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Introduction: Climate change affects the vitality of mountain forests through 
increasing temperatures and decreasing water availability due to changing 
precipitation patterns, earlier snowmelt, and increasing evaporative demand. 
Depending on species characteristics, tree growth might therefore increase in 
cold habitats near the forest line but decrease in water-limited conditions at low 
elevation.

Methods: We analyzed the tree-ring widths of five conifers (Picea abies, Larix 
decidua, Pinus sylvestris, Pinus nigra, and Pinus cembra) along an elevational 
gradient from 1,000  m to 2,320  m above sea level (a.s.l.) in Vinschgau/Val 
Venosta Valley in Northern Italy, one of the driest regions of the Alps (mean 
annual precipitation of 682  mm at 1,310  m a.s.l.).

Results: Our aim was to estimate the species-specific growth response to 
changing climate conditions along an elevational gradient. At low elevations, 
we  observed a significant response to water availability not only during the 
actual growing season but also throughout the previous autumn for all species 
present. At mid-elevation, the correlation coefficients to precipitation and 
drought indices (SPEI) were highest for Picea abies. At high elevations, the 
positive correlation of growth with temperature was smaller than expected for 
Pinus cembra. In contrast, Larix decidua responded positively to temperature 
and grew faster in recent decades.

Discussion: Considering that a further increase in temperatures will reduce 
plant water availability during the growing season, our space-for-time approach 
provides an outlook on future growth conditions of conifers in larger regions of 
the European Alps. Water limitation will affect tree growth and vitality not only 
at low elevation in the valleys but also at mid elevation on mountain slopes, 
potentially impacting timber production and protective and recreative functions 
of forests. Near the forest line, the different capabilities of tree species to benefit 
from higher temperatures might lead to changes in species composition.
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1 Introduction

Mountain forests provide essential functions and ecosystem 
services to humanity. In addition to timber production and CO2 
sequestration, protective function and recreational value are especially 
important in the European Alps (Perzl et al., 2021; Winkel et al., 2022). 
Currently, the Alps are experiencing a stronger temperature increase 
than the surrounding lowlands with inconsistent precipitation trends 
(Auer et al., 2007; Kotlarski et al., 2022). These climatic changes and 
their effects on the composition, structure, and vitality of mountain 
forests might jeopardize the above-mentioned services and functions.

Rising temperatures can benefit tree growth at high elevation by 
reducing energy limitations and increasing growing season length 
(Babst et al., 2013). On the other hand, they can also lead to growth 
limitations by increasing air vapor pressure deficit and decreasing soil 
water availability due to higher evapotranspiration (Babst et al., 2019; 
Etzold et al., 2021; Zweifel et al., 2021). These limitations were stronger 
at low elevations but were also found to affect trees up to the forest line 
(Obojes et  al., 2022). Furthermore, climate change is expected to 
impact tree growth by increasing the frequency and intensity of 
extreme events such as droughts, heat waves, and storms and 
promoting mass outbreaks and range expansion of pests such as bark 
beetles (Netherer et al., 2019; Senf and Seidl, 2021). To adapt forest 
management to these challenges, it is necessary to predict future tree 
growth and vitality including their reaction to changing climate 
conditions. Past climate-growth relationships recorded in tree rings 
provide a foundation to predict future growth dynamics at the site 
level (Charney et al., 2016). In the case of climate predictions that 
exceed the recorded range found in the available tree rings, a space-
for-time approach, with several stands along an elevational gradient, 
can provide further data. In this approach, low-elevation sites 
correspond to warmer and drier future growth conditions (Becker 
et al., 2007; Körner, 2007). In the inner alpine Vinschgau/Val Venosta 
region, our study area is particularly well suited for this approach due 
to its steep elevational gradients, comparatively dry conditions at low 
elevation, and an interesting set of both native and introduced conifers.

Conifers are the dominant plant functional type in the Central 
Alps in the high montane and subalpine belt and usually constitute the 
forest line (Vacik et al., 2010a; Leuschner and Ellenberg, 2017). In the 
last centuries, their natural dominance has additionally been promoted 
by human use. Norway spruce (Picea abies L., in the following PA) is 
by far the most abundant tree species at mid and high elevations in the 
Alps due to its competitiveness and importance for timber production 
(Vacik et al., 2010a; Caudullo et al., 2016). However, PA is vulnerable 
to extreme events such as drought and windthrow both directly and by 
increasing its susceptibility to bark beetles. Such forest declines have 
been predominantly observed in plantations in lowlands but are 
increasingly reported at lower and mid-elevation sites across the Alps 
(Pasztor et al., 2014; Hlásny et al., 2021; Jaime et al., 2022). After spruce, 
European larch (Larix decidua Mill., in the following LD) and Scots 
pine (Pinus sylvestris L., in the following PS) are the most abundant 
conifer species in the Alps. Under natural conditions, LD is the most 
abundant near the forest line in avalanche tracks and erosion channels 
but may also substitute beech (Fagus sylvatica L.) in dry montane 
forests (Staffler and Karrer, 2001; Vacik et al., 2010b; Da Ronch et al., 
2016). Additionally, LD was promoted by humans in silvopastoral larch 
meadows (Motta and Lingua, 2005; Fontana et al., 2014). Due to their 
light-demanding early life stages, a lack of disturbance or management 

leads to regeneration of PA underneath older LD trees (Garbarino 
et  al., 2011; Moris et  al., 2017). Deciduous by nature, LD has to 
be photosynthetically active also in drier conditions (Anfodillo et al., 
1998; Wieser, 2010; Leo et al., 2014). This is achieved by maintaining 
high water consumption through its deep heart-root system and 
osmotic adjustments under dry conditions (Badalotti et  al., 2000). 
Thus, hardly any large-scale drought-related dieback of LD is known 
in the Alps, even though several studies suggest that LD is close to its 
limits in dry areas (Eilmann and Rigling, 2012; Lévesque et al., 2013). 
PS is the most abundant conifer in the world (Durrant et al., 2016). In 
the Alps, due to its low competitiveness compared with PA, PS grows 
mainly in dry inner-Alpine valleys at low elevation and on marginal 
soils (Oberhuber et al., 2014). While also a light-demanding pioneer, 
PS is an isohydric species with strict control of stomatal conductance 
(Oberhuber et al., 2015). Though PS is considered a drought-resistant 
species, severe drought led to large-scale diebacks of stands growing at 
marginal conditions (Vacchiano et al., 2012; Hunziker et al., 2022; 
Lemaire et al., 2022). The Swiss stone pine (Pinus cembra L., in the 
following PC) is a slow-growing, late-successional pine species that is 
restricted to the upper subalpine forests near the forest line as it is 
outcompeted by PA at elevations below 1,700 m a.s.l. (Motta et al., 2006; 
Caudullo and de Rigo, 2016). Its abundance is limited to the more 
continental Central Alps as sapling mortality, which is induced by snow 
fungi, preventing its regeneration in snowy regions (Holtmeier, 1990; 
Barbeito et al., 2013). Finally, we also sampled black pine (Pinus nigra 
J. F. Arnold in the following PN), a Mediterranean conifer that was 
introduced to the region 130 to 50 years ago for erosion control on 
degraded south-exposed, low-elevation slopes (Vacik et al., 2010b). PN 
is considered an isohydric, drought-resistant species (Enescu 
et al., 2016).

In this study, we compare the climate-growth relationships of 
these five conifer species with different physiological backgrounds at 
different elevations within their local distribution range. Our objective 
is to determine how their growth reacts to changing environments 
from water-limited to temperature-limited conditions. We hypothesize 
that at low elevation, isohydric, drought-resistant pines (PN and PS) 
will be less water-limited than drought-vulnerable PA and deciduous 
LD. We also anticipate that growth conditions for LD and PA will 
be  ideal at mid-elevation. At high elevation and the forest line, 
we expected a stronger temperature response of fast-growing LD and 
PA in comparison to PC. Thus, we predict higher growth rates for LD 
and PA due to the increasing temperatures observed in recent decades.

2 Materials and methods

2.1 Site description

Our study was conducted within the LTSER platform 
“Matsch|Mazia” (LTER_EU_IT_097), which is located in a side valley 
of the Vinschgau/Val Venosta Valley in the Province of Bozen/Bolzano, 
Italy. Three to nine sites per species were sampled ranging from the 
valley bottom at 1,070 m above sea level (a.s.l.) to the current forest line 
(2,250 m a.s.l. at the South Slope and 2,320 m a.s.l. at the North Slope). 
Variable environmental conditions along the elevational gradient but 
also past and present land use cause differences in tree age, forest 
structure, and composition (see Table  1). Low-elevation sites are 
located close to the floor of Vinschgau/Val Venosta at the entrance of 
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the Matsch/Mazia Valley and are the low-elevation forests in the area. 
Mid-elevation sites include the highest PN stands and LD, PA, and PS 
stands up to 1,800 m relatively close to the village of Matsch/Mazia. 
High-elevation sites include the highest PS stand and otherwise LD, 
PA, and PC stands in subalpine forests typical for the region. Finally, 
forest line sites were located at the uppermost limits of the closed 
forests. At the sampled forest stands at low elevation, trees were mostly 
planted starting in the 1890s, but also in the 1950s and 1960s, leading 
to a uniform age distribution. At high elevation, natural regeneration 
is more important, resulting in a more variable age distribution. Some 
sites are still used as pasture for sheep, horses, and/or cattle.

2.2 Climate

Long-term temperature and precipitation records (monthly data 
since 1858, daily precipitation data since 1924, and daily temperature 

since 1967) for the region are available from the climate station 
Marienberg/Monte Maria operated by the Hydrographic Office of the 
Autonomous Province of South Tyrol (Auer et al., 2007). This station 
is located 4.5 km northwest of the lowest elevation sites at 1,310 m a.s.l. 
These records are still continuously updated. For climate-growth 
analysis, we used data until 2013 in accordance with our tree-ring 
data. As a reference period for climate comparisons, we  used the 
climate normal period of 1981–2010. Daily temperature data from 
1924 to 1967 were estimated using data from the respective grid of the 
E-OBS data set (Cornes et al., 2018), which was corrected using a 
linear regression of gridded and station temperatures from 1967 to 
2021. To this end, we calculated separate linear regressions for daily 
maximum (Tmax,station = Tmax,grid * 0.98 + 4.5, r2 = 0.87) and daily minimum 
(Tmin,station = Tmin,grid * 0.93 + 4.81, r2 = 0.95) temperatures and applied 
these equations to the period before 1967. We then calculated the daily 
mean temperatures for the whole period as the arithmetic mean 
between daily maximum and minimum temperatures. To combine 

TABLE 1 Site and tree characteristics of the 24 sampling sites

Site
Elevation belt 
(class)

Location
Slope 

(°)

Tree 
age 

(years)

DBH 
(cm)

Tree 
height 

(m)

Crown 
cover 

(%)

Species 
ratio 
(%)

Other 
species 
at siteLongitude Latitude

PC.2320.NW High subalpine 

(forest line)

E 10.6334 N 46.6709 35 190.0 ± 81.1 31.9 ± 7.4 15.0 ± 4.91 40 100

LD.2250.SE High subalpine 

(forest line)

E 10.6086 N 46.6720 27 82.9 ± 68.9 47.1 ± 17.8 10.3 ± 2.5 30 20 PC, PA, 

Pinus mugo

PC.2250.SE High subalpine 

(forest line)

E 10.6015 N 46.6967 27 104.2 ± 61.9 50.8 ± 20.3 13.0 ± 2.8 30 60 LD, PA, 

Pinus mugo

LD.2100.SE Subalpine (high) E 10.6899 N 46.7407 19 103.4 ± 40.3 39.7 ± 10.2 19.0 ± 4.3 40 30 PC

PC.2100.SE Subalpine (high) E 10.6103 N 46.6910 19 115.8 ± 26.9 30.0 ± 10.0 15.4 ± 4.0 40 70 LD

LD.2030.NW Subalpine (high) E 10.6438 N 46.6987 28 140.9 ± 75.2 41.0 ± 17.2 18.8 ± 2.9 80 40 PC

PC.2030.NW Subalpine (high) E 10.6403 N 46.6967 28 190.6 ± 51.0 34.1 ± 3.06 18.6 ± 3.1 80 60 LD

PA.2000.NW Subalpine (high) E 10.6376 N 46.6938 30 90.8 ± 34.8 42.9 ± 12.3 18.7 ± 3.8 60 40 LD, PC

LD.1990.SE Subalpine (high) E 10.6131 N 46.7002 27 72.8 ± 21.8 42.3 ± 10.0 13.9 ± 1.5 40 100

PA.1930.SE Subalpine (high) E 10.6063 N 46.6929 26 92.0 ± 14.8 52.4 ± 8.8 24.5 ± 2 80 90 LD

PS.1870.SW Low subalpine (high) E 10.5738 N 46.7001 19 121.0 ± 52.1 45.7 ± 11.0 15.4 ± 4.9 70 30 PA

LD.1800.NW Low subalpine (mid) E 10.6309 N 46.6888 40 96.4 ± 16.3 48.7 ± 12.4 25.1 ± 5.8 80 70 PA

PA.1800.NW Low subalpine (mid) E 10.6309 N 46.6888 40 88.6 ± 13.9 38.2 ± 11.2 19.6 ± 6.8 80 30 LD

LD.1715.SE Low subalpine (mid) E 10.6102 N 46.6916 31 114.0 ± 4.4 38.8 ± 5.0 19.6 ± 2.3 60 100

PA.1715.SE Low subalpine (mid) E 10.6132 N 46.6928 25 117.2 ± 6.3 64.7 ± 11.3 26.9 ± 4.1 80 50 LD

PS.1570.SW High montane (mid) E 10.5861 N 46.6835 21 89.3 ± 44.8 41.2 ± 10.4 11.3 ± 3.9 30 90 PA

PN.1400.SW High montane (mid) E 10.5804 N 46.6840 33 44.6 ± 2.1 40.4 ± 5.9 15.4 ± 1.8 40 20 PS

LD.1160.SW Montane (low) E 10.5804 N 46.6840 18 46.4 ± 2.5 34.4 ± 11.6 18.2 ± 7.2 60 50 PN

PN.1160.SW Montane (low) E 10.5823 N 46.6810 23 42.3 ± 5.1 35.4 ± 5.5 13.8 ± 1.6 60 50 LD

LD.1070.N High colline (low) E 10.5581 N 46.6768 18 120.3 ± 6.3 33.5 ± 1.8 13.5 ± 3.1 70 100

LD.1070.SE High colline (low) E 10.5701 N 46.6819 19 123.8 ± 5.0 45.2 ± 7.6 25.2 ± 2.8 60 100

PA.1070.E High colline (low) E 10.5738 N 46.6877 19 119.2 ± 5.0 37.8 ± 3.3 22.1 ± 2.3 30 30 LD

PN.1070.S High colline (low) E 10.5727 N 46.6796 28 117.8 ± 4.8 47.0 ± 7.7 21.7 ± 3.3 40 100

PS.1070.E High colline (low) E 10.5727 N 46.6796 21 129.5 ± 9.6 38.3 ± 4.5 15.1 ± 3.8 40 100

Tree age, DBH, and tree height are site averages ± standard deviation. Site names indicate the species (first two letters, LD, Larix decidua; PA, Picea abies; PN, Pinus nigra; PS, Pinus sylvestris; 
PC, Pinus cembra), elevation, and aspect (last one to two letters). Wood cores were taken from 10 to 16 trees per site. Elevation belts according to Vacik et al. (2010a), in brackets the elevation 
classes used in the text. DBH is diameter at breast height and tree age cambial age at sampling height, slope was measured with an inclinometer, and tree heights were measured with a vertex 
(Haglöf, Sweden).
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temperature and precipitation data and indicate water availability and 
drought conditions, we  used the standardized precipitation-
evapotranspiration index (SPEI), which integrates precipitation and 
potential evapotranspiration (Beguería et al., 2014). To analyze the 
effects of short-term versus long-term dry periods, we calculated the 
SPEI on 1 month, 3 months, and 12 months basis using the spei()-
function of the R-package SPEI (Begueria et al., 2017). To this end, 
according to Thornthwaite, we  estimated the potential 
evapotranspiration with the thornthwaite()-function of the same 
R package.

2.3 Methods

To investigate climate-growth relationships, two core samples with 
a diameter of 5 mm were extracted at breast height (1.3 m) at opposite 
sides of 10 to 16 trees per site. Trees from all diameter classes present 
at the sites were sampled. To avoid sampling of reaction wood and 
growth irregularities, trees were cored parallel to the slope. Trees at 
PC-sites and at most LD-sites were sampled in August 2014 (Meurer, 
2015), at all other sites during the summer of 2017 (Buscarini, 2018). 
Tree-ring analysis focused on the common period until 2013 for all 
sites. In the laboratory, core samples were fixed on a holder, and their 
surface was smoothed by cutting with a razor blade. Early wood and 
late wood ring widths were measured using a digital measuring table 
(LINTAB 4, Rinntech, Heidelberg, Germany) and the tree-ring 
program TSAP-Win (Rinntech, Heidelberg, Germany) or were 
scanned with an Epson Perfection V600 photo scanner with 2,400 dpi 
resolution and measured with CooRecorder 9.8 (Cybis Elektronik & 
Data AB, Sweden, Maxwell and Larsson, 2021). Early wood and late 
wood tree-ring sections were defined visually (cell size and darkening). 
For species with a gradual transition between earlywood and latewood 
(Norway spruce), we defined the early wood/late wood boundaries as 
the middle of the transition zone. Ring width series were crossdated 
visually in TSAP-Win (Rinntech, Heidelberg, Germany) or Cybis 
CDendro 9.8 (Cybis Elektronik & Data AB) and statistically in 
Cofecha (Holmes, 1983) and in R using the dplR package (Bunn et al., 
2016). For further analysis, we calculated tree means from the two 
cores selected per tree. Site mean chronologies were derived using the 
dplR package, thereby trees with a correlation coefficient of less than 
0.5 with the mean site chronology after crossdating were excluded 
from the site chronologies. Standard chronology statistics and 
Gleichläufigkeit between chronologies were also calculated with the 
dplR package. To visualize long-term growth trends, we calculated 
basal area increment (BAI), which depends less on tree age than tree-
ring widths (Fritts, 1976; Schuster and Oberhuber, 2013a), using the 
bai.out()-function of the R package dplR. This analysis was performed 
by taking measured diameters at breast height (DBH) into account. 
For cores missing the pith, the missing rings were estimated in 
CooRecorder or from the difference between core length and stem 
radius calculated from measured DBH considering the average width 
of the five innermost measured rings of the core. For climate-growth 
correlations, we calculated the ring width index (RWI) by removing 
low-frequency variability related to tree aging and forest stand 
development using a spline with a frequency response of 0.5 at a 
wavelength of 30 years. To remove the remaining temporal 
autocorrelation and emphasize the high-frequency signal (year-to-
year variability), the RWI was pre-whitened using a first-order 
autoregressive model before calculating climate-growth correlations. 

To visualize differences in tree growth patterns between different 
species and elevations, tree-ring chronologies and single tree-ring 
width data were compared using hierarchical cluster analysis (HCA) 
and principal component gradient analysis (PCGA) from the 
dendRolAB package (Buras et al., 2016) for a common period from 
1971 to 2013.

Static seasonal climate-growth relationships were calculated using 
the dcc()-function (method: “correlation”) of the R package treeclim 
(Zang and Biondi, 2015), which we  used to calculate seasonal 
correlations between tree-ring proxies and climatic drivers 
(temperature, precipitation, and SPEI) measured from spring (March 
to May) of the previous year to autumn (September to November) of 
the current year. Daily climate-growth correlations were determined 
from 1924 to 2013 using the function daily_response() in the R 
package dendrotools (Jevšenak and Levanič, 2018). This function 
searches for the time period with the highest correlation between the 
chosen tree-ring proxy and the respective climatic driver at a daily 
resolution. We allowed for a range of 21 to 270 days for this optimal 
cumulative time window within a period from 1st April of the 
previous year to 1st October of the current year. Temporal stability of 
daily correlations for the optimal time periods was checked using the 
same function, with a fixed-window approach and a 30 years window.

3 Results

3.1 Climate

Due to the sheltering effect of the surrounding mountains, the 
study area is one of the driest in the Alps with a mean annual 
temperature of 6.38°C and a mean annual precipitation of 683 mm. As 
a comparison, the average precipitation in the Alpine region was 
1,100 mm during the late 20th century (Frei and Schär, 1998). During 
the period for which instrumental records are available, the mean 
annual air temperature at the Marienberg/Monte Maria climate 
station increased from 5.4°C in 1861 to 1870 (the first full decade 
available) to 6.7°C in 2001 to 2010 (the last full decade before tree-ring 
sampling). Overall, the temperature increased since the 1980s and, in 
particular, during summer and spring (Figure 1A). The precipitation 
was highest in summer (average 251 mm from 1981–2010), followed 
by autumn (195 mm), spring (136 mm), and winter (101 mm). No 
significant long-term trend was observed in precipitation since the 
1860s (Figure 1B). According to SPEI12, 2002 was the driest since the 
start of the measurements at Marienberg/Monte Maria (Figure 1C). 
Other rather dry periods were from the mid-1980s to late 1990s, the 
early 1970s, and the 1940s. In contrast, a short period from 1999 to 
2001, the late 1970s to early 1980s, the late 1960s, and, in general, until 
the mid-1930s were more humid. SPEI3 and SPEI1 provide 
information on short-term variability within these dry and wet 
periods. For instance, during the recent dry period since 2003, spring 
and early summer (March to June) were particularly dry while autumn 
and winter were dry in the early 1970s.

3.2 Tree growth

Tree age was very uniform (standard deviation lower than 10, see 
Table 1) at low-exposed (<1,200 m a.s.l.) and most south-exposed 
mid-elevation (1,200–1,800 m a.s.l.) stands, which were established 
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either approximately 45 or between 110 and 130 years ago. Age 
distribution became less uniform (s.d. 10–80) at high elevation and on 
the North Slope with an average tree age between 70 and 140 years. 
Only PC stands at the north-exposed, high elevation (1,800–2,200 m 
a.s.l.), and forest line (>2,200 m a.s.l.) sites were older with a mean age 
of 190 years. In general, DBH was highest at mid-elevation and lowest 
at low elevation. Within the analyzed tree species, DBH was highest 
for PA, similar for PS, LD, and PN, and lowest for PC. Tree height was 
highest at mid-elevation and lowest at the forest line. Averaged by 
species, tree height was again highest for PA, followed by LD and PN 
and lowest for PC and PS.

Individual site chronologies showed the lowest mean tree-ring 
width at three of the four PC sites and at the lowest elevation sites 
(Table 2; Supplementary Table S1). In contrast, the highest mean ring 
widths were found at sites with low tree age at low-elevation and 
mid-elevation. Summarized by species, the mean total ring width was 
highest for PN (where trees at two of three sites were less than 45 years 
old), followed by PA, PS, and LD, and lowest for PC, which was 
restricted to high elevation. Early wood (EW) width had the same 

pattern as total ring width, while late wood (LW) width was relatively 
low in PA and very low in PC. The high first-order autocorrelation for 
TR and EW in PC was related to its constant growth. In contrast, the 
low autocorrelation for the same parameters found in LD and PN 
indicated a strong reaction to the respective climatic conditions and 
other factors driving growth. In addition, high values of signal-to-
noise-ratio (SNR), expressed population signal (EPS), mean inter-
series correlation (rbar), and overall inter-series correlation (OIC) at 
low elevation (especially for TR and EW) indicated similar growth 
behavior within sites due to strong climate forcing. These effects 
decreased at high elevation.

Another indicator of a strong climatic forcing of tree growth at 
low elevation is the high Gleichläufigkeit (GLK) between these site 
chronologies, even between different species. This tendency decreased 
at mid-elevation and increased again slightly toward the forest line 
(Supplementary Figure S1). The values and pattern of GLK were 
similar to TR and EW chronologies but were mostly lower for LW, 
indicating a stronger climatic influence earlier in the year and more 
species-specific patterns in LW formation. In general, BAI has shown 

FIGURE 1

Long-term seasonal (winter  =  previous December to February, spring  =  March to May, summer  =  June to August, and autumn  =  September to 
November) mean temperatures (A) and precipitation sums (B) and 30  years means (1981–2010 climate normal period, dotted lines) and 30  years 
splines (dashed) from the Marienberg/Monte Maria climate station close to the research area. (C) Heatmaps of 1  month (SPEI1), 3  months (SPEI3), and 
12  months (SPEI12) standardized precipitation-evapotranspiration index indicate dry (negative values) and humid conditions (positive values).
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TABLE 2 Chronology statistics summarized by elevation classes (A) and species (B).

(A) 
Elevation

N Mean ring width  ±  s.d. (μm) Ratio AR1 SNR EPS rbar OIC

TR EW LW LW/
TR

TR EW LW TR EW LW TR EW LW TR EW LW TR EW LW

Forest line 30/22 1,498 ± 542 1,333 ± 502 165 ± 72 0.11 0.71 0.68 0.38 4.36 4.21 0.93 0.81 0.80 0.38 0.51 0.50 0.18 0.57 0.56 0.23

High 102/86 1,646 ± 658 1,365 ± 571 280 ± 124 0.17 0.76 0.74 0.52 7.33 6.94 2.93 0.84 0.84 0.70 0.46 0.44 0.26 0.60 0.57 0.43

Mid 66/64 2,113 ± 984 1,707 ± 843 406 ± 211 0.20 0.68 0.67 0.52 12.70 11.99 8.14 0.90 0.89 0.82 0.54 0.53 0.42 0.65 0.64 0.55

Low 76/72 1,727 ± 1,268 1,346 ± 1,088 381 ± 279 0.22 0.67 0.64 0.42 22.79 21.21 12.68 0.96 0.95 0.92 0.71 0.69 0.56 0.77 0.76 0.70

(B) 
Species

N

Mean ring width  ±  s.d. (μm) Ratio AR1 SNR EPS rbar OIC

TR EW LW
LW/
TR

TR EW LW TR EW LW TR EW LW TR EW LW TR EW LW

Larix decidua 116/101 1,683 ± 877 1,290 ± 725 393 ± 217 0.24 0.64 0.61 0.48 15.85 14.90 10.09 0.91 0.90 0.86 0.59 0.58 0.47 0.69 0.66 0.63

Picea abies 50/47 1,908 ± 866 1,666 ± 792 242 ± 121 0.13 0.74 0.73 0.52 9.19 9.22 4.72 0.85 0.84 0.72 0.47 0.47 0.32 0.63 0.63 0.45

Pinus cembra 48/38 1,141 ± 505 1,070 ± 495 72 ± 28 0.07 0.84 0.83 0.36 8.22 8.04 1.06 0.87 0.86 0.43 0.53 0.52 0.12 0.57 0.57 0.18

Pinus nigra 30/30 2,679 ± 1,547 2,121 ± 1,344 557 ± 341 0.22 0.64 0.63 0.43 19.31 16.77 9.90 0.95 0.94 0.91 0.68 0.65 0.52 0.75 0.74 0.65

Pinus sylvestris 30/28 1,715 ± 931 1,335 ± 746 380 ± 245 0.22 0.72 0.69 0.56 9.35 8.61 5.16 0.84 0.83 0.77 0.50 0.48 0.40 0.63 0.61 0.55

N, number of trees sampled/included in the site chronology; AR1, first-order autocorrelation; SNR, signal-to-noise ratio; EPS, expressed population signal; OIC, overall inter-series correlation for total ring width (TR), early wood (EW), and late wood (LW) series. AR1 
was calculated from raw tree-ring width series. SNR (Signal-to-noise-ratio), EPS (expressed population signal), rbar (mean inter-series correlation), and OIC (overall inter-series correlation) were calculated from detrended chronologies using a 30 years spline. Each tree 
was cored twice at opposite sides and parallel to the contour line.
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increasing growth since the mid-1970s at most high-elevation and 
forest line PA and LD sites. However, BAI did not increase in recent 
decades for PC and at south-exposed LD and PA sites near 2,000 m 
a.s.l. (Figure  2). A sudden increase of BAI in the late 1970s at 
PS-1870-SW coincided with an increase in sampling depth 
(Supplementary Figure S2). Most mid-elevation sites (except for 
PA-1800-NW) and the younger low-elevation sites showed higher 
growth from the 1970s to 2000. At most low-elevation and 
mid-elevation sites, growth rates were higher in the 1970s and 1980s 
than in previous decades. The 2003 heatwave led to a clear growth 
reduction in all of these sites that persisted for several years. Recovery 
was only observed around 2010.

Overall, the high-frequency growth patterns of 30 years spline-
detrended RWI displayed with HCA showed a distinct separation of 
all low-elevation sites (and LD.1160.SW), which was independent of 
the tree species (Figure 3). Most mid-elevation sites also formed a 
separate group. In contrast, at high-elevation, the forest line LD sites 
were clearly separated from pine (PC, PS) and spruce (PA) sites. Early 
wood HCA patterns were very similar to those obtained for total ring 
width. Unlike early wood, late wood HCA chronologies also showed 
a separation between low-elevation sites but allowed the distinction of 
different more elevation- and less species-related patterns at high 
elevations (Supplementary Figure S3).

A separation along the elevational gradient is also clearly displayed 
in PCGA-biplots (Figure 4A), where it corresponds to the second 

principal component. In contrast, the first principal component 
showed some separation between species, for instance, between PS 
and most PA sites at mid-elevation or for late wood LD and PC at high 
elevation and the forest line. Nonetheless, the first principal 
component was overall harder to interpret. Comparing PCGA ranks, 
low-elevation sites differed significantly from high-elevation and 
forest line sites, with mid-elevation sites in between (Figure 4B). In 
contrast, significant differences between species were found only 
between PN and PC, where PN was restricted to mid-elevation and 
low-elevation, while PC occurred at high elevation and the forest line 
(Figure 4C). Variability of tree growth within species was highest for 
LD with sites ranging across the whole elevational gradient. PA and 
PS, which were also distributed from low to high elevation, were less 
variable. In general, TR and EW patterns were similar, while LW 
chronologies differed. Especially, late LW chronologies of PC were 
separated from high-elevation/forest line LD sites. To obtain more 
detail on intra-species and intra-site versus inter-site variability, 
we  applied PCGA at tree level for total ring width (Figure  5; 
Supplementary Figure S4). LD and PA showed a significant separation 
between low-elevation and high-elevation/forest line sites. PS 
separated quite clearly along the elevational gradient, while PN, which 
occurred at a narrower elevation range, separated quite less along the 
elevational gradient. For PC, high-elevation and forest line sites 
differed considerably. Across species, sites approximately 2,000 m a.s.l. 
showed a higher variability than low-elevation and forest line sites.

FIGURE 2

Time course of basal area increment (BAI) chronologies from 1880 to 2013 arranged by species and elevation (low <1,200  m, mid  =  1,200 to 1,800  m, 
high  =  1,800 to 2,200  m, and forest line >2,200  m a.s.l.). Sampling depth: > 4 trees per site. The grey dashed line marks the year 2003.
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FIGURE 3

Hierarchical cluster analysis of RWI site chronologies of total ring 
width. (LD, Larix decidua; PA, Picea abies; PN, Pinus nigra; PS, Pinus 
sylvestris; PC, Pinus cembra).

3.3 Climate-growth relationships

Static seasonal climate-growth relationships showed by far more 
positive than negative correlations, mainly with precipitation and 
SPEI at low-elevation and mid-elevation (Figure  6; 
Supplementary Figures S5–S7), indicating the importance of water 
availability. Within SPEI correlations, those correlations with SPEI12 
were higher than with SPEI3 and SPEI1, showing that constant, long-
term water supply was essential. In general, significant temperature 
correlations were less frequent. Positive ones were observed mainly 
in summer of the current year and previous autumn temperatures at 
high elevations and the forest line. In contrast, significant negative 
correlations were found with previous summer and autumn 
temperatures at low-, mid-, and high elevations. Most sites with 
significant climate correlations and the highest correlation coefficients 
were found for current summer and current spring, followed by 
correlations with previous autumn and winter conditions. Growth 
correlations with previous summer and previous spring were rare.

Overall the highest positive correlation coefficients were observed 
with current spring- and summer SPEI and precipitation. At species 
level,they were strongest for low- and mid-elevation PN, followed by 
PA, PS and LD (Supplementary Figure S7). Positive growth correlation 
with temperature was significant for LD for summer of the current 
year and previous autumn at high elevation and the forest line and for 
PC at the North Slope forest line. Strongly negative correlation 
coefficients were found in previous autumn temperature for PN and 
PA. More negative growth correlations were observed with current 
summer SPEI1 and SPEI3 for LD at high elevation and the forest line 

but also with previous spring SPEI for LD at high elevation and PA at 
mid elevation and high elevation. Finally, significant negative 
correlations were also found with previous summer temperatures for 
PA at mid-elevation and high elevation. Climate correlations of early 
wood were similar to those of total ring width. In contrast, late wood 
showed less significant growth correlations with the previous year and 
current spring conditions but showed more significant growth 
correlations with current summer climate variables 
(Supplementary Figure S7).

In contrast to seasonal or monthly climate-growth correlations 
which use a-priori defined, arbitrary time windows, the daily climate 
data approach provides the exact start date and end date of the time 
period with the highest correlation between the respective climate 
(temperature and precipitation) and growth (total ring, early wood, 
and late wood widths) variables. As such, daily climate data should 
display any differences more explicitly in climate-growth correlations 
between species or along the elevational gradient. The highest 
correlations were found for precipitation at low-elevation for all 
species and at mid-elevation PN sites. The optimal time periods for 
these mainly started from October to November of the previous year 
and lasted until June to August of the current year (Figure 7). When 
considering only current year data, the correlation coefficients were 
mostly slightly lower, and the optimal time periods started from 
mid-March to 1st May of the current year and lasted again until June 
to August. At sites higher than 1,700 m a.s.l., in general, correlations 
with precipitation were decreased. The exception is PA for which the 
correlation remained relatively strong. Optimal periods at high 
elevations were shorter and most sites covered only the previous 
growing season. A significant positive correlation with precipitation 
in the current year occurred up to 1,900 m, covering the entire 
growing season. Above that elevation, correlations with precipitation 
were found only at one LD and at two PC sites at the South Slope. 
Significant negative correlations with precipitation were rare. When 
detected, they were found mainly at three high-elevation/forest line 
LD sites for periods in the early current growing season.

Significant positive correlations with previous year temperatures 
occurred almost exclusively at high-elevation and forest line LD-sites 
(Figure  7). Significant positive correlations with current year 
temperatures were found only above 1,570 m a.s.l., again mainly for 
LD but also for PA, and for short periods during the growing season. 
In contrast, significant negative correlations were observed more often 
with previous than with current year temperatures. At mid-elevation 
and high-elevation sites, these negative correlations were highest for 
periods covering the growing season of the previous year. At lower 
sites, winter temperatures were negatively correlated with tree growth.

Overall, daily correlations with early wood width were similar to 
the ones to total ring withs with slightly earlier optimal periods 
(Supplementary Figure S8). In contrast, daily correlations with late 
wood width were often lower for previous year and higher for current 
year conditions and had later optimal periods 
(Supplementary Figure S9). Growth correlations with precipitation 
were mostly stable, especially for current year optimal periods 
(Supplementary Figure S10). When including periods starting in the 
previous year, growth correlations decreased after the mid-1990s at 
low-elevation PA and LD sites but increased at some mid-elevation, 
high-elevation, and forest line sites (Supplementary Figure S11). Both 
positive and negative temperature correlations got stronger for 
30 years ending after the 1960s at some low-elevations sites but 
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decreased in recent years, especially at some high-elevation sites 
(Supplementary Figures S12, S13).

4 Discussion

4.1 Patterns of tree growth

The low variability of tree age observed at low elevation and mid 
elevation for LD, PA, PN, and PS was a consequence of anthropogenic 
reforestation in the region from the 1890s to the 1960s, which was 
conducted mainly for erosion control on formerly pastured slopes 
(Vacik et al., 2010b). Only at high elevations above 2,000 m (for PS, 
which is rather rare in the study area, also at 1,570 m a.s.l.), a more 
diverse age structure indicated a prevalence of natural regeneration or 
selective logging in the past. Nonetheless, the relatively young age of 
most trees present at high-elevation sites was due to forest 
management and the reforestation of pastures. Especially on the South 
Slope, pasturing was more intense in previous centuries and was 
partially abandoned in the last decades (Vittoz et al., 2008). DBH and 

tree height varied at even-aged sites, highlighting the importance of 
competition and microhabitat conditions (Wieser et al., 2019; Schmid 
et al., 2021). Interestingly, mean DBH and tree heights of PA were 
among the highest of all species. This occurred even though PA is 
generally considered susceptible to drought (Caudullo et al., 2016), 
and its growth was strongly correlated with water supply at all 
investigated sites. In contrast, low species-specific growth rates of PS 
and PC were indicated by comparatively low average tree heights and 
DBH (Caudullo and de Rigo, 2016). For PC, generally harsh growing 
conditions in its high-elevation habitats were an additional reason for 
slow growth.

In general, the mean ring width for all species increased with 
elevation and reached the highest values at nearly 2,000 m a.s.l., 
corresponding to LD and PA sites at the South Slope. There were 
two exceptions to this trend: some very young stands at low 
elevation with age-related wide rings (Speer, 2010) and PS with a 
maximum at relatively low 1,570 m a.s.l. In contrast to our findings, 
other tree-ring studies along elevational gradients at more humid 
sites in the Swiss (Affolter et al., 2010) and German Alps (Hartl-
Meier et  al., 2014a) found decreasing mean ring widths at least 

FIGURE 4

Comparison of indexed site chronologies of total ring width (TR), early wood (EW), and late wood (LW) using PCGA. The top row (A) displays the PCA-
biplots, numbers in the axis titles (rsq) denote the variance explained by the component. The bottom row shows boxplots of the PCGA ranks of site 
chronologies grouped by elevation (B, low <1,200  m, mid  =  1,200 to 1,800  m, high  =  1,800 to 2,200  m, forest line >2,200  m a.s.l.) and species (C, LD, 
Larix decidua; PA, Picea abies; PN, Pinus nigra; PS, Pinus sylvestris; PC, Pinus cembra). In the boxplots, the upper and lower hinges correspond to the 
first and third quartiles, the whiskers extend to a maximum of 1.5 times of the inter-quartile range, and points are outliers. Different letters in the 
boxplots indicate significant differences between elevations or species (p  <  0.05).
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FIGURE 5

Boxplots of PCGA ranks for a tree level PCGA using 30  years spline-detrend, total ring width RWI (for PCGA biplot, see Supplementary Figure S4). The 
upper and lower hinges correspond to the first and third quartiles, the whiskers extend to a maximum of 1.5 times of the inter-quartile range, and 
points are outliers. Different letters above the boxplots indicate significant differences between species or elevations (p  <  0.05). In the site names (x-
axis), LD, Larix decidua; PA, Picea abies; PN, Pinus nigra; PS, Pinus sylvestris; PC, Pinus cembra, numbers are the elevation, and the last letters the 
aspect.

above 1,000 m a.s.l. for LD, PA, and PS. Additionally, we observed 
higher mean ring widths at the South Slope than at the North Slope 
for LD, PA, and, especially, PC. Conversely, little differences 
between opposing slopes were observed by King et al. (2013) in the 
Swiss Alps.

Generally, higher SNR, EPS, OIC, and rbar values at low elevations 
indicate a strong common driver determining tree growth at these 
sites. This was further supported by high GLK values between 
low-elevation sites even between different species. The most noticeable 
trends in BAI were an increase in growth since the 1970s which was 
found at most high-elevation and forest line LD sites at the North 
Slope high-elevation PA site but not for PC sites. Such high-elevation 
growth increments in recent decades for PA and LD but not for PC 
were also observed in the Central Eastern Alps (Oberhuber et al., 
2020) and in the French Alps (Rolland et al., 1998; Rozenberg et al., 
2020). Additionally, a growth increase in PA near the forest line in 
recent decades was also found in the Northern Limestone Alps in 
Germany and Austria (Hartl-Meier et al., 2014b) and in the Sudetes 
and Carpathians (Ponocna et  al., 2016). In addition to rising 
temperatures, several additional factors could contribute to increasing 
tree growth rates at high elevation detected over the last decades. 
These supplementary factors include (Wieser et  al., 2016), the 
increasing atmospheric deposition of nutrients such as nitrogen 
(Braun et al., 2010), and for LD the absence of regular outbreaks of 
larch budmoth (Zeiraphera diniana Guénée) after the 1980s (Peters 

et al., 2017). The lack of growth increment of PC found over the same 
period may be related to increasing stand densities (Gruber et al., 
2022) but also to the strict limitation of daily tree growth by VPD 
using automatic dendrometers, as observed in an earlier study in the 
region (Obojes et al., 2022). Similarly, Saulnier et al. (2011) found 
evidence for water limitation of PC at high-elevation sites in the 
southern French Alps, and Vittoz et al. (2008) observed drought stress 
at the lower limits of PC occurrence approximately 2,100 to 2,200 m 
a.s.l. in southwestern Switzerland.

The beginning of a period with high BAI from the 1970s to early 
2000s at most mid-elevation and some low-elevation sites coincided 
with more humid conditions. In addition to climatic reasons, 
management interventions could also be  a reason for temporary 
growth releases at some of these sites. The 2003 heatwave and the 
following dry years led to a distinct growth reduction at all low 
elevation and mid elevation and even some south-exposed high-
elevation sites. Similar growth declines during and after drought 
years were also observed in other studies. These include PA at sites 
below 1,400 m a.s.l. in the humid German and Austrian Northern 
Limestone Alps (Hartl-Meier et al., 2014b) and LD stands at a dry 
montane site in the Austrian Alps (Schuster and Oberhuber, 2013b). 
Negative growth reactions to drought were also previously observed 
for pine species. Specifically, they were reported for PS at 
low-elevation sites in the rather dry southwestern Swiss Alps (Affolter 
et al., 2010) and Western Italian Alps (Gonthier et al., 2010). For PN, 
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drought impact on growth was found in the submontane zone in 
Eastern Austria (Leal et al., 2007), and for dense, planted stands, 
drought impact on growth was found in southern Spain (Sánchez-
Salguero et al., 2013).

Clustering growth patterns via HCA and PCGA resulted in a clear 
separation of sites along the elevation transect. This was driven by 
decreasing temperatures and increasing precipitation/moisture 
availability with increasing elevation (Körner, 2007; Babst et al., 2013). 
Changing tree growth patterns are commonly observed in studies 
along elevational gradients (Affolter et al., 2010; Hartl-Meier et al., 
2014b; Rozenberg et al., 2020; Jevšenak et al., 2021). Surprisingly, 
neither HCA nor PCGA found different growth patterns between 
species at low-elevation sites. Apparently, water limitation was so 
strong that all species were affected. With increasing elevation and 
better water supply, a certain separation between LD and the evergreen 
species could be observed in HCA. In contrast, other studies found 
distinct differences between species also at low elevation, for instance 
between LD and PA (Hartl-Meier et al., 2014a) or PN and PS (Marqués 
et al., 2016).

4.2 Climate impact versus species effects

The frequent and strong positive growth correlations with 
precipitation and SPEI for all species at low elevation confirmed the 
water-limitation of growth at these sites. The highest correlation 
coefficients were observed for PA which was expected to be the most 
drought-susceptible species. Similar uniform positive precipitation 
correlations among species in dry, low-elevation conditions were also 
observed in other studies; for PA, LD, and PS, similar uniform positive 
precipitation correlations were observed in the inner Alps (Schuster 
and Oberhuber, 2013b); for PN, PS, and PA, similar uniform positive 
precipitation correlations were observed in France (Lebourgeois et al., 
2010, 2011); and for PA and LD, similar uniform positive precipitation 
correlations were observed in Switzerland (King et  al., 2013). In 
contrast, Hartl-Meier et al. (2014a) found a different growth reaction 
of water-limited PA and indifferent LD at low elevation in the montane 
belt in the more humid northern Alps, while correlations with water 
supply were highest during the actual growing season, and also winter 
and previous autumn conditions were impacting tree growth. In fact, 

FIGURE 6

Seasonal static correlations between pre-whitened residual total tree-ring chronologies (calculated using 30  years splines) and seasonal mean 
temperature, total precipitation, and mean 1  month, 3  months, and 12  months SPEI (standardized precipitation-evapotranspiration index) for years with 
a sampling depth of at least five trees per site. Seasons: mam  =  previous spring, jja  =  previous summer, son  =  previous autumn, dJF  =  current winter, 
MAM  =  current spring, JJA  =  current summer. Full circles indicate significant relationships at p  <  0.01. See Supplementary Figures S5, S6 for climate 
correlations of early wood and late wood.
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water availability for longer periods appeared to have the biggest 
influence on tree growth. This was reflected by stronger correlations 
with SPEI12 and SPEI3 compared with SPEI1 and precipitation as well 
as by the long optimal windows observed for positive precipitation 

correlations using daily data. Thereby, summer precipitation and 
SPEI1 mainly impacted LW at low elevation, while previous autumn 
water supply was correlated stronger with TR and EW. As expected, 
deciduous LD benefited most from carbohydrate reserves, which was 

FIGURE 7

Optimal window width (line), starting (full circle), and end day (empty circle) for the highest positive and negative climate-growth correlations (numbers 
in the plot) of total ring width with temperature and precipitation using daily data. Both optimal periods starting in the previous year and for the current 
year only were calculated. Months in lower case letters at the x-axis indicate the previous year, capital letters indicate the current year. Only significant 
(p  <  0.01) correlations are shown.
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assimilated in favorable conditions in autumn of the previous year 
(Kagawa et al., 2006; King et al., 2013; Jochner et al., 2018). However, 
positive growth correlations with water availability in autumn of the 
previous year were also found for all other present species (PA, PS, and 
PN) at low elevation. This was also observed in other dry environments 
for PS (Oberhuber et al., 1998; Rigling et al., 2002; Weber et al., 2007; 
Bouriaud and Popa, 2009) and PN (Martin-Benito et  al., 2013; 
Sánchez-Salguero et al., 2013). A possible reason mentioned in the 
literature is stronger bud formation, enhancing photosynthesis in the 
following year (Takahashi et al., 2003; Weber et al., 2007). Winter 
precipitation, also expressed by higher winter SPEI, should increase 
soil moisture in the following spring either directly or after snowmelt. 
As a consequence, these factors positively correlated with growth at 
our low-elevation sites, a phenomenon which was also observed for 
different conifers in previous studies (Rigling et al., 2002; Lévesque 
et al., 2013; Saulnier et al., 2019).

At mid elevation and high elevation, PA still showed strong 
positive growth correlations with precipitation and SPEI from autumn 
of the previous year to summer of the current year at all sites, while 
they decreased for most other species. Similar differences between a 
strong precipitation response of PA and a weaker one of co-occurring 
species were found in other studies at elevations below 500–1,500 m 
a.s.l. (Wilson and Hopfmueller, 2001; Frank and Esper, 2005; Hartl-
Meier et al., 2014a; Tumajer et al., 2017; Jevšenak et al., 2021). In 
addition, such differences extended up to the high-elevation 
distribution limit of LD and PA in the inner Alps (King et al., 2013). 
The surprising positive growth correlation with previous autumn to 
current spring SPEI12 at our highest, North Slope PC site was likely 
caused by protective effects of snow against soil frost and winter 
desiccation (Oberhuber, 2004; Saulnier et al., 2011).

Interestingly, we  found no negative growth correlations with 
current year temperatures, co-occurring with positive precipitation 
correlations at our low-elevation and mid-elevation sites. In contrast, 
such a combination has been observed at lowland sites, especially for 
PA (Bouriaud and Popa, 2009; van der Maaten-Theunissen et al., 2013; 
Jevšenak et al., 2021). Apparently, higher temperatures than measured 
at our sites are necessary for a profound direct heat effect on 
physiological processes, such as photosynthesis and respiration, and 
consequently on tree growth (Rennenberg et al., 2006; Teskey et al., 
2015). A maximum air temperature of 33.4°C at 1,070 m was estimated 
from temperature records at the Marienberg/Monte Maria station 
using a lapse rate of 0.6°C per 100 m of elevation. However, we found 
some negative growth correlations with previous summer and autumn 
temperatures, which may relate to the depletion of carbohydrate 
reserves due to increased respiration (Bouriaud and Popa, 2009; van 
der Maaten-Theunissen et al., 2013). This observation may also arise 
from the negative growth effects of enhanced cone/seed production, 
which is triggered by warm summer temperatures (Andreassen 
et al., 2006).

We also found less positive climate-growth correlations with 
temperature at high elevation and the forest line than expected based 
on the literature (Frank and Esper, 2005; Leal et al., 2007; Affolter 
et al., 2010; Hartl-Meier et al., 2014b). At our sites, they were restricted 
to LD at high-elevation and forest line sites and to PC at its highest 
and presumably coldest site. Consequently, the rising temperatures of 
the last decades preferentially benefitted LD growth at high-elevation 
and forest line sites, as indicated by an increasing BAI. The positive 
current summer temperature responses of LD were linked to negative 

precipitation and SPEI correlations. This was also found at high 
elevation in other studies in more humid conditions (Carrer and 
Urbinati, 2006; Hartl-Meier et al., 2014a; Jevšenak et al., 2021).

Climate warming was found to reduce the sensitivity of tree 
growth to summer temperature at cold-dry sites worldwide (Babst 
et al., 2019) and, specifically, in the Alps (Büntgen et al., 2012; Coppola 
et al., 2012; Oberhuber et al., 2020). This effect may be attributed to an 
earlier start of the growing season or growth depression due to lower 
water availability in late summer caused by earlier snowmelt (Saderi 
et  al., 2019). In our case, we  found a reduction in temperature 
sensitivity at high elevation for PC, which appears to be affected by 
drier conditions in recent years (Obojes et al., 2022). Moreover, a 
decreasing temperature response was also observed at some South 
Slope sites for LD with early snowmelt. While precipitation 
correlations at low elevation were consistently strong, the increasing 
response observed at some mid-elevation sites indicated a rising 
dependency on water availability. This was also found by Debel et al. 
(2021) at low-elevation sites in southern Germany.

5 Conclusion

Overall, our results support our first hypothesis that water 
availability limits growth for all conifers present at low elevation. 
We also found positive temperature correlations at high elevation, but 
they were less pronounced than expected. Growth patterns and 
climate-growth relationships of the study species were more similar 
than hypothesized, especially at low elevation. Nonetheless, we found 
the strongest positive growth correlations with water availability for, 
PA which was assumed to be the most drought-sensitive species. Our 
study showed that in inner-alpine areas, water availability at low 
elevations is a stronger limiting factor to tree growth than temperature 
at high elevations. Indeed, the long-term water supply including 
previous autumn and winter precipitation was as important as water 
availability during the actual growing season. Differences in climate-
growth relationships between anisohydric LD and isohydric PA, PS, 
and PN were surprisingly small at low elevation. Observed and 
predicted further reductions in precipitation and snow fall/cover in 
the southern part of the Central European Alps are therefore 
anticipated as the main reason for a decline in forest growth and 
vitality in this region. Drought will impact trees either directly or by 
increasing their susceptibility to pests. In this regard, displacement of 
conifers with more drought-resistant broad leaves (for instances 
Quercus pubescens and Fraxinus ornus) at low elevations may 
be expected. This can already be observed in the Valais (Bigler et al., 
2006; Eilmann et  al., 2006; Weber et  al., 2007) which displays 
conditions similar to the study area. The adaptation to such shifts in 
species compositions will be  an important factor in future forest 
management strategies. The most stable and favorable growth 
conditions of the last decades were found at surprisingly high 
elevations approximately 2,000 m a.s.l., indicating that these might 
provide the best location for future timber production. The 
comparatively weak temperature correlations at the actual forest line 
can be explained by its depression due to historic and current pastures 
and the increasing temperatures observed in recent decades. With the 
ongoing abandonment of remote areas and the intensification of 
climate change, a rise in the forest line can be expected. However, 
different growth trends in PC compared with LD and PA indicate 
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probable changes in future forest composition at the forest line, which 
will also be influenced by species-specific regeneration requirements.
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