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to capture and allocate resources efficiently. Extrinsic fac-
tors encompass large-scale environmental factors such as 
climate and landscape characteristics and small scale fac-
tors such as soil nutrients and water availability for growth, 
development, and competition (Robertson 1992; Cienciala 
et al. 2016; Chakraborty et al. 2017; Bayat et al. 2021). 
Additionally, disturbances such as fire, wind, or insect 
outbreaks can have both negative and positive impacts on 
tree growth (Splechtna et al. 2005; Szewczyk et al. 2011). 
Understanding the complex interplay between abiotic and 
biotic factors and their impact on the structure and resilience 
of forest communities across space and time is a major goal 
of ecological research.

Climate factors, including temperature and precipitation, 
have profound effects on tree growth, altering the dynamics 
and productivity of individual trees and stands in forest eco-
systems (Fei et al. 2017). Although the relationship between 
climate and tree growth is often non-stationary (Wilmking 

Introduction

Tree growth is a complex dynamic process influenced by 
multiple interacting factors (intrinsic and extrinsic) acting 
at different spatial and temporal scales. Intrinsic factors 
include genetic traits (Wang et al. 2022), species characteris-
tics (Pretzsch 2021) and physiological processes (Avanzi et 
al. 2019) determining the tree’s growth potential and ability 
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Abstract
Tree growth is a multifaceted process influenced by various factors at different spatial and temporal scales, including 
intrinsic tree traits and environmental conditions. Climate factors have a significant impact on tree growth dynamics, 
while geological controls can also play a crucial role. However, our understanding of the interplay between these factors 
concerning tree growth is currently limited. This study focuses on Norway spruce (Picea abies [L.] Karst.), one of the 
economically most important coniferous tree species in Europe, to investigate the interplay of growth, climate, and envi-
ronment at the forest and corresponding treeline sites in the High Tatra Mountains of Slovakia. Specifically, we developed 
chronologies of tree-ring width (TRW) and late-wood density (MXD) for different tree size classes across two limestone 
and granitic sites. Growth rates of Norway spruce trees have been increasing in forests since the 1930s and from the 
1950s at treelines. Growth rates were consistently higher on limestone bedrock compared to granitic bedrock conditions. 
Variability of radial growth is primarily driven by climate at both geological settings with trees on granitic bedrock dis-
playing more pronounced responses to climatic variables. We observed weakening (non-stationarity) in climate signals 
over time and across all size classes in both geological settings. The magnitude of these effects is small, but varies across 
size classes, with larger trees generally displaying stronger climate sensitivities compared to smaller ones. Therefore, our 
findings accentuate the potential implications of geological settings, climate, and environmental factors on the absolute 
growth and growth dynamics of Norway spruce, highlighting the need for further research to fully understand and manage 
forest ecosystems in mountainous regions.
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et al. 2020), rising temperatures and changing precipitation 
patterns associated with climate change can extend growing 
seasons, promoting increased photosynthesis, and poten-
tially enhancing growth rates (Gray and Brady 2016; Weis-
kopf et al. 2020). However, excessive high temperatures and 
prolonged heatwaves can also cause drought conditions and 
water stress, reducing tree growth and increasing mortal-
ity (Esperon-Rodriguez et al. 2021; Marchin et al. 2022). 
Changes in precipitation patterns affect tree growth with 
droughts limiting water availability and floods causing soil 
erosion and nutrient loss (Kreuzwieser and Gessler 2010). 
The interaction of climatic factors can also influence com-
petition among tree species and can thus shape forest suc-
cession dynamics (Oboite and Comeau 2019). Changes in 
climate may result in vegetation shifts (Harsch et al. 2009) 
leading to significant changes in species composition (Bug-
mann 1997) and biomass production (Speed et al. 2015) 
including tree growth decline (Matskovsky et al. 2021).

The influence of bedrock on tree growth, especially when 
combined with climatic drivers, is complex, multifaceted, 
and often uncertain (Vestin et al. 2013; Richter and Billings 
2015a). Different types of bedrock can have distinct proper-
ties that influence soil development and fertility, affecting 
the ability of plants, including trees, to establish and thrive 
(Hahm et al. 2014; Jiang et al. 2020). For example, lime-
stone bedrock tends to contribute to alkaline soils with high 
nutrient content, while granite bedrock may result in more 
acidic and nutrient poor soils (Morford et al. 2011). Trees 
in areas dominated by soluble rock substrate are often more 
vulnerable to drought conditions (Schwinning 2008. In con-
trast, trees in areas with granitic bedrock may have access 
to deeper soil moisture as these bedrock types can create an 
impenetrable barrier of residuals to water loss making them 
potentially more resilient to drought conditions leading to 
increase overall productivity (Ivits et al. 2014a). Similarly, 
bedrock significantly influences numerous ecological pro-
cesses (Mage and Porder 2013; Gerdol et al. 2016; Delgado-
Baquerizo et al. 2020), and its impact is likely universal. 
Nevertheless, most research on tree growth has traditionally 
emphasized climate and topsoil attributes, including soil 
composition, nutrient availability, pH levels, water reten-
tion, drainage, and mineral content (Jones and Graham 1993; 
Vestin et al. 2013; Lévesque et al. 2016; van der Maaten-
Theunissen et al. 2016; Gerdol et al. 2016; Rehschuh et al. 
2017). Conversely, the significance of deeper belowground 
elements remains less comprehensively explored (Rose et 
al. 2003; Richter and Billings 2015b; Jiang et al. 2020).

Norway spruce, (Picea abies [L.] Karst.) is one of the 
most economically valuable forest species native to moun-
tain habitats in central and eastern Europe. Its distribution 
range covers a natural range from the montane zone up 
to treeline (San-Miguel-Ayanz et al. 2016). The impact of 

climate change on spruce has been discussed extensively 
and Norway spruce seems one of the most vulnerable tree 
species in Europe regarding drought (Lebourgeois et al. 
2010; Hentschel et al. 2014; Conedera et al. 2017). While 
spruce trees at higher elevations typically exhibit slower 
growth rates compared to those at lower elevations (Körner 
and Riedl 2012), recent studies suggest a positive growth 
trend of Norway spruce at higher elevations due to increas-
ing temperatures (Pretzsch et al. 2014; Cienciala et al. 2018; 
Marchand et al. 2022). In contrast, there is observed decline 
in growth trends especially at lower elevations, which are 
in line with the effects of ongoing climate changes (Savva 
et al. 2006; Lévesque et al. 2013; Zang et al. 2014). How-
ever, little is known about the complex interplay between 
bedrock, climate and tree growth (but also see (Petitcolas et 
al. 1997). Thus, our study aims to help disentangle this com-
plexity and investigate the growth pattern, climatic response 
and its stationarity of Norway spruce at typical treeline and 
at corresponding forest sites at two distinct geological set-
tings in the High Tatras of Slovakia.

Methods and methodology

Study area

Site description and climate

We selected two sites in the High Tatra National Park, on 
the border between Poland and Slovakia in eastern Central 
Europe (Fig. 1).

Geologically, the Tatra Mountains belong to the Car-
pathian uplift. The interior region is mostly comprised of 
granite, while the exterior regions consist mainly of calcite, 
dolomite, claystone, and shale, displaying a variety of dif-
ferent bedrocks and potential environmental heterogene-
ity (Gawęda et al. 2013). Mountain areas in Europe have 
been impacted by diverse human activities for thousands of 
years (Valsecchi et al. 2010). The natural environment of 
the Tatra Mountains today is often protected to some extent 
but has been subject to major anthropogenic influence over 
the past centuries and decades (Piscová et al. 2023), exhibit-
ing varying intensity across space and time. As evidenced 
by historical materials and documented sediments in glacial 
lakes within cirques and over-deepened basins (Kłapyta and 
Kołaczek 2009; Valsecchi et al. 2010; Rączkowska 2019), 
human influence resulted in both intentional and uninten-
tional alterations, particularly in lower lying landscapes and 
across different altitudinal zones. Nevertheless, humans are 
seen to have made minor alterations to the high-mountain 
environment of the Tatras (Rączkowska 2019). High-ele-
vation forests are dominated by tree species such as Picea 
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abies, Abies alba, Pinus sylvestris, Pinus cembra, Larix 
decidua, and Pinus mugo (Mitchell 1976). The climate is 
described as temperate Central European with strong conti-
nental influences. July is the wettest month, while February 
is the driest. The annual average temperature ranges from 
5.3 °C at 850 m a.s.l. to 1.7 °C at 1750 m a.s.l., while annual 
precipitation ranges from 800 mm to 1350 mm, with the 
maximum occurring in summer months (Niedzwiedz 1992).

Site selection and sampling

We selected two distinct geological settings located 
approximately 20–30 km apart: Mieguszowiecka Valley 
(49.15631°N, 20.07659°E), which features granitic bed-
rock, and Javorova Valley (49.2365°N, 20.20147°E), known 
for its limestone bedrock (Fig. 1).Both sites were located 
on south-east facing slopes, with slopes slightly inclined at 
10–15° in granitic settings and 20–25° in limestone settings. 
The sites were selected for their rather similar climate con-
ditions (Fig. S1) and stand properties with respect to tree 
size and stand density. Although treeline and forest plots 
were not separated by a steep altitude gradient, significant 
differences in stand structure existed. In our selected study 
areas at the treeline and within the forest, there were no 
documented instances of logging, forest fires, or other biotic 
disruptions, such as grazing, but grazing has been a driver 
of landscape dynamics in the larger region in the past (Solár 
and Solár 2020).

In total, we sampled over 160 Norway spruce trees from 
each geological setting in 2021 and 2022. In the treeline 
plots all Norway spruce trees with a diameter at breast 
height (DBH) > 10 cm were sampled. In the forest plot 
we selected a representative subplot, where we collected 
samples from 100 trees of > 10 cm DBH. Two increment 
cores were taken per tree at breast height perpendicular to 
each other to reduce a possible bias due to irregular/eccen-
tric growth. From each sampled tree, the diameter at breast 
height (DBH), tree height, and position (GPS) coordinates 
were recorded. After that we stratified the samples accord-
ing to diameter size classes (i.e. DBH) (Meyer and Bräker 
2001; Nehrbass-Ahles et al. 2014). Tree core samples were 
divided into three DBH classes: 11–30 cm, 31–50 cm, 
51–70 cm at the forest plots and one DBH class (11–30 cm) 
at the treeline plots from both geological settings for further 
analysis.

Sample preparation and data acquisition

The samples were processed and analysed following a stan-
dard dendrochronological procedure as prescribed by (Fritts 
2014) and (Speer 2012). First, the two core samples from 
individual trees were divided into core A and B for two 
different measurements (i.e. TRW and MXD) and left for 
air drying. Core A was later boiled for 24 h in a Soxhlet 
extractor filled with 96% Ethanol to remove resins from the 
increment cores (Schweingruber et al. 1978). The resins 

Fig. 1 Location map of the study 
area showing tree-ring sampling 
sites
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Statistical analyses

Growth rates analysis

We compared differences in absolute growth between gra-
nitic and limestone bedrock conditions in terms of Ring-
width (RW), age, Basal Area Increment (BAI) and MXD 
using Mann-Whitney U-tests, accounting for the non-nor-
mal distribution of data, as indicated by the Shapiro-Wilk 
normality test (Fig. S2). The Regional Curve (RC) method 
was used to examine the radial growth of Norway spruce 
along cambial age between and within the sites according 
to different DBH classes (Mitchell 1976; Esper et al. 2003). 
In this method we compute the regional curve by taking the 
average of ring-width measurements for a given biologi-
cal age fitting a 61 year cubic smoothing spline with a 50% 
variance response (Esper et al. 2003; Bunn et al. 2004).

Growth–climate relationships

To explore the relationship between tree growth and cli-
mate, obtaining climate data from the closest meteoro-
logical stations is preferable (Speer 2012; Fritts 2014). 
However, climate data from the closest meteorological sta-
tions (Hala Gąsienicowa, Strbskie Pleso, Skalnate Pleso) 
lack the necessary length and completeness for a robust 
statistical analysis. Therefore, we extracted the climate 
research unit time series data sets (CRU TS 4. 05) from the 
nearest grids region at 0.5° resolution, downloaded using 
KNMI climate explorer (Harris et al. 2020) (http://climexp.
knmi.nl/). Monthly resolved temperature means and precip-
itation sums were used for the response analysis. To study 
the influence of droughts on tree growth, we used SPEI 
(standardized precipitation and evapotranspiration index), 
integrated over 6 months (SPEI06) (Vicente-Serrano et 
al. 2010; Beguería et al. 2014). The SPEI calculated from 
March to August (SPEI6) provides the most accurate rep-
resentation of drought impact on the growth of N. spruce 
in areas characterized by mild oceanic climates (Bhuyan 
et al. 2017). Additionally, this timeframe aligns with the 
duration of cambial activity in N. spruce within Central 
Europe, making it the selected period for further analy-
sis (Rossi et al. 2008). Monthly water balance was calcu-
lated by subtracting the potential evapotranspiration (PET) 
from precipitation. PET was calculated using the Thornth-
waite equation(Thornthwaite 1948) in the R-package SPEI 
(Beguería et al. 2014).We used the temperature means from 
the year 1901 to 2021. Using the ‘Segment’ packages in 
R(Muggeo et al. 2014) the year 1990 was identified as the 
breakpoint (Fig. S3). To check for stationarity(Wilmking et 
al. 2020) i.e. change of climate sensitivity over time, we 
therefore split the time series into two equally long time 

extracted cores were glued to wooden sample holders and 
were sanded and polished using a sanding machine with dif-
ferent grades of sandpaper (grid size of 120–600) in order to 
make annual rings visible. The samples were then scanned 
using a conventional scanner (Epson Expression 12000XL). 
TRW was measured on the scanned image with 0.001 mm 
precision using the software CooRecorder (version 9.3; 
Cybis Elektronik and Data AB, Sweden) and all radii were 
cross-dated using CDendro (version 9.3.1; Cybis Elektronik 
and Data AB, Sweden).

The B cores were glued to a wooden holder in order to 
cut out laths of 1.24 ± 0.1 mm thickness using a twin-bladed 
circular saw. The lath samples were then resins extracted 
following the same procedures as described above. After 
drying, the laths were X-rayed under controlled conditions 
(20 °C and 50% relative humidity) using an ITRAX Mul-
tiScanner (Cox Analytical Systems) with an exposure time 
of 25 ms, an intensity of 30 kV/50 mA, and in steps size of 
20 μm. A standard calibration plexi ladder was used to cali-
brate grey-level light intensity to wood density in g/cm³ for 
each X-ray scan. MXD was measured on the obtained grey-
scale images using the CooRecorder (version 9.3; Cybis 
Elektronik and Data AB, Sweden). The mean thickness of 
each extracted sample was measured with electronic calli-
pers and later used for calibration of the respective sample 
to account for possible deviations in thickness among the 
individual laths. All measured TRW and MXD series were 
visually crossdated in CDendro (version 9.3.1; Cybis Ele-
ktronik and Data AB, Sweden). The visually crossdated 
TRW and MXD series were further verified and standard-
ized using the dplR-package (Bunn 2008) in R version 4.0.1 
(R Core Team 2020).

Standardization and chronology development

Tree-ring series contain long-term trends related to bio-
logical effects as well as to climate (Speer 2012). For the 
climate-growth correlations, we used a 31-year cubic 
smoothing spline with a 50% frequency cut-off to remove 
non climatic trends, such as age and stand effects (Cook et 
al. 1990). Final chronologies (TRW and MXD) for each site 
and DBH class were computed using the bi-weight robust 
mean function to mitigate the influence of statistical outliers 
(Cook 1985). Chronology quality was then checked using 
the mean inter-series correlation (R-bar), expressed popula-
tion signal (EPS) and Gleichlaeufigkeit (glk) for both geo-
logical settings, DBH classes and both proxies (Wigley et al. 
1984) (Tables S1 and S2).
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dependent variables and Tree IDs as a random effect. 
Although the criteria imposed for accepting all the cli-
mate variables within the same models were signifi-
cance at p < 0.05 and variance inflation factor (VIF) < 5, 
we selected only one climate variable at a time to run 
the models. We considered only those three months 
showing the highest significant responses (p < 0.05) in 
our climate-growth correlation analyses in each of the 
climate variables for further analysis. After fitting the 
initial model, we performed a stepwise model selection, 
which iteratively added or removed predictors based 
on their statistical significance (p < 0.05) to find a more 
parsimonious model that still fits the data well.

The best-fitted models were considered those showing the 
lowest Akaike Information Criterion (AIC; (Akaike 1974) 
values and complementary statistics, including coefficients 
of determination for marginal and conditional estimates 
(Lefcheck 2016). Similarly, we used maximum likelihood 
(ML) estimation to compare models with different fixed 
effects, as recommended by (Zuur et al. 2009), whereas the 
restricted maximum likelihood method (REML) was used 
to parameterize the final model as followed by (Cienciala 
et al. 2016).

Besides growth model construction and analysis as 
described above, we estimated the marginal effects (slopes) 
of a predictor variable at different levels of other categori-
cal variables to understand how the relationship between 
the predictor and the response variable changes across these 
different levels. We used the R package ‘model-based’ to 
estimate the marginal effects (slopes) of the climate vari-
ables at different levels of other factors (bedrock condition, 
elevation, and DBH).

Results

Chronology statistics

Site characteristics and chronology (tree-ring width (TRW), 
maximum latewood density (MXD)) statistics of Picea 
abies are provided in Tables S1 and S2. The average radial 
growth rates ranged from 0.88 mm/yr to 1.87 mm/yr, with 
the higher annual radial growth rates found at limestone 
sites. When comparing the growth rates between the forest 
and treeline plots, the minimum rates (0.88 and 0.99 mm/
yr) were observed at the treeline sites of both geological set-
tings. Similarly, the maximum latewood density ranged from 
0.85 g/cm³ to 0.99 g/cm³, with the higher densities found at 
limestone sites. When comparing the maximum latewood 
density (MXD) values between the forest and treeline plots, 
the treeline sites displayed the highest latewood density 

periods from 1960 to 1990 and from 1990 to 2020 based 
on the break point analysis. Bootstrapped correlation coeffi-
cients were calculated between tree-ring standard chronolo-
gies and climate variables for the period of (1960–1990) 
and (1990–2020) using the ‘treeclim’ R package (Zang and 
Biondi 2015). A climatic window of 16 months starting 
in previous growth year June to September of the current 
growth year was used to compute correlations between the 
monthly climatic variables and both TRW and MXD chro-
nologies. The temporal stability of the climatic response /
stationarity(Wilmking et al. 2020) was also tested by car-
rying out a moving correlation analysis between the chro-
nology and climate proxies using a 30-year window with a 
one-year window offset in the R package ‘treeclim’ (Zang 
and Biondi 2015).

Growth model construction and statistical 
procedures

To investigate the best set of explanatory variables (cli-
mate variables, different bedrock conditions, DBH classes, 
and altitude) that affect the growth (TRW) and maximum 
latewood density (MXD) of Norway spruce, as well as the 
interactions between these variables, we fitted linear mixed-
effects models using the ‘lme4’ (Bates et al. 2008) and 
‘model-based’ (Lüdecke et al. 2021) packages over the two 
sub-periods (1960–1990 and 1990–2020).

In the first steps:

(a) We identified the primary drivers (i.e. variables that 
are most influential on TRW and MXD). The proposed 
models included Tree IDs as a random effect and cli-
mate variables of current year (Temperature, Precipita-
tion, and SPEI06), elevation, DBH, and bedrock types 
as fixed effects. Analysis of the “lag effect” between tree 
growth and climatic variables suggested current-year’s 
climate have the highest influence on tree growth. 
Therefore, we started with one-parameter models with 
climate variables and then tested the significance of add-
ing other explanatory variables. The key indicator for 
accepting significant covariates within the model was 
the p-value (< 0.05), and the variance inflation factor 
(VIF) < 5, indicating an acceptable level of collinearity 
between explanatory variables. In this way, we succes-
sively added and deleted independent variables to iden-
tify the optimal models with only significant covariates.

(b) Second, to explore the interactions between the vari-
ables (climate, DBH class, elevation, and bedrock con-
dition), our proposed models included interactions of 
climate variables, DBH size class, elevation, and dif-
ferent bedrock conditions as dependent variables. Simi-
larly, we used individual RWI and MXD series as our 
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growth rates differ between the DBH classes in both forest 
plots (Fig. 2b and c). The larger size classes show gener-
ally higher growth than the smaller size classes at a simi-
lar age across both geological settings. When comparing 
the treeline to the forest across the common size class, the 
growth rates were quite similar, with a tendency for the for-
est plot to grow slightly better than the treeline plot (Fig. 2b 
and c).

Growth-climate relationships

Climate growth correlations between (TRW and MXD) with 
climatic variables indicated that tree growth (in treeline and 
forest) in both geological settings showed positive (nega-
tive) correlations with temperature (moisture availability) 
during growing season months, although the magnitude and 
intensity of correlation coefficients varied among the prox-
ies (Figs. 3, 4, 5 and 6) (Fig. S4 to Fig. S9).

(0.97 and 0.99 g/cm³) in both geological settings. Overall, 
radial growth rates increased from high to low elevations, 
while the maximum latewood density decreased in both 
geological settings (Table S2). But no persistent trends in 
the chronology statistics (MS, Rbar, AR1 and EPS) were 
apparent along the elevation, DBH size classes and bedrock 
conditions (Tables S1 and S2).

Growth rates using Regional curves (RC)

The regional curves at the two geological settings showed 
the expected age-related reduction of ring width (Fig. 2). In 
general, over the first 80 years of tree growth, the sites with 
limestone bedrock conditions had higher growth in compar-
ison to the sites with granitic bedrock conditions in forest 
plots. While for the next 130 years, the tree growth is same 
(Fig. 2a). Similarly, in the treeline, the growth rate is higher 
in limestone site over the first 60 years (Fig. 2a). However, 

Fig. 2 Regional Curves: (a) - Comparison of tree growth between limestone and granite sites (Forest and Treeline), (b) – Comparison of tree 
growth across different size classes at a granitic site and (c) - Comparison of tree growth across different size classes at a limestone site
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Fig. 4 Correlation between tree-ring width chronology from treeline 
plots and monthly (temperature, precipitation and SPEI06: standard-
ized precipitation- evapotranspiration index over six months) climate 
variables for Picea abies (L.) H. Karst for (1960–1990) and (1990–

2020). Symbol * indicates the correlation significant at 95% or above 
confidence level. Similarly, Jun to Dec indicates the months of the pre-
ceding growth year: June–December, while JAN-SEP represents the 
month of the current growth year: January to September respectively

 

Fig. 3 Correlation between different dbh size classes tree-ring width 
chronologies from forest plots and monthly (temperature, precipita-
tion and SPEI06: standardized precipitation- evapotranspiration index 
over six months) climate variables for Picea abies (L.) H. Karst for 
(1960–1990) and (1990–2020). Symbol * indicates a significant cor-

relation at 95% or above confidence level. Similarly, Jun to Dec indi-
cates the months of the preceding growth year: June–December, while 
JAN-SEP represents the month of the current growth year: January to 
September respectively
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4 and 5, and 6). TRW shifts its climate response (tempera-
ture) to later summer months from 1960 to 1990 to 1990–
2020 in both geological settings in all DBH size classes and 
loses its sensitivity to SPEI and precipitation in bigger size 

In all DBH size classes and both proxies, growth in forest 
plots from both geological sites is more strongly correlated 
with climate parameters during the first time period (1960–
1990) compared to the second period (1990–2020) (Figs. 3, 

Fig. 6 Correlation between MXD chronology from treeline plots and 
monthly (temperature, precipitation and SPEI06: standardized precipi-
tation- evapotranspiration index over six months) climate variables for 
Picea abies (L.) H. Karst for (1960–1990) and (1990–2020). Symbol * 

indicates the correlation significant at 95% or above confidence level. 
Similarly, Jun to Dec indicates the months of the preceding growth 
year: June–December, while JAN-SEP represents the month of the 
current growth year: January to September respectively

 

Fig. 5 Correlation between different dbh size classes MXD chronolo-
gies from forest plots and monthly (temperature, precipitation and 
SPEI06: standardized precipitation- evapotranspiration index over six 
months) climate variables for Picea abies (L.) H. Karst for (1960–
1990) and (1990–2020). Symbol * indicates the correlation significant 

at 95% or above confidence level. Similarly, Jun to Dec indicates the 
months of the preceding growth year: June–December, while JAN-
SEP represents the month of the current growth year: January to Sep-
tember respectively
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The explained variance of all best-fit models ranged 
between 4.4 and 53%, with marginal R2-values being con-
sistently higher for the first time period (1960–1990) com-
pared to the second period (1990–2020) in both bedrock 
conditions, which implies that variables better explain the 
observed growth variation in time period (1960–1990) simi-
lar to the results of the correlation analysis (summary Tables 
S3 and S4).

Effect of climate variables across different 
combinations of bedrock, elevation and size

Based on our interaction models between individual (RWI 
and MXD) series as our dependent variables and climate 
variables, DBH size class, elevation, and different bedrock 
conditions as fixed effects, the estimated marginal effects 
(slopes) of climate variables categorized by bedrock type, 
plot, and DBH size class, across two time periods are shown 
in Tables 1 and 2 and are generally small.

Temperature (Tmjj) generally promotes growth, while 
precipitation (Pamj) and drought conditions (SPEI06jas) 
inhibit tree growth (TRW) and (MXD) in both limestone 
and granitic bedrock conditions across all DBH size classes 
and both periods (Tables S1 and S2).

Over time, there is a decreasing positive effect of temper-
ature (Tmjj) on both proxies (TRW and MXD) across both 
limestone and granitic bedrock sites, while precipitation’s 
(Pamj) negative influence remains relatively stable. Addi-
tionally, the standardized precipitation-evapotranspiration 
index (SPEI06jas) consistently exerts a negative effect on 
tree growth, with minor fluctuations (Tables S1 and S2).

The effects of climate variables vary by DBH size class, 
with smaller trees (11–30) cm often showing weak sensitivi-
ties for both TRW and MXD, while the higher size classes 
(31–50) cm and (51–70) cm demonstrate stronger climate 
effects based on the coefficient values of temperature, pre-
cipitation and SPEI06 across different bedrock types and 
elevation (Tables S1 and S2).

classes (Fig. 3). MXD seems to lose its sensitivity to spring 
and summer temperatures except in granitic settings, with a 
more pronounced impact of SPEI06 and a mixed response 
to precipitation across the time periods (Fig. 5).

Climate-growth relationships of Picea abies from the 
treeline sites at the two geological settings, for both prox-
ies (TRW and MXD), varied strongly over time, with sen-
sitivity mainly lost in the second time period (Figs. 4 and 
6). TRW shifts its climate response to later summer months 
from 1960 to 1990 to 1990–2020 only in granitic settings 
and loses its sensitivity to SPEI and precipitation (Fig. 5), 
similar to the forest sites.

Tree growth model: factors affecting tree growth

The following variables were influential on tree ring width 
(TRW) and maximum latewood density (MXD), which are 
summarized below in (Table S3 and Table S4). At the indi-
vidual tree level, random intercept linear mixed-effect mod-
els revealed tree growth is sensitive to climatic variables, 
with varying effects over time and between sites (Tables S3 
and S4).

In both proxies (TRW and MXD) and both geological 
sites, a significant positive effect of temperature showed 
an important growth-limiting factor followed by precipi-
tation (negative) in both sub-periods (1960–1990) and 
(1990–2020). Additionally, the Standardized Precipitation-
Evapotranspiration Index (SPEI06) consistently shows a 
significant negative effect on RWIs and MXDs across the 
studied models (summary Tables S3 and S4).

Elevation and DBH exert varied effects on tree growth 
across different models and periods. Elevation has a sig-
nificant negative effect on RWIs and MXDs at both sites 
during the 1960–1990 period. However, this effect is not 
consistently observed in the second period (1990–2020). 
Similarly, DBH shows a significant negative effect in some 
models, especially from limestone sites (summary Tables 
S3 and S4).

Table 1 Estimated slopes (coefficients) of temperature (tmjj: May, June, July), precipitation (pamj: April, May, June), and standardized precipita-
tion- evapotranspiration index over six months (SPEI06jas: July, August, September) for Tree Ring Width (TRW) across different combinations 
of bedrock type, plot, and DBH size class
Bedrock
type

Plot DBH size class (1960–1990) (1990–2020)
Coefficients
Tmjj Pamj SPEI06jas Tmjj Pamj SPEI06jas

Limestone Forest (11–30)cm 0.0568 -0.0007 -0.0418 0.017 -2.00E-04 -0.028
Granitic Forest (11–30)cm 0.0779 -0.0011 -0.0657 0.043 -7.00E-05 -0.039
Limestone Treeline 11–30)cm 0.0751 -0.0005 -0.0341 -0.021 -3.00E-06 -0.004
Granitic Treeline (11–30)cm 0.097 -0.001 -0.0648 0.02 -2.00E-04 -0.01
Limestone Forest (31–50)cm 0.0554 -0.0007 -0.0409 0.047 -1.00E-04 -0.01
Granitic Forest (31–50)cm 0.0857 -0.0011 -0.0611 0.056 -9.00E-05 -0.018
Limestone Forest (51–70)cm 0.0785 -0.0008 -0.0489 0.068 -2.00E-04 -0.014
Granitic Forest (51–70)cm 0.0839 -0.0009 -0.0537 0.052 -2.00E-04 -0.012
Bold values indicate P < 0.001, bold values in italics indicate P < 0.01, whereas values in italics indicate P < 0.05 respectively
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possess better drainage, aeration, and nutrient availability, 
creating a more conducive environment for root develop-
ment and nutrient uptake, thus promoting enhanced tree 
growth (Morford et al. 2011; Vestin et al. 2013; Hahm et al. 
2014; Zhang et al. 2015; Rempe and Dietrich 2018b; Jiang 
et al. 2020; Pastore et al. 2022). However, it’s also important 
to note that specific tree species, their genetic makeup, local 
climate, age, competition, and other environmental factors 
can also influence tree growth, leading to exceptions or 
variations within these general patterns (Baker et al. 2003; 
Büntgen et al. 2007; Zielonka and Malcher 2009; Bowman 
et al. 2013; Filotas et al. 2014; Gourlet-Fleury et al. 2023).

On the other hand, the similarities in growth rates between 
the two geological settings in forest plots over the earlier 
120 years (1810–1930) may be potentially attributed to his-
torical land-use practices. Research indicates that human 
activities, including mining, grazing, and wood and oil 
extraction, have significantly impacted the natural environ-
ment of the Tatra Mountains since medieval times (Kłapyta 
and Kołaczek 2009; Valsecchi et al. 2010; Rączkowska 
2019; Piscová et al. 2023). Especially, grazing in the Beli-
anske Tatras reached its peak in the 1800s but ceased by the 
mid-1900s (Zelina 1965; Bohuš 1994), it likely had signifi-
cant impacts on vegetation dynamics, potentially altering 
soil properties, nutrient cycling, and competition dynam-
ics, leading to comparable growth rates between limestone 
and granitic settings during this time period (Frank et al. 
2003; van der Wal et al. 2004; Mitchell 2005; Wei et al. 
2011; Ramirez et al. 2018; Bernes et al. 2018; Yu et al. 2019; 
Solár and Solár 2020).

Growth rates and size classes

Detecting long-term tree growth trends by means of dendro-
ecological analyses poses a number of challenges (Bowman 
et al. 2013; Peters et al. 2015; Duchesne et al. 2019; Trouil-
lier et al. 2020). Trees which grow slow, tend to live longer 

Overall, the positive effects of temperature and the nega-
tive effects of precipitation and SPEI06 on both TRW and 
MXD are generally stronger in all size trees in granitic bed-
rock compared to trees on limestone bedrock across both 
periods (1960–1990 and 1990–2020) (Tables S1 and S2).

Discussion

Growth rates and different bedrock condition

After 1950, notable increments in Norway spruce radial 
growth were observed in both limestone and granitic bedrock 
conditions. Generally, spruce growth increases with rising 
temperatures, particularly at higher elevations (Cienciala et 
al. 2018; Schurman et al. 2019; Pretzsch 2021; Bosela et al. 
2021) and decreases especially at lower elevations due to 
drought stress or competition (Lévesque et al. 2013; Zang 
et al. 2014; Seidl et al. 2017). Also pollution reduction can 
lead to growth increases. (Hauck et al. 2012) for example 
observed a rapid growth increase in Norway spruce in the 
Harz Mountains in Germany since the 1990s, and they relate 
it to the dramatic reduction in SO2 concentrations.

However, the observed variations in Norway spruce 
growth rates between limestone and granitic bedrock condi-
tions in our study over different time periods may be attrib-
uted to complex interactions between geological, ecological, 
and historical factors. Specifically, the recent 90-year period 
(1930–2020) in forest plots and the 65-year period (1955–
2020) in treeline plots reveal a distinct pattern, with trees 
from limestone bedrock conditions exhibiting higher abso-
lute growth rates. This may result from the beneficial effect 
of climate warming or the legacy effects of historical land-
use practices gradually diminishing over time, with the 
inherent soil properties of limestone-derived soils becoming 
more prominent drivers of tree growth (Melo et al. 2013; 
Fritts 2014; Monger et al. 2015). Limestone soils typically 

Table 2 Estimated slopes (coefficients) of temperature (tmjj: May, June, July), precipitation (pamj: April, May, June), and standardized precipi-
tation- evapotranspiration index over six months (SPEI06jas: July, August, September) for maximum latewood density (MXD) across different 
combinations of bedrock type, plot, and DBH size class
Bedrock type Plot DBH size class (1960–1990) (1990–2020)

Coefficients
Tmjj Pamj SPEI06jas Tmjj Pamj SPEI06jas

Limestone Forest (11–30)cm 0.035 -4.00E-04 -0.013 0.006 -4.00E-04 -0.022
Granitic Forest (11–30)cm 0.028 -3.00E-04 -0.013 0.004 -3.00E-04 -0.008
Limestone Treeline (11–30)cm 0.029 -3.00E-04 -0.013 0.008 -3.00E-04 -0.014
Granitic Treeline (11–30)cm 0.025 -3.00E-04 -0.011 0.006 -3.00E-04 -0.01
Limestone Forest (31–50)cm 0.037 -0.0005 -0.03 0.006 -5.00E-04 -0.022
Granitic Forest (31–50)cm 0.043 -0.0006 -0.026 0.005 -7.00E-04 -0.025
Limestone Forest (51–70)cm 0.039 -0.0007 -0.037 0.004 -7.00E-04 -0.018
Granitic Forest (51–70)cm 0.043 -0.0009 -0.042 0.007 -9.00E-04 -0.03
Bold values indicate P < 0.001, bold values in italics indicate P < 0.01, whereas values in italics indicate P < 0.05 respectively
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the second time period in both treeline and forest sites. 
MXD chronologies show the sensitivity of tree growth to 
moisture availability more pronounced during the second 
period. Previous studies on the temporal variability of cli-
matic responses of trees from other European spruce sites 
have also shown similar non-stationarity in climate-growth 
responses over time (Hasenauer et al. 1999; Wilson and 
Elling 2004; Büntgen et al. 2006).We also noted that the 
radial growth responses to October temperatures in the year 
prior to ring formation became insignificant over the second 
period (1990–2020) at both sites, possibly due to a warm-
ing climate where forest trees are no longer limited by the 
amount of resources stored at the end of the growing sea-
son (Treml et al. 2012; Ponocná et al. 2016). Several studies 
have examined the change in the relationship between tree 
growth and climate, yielding variable results. For instance, 
(Briffa et al. 1998a, b; Solberg et al. 2002; Wilson and Elling 
2004; Hauck et al. 2012; Bošela et al. 2014) have reported 
alterations in tree ring width and density responses to tem-
perature, suggesting potential influences from non-climatic 
factors, such as human-induced local emissions like SO2 or 
a combination of SO2 and NOx. In contrast, reduction in 
tree growth sensitivity to climate over the last few decades 
could be climatic (Brázdil et al. 2002; Wilson and Elling 
2004; Friedrichs et al. 2009; Hauck et al. 2012). Similarly, 
the choice of detrending method (Esper and Frank 2009), 
the effects of tree age and variations in microsite conditions 
(Zhang and Wilmking 2010; Altman et al. 2017) could also 
be the causes of potential non-significant tree growth cor-
relations. Additionally, the non-stationarity in these correla-
tions may be attributed to the natural ontogenetic dynamics 
of individual trees as they adapt to various disturbances, 
competition, and changing environmental conditions 
(Savva et al. 2002; Smith 2008; Carrer Marco 2011; Zhang 
et al. 2018).

Climate growth relationship and DBH size class 
effects

It is commonly believed that large trees are more sensi-
tive to year-to-year climate variations and are more suit-
able for dendrochronological purposes (Carrer Marco and 
Urbinati 2004). Consequently, tree-ring studies typically 
prioritize trees with larger diameters to minimize the influ-
ence of competition and to simplify cross-dating, as there 
are fewer missing rings (Fritts 2014). In this study, climate 
growth correlations between (TRW and MXD) with cli-
matic variables showed that trees of all diameter classes 
generally responded to climatic variables (temperature, pre-
cipitation and SPEI06) in similar patterns at both geologi-
cal settings. However, the strength varied among individual 
size classes (Figs. 3, 4 and 5, and 6), with smaller trees 

(Bigler and Veblen 2009) and therefore are overrepresented 
in a sample (“slow-grower survivorship bias”). This then 
can lead to a “false-positive growth trend” of the chronol-
ogy when combining older slow growing trees and younger 
fast growing trees, as young slow-growing trees are likely 
to be too small to be considered for sampling (“big tree-
selection bias”) (Brienen et al. 2012). We therefore used 
size class categories and sampled small and large trees fol-
lowing (Nehrbass-Ahles et al. 2014; Jochner et al. 2017). 
In our study, growth rates of trees differ between different 
size classes, with bigger trees growing radially much more 
than smaller trees (Fig. 2b and c). This is not what could 
be expected based on the ‘slow-growth survivorship bias’ 
(Büntgen et al. 2005; Black et al. 2008; Bigler and Veblen 
2009; Bowman et al. 2013; Alexander et al. 2018), which 
would lead to an overestimation of growth of younger trees, 
since the older fast growing trees are lost to a large degree 
from a contemporary sample. Narrow rings in smaller 
trees in comparison to larger trees in our study sites might 
be due to 1) smaller and presumably younger trees being 
more susceptible to environmental stresses like drought and 
temperature extremes (van Mantgem et al. 2009). 2) big-
ger trees have extensive root systems, are often dominant 
which allows them to access more resources like water, 
nutrients and sunlight (Pretzsch et al. 2014; Jochner et al. 
2017). 3) Climatic or environmental conditions at earlier 
time periods were more conducive to tree growth setting the 
now larger trees on a different growth trajectory (Melo et 
al. 2013; Solár and Solár 2020). The comparison between 
the forest and higher elevation treeline plots showed that 
spruce trees from treeline are growing, as expected, slower 
than those from the forest, which was also found by (Körner 
1998) indicating small scale variability towards the edge of 
the distribution of this species. In general, climatic limita-
tions (Körner 1998) and limited access to resources in harsh 
treeline environments hinder tree growth (Ellison et al. 
2019; Hagedorn et al. 2019).

Temporal stability of climate sensitivity

When comparing climate-growth relationship over two dis-
tinct intervals, 1960–1990 and 1990–2020, we observed a 
notable temporal instability (non-stationarity) in these rela-
tionships over time, particularly a stronger correlation of 
climatic indices with tree-ring width (TRW) and maximum 
latewood density (MXD) chronologies during the early 
period (Figs. 3, 4 and 5, and 6), (Tables 1 and 2), supported 
by moving windows correlation analysis (Fig. S4, S5, S6, 
S7, S8).

The positive correlation with spring and summer month 
temperatures weakened, while the sensitivity to precipita-
tion and the drought index (SPEI06) was mainly lost in 
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SPEI06jas) climatic factors (Table S3 and S4). Even though 
climate sensitivity of growth might not depend on the spe-
cific site but is mainly driven by climate conditions (Ober-
huber et al. 1998; Boden et al. 2014), differences among 
geological settings in drought tolerance could be expected 
because moisture conditions vary within the species’ distri-
bution area and water availability is often the limiting factor 
for growth (Mäkinen et al. 2002; Andreassen et al. 2006). 
This differential sensitivity in our two geological sites even 
when climate is similar might be attributed to the distinct 
physical and chemical properties of the bedrock (Morford et 
al. 2011; Hahm et al. 2014; Rempe and Dietrich 2018a; Dai 
et al. 2018; Jiang et al. 2020). Granitic bedrock, being more 
acidic and less nutrient-rich than limestone, likely induces 
greater water stress and nutrient limitations in trees, mak-
ing them more responsive to climatic variations. Limestone 
bedrock, characterized by higher pH and nutrient availabil-
ity, provides a buffering effect, mitigating the impact of cli-
matic stressors on tree growth (Hahm et al. 2014; Zhang et 
al. 2015; Jiang et al. 2020; Xu et al. 2021). Generally, areas 
with soluble rock substrates experience significant fluctua-
tions in plant water availability due to intermittent rainfall 
and droughts, which impact vegetation growth potential 
(Schwinning 2008; Di Long et al. 2014). Conversely, resis-
tant bedrock types improve water accumulation by acting as 
an impenetrable barrier, reducing water stress and enhanc-
ing plant productivity during extended droughts (Jones and 
Graham 1993; Wang et al. 2004; Ivits et al. 2014b). But, 
the negative effects of precipitation (Pamj) and standardized 
precipitation-evapotranspiration index (SPEI06jas) on RWI 
and MXD at our granitic site, in both periods suggests that 
trees on the granitic site are more vulnerable to excessive 
moisture and related stressors, likely due to poorer water 
retention capacity and nutrient availability in granitic sub-
strates. In comparison, the limestone site shows a weaker 
negative response to these variables, indicating that the 
higher water retention and nutrient-rich limestone soils pro-
vide a buffering effect against precipitation-related stress 
and provide a more stable growing environment (Jiang et 
al. 2020).

Bedrock plays a crucial role in various ecological pro-
cesses (Mage and Porder 2013; Gerdol et al. 2016; Delgado-
Baquerizo et al. 2020), with its influence likely extending 
globally. However, most studies on tree growth have tra-
ditionally focused on climate and topsoil characteristics 
such as soil composition, nutrient availability, pH levels, 
water retention, drainage, and mineral content (Jones and 
Graham 1993; Vestin et al. 2013; Lévesque et al. 2016; 
van der Maaten-Theunissen et al. 2016; Gerdol et al. 2016; 
Rehschuh et al. 2017). In contrast, the importance of deeper 
belowground components is not well understood (Rose et al. 
2003; Richter and Billings 2015b; Jiang et al. 2020). Despite 

(11–30 cm) often showing weaker sensitivities for both 
TRW and MXD, while the larger size classes (31–50) cm 
and (51–70) cm demonstrate stronger climate effects based 
on the coefficients values of temperature, precipitation and 
SPEI06 across different bedrock types in both time periods 
(Tables 1 and 2).(Chhin et al. 2008) found no differences in 
growth–climate relationships between the diameter classes 
in Picea abies, but(Meyer and Bräker 2001) suggested the 
difference to be more related to elevational differences (sub-
alpine versus lower montane). The overall uniformity in the 
response to climate variables could be attributed to similari-
ties in genetic composition and microclimatic conditions of 
trees reaching the co-dominant/dominant canopy layer, and 
potentially the sharing of carbohydrates among trees across 
various diameter size classes (Fraser et al. 2005; Chhin et 
al. 2008). Our findings do not fully align with other stud-
ies where climate sensitivity remained constant (Esper et 
al. 2008; Vieira et al. 2009, 2009; Mérian and Lebourgeois 
2011), or either increased or decreased with age/size (Carrer 
Marco and Urbinati 2004; Luis et al. 2009; Zang et al. 2012; 
Konter et al. 2016; Trouillier et al. 2019; Campbell et al. 
2021; Schmied et al. 2022). The variability in climate sen-
sitivity observed across studies highlights the complexity of 
how tree species respond to climatic factors and the reasons 
for these divergent conclusions which remain somewhat 
unclear. Differences in the relationship between growth 
and climate across different diameter groups can largely 
be attributed to factors like resource availability, competi-
tive interactions, and physiological processes within trees 
(Mencuccini et al. 2005). However, most of the previously 
reported studies are based on comparisons among trees of 
different ages, while eco-physiological research suggests 
that these signals are more closely related to tree size rather 
than age (Peñuelas 2005; Luis et al. 2009). Therefore, this 
overlap in size and age-related effects due to environmen-
tal factors potentially contributed to the divergent findings 
(Luis et al. 2009).

Bedrock condition and climate sensitivity

The overall pattern of monthly climate growth responses of 
trees growing in two different bedrock conditions (limestone 
and granitic) were similar (Figs. 3, 4, 5 and 6), with only 
slight differences in strength (Fig. S10 and S11). We found 
the positive effects of temperature and the negative effects 
of precipitation and SPE106 on both TRW and MXD in our 
models for both geological conditions and the early and 
late sub-periods (1960–1990 and 1990–2020) respectively 
(Table S1 and S2) and (Table S3 and S4). Overall, trees 
growing on granitic bedrock demonstrate somewhat greater 
climate sensitivity, with more pronounced responses to 
both positive (temperature) and negative (precipitation and 
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