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Abstract

Key message Growth response to climate differs
between species and elevation. Fir is the most drought-
tolerant species. The mountain forests are robust to the
climatic changes until now.

Abstract Alpine mountain forests provide a wide range
of ecological and socio-economic services. Climate
change is predicted to challenge these forests, but there
are still considerable uncertainties how these ecosystems
will be affected. Here, we present a multispecies tree-
ring network of 500 trees from the Berchtesgaden Alps
(Northern Limestone Alps, Southeast Germany) in order
to assess the performance of native mountain forest
species under climate change conditions. The dataset
comprises 180 spruce, 90 fir, 110 larch and 120 beech
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trees from different elevations and slope exposures. We
analyse the species with respect to: (1) the general
growth/climate response; (2) the growth reaction (GR)
during the hot summer in 2003 and (3) the growth
change (GC) resulting from increasing temperatures
since the 1990s. Spruce is identified as the most
drought-sensitive species at the lower elevations. Fir
shows a high drought tolerance and is well suited with
regard to climate change. Larch shows no clear pattern,
and beech remains unaffected at lower elevations. The
unprecedented temperature increase of the last decades
did not induce any distinct GC. The mountain forests of
the Berchtesgaden Alps appear to be robust within the
climatic changes until now.

Keywords Tree-rings - Climate signal - Radial growth -
Elevational belts - Dendroecology - Berchtesgaden Alps

Introduction

Forests cover 1.02 billion Ha of Europe’s total land area
(FOREST EUROPE UaF 2011) and 41 % of Europe’s
mountain area (Mc Morran and Price 2011). Mountain
forests offer a wide range of socio-economic and ecologi-
cal services, e.g. by providing timber, serving as a hotspot
of biodiversity and fulfilling protective functions (Bjornsen
et al. 2005; Bugmann et al. 2005; Lindner et al. 2010; Mc
Morran and Price 2011; Schumacher and Bugmann 2006).
Global change is likely to impact these ecosystems and
their functions (Hofer 2005; Lindner et al. 2010). However,
there is still a high degree of uncertainty and the effects
will depend both on the sensitivity of the ecological and
biological system itself and on species-specific tolerances
(Elkin et al. 2013).
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The IPCC (2013) reports an unequivocal warming of the
climate system in the last decades and a further warming is
likely. Additionally, likeliness and duration of heat waves
have increased in Europe over the last century and are
projected to increase even more in the future (EEA 2012).
The extraordinary summer in 2003 for example was very
likely the hottest summer with respect to the past 500 years
(Luterbacher et al. 2004). And the frequency of events
such as the heat wave of 2003 has been projected to
increase substantially in the near future (Schér et al. 2004).

An unprecedented warming of 1.2 °C was observed
in the Alps in the twentieth century (Auer et al. 2007),
which even doubles the global temperature shift (Lind-
ner et al. 2010). This temperature rise occurred espe-
cially within the past 30 years (Auer et al. 2007), and in
general, the late twentieth and early twenty-first century
decades were the warmest periods since 1500 or even
longer (Luterbacher et al. 2004). A continuing warming
in combination with a possible precipitation decrease
may play an important role in the future development of
mountain vegetation (Engler et al. 2011) and may have
substantial impacts on forest ecosystems and the ser-
vices they provide (Elkin et al. 2013). But the conse-
quences of drought events on tree vitality might be more
severe than changes in average conditions (Fuhrer et al.
2006). Due to their long lifespans, trees and forests are
considered to possess only limited adaptability and
therefore to be particularly vulnerable to climate change
(Lindner et al. 2010).

For trees, an elevation-dependent growth response to
climate change is expected; e.g. the heat wave in 2003
caused growth suppression in montane forests but
growth enhancement at high elevation sites in the Swiss
Alps (Jolly et al. 2005). At high altitudes global
warming is assumed to increase radial growth (Korner
2012), as observed in the European Alps (Paulsen et al.
2000; Rolland et al. 1998) or in North America (Salzer
et al. 2009). A study from the Tatra Mountains reveals a
positive growth effect of Norway spruce to increasing
temperatures at higher elevations, but a negative influ-
ence at lower sites due to drought stress (Savva et al.
2006). At the colline and submontane belt Norway
spruce is expected to be more sensitive to climate
change than other native tree species (Bolte et al. 2009;
Zang et al. 2011; Zang 2012), but current knowledge is
insufficient for a clear assessment of the behaviour of
different tree species at higher elevations. Dendroeco-
logical studies offer a high potential to analyse the
possible effects of climate change on trees since the
tree-ring width (TRW) is assumed to reflect a tree’s
vitality (Dobbertin 2005). Several TRW networks in the
Greater Alpine Region have been analysed with a den-
droclimatological approach aiming at the reconstruction
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of temperature, precipitation or drought events (e.g.
Affolter et al. 2010 and citations herein). However, only
few Alpine studies deal with the ecological interpreta-
tion of the response to changing climate conditions (e.g.
Lévesque et al. 2013; Schuster and Oberhuber 2013;
Weber et al. 2007 for inner-Alpine dry valleys), and
especially in the Northern Limestone Alps dendroeco-
logical information is scarce.

In this study, we compile a multispecies TRW network
in the Northern Limestone Alps (Berchtesgaden, Southeast
Germany) in order to assess the aptness of native mountain
forest species, i.e. Norway spruce [Picea abies (L.) Karst.],
silver fir (Abies alba Mill.), European larch (Larix decidua
Mill.) and common beech (Fagus sylvatica L.) under
conditions of climate change. Using a dendroecological
approach we analyse the vulnerability of the different
species to climate change through: (1) the long-term
growth/climate response; (2) the GR to the unprecedented
heat wave in 2003 and (3) the potential GC due to the
exceptional twentieth century warming. The results con-
tribute to the assessment of tree species suitability in
mountain forests under changing climate.

Materials and methods
Study area and sampling design

Five hundred trees (180 Norway spruce, 90 silver fir,
110 European larch, 120 common beech) were sampled
at 18 sites in the Berchtesgaden National Park and the
surrounding forest districts (Northern Limestone Alps/
Southeast Germany) (Fig. 1; Table 1). Sampling was
performed in closed, mixed stands (without any visible
natural and human disturbances or recent harvesting)
resembling the natural forest types as far as possible.
The whole investigation area was influenced by humans
since the early medieval age due to salt mining, and tree
species composition was strongly altered in favour of
spruce (current proportion 50 %) and larch (28 %). The
originally dominating species beech and fir nowadays
cover only 8, 1 % of the area, respectively (Konnert and
Siegrist 2000).

Sampling sites cover an altitudinal gradient of
680-1,670 m a.s.l. and comprise sunny and shady slopes.
The dataset was categorised into four elevational belts:
lower montane (<950 m), montane (950-1,200 m), alti-
montane (1,200-1,400 m) and subalpine (>1,400 m) belt.
At each site, ten healthy dominant trees per species (termed
collective further on) were sampled by taking two incre-
ment cores per tree at breast height parallel to the contour.
On the whole a TRW network of 50 collectives and 1,000
individual series was compiled.
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Table 1 Site description and # Site code  Lat. Lon. m as.l.  Slope exposure  Onset of chronologies®
chronologies
S F L B
1 NGML N47°35.0' E12°59.7 680 su 1901 1897
2 SAGB N47°31.9" E12°44.3 700 su 1874 1902
3 BGOB N47°38.9" E13°01.2 770 su 1880 1869
4 TSSW N47°35.3"  E12°59.7 690 sh 1934 1869 1915
5 BGBS N47°40.0' E13°01.3’ 760 sh 1857 1878 1850 1855
6 BGOA N47°39.4"  E13°01.3' 1,020 su 1882 1868 1848
7 SAMA N47°30.6/ E12°46.7 1,080 su 1879 1871 1889 1818
8 NGEW N47°34.4"  E12°48.2 960 sh 1870 1860 1864
9 BGGP N47°37.9"  E12°51.1" 1,040 sh 1885 1830 1838 1811
10 NGLS N47°30.7  E13°01.00 1,220 su 1820 1817
11  SAMG N47°30.6/ E12°47.0' 1,250 su 1871 1837 1803 1817
12 NGMW N47°33.4  E12°48.2" 1,310 sh 1794 1850 1832 1840
13 NGMK N47°35.0' E12°53.3 1,330 sh 1849 1806 1825
14 SAKK N47°32.3"  E12°49.4 1,530 su 1851 1782
15 NGHS N47°33.7  E12°48.9 1,620 su 1848 1747
16 NGKS N47°31.3"  E13°00.9 1,670 su 1836 1781
su sunny, sh shady, § spruce, 17 NGMA  N47°33.1' EI2°483' 1,560  sh 1879 1780
F fir, L larch, B beech
. . 18 NGSB N47°34.1" E12°49.5 1,600 sh 1684 1706
* End of chronologies = 2008
1300 sunshine duration data as deviation of long-term means
| - (CRMS data, Region NE and summits) were obtained
_T_ Study sites e - from the HISTALP database (Auer et al. 2007). Cli-
HISTALP-grids | . fe ;
o Salzburg matic conditions of the study area are characterised by

3 pr
LT 3

Fig. 1 Study area and sampling sites in Southeast Germany. The
National Park Berchtesgaden is shaded (base map: SRTM X-band
data, DLR/ASI)

Climate data

Monthly climate data (temperature, precipitation) rep-
resentative for different elevation belts (grid mode 2,
5in. x 5in. grid) (Table S1; Fig. 1) and monthly

high precipitation sums, and most of the precipitation
falls during summer months (June, July, August) (Table
S1; Fig. S1). Average temperatures decrease with alti-
tude and maximum temperatures are reached in July
(Table S1; Fig. S1). The yearly temperature amplitude is
18.6 °C in the lower montane and 17.7 °C in the sub-
alpine elevation belt.

Tree-ring data and statistical analyses

TRW was measured to the nearest 0.01 mm with a
LINTAB 6 system (RINNTECH, Heidelberg, Ger-
many) and TSAP-Win Scientific software (Rinn 2003).
Cross-dating was confirmed both visually and statisti-
cally using the program COFECHA (Holmes 1983).
Standard parameters such as average growth rate
(AGR), mean sensitivity (MS) and first-order autocor-
relation (lag-1) were calculated for the 50-year period
1959-2008.

Detrended chronologies were used for long-term
growth/climate response. For reducing non-climatic
trends related to age and size, or internal and external
disturbances from the raw ring widths (Fritts 1976),
negative exponential curves were applied to the indi-
vidual series. The ring width index (RWI)-chronologies
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were obtained by averaging the detrended single series
collective-wise based on a robust mean (Mosteller and
Tukey 1977). Chronologies were corrected for lag-1
autocorrelation, i.e. resulting in residual chronologies,
and truncated at a minimum sample replication of five
series. For signal strength estimation, inter-series cor-
relation (Rbar) and expressed population signal (EPS)
were calculated based on the residual chronologies for
the 50-year period 1959-2008. To assess the common
climatic control along the elevational gradient, boot-
strapped correlation coefficients were computed for the
individual residual chronologies and the corresponding
mean temperatures, precipitation and sunshine duration
sums of six different current year seasons (May/
June = MJ, June/July =JJ, July/August = JA, May/
June/July = MI1J, June/July/August = JJA and May/
June/July/August = MJJA) within the common period
1934-2003. The climate response of two previous years’
late summer seasons (July/August = pJA and August/
September = pAS) is shown in Fig. S3 and Table S2.

For further analyses, TRW series from one tree were
averaged and transformed to basal area increment (BAI)
according to the formula:

BAI = n(R? — R? )

where R is the radius of the tree inside the bark and ¢ the
year of tree-ring formation. The radius of a tree was
derived through measured diameter at breast height and
bark thickness. Converting TRW to BAI removes age-
related trends but maintains other growth trends (Speer
2010). Using this standardisation method preserves low-
and mid-frequency growth variance—e.g. caused by cli-
mate change what is of special interest here—which might
be removed through conservative detrending techniques.

To study the percentage GR of each tree to the heat
wave in 2003, BAI of this year was compared to the
mean BAI of the five previous years (1998-2002). For
assessing the tree response to twentieth century tem-
perature trends, the percentage GC since 1990, com-
pared to the 30-year reference period 1961-1990, was
calculated for each tree. A Student’s ¢ test was per-
formed for testing the significance of mean growth
deviation on collective level for GR and GC. To esti-
mate the differences in GR and GC between elevation
belts and/or slope exposures, analyses of variance
(ANOVA) followed by a Tukey-HSD post hoc test was
applied. Elevation and species-specific GC was finally
averaged based on a robust mean (Mosteller and Tukey
1977).

All statistical procedures were performed using R
3.0.1 (R Development Core Team 2013) and the pack-
ages dplR (Bunn et al. 2012) and bootRes (Zang and
Biondi 2013).
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Results
Climate change and the extreme event 2003

The study area is characterised by mild temperatures and
high precipitation during the growing season (Fig. S1).
Since 1990 temperature increased by 1.43 °C and precip-
itation decreased by 30 mm at all altitudinal belts (Fig. 2).
The sunshine duration (data not shown) increased by 37 h
in the montane elevations and by 55 h in the high moun-
tains during growing season. In summary, climate change
induces warmer and drier growing seasons with increased
radiation.

The temperature of the growing season in the excep-
tional hot summer in 2003 was ~ 3.8 °C higher compared
to the 1961-1990 reference period throughout all the ele-
vations (Fig. S1). Furthermore, a precipitation reduction of
150 mm at the lower montane belt (montane/altimontane
120 mm, subalpine 165 mm), equal to a reduction of
~20 % (montane/altimontane 16 %, subalpine 21 %) was
observed (Fig. S1).

Chronology characteristics

AGR decreases with elevation for all species. The
maximum ring width (3.1 mm) was found for spruce at
the lower montane belt (site 4) (Fig. 3). The minimum
radial growth rates (0.4 mm) were observed for larch at
the subalpine belt (site 15 and 18). MS is low for
spruce and fir (0.15-0.24) and decreases with elevation.
In contrast, MS for larch and beech is higher
(0.19-0.38) and increases with altitude (Fig. S2a). Lag-
1 is generally high and fluctuates between 0.34 and
0.78 (Fig. S2b). Rbar values range from 0.16 to 0.69
and the EPS statistics indicate sufficient internal signal
strength for nearly all sites, since EPS is above the
widely accepted quality threshold of 0.85 (Wigley et al.
1984) (Fig. S2c).

Long-term growth/climate response

Distinct differences were observed in the long-term
growth/climate response between tree species and eleva-
tion belt (Fig. 4, Fig. S4). The assessment of shorter (and
variable) seasons generally does not change the response
pattern along the elevational gradient (Fig. S4; Table S3).
The growth/climate response for the whole growing season
(MJJA) results in most frequent significant relationships
(Table S3).

Spruce growth at the lower montane and montane
belt is rather negatively correlated with temperature
during the growing season. At the altimontane belt a
switch to positive correlation coefficients occurs and at
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Fig. 3 Average growth rate (AGR) of spruce, fir, larch and beech at different elevation belts in the 19592008 period. Circles denote sunny and
squares shady slopes (Im lower montane, m montane, am altimontane, sa subalpine belt)

the subalpine belt spruce growth is significantly posi-
tively correlated with temperature (Fig. 4a; Fig. S4a;
Table S3). Fir growth correlates positively with tem-
perature, especially from June to August (Table S3). For
larch, the response is positive at almost all belts and
seasons. The coefficients increase with altitude and
become significant at the subalpine belt. Only at one site
beech growth is negatively correlated with temperature
during the growing season. Even at the montane belt
significant positive correlations were observed (Fig. 4a;
Table S3).

The precipitation/growth response is inverted compared
to the temperature/growth response (Fig. 4b; Fig. S4b).

High amounts of precipitation during the growing season
affect spruce growth (significant) positively at the lower
altitudes but (significant) negatively at the subalpine belt.
Fir does not show a clear dependence on precipitation at
any elevation belt. The negative effect of high precipitation
on larch growth increases with altitude. Beech growth at
shady slopes at the montane belt is (significantly) nega-
tively affected by high precipitation, but beech trees at
sunny slopes do not show clear correlations with precipi-
tation (Fig. 4b).

Growth response to sunshine duration compares to
the temperature response (Fig. 4c; Fig S4c). For spruce,
the correlation is significantly negative at the lower
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Fig. 4 Correlations between spruce, fir, larch and beech growth
(residual chronologies) and seasonal (May—August) a temperature,
b precipitation and ¢ sunshine duration. Circles denote sunny and

elevations but significantly positive at the subalpine
belt. Fir does not show any significant relationships.
High sunshine duration has significantly positive effects
on larch tree growth at the altimontane and subalpine
belt and there is a clear effect of slope exposure at the
montane belt. At the lower montane belt beech responds
negatively to high sunshine duration, but the correlation
coefficients get positive with increasing elevation
(Fig. 4c; Fig. S4c).

Growth reaction to the 2003-heat wave

For spruce a negative GR was observed in the lower
montane and montane elevations independent of the slope
exposure (Fig. 5). Four sites (one even at the altimontane
belt) showed significant (p < 0.05) growth reductions in
2003 (Fig. 5). At the altimontane belt trees at sunny slopes
still show growth decline while growth increased at the
subalpine belt (Fig. 5). The shady slopes at the altimontane
belt and the subalpine sites differ significantly from the
other sites (Table S4). Fir, larch and beech do not show a
clear GR to this drought event, but a high tree-to-tree
variability within one site. There are no clear effects in
relation to altitude or slope exposure (Fig. 5; Table S4).
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squares shady aspects. Black symbols indicate p < 0.05 significant
correlations (Im lower montane, m montane, am altimontane, sa
subalpine belt)

For beech, there is a tendency towards a growth reduction
at the altimontane elevation belt (Fig. 5).

Growth change due to twentieth century warming

There was no clear growth trend induced by the tempera-
ture increase since 1990, except for one beech collective
which showed significant growth increase (Fig. 6), and for
neither species significant differences (p < 0.01) within the
elevation belts were detected (Table S5). Tree-to-tree
variability within one site is high for all species (Fig. 6).
On average, among all sites there is a tendency towards
increased growth rates for spruce, beech and fir (Table S6).
For spruce, radial growth increased by ~ 10 % compared
to the reference period. This GC is highest in the lower
montane belt (15 %), about 10 % in the altimontane and
subalpine belt and lowest with about 7 % in the montane
belt (Table S6). Average growth increase was 22 % for fir
with the strongest effects at higher altitudes (Table S6). For
beech, the positive growth effect at the different elevations
ranged from 3 to 14 %, with an average of 8§ % (Table S6).
For larch, a slight growth decline in the lower montane and
montane belt was balanced by a slight positive GC in the
altimontane and subalpine belt (Table S6).
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Discussion temperature variations (Babst et al. 2013) and have distinct

Mountain forests are of critical ecological and economic
importance in the European Alps, but there is still a high
degree of uncertainty how these ecosystems will be
affected by climate change (Elkin et al. 2013). In our
investigation area a distinct temperature increase is
unequivocal, but still there are high amounts of precipita-
tion (Fig. 2). Based on these humid climatic conditions the
notion of summer drought remains a relative term in this
area. Nonetheless, even in the Berchtesgaden Alps the heat
wave in 2003 was an exceptional extreme event and
remarkably divergent from average conditions (Fig. 2; Fig.
S1).

Our findings concerning the long-term growth/climate
response of spruce confirm the ‘common knowledge’ that
trees growing at higher elevations are sensitive to

temperature signals, while trees growing at lower eleva-
tions are more sensitive to moisture (Luckman 2007).
Spruce is drought sensitive at the lower montane and
montane belt with a negative growth response to temper-
ature/sunshine duration and a positive response for pre-
cipitation. We found inverse relationships at the
altimontane and subalpine belt indicating that these sites
will benefit from higher temperatures. Similar patterns for
spruce were reported in several other studies (e.g. Dittmar
and Elling 1999; Frank and Esper 2005; Leal et al. 2007,
Mikinen et al. 2002; Savva et al. 2006; Wilson and Hop-
fmiiller 2001). For larch and beech, the growth/climate
response also depended on altitude, but there was no clear
drought sensitivity (in terms of negative/positive correla-
tions to temperature/precipitation) at low elevation sites. At
high altitudes, higher temperatures during growing season
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favour growth of larch and beech. For beech, Dittmar and
Elling (1999) found a distinct negative temperature
response at low elevation sites but their sites were located
at much lower elevations compared to our study. At the
higher elevations in their study, Dittmar and Elling (1999)
also found a positive temperature effect. Larch seems to
benefit from higher temperatures or increased sunshine
duration at the montane and altimontane belt especially at
shady sites. The positive (negative) correlation between
growth of fir and temperature (precipitation) of the growing
season, and especially from June to August, in our study
indicates that fir is less sensitive to drought. This is well in
line with findings of, e.g. Elling et al. (2009), van der
Maaten-Theunissen et al. (2013) or Zang et al. (2011) from
regions north of the Alps. Studies which contradict the
drought tolerance of fir are located in drier climates of
Europe like Southern Italy (Battipaglia et al. 2009), the
south-eastern Alps (Maxime and Hendrik 2011) or France

@ Springer

! ! ! ! ! ! ! ! ! ! ! ! ! !
5 6 7 8 9 10 11 12 13 14 15 16 17 18

Site

(Lebourgeois et al. 2010), where water consistently is a
limiting factor. This is not the case in our humid investi-
gation area and moreover, fir might originate from different
provenances.

The drought sensitivity derived from the long-term growth/
climate response can be verified by the reaction of the tree
species during the 2003-heat wave. Spruce growth signifi-
cantly decreased in 2003 at some lower elevation sites. At the
altimontane belt there is a switch from a negative to a positive
GR. Trees at sunny slopes show growth reduction, while trees
at shady slopes benefit from high temperatures. At the sub-
alpine belt the growth response is generally positive. Similar
altitudinal effects in extreme years were found for spruce in
other studies (e.g. Desplanque et al. 1999; Jolly et al. 2005;
Neuwirth et al. 2004). Contrary to our findings, Desplanque
et al. (1999) and Lebourgeois et al. (2010) observed an ele-
vation-dependent growth decline caused by drought events
for fir as well. In other studies (Elling et al. 2009; van der
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Maaten-Theunissen et al. 2013; Zang et al. 2011) fir showed
no significant reaction in drought years, which agrees well
with our findings. Also larch and beech showed no consistent
reaction during 2003 indicating a high resistance against such
events. Only the growth decline of beech in 2003 at the al-
timontane belt contradicts the long-term growth/climate
response at this belt and the findings from other studies (e.g.
Dittmar et al. 2003). Since no growth decline was obvious for
beech at lower elevations (even at sunny slopes), we assume
that the growth reduction of beech at the altimontane belt
results from other causes in this specific year. A possible
explanation might be a late frost event, which could also
explain the high MS values of beech at this belt. Dittmar et al.
(2006) found a higher frequency of frost-related growth
reductions with increasing altitude.

Due to their long lifespan, trees are considered to be
particularly vulnerable to changing climate, since they are
not able to adapt as rapidly (Lindner et al. 2010). Fuhrer
et al. (2006) suggests that extreme events, such as drought
may have more severe effects on tree vitality than changes
in average conditions, but a long-term increase in tem-
peratures may also have substantial consequences for forest
ecosystems (Elkin et al. 2013). Average temperatures
during the growing season were ~ 1.4 °C higher since
1990 compared to the 1961-1990 period in our investiga-
tion area. The strength and duration of this temperature
signal was not enough to cause a significant growth
response of the trees investigated. There were neither clear
signals for growth reduction at the lower elevations (rather
a slight growth increase) nor for growth increase in the
altimontane or subalpine belt. At high elevation sites,
positive growth trends of different tree species were found
in the European Alps (Paulsen et al. 2000; Rolland et al.
1998) or North America (Salzer et al. 2009). These
investigations were located at the respective timberline and
in our study area, stronger growth signals might be present
at the timberline as well. But the subjects of this study are
mountain forests, i.e. closed canopy stands, since these
forests fulfil important ecological, economic and protection
functions in the region. Hasenauer et al. (1999) explained
an increased growth of, e.g. Norway spruce since 1980
(including different elevations) with warmer -climatic
conditions and an associated prolonged vegetation period.
In general, higher temperatures are expected to increase the
growing season (Lindner et al. 2010) and we can approve
the sensitivity of our examined species to the duration of
the growing season since the AGR decreases with altitude.
But a recent phenological study in our investigation area
showed that trees are generally less sensitive to tempera-
ture changes than plants with shorter lifespans indicating
that trees may react more slowly to climate change than
perennial herbs (Cornelius et al. 2013). The missing growth
effect—despite the temperature shift since 1990—was not

expected and somehow contradicts the findings of the long-
term growth/climate response and the growth response
during the 2003 event. However, in spite of the strong
warming, all of our study sites and analysed species are
still well within their bioclimatic envelopes (Kélling 2007).
While Norway spruce and European larch were found to be
at their dry distribution and physiological limits in inner-
Alpine dry valleys (Lévesque et al. 2013; Schuster and
Oberhuber 2013), the temperature signal may not have
been strong and/or long enough in the Berchtesgaden Alps
in order to cause significant growth effects.

Conclusion

Both the heat wave in 2003 and the temperature increase
since 1990 had only minor effects on growth patterns of the
main tree species in the Berchtesgaden area. The mountain
forests seem to be vital and can tolerate a certain shift in
climate. On the other hand, climate change is not restricted
to rising temperatures or drought events. It is accompanied
by other biotic or abiotic impacts (Bolte et al. 2009), e.g. a
higher frequency and intensity of insect outbreaks (Seidl
et al. 2008), and wind storms (Lindroth et al. 2009). Nor-
way spruce is considered to be the most vulnerable tree
species of the mountain forests to such disturbances and it
was also the most drought-sensitive species in the lower
elevations in our investigation. The ultimate ambition of
silvicultural measure has to be the improvement of the
stand stability against drought, storms and secondary fac-
tors (Bolte et al. 2009), especially in mountain forests,
where the protection function is of critical importance.
Therefore, we recommend the conversion of spruce
monocultures at the montane belts into mixed mountain
forests with beech and fir in the long term. Due to the
higher drought tolerance of fir compared to spruce this will
increase the climatic stability of mountain forests.

Acknowledgments We thank the staff from the Berchtesgaden
National Park and the adjacent forest districts, in particular M. Vogel,
V. Konnert, R. Baier, M. Hofbeck, H. Neubauer, W. Vogel, M. Groll.,
D. Miiller, P. Renoth and C. Dinger for supporting site selection and
sampling. L. Ma, J. Riepl and F. Forster helped with field and labo-
ratory work, and J. Esper with refining the climate response analysis.
We are grateful to the Berchtesgaden National Park for funding this
study. C.Z. acknowledges funding by the European Research Council
under the European Union’s Seventh Framework Programme (FP7/
2007-2013)/ERC grant agreement no. [282250].

References

Affolter P, Biintgen U, Esper J, Rigling A, Weber P, Luterbacher J,
Frank DC (2010) Inner Alpine conifer response to 20th century
drought swings. Eur J For Res 129(3):289-298. doi:10.1007/
$10342-009-0327-x

@ Springer


http://dx.doi.org/10.1007/s10342-009-0327-x
http://dx.doi.org/10.1007/s10342-009-0327-x

Trees

Auver I, Bohm R, Jurkovic A, Lipa W, Orlik A, Potzmann R, Schoner
W, Ungersbock M, Matulla C, Briffa KR, Jones PD, Efthymiadis
D, Brunetti M, Nanni T, Maugeri M, Mercalli L, Mestre O,
Moisselin J, Begert M, Miiller-Westermeier G, Kveton V,
Bochnicek O, Stastny P, Lapin M, Szalai S, Szentimrey T,
Cegnar T, Dolinar M, Gajic-Capka M, Zaninovic K, Majstorovic
Z, Nieplova E (2007) HISTALP—historical instrumental clima-
tological surface time series of the Greater Alpine Region. Int J
Climatol 27:17-46. doi:10.1002/joc.1377

Babst F, Poulter B, Trouet V, Tan K, Neuwirth B, Wilson RJS, Carrer
M, Grabner M, Tegel W, Levani¢ T, Panayotov M, Urbinati C,
Bouriaud O, Ciais P, Frank DC, Sykes MT (2013) Site- and
species-specific responses of forest growth to climate across the
European continent. Glob Ecol Biogeogr. doi:10.1111/geb.
12023

Battipaglia G, Saurer M, Cherubini P, Siegwolf RT, Cotrufo MF
(2009) Tree rings indicate different drought resistance of a native
(Abies alba Mill.) and a nonnative (Picea abies (L.) Karst.)
species co-occurring at a dry site in Southern Italy. Ecol Manage
257(3):820-828. doi:10.1016/j.foreco.2008.10.015

Bjornsen A, Huber UM, Reasoner MA, Messerli B, Bugmann HK
(2005) Future research directions. In: Huber UM, Bugmann HK,
Reasoner MA (eds) Global change and mountain regions.
An overview of current knowledge. Springer, Dordrecht,
pp 637-650

Bolte A, Ammer C, L6f M, Madsen P, Nabuurs G, Schall P, Spathelf P,
Rock J (2009) Adaptive forest management in central Europe:
climate change impacts, strategies and integrative concept. Scand
J For Res 24(6):473-482. doi:10.1080/02827580903418224

Bugmann HK, Zierl B, Schumacher S (2005) Projecting the impacts
of climate change on mountain forests and landsapes. In: Huber
UM, Bugmann HK, Reasoner MA (eds) Global change and
mountain regions. An overview of current knowledge. Springer,
Dordrecht, pp 477-487

Bunn AG, Korpela M, Biondi F, Merian P, Qeadan F, Zang C (2012)
dplR: Dendrochronology Program Library in R. R package
version 1.5.6. http://CRAN.R-project.org/package=dpIR

Cornelius C, Estrella N, Franz H, Menzel A (2013) Linking altitudinal
gradients and temperature responses of plant phenology in the
Bavarian Alps. Plant Biol 15:57-69. doi:10.1111/j.1438-8677.
2012.00577.x

Desplanque C, Rolland C, Schweingruber FH (1999) Influence of
species and abiotic factors on extreme tree ring modulation:
Picea abies and Abies alba in Tarentaise and Maurienne (French
Alps). Trees Struct Funct 13:218-227

R Development Core Team (2013) R: A language and environment
for statistical computing. R Foundation for Statistical Comput-
ing, Vienna

Dittmar C, Elling W (1999) Jahrringbreite von Fichte und Buche in
Abhingigkeit von Witterung und Hohenlage. Forstwissenschaf-
tliches Centralblatt 118:251-270

Dittmar C, Zech W, Elling W (2003) Growth variations of Common
beech (Fagus sylvatica L.) under different climatic and envi-
ronmental conditions in Europe—a dendroecological study. Ecol
Manage 173(1-3):63-78. doi:10.1016/S0378-1127(01)00816-7

Dittmar C, Fricke W, Elling W (2006) Impact of late frost events on
radial growth of common beech (Fagus sylvatica L.) in Southern
Germany. Eur J For Res 125(3):249-259. doi:10.1007/s10342-
005-0098-y

Dobbertin M (2005) Tree growth as indicator of tree vitality and of
tree reaction to environmental stress: a review. Eur J For Res
124(4):319-333. doi:10.1007/s10342-005-0085-3

EEA (2012) Climate change, impacts and vulnerability in Europe
2012. An indicator-based report, Copenhagen

Elkin C, Gutiérrez AG, Leuzinger S, Manusch C, Temperli C, Rasche
L, Bugmann H (2013) A 2 °C warmer world is not safe for

@ Springer

ecosystem services in the European Alps. Glob Change Biol
19(6):1827-1840. doi:10.1111/gcb.12156

Elling W, Dittmar C, Pfaffelmoser K, Rotzer T (2009) Dendroeco-
logical assessment of the complex causes of decline and
recovery of the growth of silver fir (Abies alba Mill.) in
Southern Germany. Ecol Manage 257(4):1175-1187. doi:10.
1016/j.foreco.2008.10.014

Engler R, Randin CF, Thuiller W, Dullinger S, Zimmermann NE,
Aratjo MB, Pearman PB, Le Lay G, Piedallu C, Albert CH,
Choler P, Coldea G, de Lamo X, Dirnbock T, Gégout J, Gomez-
Garcia D, Grytnes J, Heegaard E, Hgistad F, Nogués-Bravo D,
Normand S, PuScaS M, Sebastia M, Stanisci A, Theurillat J,
Trivedi MR, Vittoz P, Guisan A (2011) 21st century climate
change threatens mountain flora unequally across Europe. Glob
Change Biol 17(7):2330-2341. doi:10.1111/j.1365-2486.2010.
02393.x

FOREST EUROPE UaF (2011) State of Europe’s forests 2011. Status
and trends in sustainable forest management in Europe

Frank D, Esper J (2005) Characterization and climate response
patterns of a high-elevation, multi-species tree-ring network in
the European Alps. Dendrochronologia 22(2):107-121. doi:10.
1016/j.dendro.2005.02.004

Fritts HC (1976) Tree rings and climate. Academic Press, London

Fuhrer J, Beniston M, Fischlin A, Frei C, Goyette S, Jasper K, Pfister
C (2006) Climate risks and their impact on agriculture and
forests in Switzerland. Clim Change 79(1-2):79-102. doi:10.
1007/s10584-006-9106-6

Hasenauer H, Nemani RR, Schadauer K, Running SW (1999) Forest
growth response to changing climate between 1961 and 1990 in
Austria. Ecol Manage 122:209-219

Hofer T (2005) The international year of mountains: challenge and
opportunity for mountain research. In: Huber UM, Bugmann
HK, Reasoner MA (eds) Global change and mountain regions.
An overview of current knowledge. Springer, Dordrecht, pp 1-8

Holmes RL (1983) Computer-assisted quality control in tree-ring
dating and measurement. Tree-Ring Bulletin 43:69-78

IPCC (2013) Climate change 2013: The physical science basis.
Summary for policymakers

Jolly WM, Dobbertin M, Zimmermann NE, Reichstein M (2005)
Divergent vegetation growth responses to the 2003 heat wave in
the Swiss Alps. Geophys Res Lett 32(18): L18409. doi:10.1029/
2005GL023252

Koélling C (2007) Klimabhiillen fiir 27 Waldbaumarten. Allg Forst Z
62(23):1242-1245

Konnert V, Siegrist J (2000) Waldentwicklung im Nationalpark
Berchtesgaden von 1983 bis 1997. Forschungsbericht Nr. 43

Korner C (2012) Alpine treelines. Functional ecology of the global
high elevation tree limits. Springer, Basel

Leal S, Melvin TM, Grabner M, Wimmer R, Briffa KR (2007) Tree-
ring growth variability in the Austrian Alps: the influence of site,
altitude, tree species and climate. SBOR 36(4):426-440. doi:10.
1080/03009480701267063

Lebourgeois F, Rathgeber CB, Ulrich E (2010) Sensitivity of French
temperate coniferous forests to climate variability and extreme
events (Abies alba, Picea abies and Pinus sylvestris). J Veg Sci
21(2):364-376. doi:10.1111/j.1654-1103.2009.01148.x

Lévesque M, Saurer M, Siegwolf R, Eilmann B, Brang P, Bugmann
H, Rigling A (2013) Drought response of five conifer species
under contrasting water availability suggests high vulnerability
of Norway spruce and European larch. Glob Change Biol
19(10):3184-3199. doi:10.1111/gcb.12268

Lindner M, Maroschek M, Netherer S, Kremer A, Barbati A, Garcia-
Gonzalo J, Seidl R, Delzon S, Corona P, Kolstrom M, Lexer MJ,
Marchetti M (2010) Climate change impacts, adaptive capacity,
and vulnerability of European forest ecosystems. Ecol Manage
259(4):698-709. doi:10.1016/j.foreco.2009.09.023


http://dx.doi.org/10.1002/joc.1377
http://dx.doi.org/10.1111/geb.12023
http://dx.doi.org/10.1111/geb.12023
http://dx.doi.org/10.1016/j.foreco.2008.10.015
http://dx.doi.org/10.1080/02827580903418224
http://CRAN.R-project.org/package=dplR
http://dx.doi.org/10.1111/j.1438-8677.2012.00577.x
http://dx.doi.org/10.1111/j.1438-8677.2012.00577.x
http://dx.doi.org/10.1016/S0378-1127(01)00816-7
http://dx.doi.org/10.1007/s10342-005-0098-y
http://dx.doi.org/10.1007/s10342-005-0098-y
http://dx.doi.org/10.1007/s10342-005-0085-3
http://dx.doi.org/10.1111/gcb.12156
http://dx.doi.org/10.1016/j.foreco.2008.10.014
http://dx.doi.org/10.1016/j.foreco.2008.10.014
http://dx.doi.org/10.1111/j.1365-2486.2010.02393.x
http://dx.doi.org/10.1111/j.1365-2486.2010.02393.x
http://dx.doi.org/10.1016/j.dendro.2005.02.004
http://dx.doi.org/10.1016/j.dendro.2005.02.004
http://dx.doi.org/10.1007/s10584-006-9106-6
http://dx.doi.org/10.1007/s10584-006-9106-6
http://dx.doi.org/10.1029/2005GL023252
http://dx.doi.org/10.1029/2005GL023252
http://dx.doi.org/10.1080/03009480701267063
http://dx.doi.org/10.1080/03009480701267063
http://dx.doi.org/10.1111/j.1654-1103.2009.01148.x
http://dx.doi.org/10.1111/gcb.12268
http://dx.doi.org/10.1016/j.foreco.2009.09.023

Trees

Lindroth A, Lagergren F, Grelle A, Klemedtsson L, Langvall O,
Weslien P, Tuulik J (2009) Storms can cause Europe-wide
reduction in forest carbon sink. Glob Change Biol
15(2):346-355. doi:10.1111/j.1365-2486.2008.01719.x

Luckman BH (2007) Dendroclimatology. In: Elias SA (ed) Encyclo-
pedia of quaternary science. Elsevier, Amsterdam, pp 465-476

Luterbacher J, Dietrich D, Xoplaki E, Grosjean M, Wanner H (2004)
European seasonal and annual temperature variability, trends,
and extremes since 1500. Science 303(5663):1499-1503. doi:10.
1126/science.1093877

Mikinen H, N6jd P, Kahle H, Neumann U, Tveite B, Mielikdinen K,
Rohle H, Spiecker H (2002) Radial growth variation of Norway
spruce (Picea abies (L.) Karst.) across latitudinal and altitudinal
gradients in central and northern Europe. Ecol Manage
171:243-259

Maxime C, Hendrik D (2011) Effects of climate on diameter growth
of co-occurring Fagus sylvatica and Abies alba along an
altitudinal gradient. Trees Struct Funct 25(2):265-276. doi:10.
1007/s00468-010-0503-0

Mc Morran R, Price MF (2011) Why focus on the world’s mountain
forests? In: FAO/MPS and SDC (ed) Mountain forests in a
changing world. Realizing values, addressing challenges, Rome,
pp 8-10

Mosteller F, Tukey JW (eds) (1977) Data analysis and regression. A
second course in statistics. Addison-wesley series in behavioral
science. Quantitative methods. Addison-Wesley Pub. Co.,
Reading, Mass

Neuwirth B, Esper J, Schweingruber FH, Winiger M (2004) Site
ecological differences to the climatic forcing of spruce pointer
years from the Lotschental, Switzerland. Dendrochronologia
21(2):69-78. doi:10.1078/1125-7865-00040

Paulsen J, Weber U, Korner C (2000) Tree growth near treeline:
abrupt or gradual reduction with altitude? Arct Antarct Alp Res
32(1):14-20

Rinn F (2003) TSAP-Win. Time series analysis and presentation for
dendrochronology and related applications. RINNTECH,
Heidelberg

Rolland C, Petitcolas V, Michalet R (1998) Changes in radial tree
growth for Picea abies, Larix decidua, Pinus cembra and Pinus
uncinata near the alpine timberline since 1750. Trees Struct
Funct 13:40-53

Salzer MW, Hughes MK, Bunn AG, Kipfmueller KF (2009) Recent
unprecedented tree-ring growth in bristlecone pine at the highest
elevations and possible causes. PNAS 106(48):20348-20353.
doi: 10.1073/pnas.0903029106

Savva Y, Oleksyn J, Reich PB, Tjoelker MG, Vaganov EA,
Modrzynski J (2006) Interannual growth response of Norway

spruce to climate along an altitudinal gradient in the Tatra
Mountains, Poland. Trees Struct Funct 20(6):735-746. doi:10.
1007/s00468-006-0088-9

Schiar C, Vidale PL, Liithi D, Frei C, Héberli C, Liniger MA,
Appenzeller C (2004) The role of increasing temperature
variability in European summer heatwaves. Nature 427:332-336

Schumacher S, Bugmann HK (2006) The relative importance of
climatic effects, wildfires and management for future forest
landscape dynamics in the Swiss Alps. Glob Change Biol
12(8):1435-1450. doi:10.1111/j.1365-2486.2006.01188.x

Schuster R, Oberhuber W (2013) Drought sensitivity of three co-
occurring conifers within a dry inner Alpine environment. Trees
Struct Funct 27(1):61-69. doi:10.1007/300468-012-0768-6

Seidl R, Rammer W, Jiger D, Lexer MJ (2008) Impact of bark beetle
(Ips typographus L.) disturbance on timber production and
carbon sequestration in different management strategies under
climate change. Ecol Manage 256(3):209-220. doi:10.1016/j.
foreco.2008.04.002

Speer JH (ed) (2010) Fundamentals of tree-ring research. University
of Arizona Press, Tucson

van der Maaten-Theunissen M, Kahle H, van der Maaten E (2013)
Drought sensitivity of Norway spruce is higher than that of silver
fir along an altitudinal gradient in southwestern Germany. Ann
For Sci 70(2):185-193. doi:10.1007/s13595-012-0241-0

Weber P, Bugmann HK, Rigling A (2007) Radial growth responses to
drought of Pinus sylvestris and Quercus pubescens in an inner-
Alpine dry valley. J Veg Sci 18(6):777. doi:10.1658/1100-
9233(2007)18[777:RGRTDO]2.0.CO;2

Wigley T, Briffa KR, Jones PD (1984) On the average value of
correlated time series, with applications in dendroclimatology
and hydrometeorology. J Clim Appl Meteorol 23:201-213

Wilson RJS, Hopfmiiller M (2001) Dendrochronological investiga-
tions of Norway spruce along an elevational transect in the
Bavarian Forest, Germany. Dendrochronologia 19(1):67-79

Zang C (2012) Wachstumsreaktion von Baumarten in temperierten
Wiildern auf Sommertrockenheit: Erkenntnisse aus einem Jahr-
ringnetzwerk. Mitt Deutsch Dendrol Ges 97:29-46

Zang C, Biondi F (2013) Dendroclimatic calibration in R: the bootRes
package for response and correlation function analysis. Dendro-
chronologia 31(1):68-74. doi:10.1016/j.dendro.2012.08.001

Zang C, Rothe A, Weis W, Pretzsch H (2011) Zur Baumarteneignung
bei Klimawandel: Ableitung der Trockenstress-Anfilligkeit
wichtiger Waldbaumarten aus Jahrringbreiten. Allg Forst- u
J-Ztg 182(5/6):98-112

@ Springer


http://dx.doi.org/10.1111/j.1365-2486.2008.01719.x
http://dx.doi.org/10.1126/science.1093877
http://dx.doi.org/10.1126/science.1093877
http://dx.doi.org/10.1007/s00468-010-0503-0
http://dx.doi.org/10.1007/s00468-010-0503-0
http://dx.doi.org/10.1078/1125-7865-00040
http://dx.doi.org/10.1073/pnas.0903029106
http://dx.doi.org/10.1007/s00468-006-0088-9
http://dx.doi.org/10.1007/s00468-006-0088-9
http://dx.doi.org/10.1111/j.1365-2486.2006.01188.x
http://dx.doi.org/10.1007/s00468-012-0768-6
http://dx.doi.org/10.1016/j.foreco.2008.04.002
http://dx.doi.org/10.1016/j.foreco.2008.04.002
http://dx.doi.org/10.1007/s13595-012-0241-0
http://dx.doi.org/10.1016/j.dendro.2012.08.001

	Mountain forest growth response to climate change in the Northern Limestone Alps
	Abstract
	Key message
	Abstract

	Introduction
	Materials and methods
	Study area and sampling design
	Climate data
	Tree-ring data and statistical analyses

	Results
	Climate change and the extreme event 2003
	Chronology characteristics
	Long-term growth/climate response
	Growth reaction to the 2003-heat wave
	Growth change due to twentieth century warming

	Discussion
	Conclusion
	Acknowledgments
	References


