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Abstract
Aim: Climatic changes affect the growth dynamics of temperate trees, but these ef-
fects might differ between co-occurring ring- and diffuse-porous species as well as 
between mesic and xeric rear-edge populations. We explore whether recent climate 
warming has increased the climate sensitivity and within-stand synchrony of growth 
in these groups differently.
Location: The natural beech–oak ecotone in Western Romania at the dry margin of 
beech occurrence.
Taxa: Three ring-porous oak species (Quercus petraea, Q. frainetto and Q. cerris), and 
diffuse-porous European beech (Fagus sylvatica) and silver linden (Tilia tomentosa).
Methods: We correlated tree-ring records with monthly and seasonal climate data 
(period 1940–2017). Regional growth synchrony was assessed through the analysis 
of inter-series correlation of growth within populations and among populations using 
mixed models.
Results: In all five species including two south-east European oak taxa and silver lin-
den, water availability in summer was the most important climatic determinant of ra-
dial growth. This factor has gained in importance since the onset of rapid warming 
after 1980, while the impact of other climate factors in spring and summer has de-
creased. Within-population growth synchrony as a measure of overall climatic stress 
has increased, or remained stable, since 1980 in beech and silver linden, but has de-
creased in the oak species, matching declining growth trends in beech and linden and 
increasing (or stable) trends in the oaks.
Main Conclusions: The patterns of growth synchrony provide valuable information on 
tree species' drought susceptibility in efforts to select suitable tree species for climate 
change-adapted forestry. The climate vulnerability of beech is higher than that of the 
more drought-resistant oak species due to its marked summer-drought sensitivity of 
growth.
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1  |  INTRODUC TION

Widespread occurrence of pre-senescent leaf fall, crown dieback and 
increased tree mortality have hit Central European forests during the 
extreme hot droughts of 2003, 2015 and 2018–2020, when heat, a 
high evaporative demand of the atmosphere and long rainless periods 
harmed especially fast-growing conifers such as Norway spruce, but 
hit also broadleaf trees like European beech (Fagus sylvatica L.) (Allen 
et al., 2015; Schuldt et al., 2020; Senf et al., 2020). It is almost certain 
that sensitive timber species will not maintain their productivity during 
the predicted warming trend until the end of the century and beyond, 
but our capacity to predict physiological stress responses of temperate 
forest trees is limited and knowledge of tree species' drought toler-
ance limits is still poor. The predicted annual temperature increase in 
Central Europe (Lee et al., 2021) is likely to shift the natural distribu-
tion limit of many tree species polewards and upwards to regions with 
cooler temperatures and higher precipitation (Lenoir et al., 2008; Sykes 
et al.,  1996). For example, climate envelope models predict for the 
warmer and drier lowlands and lower montane belts of Central Europe 
a shift from beech-dominated forests to more drought-tolerant, ther-
mophilic forest communities in the course of the 21st century (Fischer 
et al., 2019; Kramer et al., 2010).

The centre of the distribution range of European beech is located 
in central and southern Germany (Figure S1.1 in Appendix S1), where 
the species naturally would cover more than 2/3 of the area and is 
occurring from the lowlands to the montane belt in the mountains 
(Leuschner & Ellenberg, 2017). Toward southern and south-eastern 
Europe, hotter summers and higher climatic aridity are shifting the 
occurrence of beech forests toward higher elevations with cooler 
and moister climates (Czúcz et al., 2011; Fang & Lechowicz, 2006). 
In the mountains of south-eastern and southern Europe, beech for-
ests at montane or lower montane elevation usually give way to 
oak-dominated forest communities at lower elevations, which are 
linked through a beech–oak ecotone with a mixture of these species 
(Horvat et al., 1975; Mayer, 1984). Various thermophilic deciduous 
oak species replace beech at its hot and dry distribution limit, in 
south-eastern Europe mainly Quercus cerris Liebl., Q. frainetto Ten., 
Q. pubescens L., and various taxa in the species aggregate of Q. pe-
traea (Matt.) L. (Figure S1.1 in Appendix S1). They are accompanied 
by other broadleaf species with assumed higher drought tolerance 
such as Carpinus betulus L. and C. orientalis L., Tilia cordata L. and  
T. tomentosa Moench., and Acer tataricum L. At its south-eastern 
and southern distribution limit, beech often only persists in small 
refugia as in deep valleys or on north-exposed slopes with more 
humid local climate (Coldea et al.,  2015; Hohnwald et al.,  2020; 
Indreica et al., 2017). These rear-edge populations are well suited 
for analysing the adaptive capacity and growth response to climatic 
changes of beech in comparison to other more drought-tolerant 
species.

Beech is known to be more drought-sensitive than many co-
occurring broadleaf tree species in Central Europe and it suffers from 
increasing climatic aridity in the course of climate warming especially 
at the species' drought- and heat-induced range limits (Brinkmann 

et al.,  2016; Leuschner,  2020; Zang et al.,  2014). This is visible in 
vitality losses at lower elevations, while vitality often increases 
at higher elevations (Dulamsuren et al.,  2017; Kasper et al.,  2022; 
Serra-Maluquer et al.,  2019), and the distribution range may shift 
gradually in northern and upward direction (Peñuelas et al., 2008). 
Yet, some studies detected no differences in climate sensitivity of 
growth between dry marginal and more humid beech populations, 
which may highlight the species' potential for drought adapta-
tion in dry-marginal populations (Hacket-Pain et al.,  2016; Muffler 
et al., 2020; Tegel et al., 2014).

Dendrochronological and physiological evidence demonstrates 
that European temperate and submediterranean deciduous oak spe-
cies are more drought-resistant than beech (Friedrichs et al.,  2009; 
Härdtle et al., 2013; Kasper et al., 2022; Scharnweber et al., 2011) and 
several other broadleaf species such as linden and hornbeam (Fuchs 
et al., 2021; Köcher et al., 2009; Leuschner, 2020; Zang et al., 2014; 
Zimmermann et al., 2015). However, most comparative studies cover 
considerable differences in site conditions, but neglect potential 
shifts in climate sensitivity over time, in particular possible sensitivity 
changes after the onset of the rapid warming since the 1980s.

As a consequence of deteriorating climatic growing conditions, 
trees may show increasingly synchronous radial growth responses 
to environmental stress (Shestakova et al.,  2016, 2018; Tejedor 
et al., 2020). Synchrony here stands for a common temporal variation 
in a trait among the individuals of a population, or among different spe-
cies in an ecosystem, which may have implications for ecosystem func-
tioning and stability (Schurman et al., 2019; Shestakova et al., 2016). 
To quantify the common stress response, we follow the approach of 
Tejedor et al. (2020) and use the so-called rbar statistic, which is per 
definition “the common inter-annual variability in tree growth within 
a defined group”, to characterize tree growth synchrony (del Río 
et al., 2021). Growth synchrony can be assessed spatially by depicting 
regional to global similarities in growth variation, or temporarily by ana-
lysing the response to environmental changes over time. Furthermore, 
growth synchrony can be investigated at different taxonomical levels, 
that is, within populations of the same species or between species 
(Tejedor et al.,  2020). In climate change research, high growth syn-
chrony across populations or across species has been interpreted as 
an indicator of higher drought susceptibility, whereas lower synchrony 
was assessed as an indication of higher response diversity (Anderegg 
& HilleRisLambers, 2019; Camarero et al., 2015; Pretzsch et al., 2020; 
Shestakova et al., 2016). A number of studies have reported climate 
warming-related increases in growth synchrony during the last cen-
tury, suggesting a causal link to climate change (del Río et al., 2021; 
Muffler et al., 2020; Shestakova et al., 2016).

In this study, we investigate the climate sensitivity of radial growth 
and within-population growth synchrony in five co-existing temperate 
broadleaf tree species, European beech (F. sylvatica), hereafter referred 
to as beech, silver linden (T. tomentosa; hereafter linden), and three cen-
tral to south-east European deciduous oak species (Q. petraea, Q. cerris 
and Q. frainetto) in western Romania. In this region, the climate condi-
tions are similar to the predicted conditions in the centre of the beech 
distribution range at the end of the century (Hohnwald et al.,  2020; 
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Kasper et al., 2021). For establishing replicates at the landscape scale, 
we studied three transects across different forest communities with 
sufficient comparability in terms of thermal and hygric conditions, 
exposition, bedrock type, tree species composition and management 
history (Kasper et al., 2021, 2022; Öder et al., 2021). We analyse cor-
relations between tree growth and climatic factors in the time interval 
1940–2016 and split it into the two periods before the pronounced 
recent temperature increase from ca. 1980 onwards and thereafter. We 
compare the ring-porous oak species with diffuse-porous beech and 
silver linden, and further contrast the growth responses of mesic beech 
stands in a more subhumid climate with xeric beech stands, that is rear-
edge populations surviving in local humid refugia beyond the drought 
and heat limit of beech. By selecting western Romania with an about 
2.5 K higher annual mean temperature than in central Germany today, 
this study offers insights into potential responses of beech forests in 
the species' distribution centre under the Representative Concentration 
Pathway (RCP) warming scenarios 2.6–8.5 (Lee et al., 2021), which pre-
dict by 1.0–3.7°C warmer climates at the end of the century (Figure 
S1.2 in Appendix S1).

The following questions guided our research: (1) How do beech, sil-
ver linden and the three oak species differ in their climate sensitivity of 
growth? (2) Did the climate sensitivity of the five species change from 
the mid-20th century to the period with pronounced warming since 
the 1980s? (3) Do the five species differ in their within-population 
growth synchrony and how did the recent warming affect synchrony? 
(4) Do mesic and xeric (rear-edge) beech populations differ in their 
climate sensitivity and synchrony of the stress response?

2  |  MATERIAL S AND METHODS

2.1  |  Study region, physiography and transect 
selection

The study was conducted in western Romania on the foothills of 
the south-western Carpathians (Figure 1a). The climate is temper-
ate sub-continental with warm summers and relatively cold win-
ters and is considered as an analogue for the projected climate in 
the current centre of the distribution range of European beech in 
Central Germany around the 2080s. The current climate in the 
study region thus matches the projected climate in Germany to-
ward the end of the 21st century, as demonstrated by plotting the 
current and future climates of European regions in an ordination 
space defined by winter cold, summer warmth and growing sea-
son precipitation (Figure S1.2 in Appendix S1, following Kölling & 
Zimmermann,  2014). Pronounced warming took place at all sites 
since about 1980, while mean summer precipitation (MSP) has 
fluctuated in the past decades without a clear trend (Figure S1.3 in 
Appendix S1). The climatic water balance in summer (precipitation – 
potential evapotranspiration) has decreased markedly since about 
1980 at all sites (Figure S1.4 in Appendix S1; Kasper et al., 2022). 
Three elevation gradients in downhill direction from submontane/
montane to colline elevation were established (Transects A, B and 
C, Figure 1b, Kasper et al., 2022), which sequentially cover humid 
beech-dominated forests at >500 m a.s.l., the humid-subhumid ec-
otone of mixed beech–hornbeam–oak forests at 350–600 m a.s.l., 

F I G U R E  1  (a) Location of the study transects in the western Romanian Carpathians. (b) Summer climate conditions (June–August CHELSA 
gridded climate data, Karger et al., 2017, average of 1940–2016) in the study transects in comparison to the centre of beech distribution in 
Germany. Climate data were extracted for the mean locations of F. sylvatica forests in the mesic beech zone (elevation >550 m), “rear-edge” 
stands of F. sylvatica in the low-elevation xeric beech zone (elevation <400 m), Q. petraea and T. tomentosa in the ecotones (600 m > elevation 
>350 m) and Q. cerris and Q. frainetto in the thermophilic oak zone (elevation <350 m). Local maps are in Mercator projection, the map inset 
of Europe in azimuthal equal-area projection centred on the North Pole (South, 2011).

(a) (b)
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and finally the basal subhumid thermophilic oak-dominated for-
ests at <350 m a.s.l., predominantly on south-west- to south-east-
facing slopes (Hohnwald et al., 2020; Indreica et al., 2017; Kasper 
et al., 2021).

The dominant soils on base-poor bedrock are acidic but eu-
tric Cambisols in all studied forests. The soil is covered at many 
places by an up to 100 cm thick loess layer (Kasper et al., 2021). All 
selected stands had roughly similar stem densities and thus com-
parable competition intensities, were of mature age (>60 years 
old), 21–33  m in height and had a closed canopy (Table S1.2 in 
Appendix  S1 and Kasper et al.,  2022). While subjected to occa-
sional wood-cutting and low-intensity coppicing in the years 
before 1960, the forests were afterwards transferred to state-
ownership. Previously coppiced stands were allowed to grow into 
high forests (Öder et al.,  2021), and stands were lightly thinned 
(5%–15% of stand volume) from the pole-wood stage onwards 
until three quarters of the time till harvest had passed (Ashton 
& Kelty, 2018). Irregular salvage and sanitary loggings have been 
conducted at low intensity (removal of <5% of stand volume). No 
major harvest operations have occurred in the stands in the last 
20 years (Öder et al., 2021).

All three transects were established on predominantly south-
west- to south-east-facing slopes. F. sylvatica contributed with at 
least 85% to total stem numbers in the beech forests, while the 
thermophilic oak forests were dominated by the three oak species  
Q. petraea, Q. cerris, and Q. frainetto, which contributed >85% of 
the stem numbers (Table S1.2 in Appendix S1). The remaining stems 
were contributed by accompanying species such as Tilia tomentosa, 
Carpinus betulus, and Acer campestre L. In the ecotone, subhumid 
mixed beech-oak and hornbeam forests were present, with the oak 
species and beech each contributing with about 30% to total basal 
area (except for transect B) and the remaining stems mostly belong-
ing to T. tomentosa and Carpinus species (Kasper et al., 2021, 2022).

2.2  |  Species selection and wood core sampling

Five focal species were selected. F. sylvatica as the dominant species 
of the humid beech forests (mesic beech), Q. petraea, Q. frainetto and 
Q. cerris as dominants of the thermophilic submediterranean, xeric oak 
forests (oak), and again Q. petraea with T. tomentosa as co-occurring 
species in the subhumid mixed beech-oak-hornbeam forests that form 
the beech–oak ecotone (Figure 1b and Table S1.2 in Appendix S1). In 
addition, north-facing F. sylvatica stands were sampled in extra-zonal 
beech forests at colline elevation (<400 m a.s.l.; xeric beech) in close 
proximity to the basal thermophilic oak forest belt.

The wood core sampling in summer 2018 and 2019 resulted in 92 
to 153 cores per tree species or forest type (beech mesic vs. xeric). 
We sampled in most cases dominant individuals of the upper can-
opy layer with DBH > 40 cm (Table S1.2 in Appendix S1). The sample 
trees lacked signs of pre-senescent leaf abscission, canopy dieback, 
or other damage. Tree cores were extracted at breast height (1.3 m) 
with an increment borer (Haglöf) in the direction of least tension 

wood, that is, perpendicular to any potential tilting direction. Cores 
with rotten segments were excluded from further analysis. As tree 
cores were sampled after the beginning of the growing season, the 
last incomplete annual ring was omitted in the analysis; hence, tree-
ring series collectively ended in 2017. For assessing individual tree 
competition intensity, the Hegyi competition index (CI) was calcu-
lated (Hegyi, 1974) and tree age was approximated by counting the 
number of tree rings.

2.3  |  Tree-ring data and climate sensitivity analysis

We cross-dated all tree-ring series (TRW, tree-ring width in mm) by re-
lying on the coefficient of agreement (“Gleichläufigkeit” GLK; Eckstein 
& Bauch, 1969), the cross-dating index (CDI; Dobbertin & Grissino-
Mayer,  2004) and Student's t-value (TVBP; Baillie & Pilcher,  1973). 
All ring series contributing to the chronologies had a GLK > 65%, a 
CDI >2.0, and a TVBP >3.0 (Table S1.2 in Appendix S1). To obtain the 
detrended dimensionless ring width index (RWI), the individual TRW 
series were divided by the derived 30-year moving-average spline 
with frequency cut-off at 50%, with the first-order autoregression 
removed subsequently (pre-whitening). Master chronologies were 
calculated for each site and population as the mean value sample 
(Tukey's bi-weight robust mean) of individual tree-ring series (RWI) 
(Figure S1.5 in Appendix  S1). As a quality indicator for these chro-
nologies, we considered an expressed population signal (EPS) >0.85, 
which is an indicator of high growth coherence among neighbouring 
trees (Wigley et al., 1984). Sample sizes were considered sufficient for 
the period 1940–2017 (except for T. tomentosa in transect B: 1950–
2017) for analysing climate sensitivity and growth synchrony.

Monthly and seasonal (winter: previous December–current 
February; spring: March–May; summer: June–August; autumn: 
September–November) temperature and precipitation time series of 
the period 1940–2016 for the studied forest stands were computed 
from high-resolution gridded climate data (30 arcsec, ~1  km2) that 
were downloaded from the CHELSA (CHELSAcruts) climate database 
(Karger et al., 2017). To investigate the effect of droughts, we calcu-
lated the Standardized Precipitation-Evapotranspiration Index (SPEI) 
(Vicente-Serrano et al., 2010) for 3-month time intervals at monthly 
and seasonal scales. Climate data were compiled for each individual 
tree before being averaged to population or transect means.

The effect of climate variables on annual radial increment (cli-
mate sensitivity) was assessed by correlating RWI chronologies 
with mean monthly temperature, the monthly precipitation sums, 
and drought exposure (3-month SPEI value), spanning the mete-
orological conditions from previous year's June to current year's 
September. This was done for the common observation period 
(1940–2016) and separately for the periods before (1940–1979; 
earlier period) and after the onset of the recent warming trend 
(1980–2016; later period) (Figure S1.3 in Appendix  S1). We as-
sessed the statistical significance at p ≤ 0.05 in all analyses using 
a 1000-fold bootstrapping procedure in the R-package ‘treeclim’ 
v2.0.5.1 (Zang & Biondi, 2015).
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2.4  |  Growth synchrony

Synchronous inter-annual variability in tree-ring series is usually es-
timated through the mean inter-series correlation (rbar; 0: no syn-
chrony to 1: totally synchronized growth dynamics) value, which is 
the average Pearson correlation among all tree-ring series within a 
given chronology (Wigley et al., 1984). We calculated running syn-
chrony values (rbar) in a 20-year moving window using the R package 
‘dplR’ v1.7.1 (Bunn, 2008). Significance of trends during the observa-
tion period was assessed using the Mann–Kendall trend test.

When computing synchrony values among different popula-
tions of a species, the associated random error structure, which 
may change over time, must be carefully selected. We followed the  
approach of Shestakova et al.  (2016, 2018), using a mixed model  
approach (‘DendroSync’ v0.1.3 R package; Alday et al., 2018) to analyse 
spatial patterns of radial growth (RWI) synchrony in tree-ring net-
works at species level (and for beech mesic vs. xeric). First, mixed 
models allowing for different variance–covariance (VCOV) struc-
tures among grouping variables (homoscedastic vs. heteroscedastic 
versions) were estimated to select the best VCOV structure based 
on Akaike's Information Criterion (AIC) and Bayesian Information 
Criterion (BIC) (Burnham & Anderson, 2004). Species synchronici-
ties were then estimated from the VCOV models, where synchrony 
values again range from 0 (no regional synchronization across pop-
ulations) to 1 (total regional synchronization) (Alday et al.,  2018; 
Shestakova et al.,  2018). We also calculated moving averages in a 
30-year window with individual fitting of the best VCOV model in 
lag periods of 5 years (del Río et al., 2021; Shestakova et al., 2016), 
where for each 5-year period the best VCOV model was selected 
following the above-mentioned criteria.

Means (±SD) are presented throughout the paper and differ-
ences between means depicted in the graphs and tables were tested 
for statistical significance with a Wilcoxon Rank test and with a t-
test in case of pairwise comparisons. All statistical procedures were 
performed in R v4.0.3 (R Core Team, 2020).

3  |  RESULTS

3.1  |  Climate sensitivity

Radial growth was limited by high summer temperatures in most spe-
cies and transects (and additionally by high spring temperatures in 
transect A), while we found no hints on low-temperature limitation in 
winter and autumn (Figure 2; similar patterns are visible in Figure S1.6 
in Appendix  S1 which were derived from correlations with monthly 
climate data). Interestingly, negative temperature-growth correlations 
were generally weaker in the driest transect C (Figure  2). High sum-
mer precipitation enhances growth in all stands (except for Q. petraea 
in transect A and Q. frainetto in transect C), while spring precipitation 
was only sporadically influential (Q. frainetto (A and B), Q. cerris (A), T. 
tomentosa (A and B), and F. sylvatica xeric (A)), and winter and autumn 
precipitation variability had no effect (Figure 2). Previous year's summer 

precipitation seemed to be less important for the three oak species than 
for F. sylvatica and T. tomentosa, especially in the driest transect C (Figure 
S1.6 in Appendix S1). Local variability in summer water availability (SPEI 
3-months aggregation period) was the most limiting climate factor for 
stem growth in all species and all transects (except for Q. petraea in tran-
sect A), while spring SPEI was influential only in Q. cerris (transect A) and 
Q. frainetto (transects A and B), and autumn SPEI was only influential in 
F. sylvatica (transect B), Q. cerris (transect C) and Q. frainetto (transect 
B) (Figure 2). Previous year's SPEI of the summer months was not in-
fluential in Q. petraea, while it influenced Q. cerris and Q. frainetto and, 
in particular, F. sylvatica and T. tomentosa (Figure S1.6 in Appendix S1).

After the onset of recent warming at around 1980, most species 
(except for Q. frainetto in transects A and B) showed a weakening of 
the summer high-temperature signal (Figure  3). All species became 
more sensitive to higher summer precipitation with notable excep-
tions in the driest transect C, where the influence of summer precipi-
tation declined in Q. cerris, Q. frainetto, and the xeric F. sylvatica stands 
(Figure 3; Figure S1.7 in Appendix S1). There was no consistent decline 
or increase of the summer SPEI signal across species and transects, 
whereas the influence of climate conditions in spring declined espe-
cially in beech and linden (Figure 3). Differences also existed between 
transects, with an overall increase of the influence of summer precip-
itation toward the later period in the moister transects A and B, but 
no consistent change over time in the driest transect C, and a reduced 
negative influence of summer temperature in the driest transect C, but 
less so in the moister transects A and B (Figure S1.7).

3.2  |  Within-population growth synchrony

Growth synchrony (rbar) among the trees of a stand was in most spe-
cies lowest in the moistest transect B. Overall, highest synchrony was 
recorded for Q. cerris and Q. petraea in the moderately moist transect 
A, while lowest rbar values were found for Q. petraea in the moistest 
transect B (Figure 4a). Compared to the other species, F. sylvatica was 
characterized by medium rbar values at both the mesic and xeric sites. 
The five species also differed in their synchrony change from the ear-
lier to the later period (Figure 4b). Synchrony of F. sylvatica increased in 
transect A (mesic and xeric) and C (xeric) and declined for T. tomentosa 
in transect B (Figure 4b). All three oak species showed large declines 
in growth synchrony toward the later period in transects A and C; the 
synchrony of Q. cerris declined also in transect B (Figure 4b).

Within-stand synchrony (rbar) significantly increased for F. sylvat-
ica in all transects (except transect B for xeric beech) and for T. tomen-
tosa in transect A and C in the long term, which was linearly related to 
long-term increases in mean summer temperature (Figure 5). In both 
species, synchrony dropped temporarily in the 1970s, which coin-
cided with temporarily high summer precipitation. When precipitation 
decreased again in the early 1980s (Figure S1.3), synchrony contin-
uously increased (Figure 5). Both Q. frainetto and Q. petraea showed 
a significant synchrony decline in the drier transects A and C, and an 
increase in the moistest transect B. For Q. cerris, a significant decrease 
of growth synchrony was only observed in transect A (Figure  5). In 
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contrast to beech and silver linden, the synchrony within the oak pop-
ulations of the two driest transects (A and C) was inversely related to 
mean summer temperature during the last decades (Figure 5).

3.3  |  Between-species growth synchrony and 
temporal trends

The best variance–covariance (VCOV) models for assessing growth syn-
chrony among the five species were homoscedastic unstructured mod-
els (mUN) that allowed for heterogeneous variances and co-variances. 
The obtained results were similar for RWI data with and without pre-
whitening (Table S1.4 in Appendix  S1), showing lower growth syn-
chronicities in the Quercus species as compared to F. sylvatica (mesic 
and xeric) and T. tomentosa (Figure S1.8 in Appendix S1). Split into two 
periods (before and after the temperature increase), the results of the 
best VCOV models (Table S1.4 in Appendix S1) show a synchrony in-
crease for F. sylvatica (mesic and xeric) and T. tomentosa in comparison 
to decreases in the Quercus species (Figure S1.8c in Appendix S1), again 
with similar results for non-pre-whitened RWI data (Figure S1.9a in 
Appendix S1). The best VCOV models for assessing temporal synchrony 

trends for pre-whitened RWI data until 1975 were broad evaluation 
models (mBE), suggesting homogenous growth responses among the 
species (Figure 6b; Table S1.5 in Appendix S1). After 1975, homosce-
dastic unstructured models (mUN) showed the best fit, with bifurca-
tions in synchrony patterns for each species. Following the VCOV 
models, synchrony then increases for F. sylvatica (mesic and xeric) and 
T. tomentosa, whereas it remains stable or decreases for the Quercus 
species (Figure 6b) with again similar results for non-pre-whitened RWI 
values (Figure S1.9b and Table S1.5 in Appendix S1).

4  |  DISCUSSION

4.1  |  Climatic drivers of radial growth in the five 
species

In agreement with our results from the beech–oak ecotone in 
Romania, low summer water availability and high summer tem-
peratures have been identified as limiting factors for temperate 
Central and Southern European beech and oak forests in numer-
ous other studies (Bose et al.,  2021; Bosela et al.,  2018; Fuchs 

F I G U R E  2  Climate–growth relationships (Pearson's r on the y-axis) for the correlation of tree-ring index chronologies with winter (Wt: 
Previous December–February), spring (Sp: March–May), summer (Sm: Jun–Aug) and autumn (At: September–November) averages/sums of 
climate variables (Tave – Average temperature, PPT – Precipitation sum, SPEI – Average Standardized Precipitation–Evapotranspiration 
Index) for the period 1940–2016 at the study transects A–C in the western Romanian Carpathians. Significant correlations are shown 
through solid whiskers for the 2.5% and 97.5% empirical 1000-fold bootstrapped confidence interval.
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F I G U R E  3  Shift of climate–growth correlations (Pearson's r on the y-axis) with spring (March–May) and summer (June–August) averages 
(temperature and SPEI) or sums (precipitation) of climate variables between the earlier observation period (1940–1979) and the recent 
climate warming (later) period (1980–2016). Significant correlations are shown through solid whiskers for the 2.5% and 97.5% empirical 
1000-fold bootstrapped confidence interval. Species are abbreviated as: FM, F. sylvatica (mesic); FX, F. sylvatica (xeric); QC, Q. cerris; QF, 
Q. frainetto; QP, Q. petraea; TT, T. tomentosa at the study transects A–C in the western Romanian Carpathians. SPEI is the Standardized 
Precipitation–Evapotranspiration Index.
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F I G U R E  4  (a) Growth synchrony (“rbar”: The mean correlation between all tree-ring index series in a chronology) for the five species 
(and two site types for beech) for the period 1940–2017 in the three transects in the western Romanian Carpathians. For each transect, 
significant differences between the species (and two site types for beech) are marked with different lowercase letters (transect A), 
uppercase letters (transect B), and Greek letters (transect C). (b) Growth synchrony (rbar) of the five species in the three transects in the 
earlier observation period before the onset of warming (1940–1979, light blue) and in the later period (1980–2017, red) during warming. 
Significant changes between the two periods are marked with different lowercase letters. Species are abbreviated as: FM, F. sylvatica (mesic); 
FX, F. sylvatica (xeric); QC, Q. cerris; QF, Q. frainetto; QP, Q. petraea; TT, T. tomentosa. Whiskers extend over the 5–95% confidence intervals.
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et al., 2021; Hacket-Pain et al., 2016). The key role for atmospheric 
and/or edaphic water limitation is further underpinned by the ob-
servation that the growth rates of all five species were generally 
lower in transect C with highest stress exposure than in the other 
transects and the generally more productive beech and linden suf-
fered greater growth reductions than the oak species during the 
extreme dry years 2000, 2003 and 2012 (Kasper et al., 2022). In 
our study, the strong influence of local variability of the climatic 
water balance (SPEI) suggests that primarily atmospheric vapour 
pressure deficit (for which long-term stand-level data are miss-
ing), together with soil water availability during summer is con-
trolling growth instead of temperature and precipitation alone 
(Fuchs et al., 2021; Kasper et al., 2022; Scharnweber et al., 2011). 
Physiological mechanisms leading to reduced stem growth dur-
ing dry summers may include lowered carbon gain due to partial 
stomatal closure and turgor loss in stem cambial cells caused by 

a reduction in the tree's hydraulic capacity (Bréda et al.,  2006; 
Müller-Haubold et al., 2013; Salomón et al., 2022). Other factors 
leading to reduced stem growth could be enhanced C investment 
in the fine root system to compensate for increased root mortal-
ity during drought, as well as the formation of thicker pit mem-
branes and a reduction of xylem conduit cross-sectional area to 
enhance hydraulic safety at the cost of hydraulic efficiency (Fonti 
et al., 2013; Fuchs et al., 2020; Hertel & Leuschner, 2002). Thus, 
smaller annual growth rings to increase hydraulic safety might 
alternatively be interpreted as an acclimation to drought rather 
than a response to drought-impairment of the tree's carbon and 
water relations (Bréda et al.,  2006; Gessler et al.,  2020; Lloret 
et al., 2011). Physiological measurements on hydraulic safety mar-
gins and the C and water balance of the trees would be needed to 
separate between active (adaptive) and passive (drought impair-
ment) responses to water deficits.

F I G U R E  5  Change in growth synchrony (“rbar”: The mean correlation between all tree-ring index series in a chronology) in the five 
species (and two site types for beech) in the three transects in the western Romanian Carpathians from 1940 to 2017 (in case of T. tomentosa 
in transect B: 1950–2017). Pooled over the three transects (A–C) per species on the second y-axis is the mean summer (June–August) 
temperature (raw data: Fine grey line and trends: Depicted through spline smoothing as thick grey line). Linear regression models predicting 
rbar depending on the calendar year were computed for every transect and species (and two site types for beech) and are depicted as solid 
lines, if a significant temporal trend was detected in a Mann-Kendall trend test. For detailed results of the Mann-Kendall trend tests see 
Table S1.3 in Appendix S1.
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The ring-porous oaks complete most of their radial growth 
during a short period during or after leaf-out, when large vessels 
are formed that allow high photosynthetic rates, while stored 
carbohydrates seem to play a smaller role than in diffuse-porous 
beech and linden (Di Filippo et al.,  2007; Fuchs et al.,  2021; 
Lebourgeois et al.,  2005; Müller-Haubold et al.,  2013). In accor-
dance, our data show not only a minor influence of previous year's 
weather on the growth of oaks (all three species in transect C, 
and Q. petraea in all transects) but also support the evidence of 
a generally lower climate susceptibility of oak growth (Friedrichs 
et al., 2009; Mérian et al., 2011; Scharnweber et al., 2011). This is 
visible both in a higher drought resistance of oak radial growth to 
individual drought events and in a higher resilience to recover to 
pre-drought growth levels in comparison to beech and linden, as 
detected earlier in our stands (Kasper et al., 2022). Furthermore, 
Q. petraea seems to maintain a smaller fine root system than 
the other species and its fine roots apparently are less drought-
sensitive (Fuchs et al., 2020; Hertel & Leuschner, 2002). Temporal 
shifts in the carbohydrate allocation to the root system might 
therefore be less important for Q. petraea than for the studied 
diffuse-porous species.

Drought stress in spring has been identified as the main cli-
matic factor constraining the radial growth of temperate oaks due 
to their early onset of wood formation during bud burst in contrast 

to the diffuse-porous species, which have a later onset of growth 
(Barbaroux & Bréda,  2002; Bose et al.,  2021; Fuchs et al.,  2021). 
In our study region with hot and dry summers, however, summer 
drought was in most cases at least equally, or even more, important 
for oak radial growth than spring water availability, suggesting that 
this picture may need adjustment in continental climates.

4.2  |  Temporal changes in climate sensitivity

Our results demonstrate a marked decadal shift in the climate sensi-
tivity of growth, confirming non-stationarity of climate responses as 
discussed by Wilmking et al. (2020). This bases on the observation 
of D'Arrigo et al. (2008) that high-latitude forests lose track of their 
temperature signal, because climate factors other than low tem-
peratures have recently become more growth-limiting. In our study 
in the southeast European beech–oak ecotone, non-stationarity 
in climate-growth relationships was detected, although summer 
heat and drought, and not low temperatures, are the main growth-
limiting climatic factors. Surprisingly, the summer heat limitation of 
tree growth weakened in the observation period in this region espe-
cially in beech and linden, despite a rising evaporative demand of the 
atmosphere with climate warming, in a similar manner as has been 
observed in some Central and Western European forests during the 
last decades (Fuchs et al., 2021; Mérian et al., 2011). Instead, sum-
mer water deficit and summer precipitation became more important 
growth-controlling factors over time especially in the diffuse-porous 
species, as has been observed in other studies on beech and also oak 
species at their dry limits (Bosela et al., 2018; Friedrichs et al., 2009; 
Roibu et al., 2020). Probably as a consequence of increasing limita-
tion by summer water deficits, the influence of spring weather on 
growth has decreased. It appears that non-stationarity is greater in 
beech and linden than in the oaks, and higher sensitivity to summer 
water availability has partly replaced sensitivity to summer heat in 
the diffuse-porous species.

While tree age is known to affect climate-growth relationships, 
climate sensitivity of growth should rather stabilize when trees reach 
maturity (Carrer & Urbinati,  2004; Konter et al.,  2016). Tree size 
may also affect climate sensitivity (Trouillier et al.,  2019), as trees 
often become more sensitive to xylem embolism when growing tall 
(Olson et al., 2018; Ryan et al., 2006). Changes in dominance (Mérian 
& Lebourgeois,  2011) or competition intensity in the stand over 
time might also change climate sensitivity (Piutti & Cescatti, 1997; 
Rozas, 2001). Although we took great care to extract all cores from 
dominant, vital trees of the top canopy layer (Kraft classes 1 or 2) 
that were exposed to similar Hegyi-competition intensities across 
the study plots (except for one mesic beech stand in transect C), we 
naturally cannot precisely conclude on the competitive pressure the 
sample trees were exposed to in the past.

Surprisingly, the driest transect C showed the largest share (3 of 
5) of species with recently declining precipitation signal in the tree-
ring series. A plausible explanation is acclimation of the local tree 

F I G U R E  6  Temporal trends of synchrony estimates (“âc” 
ranging from 0 (no regional synchronization) to 1 (total regional 
synchronization) calculated with a mixed model approach, Alday 
et al., 2018) for the five species (and two site types of F. sylvatica) 
in the western Romanian Carpathians for pre-whitened ring-width 
index (RWI) chronologies calculated with the best-fit variance–
covariance model for 30 year-wide moving intervals by 5-year steps 
over the period 1940–2017. The x-axis shows the central year of 
the moving time interval. Shadows are 1 standard error (SE).
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populations during the last decades to increasing water deficits in 
an already drought-limited environment (Bréda et al., 2006; Gessler 
et al., 2020; Lloret et al., 2011; Muffler et al., 2020). Possible mech-
anisms are increasingly deeper root penetration and increases in 
hydraulic safety through the production of smaller xylem conduits.

4.3  |  Climate warming effects on 
growth synchrony

In temperate and boreal forests, increased climate variability or 
shifts in the climate sensitivity of growth have been found to be 
linked to increasing synchronization of tree growth patterns, sug-
gesting the amplification of common climatic stressors for tree 
growth (del Río et al.,  2021; Muffler et al.,  2020; Shestakova 
et al., 2016). This happens when climatic conditions become more 
stressful, local factors such as competition intensity and small-scale 
edaphic conditions become less influential on tree growth, and the 
common ring width variance due to the effect of macroclimatic 
drivers increases (Shestakova et al., 2016; Tejedor et al., 2020). It is 
highly likely that the recent temporal increase in growth synchrony 
of more drought-sensitive beech and linden is attributable to the 
species' higher vulnerability to summer water deficits, as evidenced 
by both their recent simultaneous increase in precipitation sensi-
tivity and growth synchrony in contrast to the oak species in our 
study area. Moreover, the more pronounced growth reductions in 
extreme drought years of beech and linden as compared to the oak 
species, as found in Kasper et al. (2022), is another strong hint of the 
former species' greater vulnerability. Shifting phenological patterns 
due to climate warming likely do not explain this recent synchrony 
divergence, as experimental warming of beech and oak saplings led 
to similar phenological responses in both genera (Fu et al.,  2014; 
Zohner et al.,  2019). The most plausible explanation is a better 
drought adaptation of the oaks. In support of this conclusion, we 
observed generally positive growth trends in the three oak species, 
but declining trends (notably in the transects A and C) in beech and 
linden since the 1980s (Kasper et al., 2022).

It is reasonable to expect that growth coherence in the more 
drought-sensitive tree species beech and linden will further increase 
with increasing climate variability and drought stress in the future. 
Since our Romanian study area was chosen as a climate analogue 
site for the projected climate change during this century in the dis-
tribution centre of beech (which is located in Germany), our findings 
of recently increasing growth synchrony together with the evidence 
of lower drought resilience (Kasper et al., 2022) suggest that central 
beech populations will suffer in the next decades more from increas-
ing climate stress than the ring-porous oak species. Certainly, the 
genetic constitution differs between central beech populations in 
Germany and Romanian dry-marginal populations (Magri et al., 2006), 
which complicates extrapolating from Romania to Germany. In any 
case, central beech provenances were found to be less drought-
adapted than dry-marginal populations (Thiel et al., 2014), suggest-
ing that the results from Romania should underestimate rather than 

exaggerate the expected growth response to future climate change 
in German beech forests.

Our results further suggest that the analysis of growth syn-
chrony may represent a better measure for comparing the climate 
sensitivity of tree species than the more conventional analysis of 
climate-growth relationships, since the former may capture the joint 
influence of various climatic stressors on tree growth dynamics bet-
ter. In fact, climate sensitivity analysis might fail to capture climate 
change-related stressors due to the ‘divergence problem’ (D'Arrigo 
et al.,  2008) of shifting importance between different growth-
influencing climate factors.

5  |  CONCLUSIONS

From the start of rapid warming since the 1980s onwards, growth 
synchrony in the western Romanian beech–oak ecotone has in-
creased in beech and, to a lesser extent, in silver linden, while 
marked decreases were observed in the three oak species. This can 
be interpreted as a sign of recently increasing climatic limitation of 
beech and linden vitality in contrast to the less affected oak species. 
We conclude that the analysis of climate change impacts on temper-
ate forest growth, which often alter climate–growth relationships, 
may profit from the interpretation of growth synchrony patterns, 
as these patterns should provide an integrative picture of long-term 
change in the climate sensitivity of tree growth. Our results further 
suggest that water deficits in summer are a main determinant of the 
observed changes in synchrony, as water limitation was identified 
as key determinant of radial growth rates. Our results of climate 
warming-induced impairment of tree growth in the natural beech–
oak ecotone of South-eastern Europe may support predictive model-
ling of the fate of Central European forests under advancing climate 
warming. Various lines of evidence suggest that productive but vul-
nerable species such as beech will face increasing risks of climate 
warming-induced vitality loss and possible future dieback also in 
some regions in the range centre, while the more drought-resistant 
oak species will be advantaged, if drought happens in summer and 
not in spring. To increase climate change resilience of forests, it may 
be wise to favour more stress-tolerant over high-yield timber species 
in vulnerable regions. The three studied oak species, which produce 
highly valued timber, would be a promising option for the transition 
to climate change-adapted forests.
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