conditions in the Bavarian Alps. Eur. J. For. Res. 135, 1011–1023 (2016).
38.	Martínez del Castillo, E. et al. Living on the Edge: Contrasted Wood-Formation Dynamics in Fagus sylvatica and Pinus sylvestris under Mediterranean Conditions. Front. Plant Sci. 7, 370 (2016).
39.	Čufar, K. et al. Temporal shifts in leaf phenology of beech (Fagus sylvatica) depend on elevation. Trees - Struct. Funct. 26, 1091–1100 (2012).
40.	Bontemps, J. D., Hervé, J. C. & Dhôte, J. F. Dominant radial and height growth reveal comparable historical variations for common beech in north-eastern France. For. Ecol. Manage. (2010) doi:10.1016/j.foreco.2010.01.019.
41.	Latte, N., Lebourgeois, F. & Claessens, H. Increased tree-growth synchronization of beech (Fagus sylvatica L.) in response to climate change in northwestern Europe. Dendrochronologia 33, 69–77 (2015).
42.	Zimmermann, J., Hauck, M., Dulamsuren, C. & Leuschner, C. Climate Warming-Related Growth Decline Affects Fagus sylvatica, But Not Other Broad-Leaved Tree Species in Central European Mixed Forests. Ecosystems 18, 560–572 (2015).
43.	Tegel, W. et al. A recent growth increase of European beech (  Fagus sylvatica  L.) at its Mediterranean distribution limit contradicts drought stress. Eur. J. For. Res. 133, 61–71 (2014).
44.	Hacket-Pain, A. J. & Friend, A. D. Increased growth and reduced summer drought limitation at the southern limit of Fagus sylvatica L., despite regionally warmer and drier conditions. Dendrochronologia 44, 22–30 (2017).
45.	Dulamsuren, C., Hauck, M., Kopp, G., Ruff, M. & Leuschner, C. European beech responds to climate change with growth decline at lower, and growth increase at higher elevations in the center of its distribution range (SW Germany). Trees - Struct. Funct. 31, 673–686 (2017).
46.	Spiecker, H., Mielikäinen, K., Köhl, M. & Skovsgaard, J. P. Growth trends in European forests : studies from 12 countries. European Forest Institute Research Report  (1996).
47.	Cavin, L. & Jump, A. S. Highest drought sensitivity and lowest resistance to growth suppression are found in the range core of the tree Fagus sylvatica L. not the equatorial range edge. Glob. Chang. Biol. 23, 1–18 (2016).
48.	Mette, T. et al. Climatic turning point for beech and oak under climate change in Central Europe. Ecosphere (2013) doi:10.1890/ES13-00115.1.
49.	Michelot, A., Simard, S., Rathgeber, C. B. K., Dufrêne, E. & Damesin, C. Comparing the intra-annual wood formation of three European species (Fagus sylvatica, Quercus petraea and Pinus sylvestris) as related to leaf phenology and non-structural carbohydrate dynamics. Tree Physiol. 32, 1033–1045 (2012).
50.	Meier, I. C. & Leuschner, C. Belowground drought response of European beech: Fine root biomass and carbon partitioning in 14 mature stands across a precipitation gradient. Glob. Chang. Biol. (2008) doi:10.1111/j.1365-2486.2008.01634.x.
51.	Leuschner, C. & Ellenberg, H. Ecology of Central European Forests. Vegetation Ecology of Central Europe. Volume I (Springer, 2017). doi:10.1007/978-3-319-43042-3.
52.	Allen, C. D., Breshears, D. D. & McDowell, N. G. On underestimation of global vulnerability to tree mortality and forest die-off from hotter drought in the Anthropocene. Ecosphere 6, 1–55 (2015).
53.	Pechanec, V., Purkyt, J., Benc, A., Nwaogu, C. & Lenka, Š. Ecological Informatics Modelling of the carbon sequestration and its prediction under climate change. (2017) doi:10.1016/j.ecoinf.2017.08.006.
54.	Speer, J. H. Fundamentals of Tree-Ring Research. (University of Arizona Press, 2010).
55.	Biondi, F. & Qeadan, F. A theory-driven approach to tree-ring standardization: Defining the biological trend from expected basal area increment. Tree-Ring Res. 64, 81–96 (2008).
56.	Biondi, F. & Qeadan, F. Removing the tree-ring width biological trend using expected basal area increment. in USDA Forest Service RMRS-P-55 124–131 (2008).
57.	Karger, D. N. et al. Climatologies at high resolution for the earth’s land surface areas. Sci. Data 4, 1–20 (2017).
58.	De Martonne, E. Une nouvelle fonction climatologique: L’indice d’aridité. La Meteorol. 449–458 (1926).
59.	Martínez del Castillo, E., Longares, L. A., Serrano-Notivoli, R. & de Luis, M. Modeling tree-growth: Assessing climate suitability of temperate forests growing in Moncayo Natural Park (Spain). For. Ecol. Manage. 435, 128–137 (2019).
60.	Bolker, B. M. et al. Generalized linear mixed models: a practical guide for ecology and evolution. Trends in Ecology and Evolution (2009) doi:10.1016/j.tree.2008.10.008.
61.	Calcagno, V. & Mazancourt, C. De. glmulti : An R Package for Easy Automated Model Selection with ( Generalized ) Linear Models. J. Stat. Softw. 34, 1–29 (2010).
62.	Detry, M. A. & Ma, Y. Analyzing repeated measurements using mixed models. JAMA - Journal of the American Medical Association (2016) doi:10.1001/jama.2015.19394.
63.	Harrison, X. A. et al. A brief introduction to mixed effects modelling and multi-model inference in ecology. PeerJ 2018, 1–32 (2018).
64.	Johnson, J. B. & Omland, K. S. Model selection in ecology and evolution. Trends Ecol. Evol. 19, 101–108 (2004).
65.	Caudullo, G., Welk, E. & San-Miguel-Ayanz, J. Chorological maps for the main European woody species. Data Br. 12, 662–666 (2017).
66.	Meinshausen, M. et al. The shared socio-economic pathway (SSP) greenhouse gas concentrations and their extensions to 2500. Geosci. Model Dev. 13, 3571–3605 (2020).
67.	Karger, D. N. & Zimmermann, N. E. CHELSAcruts - High resolution temperature and precipitation timeseries for the 20th century and beyond. (2018) doi:http://dx.doi.org/10.16904/envidat.159.
68.	Norinder, U., Rybacka, A. & Andersson, P. L. Conformal prediction to define applicability domain - A case study on predicting ER and AR binding. SAR QSAR Environ. Res. (2016) doi:10.1080/1062936X.2016.1172665.
69.	Metzger, M. J., Bunce, R. G. H., Jongman, R. H. G., Mücher, C. A. & Watkins, J. W. A climatic stratification of the environment of Europe. Glob. Ecol. Biogeogr. 14, 549–563 (2005).



Tables:

	
	AI
	Cli
	Geo
	RE
	AIC
	∆AIC
	Chisq
	Df
	Pr

	Null model
	
	
	
	●
	642591.5
	25404.4
	NA
	NA
	NA

	
	●
	
	
	●
	642509.6
	25322.5
	83.9
	1
	5.32E-20

	
	
	
	●
	●
	642417.9
	25230.8
	95.8
	2
	1.61E-21

	
	●
	
	●
	●
	642348.3
	25161.2
	77.6
	4
	5.66E-16

	
	
	●
	
	●
	624421.0
	7233.9
	17949
	11
	0

	
	●
	●
	
	●
	621819.4
	4632.3
	2639.6
	19
	0

	
	
	●
	●
	●
	618820.9
	1633.9
	3038.4
	20
	0

	Full model
	●
	●
	●
	●
	617187.1
	0.0
	1647.9
	7
	0


Table 1. Models’ validation. Each row represents a single model and each colored column represents the inclusion of each group of predictor variables (red, moisture conditions (AI), blue, seasonal climatic temperature and precipitation variables (Cli), yellow, geographical variables (Geo) and green, random effects (RE)). For each model, Akaike Information Criterion value and difference (AIC, ∆AIC), chi-squared test value and degrees of freedom (Df) of the chi-squared test and p (Chisq, Pr>Chisq)) are shown. 

Figures (captions):
Fig 1. Spatial and climatic range of beech sites. a) Geographical distribution of the 324 study sites (black dots) in the natural distribution range of European beech (green area based on the EUFORGEN map65; see Supplementary Data 2 for details). b) Climatic envelope of European beech sampling sites, considering annual temperature and precipitation. Sites are labelled according to the environmental zones detailed in Metzger et al. (2005)69.
Fig. 2. Spatial patterns of beech growth during the last decades. Mean estimates of BAI (in mm2) from 1955-1985 (a) and 1986-2016 (b), calculated for a theoretical tree derived from a 324-site chronology network.
Fig. 3. Spatial pattern of beech growth changes across Europe expressed in percent BAI change from 1986-2016 relative to the 1955-1985 mean.
Fig. 4. Projected relative change in tree growth under SSP1-2.6 (a, b, c) and SSP5-8.5 (d, e, f) CMIP6 climate projections for different periods: 2020-2050 (a,d), 2040-2070 (b, e) and 2060-2090 (c, f) In this panel, BAI changes were expressed in percentage of change compared to the 1986-2016 period.





