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Weakening climatic signal since mid-20th century in European larch tree-ring
chronologies at different altitudes from the Adamello-Presanella Massif (Italian Alps)
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Tree rings from temperature-limited environments are highly sensitive climate proxies, widely used to re-
construct past climate parameters for periods prior to the availability of instrumental data and to analyse
the effect of recent global warming on tree growth. An analysis of the climatic signal in five high-elevation
tree-ring width chronologies of European larch (Larix decidua Mill.) from the tops of five different glacial val-
leys in the Italian Central Alps revealed that they contain a strong summer-temperature signal and that tree-
ring growth is especially influenced by June temperatures. However, a moving correlation function analysis
revealed a recent loss of the June temperature signal in the tree-ring chronologies. This signal reduction pri-
marily involves the two lowest-altitude chronologies. It is probable that the observed increasing importance
of late-summer temperature for tree-ring growth over the past 50 yr is an effect of the lengthening growing
season and of the variations in the climate/tree-ring relationship over time. All the chronologies considered,
especially those at the highest altitudes, show an increasing negative influence of June precipitation on tree-
ring growth. The climatic signal recorded in tree-ring chronologies from the Italian Central Alps varies over
time and is also differentially influenced by climatic parameters according to site elevation.

© 2012 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

Tree-ring chronologies from temperature-limited environments
are widely used for annual-scale reconstructions of past summer
temperatures at both regional and global scales (e.g., Briffa et al.,
1988a,b, 1992; Mann et al., 1998, 1999; Wilson and Luckman, 2002,
2003). In addition to total ring width, several other tree-ring proxies
have been used to infer past climatic information, including analyses
of latewood maximum density (e.g., Briffa et al., 2004) and, more re-
cently, stable isotopes (e.g., Treydte et al., 2007). Several studies have
detected a recent loss of climate sensitivity in ring-width chronolo-
gies at high-latitude sites (Briffa et al., 1998a,b; Vaganov et al.,
1999; Barber et al., 2000; Jacoby et al., 2000; Esper et al., 2003). A
similar weakening of the correlation between climate and tree
growth over the latest few decades has also been found for several co-
nifer species at the upper treeline in the European Alps (Carrer et al.,
1998; Büntgen et al., 2006; Carrer and Urbinati, 2006; Leonelli et al.,
2009). However, this change in sensitivity does not seem to be ubiqui-
tous across the Alps, and several authors have used high-elevation co-
nifer chronologies to develop summer temperature reconstructions
that exhibit no sensitivity decrease in the recent period (Wilson and
Topham, 2004; Frank and Esper, 2005a,b; Büntgen et al., 2008).
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Carrer and Urbinati (2006) explored the dendroclimatic potential
of European larch (Larix decidua Mill.) for use as a climate proxy.
Their analysis was based on a data set of 17 chronologies taken from
sites distributed widely across the Eastern Italian Alps from 10.55° E
to 13.69° E (Fig. 1). In this study, we performed a dendroclimatic anal-
ysis on trees of this species at a finer spatial scale in the Adamello-
Presanella Massif (APM) in the Italian Central Alps. The APM consti-
tutes a well-defined unit within the Italian Central Alps. It is separated
from the surrounding mountain ranges by broad and deep valleys and
hosts one of the largest glacial systems of the entire Alpine Arch
(Baroni and Carton 1987, 1996; Baroni et al., 2004). We developed
tree-ring chronologies from five sites in the APM spanning an altitudi-
nal gradient of more than 300 m, allowing us to explore the suitability
of larch forests in different environmental settings for dendroclimatic
reconstructions.

Study area

The APM lies in the central-southern sector of the central Italian
Alps (Rhetian Alps, 45° 54′–46° 19′ N; 10° 21′–10° 53′ E), covers an
area of more than 1100 km2, and hosts peaks exceeding 3500 m in el-
evation. The major peaks of the group are Cima Presanella (3568 m),
Mount Adamello (3539 m), and Mount Carè Alto (3463 m) (Fig. 1).
The APM presently hosts approximately 100 glaciers, primarily in
the northern and central sectors of the Group. The Adamello Glacier,
the widest and most impressive glacier in the entire Italian Alps,
c. All rights reserved.
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Figure 1. Sketch map of the study area. Stars indicate the sampling-site locations. Dashed areas indicate the glacial bodies. The white dots in the box indicate the locations of the 17
sites of Carrer and Urbinati (2006).
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occupies the summit area of the massif (Baroni and Carton 1990,
1996; Baroni et al., 2004; Ranzi et al., 2010).

The five sampling sites selected for this study are located at the
heads of five different glacial valleys surrounding the APM (Fig. 1).
All the sampling sites are included in the territories of two adjacent
Natural Parks, the Adamello-Brenta Natural Park and the Adamello
Regional Park. At all five sampling sites, open Larix decidua Mill.–
Picea abies L. stands dominate the forest cover above 1800 m a.s.l. At
higher altitudes, at approximately 2000 m a.s.l., spruces are typically
replaced by an open mixed association of larch and stone pine
(Pinus cembra L.) with a generally species-poor undergrowth.
Table 1
Main geographical characteristics and codes of the five study sites for European larch.
Sites are ordered according to a decreasing altitude.

Site
code

Site name Mean
altitude (m)

Latitude N Longitude E Site
aspect

PRS Val Presena 2160 46° 23′ 10° 60′ NNE
AVI Val d'Avio 2150 46° 10′ 10° 28′ NNW
FUM Val di Fumo 1990 46° 05′ 10° 34′ WNW
PRL Val Presanella 1910 46° 25′ 10° 65′ NNE
MAL Val Malga 1850 46° 07′ 10° 25′ WNW
Materials and methods

Tree-ring data

Five ring-width chronologies were developed from living Europe-
an larch trees (L. decidua Mill.) at five sampling sites located in the
open forest near the treeline. The mean altitudes of these sites ranged
from 1850 m a.s.l. (MAL) to 2160 m a.s.l. (PRS) (Table 1).
rg/10.1016/j.yqres.2012.01.004 Published online by Cambridge University Press
To minimise the possible effects of stand competition, only domi-
nant, open-grown trees with undisturbed canopies were sampled.
Trees showing external evidence of non-climatic growth distur-
bances, such as lightning scars and broken branches or crowns
were excluded.

In the upper part of the Val Malga (MAL) site gravitative mass
movements, primarily debris flows, rock falls, and rock avalanches
disturbed the underlying vegetation, and thus potentially altered
the climatic signal recorded by the trees (e.g., Pelfini et al., 2006).

https://doi.org/10.1016/j.yqres.2012.01.004
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For this reason the sampled trees were chosen at a lower altitude
than in the other four sites (MAL mean site altitude 1850 m).

At least two cores from opposite sides were extracted from the
tree stems according to standard dendrochronological sampling
procedures (Stokes and Smiley, 1968). All cores were obtained
with an increment borer at breast height (~1.30 m from ground
level), coring horizontally and at 90° with respect to the slope di-
rection to avoid the possible presence of compression wood. In
the laboratory, each core was dried and mounted on wooden sup-
ports. A transverse surface of the cores was cut with a sharp cutter
blade and sanded with progressively finer sandpaper to make the
tree rings clearly visible (Ferguson, 1970; Pilcher, 1990). Tree-ring
widths were measured with a precision of 0.01 mm using a LINTAB
increment measuring table (RinnTech) in conjunction with TSAPwin
software (version 0.53; Rinn, 2005). Broken cores or cores with evi-
dent signs of mechanical disturbance were discarded. The ring-
width series were cross-dated visually and statistically (Fritts,
1976) with TSAPwin.

Only ring-width series longer than 100 yr were used in the succes-
sive analyses, and only ring-width series with high year-to-year
agreement between interval trends (Gleichläufigkeit index,
Glk>0.60; Schweingruber, 1988) and t-values (t)>2.5 were retained
for computing the mean site chronologies. The correct cross-dating
was further verified using the International Tree-Ring Data Bank
COFECHA software (Holmes, 1983; Grissino-Mayer, 2001), which
identifies segments within each ring-width series that may contain
erroneous cross-dating or measurement errors.

The ring-width series were standardised and the mean site re-
sidual chronologies calculated using the ARSTANwin programme
(Cook and Holmes, 1984; Cook, 1985). A double detrending method
was used to improve the climate signal contained in the ring-width
series, reducing the noise caused by systematic non-climatic change
due to tree age and potential endogenous disturbance events (Cook
and Briffa, 1990). First, a negative exponential curve or a linear re-
gression line was fitted to the ring series. Each value of the time series
was then divided by the value predicted by a cubic smoothing spline
function. The wavelength of the spline was fixed at 67% of the mean
length of the series, with a 50% frequency cut-off (Cook and Briffa,
1990). The autocorrelation was removed from each series using an
autoregressive model (Cook and Briffa, 1990). Individual indexed se-
ries were then included in the mean site residual chronology with a
bi-weight robust estimate of the mean (Cook, 1985). Several statistics
were used to evaluate the five residual chronologies: the mean sensi-
tivity and standard deviation to assess high-frequency variations
(Fritts, 1976) and the mean interseries correlation and first order au-
tocorrelation to identify possible persistence retained after standardi-
sation. To assess the adequacy of replication in the early years of the
five chronologies, we used the Subsample Signal Strength (SSS)
(Wigley et al., 1984). We limited our analysis to the period with
SSS>0.85 (Wigley et al., 1984).

The five chronologies were statistically compared over their com-
mon period (1818–2004) using the Pearson's correlation coefficient
(r). Moreover, a hierarchical cluster analysis was performed accord-
ing to the average linkage method, using the Euclidean distance as a
measure of similarity.

Climate data

Gridded monthly and seasonal mean temperature and precipita-
tion records were obtained from the HISTALP data set (Auer et al.,
2007, http://www.zamg.ac.at/histalp) with the reference grid point
10° N 46° E. In the HISTALP data set, temperature and precipitation
anomalies are referred to the 20th century mean (1901–2000) and
were derived only for homogenised data, both for the monthly tem-
perature series (2004–11 release) and the monthly precipitation se-
ries (2004–2008 release) (Auer et al., 2007). The temperature data
oi.org/10.1016/j.yqres.2012.01.004 Published online by Cambridge University Press
span the years from 1760 to 2007 (247 yr), and the precipitation
data span the years from 1799 to 2003 (204 yr).

Analysis of climate–growth response

Climate/tree-ring growth relationships were tested with standard
Correlation Function Analysis (CF) and Response Function (RF) Anal-
ysis (Fritts, 1976). Moreover, a Moving Correlation Function (MCF)
analysis was used to verify the stability of the climate–growth re-
sponse over time. These analyses were performed using the software
package DENDROCLIM2002 (Biondi, 1997; Biondi and Waikul, 2004).
Each bootstrap estimate was obtained by generating 1000 samples
and running the same numerical computation on each sample. For
each interval, the median coefficients estimated from the 1000 boot-
strap samples are reported in the output and are plotted only if they
are significantly different from 0 at the 0.05 probability level.

A monthly climate analysis was performed for both the mean
monthly temperatures and the total monthly precipitation. A total of
15 climate variables were chosen from July of the year before growth
(t−1) to September of the year of growth (t). For the seasonal analy-
sis, we chose four mean temperature variables and four total precipi-
tation variables. These variables ranged from the summer of the
previous year (JJA−1) to the summer of the current year of growth
(JJA). The analysis was performed over the period 1818–2004 with
the temperature data and over the period 1818–2003with the precip-
itation data. The length of the calibration period (60 yr), twice
the standard time length normally used in climatological studies, has
previously been used in similar dendroclimatologic studies on the
Ortles-Cevedale Group (Leonelli et al., 2009, 2011). We performed
this analysis with all five residual chronologies and with a composite
chronology (ALL). The ALL chronology was obtained by averaging all
of the residual chronologies except for the MAL chronology. The MAL
chronology was omitted from the composite because this chronology
always showed lower correlation values with climatic factors than
those shown by the other four chronologies (Table 3).

To highlight the differences between the early and late parts of the
period covered by the MCF analysis, a t-test of differences (confidence
level 0.95, α level 0.05) was performed on the correlation coefficient
(CC) values computed with the ALL chronology. The full time series
was divided into two parts of 63 and 64 yr (1878–1940 and
1941–2004, respectively). The mean values, the variability, and the
distributions of the CC values were evaluated for the two time pe-
riods. A trend analysis (linear trend model) was performed on the
CC values relative to the most important climatic parameters (June
mean temperatures) involved in tree growth for each chronology
over the past 54 yr (1950–2004).

To investigate the response of European larch to extreme warmth,
we analyzed the responses of the five tree-ring width chronologies to
the heat wave that occurred in Europe, including the Alps, during
summer 2003. This analysis was performed by directly comparing
the ring-width indices with the temperature anomalies (Pilchler
and Oberhuber, 2007; Leonelli et al., 2009).

Results

Descriptive statistics of the chronologies

The comparison of the five tree-ring chronologies reveals similari-
ties and differences among the study sites. The correlation coefficient
values (r) computed between the chronologies are noticeably high
(0.66–0.75) for four of the five chronologies (PRL, FUM, AVI, PRS)
(Table 2). The MAL chronology shows correlation values that are
low compared to those obtained from the other four mean site chro-
nologies, as indicated by the computed r values and by the cluster
analysis of similarities performed on the data from the period covered
by all five chronologies (1818–2004) (Table 2, Fig. 2).

http://www.zamg.ac.at/histalp
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Table 2
Pearson correlation coefficients (r) between the five mean residual chronologies over
their common period (1818–2004); α level=0.05.

MAL FUM PRS PRL

FUM 0.54
PRS 0.42 0.71
PRL 0.52 0.75 0.66
AVI 0.42 0.72 0.68 0.67

Table 3
Essential statistics of the five European larch residual chronologies.

Statistics MAL PRL FUM AVI PRS

First year of chronology 1807 1550 1710 1550 1645
Last year of chronology 2008 2005 2008 2007 2004
Chronology length (year) 202 456 299 459 360
Number of trees 11 14 13 11 8
Number of radii 22 30 26 22 16
Mean length of series 152 257 215 348 179
Mean ring width (mm) 1.87 1.16 1.27 0.78 0.99
Series intercorrelation 0.66 0.63 0.66 0.68 0.64
First year SSS>0.85
(min. number of sample)

1816 (4) 1596 (3) 1738 (3) 1589 (3) 1818 (3)

Mean sensitivity 0.26 0.23 0.29 0.26 0.28
Standard deviation 0.21 0.20 0.24 0.22 0.25
Variance in 1st principal
component (%)

59.4 48.5 59.5 61.3 57.7

First order autocorrelation −0.108 −0.009 −0.002 −0.023 −0.061
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The AVI chronology spans 459 yr and is the longest chronology
of the entire data set. It includes the individual time series with
the highest mean length (348 yr) and the highest mean series
intercorrelation (0.68). The mean sensitivity (MS) values are >0.2
for all of the five chronologies and range between 0.23 (PRL) and
0.29 (FUM) (Table 3). The lowest MS values were observed for
the PRL and MAL residual chronologies, the two chronologies with
the lowest mean site altitudes. The five residual chronologies
were truncated at the first year with subsample signal strength
(SSS)>0.85 (Fig. 3).
Climate–growth response

The monthly and seasonal CF analyses performed over the entire
time period (1818–2004) show a strong summer (JJA) mean temper-
ature signal in the chronologies, with the June mean temperatures
presenting the highest CC values (Fig. 4). Overall, the highest correla-
tion values were obtained for the June mean temperatures, with the
AVI and PRS chronologies showing a predominant influence of early
summer (June) mean temperatures on tree growth.

The analysis also reveals a positive influence of the mean temper-
atures in the autumn of the previous year (SON−1) on tree-ring
growth. The highest CC values were obtained for the September–1
and October–1 mean temperatures, but we also found that all five
chronologies are positively correlated with the November–1 and
December–1 temperatures. The RF analysis performed with monthly
and seasonal temperature variables shows similar results (Fig. 4).

The correlation values of the JJA and June mean temperatures
show a direct relationship with the mean site elevation (Fig. 5),
with the chronologies from the highest altitudes (PRS and AVI) show-
ing the strongest climatic signal.

The analysis of precipitation shows significant negative correla-
tion values for all the five chronologies with the June precipitation
(up to r=−0.29 for the AVI chronology) (Fig. 6). Significant positive
correlation coefficients were found between December–1 precipita-
tion and the PRS and PRL residual chronologies and between March
precipitation and the FUM chronology (Fig. 6). The RF analysis
Figure 2. Dendrogram resulting from the hierarchical cluster analysis, average linkage
method, Euclidean distance as a measure of similarity.

rg/10.1016/j.yqres.2012.01.004 Published online by Cambridge University Press
shows significant negative correlation values for all the five chronol-
ogies with June and JJA precipitation (Fig. 6).

The moving correlation function (MCF) analysis confirms the
predominant influence of early summer mean temperatures on
tree growth but shows that the climate/growth relationship has
varied markedly over time. The five larch chronologies show a
non-stationary climate response, particularly for the May and June
mean temperatures. The MCF analysis performed with the May
mean temperatures shows a long-term increasing trend in the CC
values (Fig. 7a). This trend is most evident for the period
1900–1960. A slight decrease started in the 1960s and was followed
by a renewed increase in the CC values for the latest years of the
analysis. The increasing positive correlation between ring widths
and May mean temperatures is more evident for the MAL and
PRL chronologies (mean site altitudeb1900 m a.s.l.) in recent de-
cades. The difference between the first and the second periods of
comparison is significant (pb0.001). The MCF analysis performed
with the June mean temperatures (Fig. 7b) shows that the CC
values have a synchronous decreasing trend that begins in the
1960s. Although a t-test of the differences between the two time
periods of comparison shows a generally stable signal (p=0.95)
and a regression line computed for the CC values of the ALL chro-
nology reveals a highly stable signal, the last decades of the chro-
nology show a reduction in the strength of the relationship
between tree growth and June mean temperatures. Especially for
May, a slight increase in the CC values is visible in the latest
years (beginning in approximately 2000) of the time series. In the
MCF analysis performed with the May and June mean tempera-
tures, the MAL residual chronology, which has the lowest mean
site altitude (1850 m a.s.l.), differs from the trend shown by the
other four chronologies. The MAL residual chronology has the high-
est correlation with the May mean temperatures and the lowest
with the June mean temperatures, and it shows similar values for
the two periods of comparison. The PRL chronology, which has
the second-lowest mean site altitude value (1910 m a.s.l), shows
the most evident decreasing trend in the CC values computed
with the June mean temperatures.

The MCF computed with the July mean temperatures (Fig. 7c)
reveals a slight increasing trend in the CC values for the three
chronologies representing high-altitude sites (>1900 m a.s.l.), with
significant differences between the earliest and latest periods
(pb0.001). The MAL and PRL chronologies show the lowest CC values
computed with the July mean temperatures, but the climate/tree-
growth response is also quite stable for these chronologies.

Most of the correlations computed over the entire period of anal-
ysis with the August mean temperatures (Fig. 7d) are not significant.
Positive significant values are found only for the PRL and PRS chronol-
ogies. In the MCF analysis, a tendency towards a synchronous

image of Figure�2
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Figure 3. The five residual chronologies of Larix decidua Mill. ordered according to the mean site altitude. Chronologies are reduced to the time period with SSS>0.85.
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increment in the CC values starting from approximately 1960 is clear-
ly visible. In the earliest part of the analysis, the CC values are consis-
tently negative or slightly above zero, and their distributions vary
relatively little around the mean. In the more recent portion of the
chronologies, the CC values are more widely distributed and extend
from the minimum to the maximum values of the series. The signifi-
cant differences between the two compared periods are clearly
highlighted in the ALL chronology by a low p-value (b0.001).

The MCF analysis conducted with the JJA mean temperatures
shows that the MAL and PRL chronologies have the weakest response
to the summer mean temperatures and that this response is generally
stable. In contrast, the three chronologies with mean site altitu-
de>1900 m a.s.l. reveal higher CC values and a trend of generally in-
creasing correlations (Fig. 7f).

The decreasing trend in the correlation values for the recent
period is particularly pronounced in the case of the June mean tem-
peratures, the climatic parameter principally involved in larch growth
at our sites. The trend analysis conducted on the June moving CC
values over the recent time period (1950–2004) shows negative
angular coefficient values for the five trend models (Fig. 8). The PRL
chronology shows the steepest decreasing trend for the recent period
and the lowest value of the angular coefficient.
oi.org/10.1016/j.yqres.2012.01.004 Published online by Cambridge University Press
The correlation values computed between the tree-ring indexes
and the JJA mean temperatures show that the five mean site chronol-
ogies did not respond linearly to exceptionally high temperatures.
This finding is apparent from the 2003 ring width-index values,
which do not differ noticeably from the mean. However, the two
chronologies from the highest-altitude sites (PRS and AVI) show
wider 2003 ring-width values (Fig. 9).

The MCF analysis of long-term changes in the total monthly pre-
cipitation/tree-ring growth relationship shows, as is the case for
temperature, that the climate/tree-ring growth response was not
stable over the entire period of analysis (1818–2003). We found
significant correlation coefficient values only for the mean precipita-
tion of December–1 (Fig. 10a) and of June of the current year
(Fig. 10b). In both cases, all five residual chronologies show a syn-
chronous and generally non-stationary trend in the CC values. The
CC values computed with December–1 precipitation become non-
significant in recent decades, whereas the CC values computed
with June precipitation are negative overall and vary from non-
significant to significant values in the recent period. For June
precipitation, we found a divergence between the earliest and recent
parts of the analysis (pb0.001), with the PRS chronology (at the
highest altitude, 2160 m a.s.l.) showing the most pronounced

image of Figure�3
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Figure 4. Correlation function (top) and response function results (bottom), coefficients are computed over the time period 1878–2003 between the five residual chronologies
plus the ALL chronology and the monthly and seasonal temperature variables. Only statistically significant correlation values are showed (significance test: 95% percentile
range, pb0.05).
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decreasing trend. The CC values range from approximately −0.23 (at
the lowest altitudes, PRL chronology, 1910 m a.s.l.; MAL excluded) to
approximately −0.54 (PRS chronology) in the last decades of the
analysis. Overall, the CC values calculated for the June precipitation
show the same type of trend observed for the June mean tempera-
ture, but in an inverse direction.
Figure 5. Relationship between mean site altitude and JJA and June correlation
coefficients.

rg/10.1016/j.yqres.2012.01.004 Published online by Cambridge University Press
Discussion

This study, focused on larch stands on a single alpine massif,
shows that temperature, rather than precipitation, exerts the primary
control on the radial growth of larch at the upper treeline. This find-
ing confirms the results of previous studies conducted on broader
scales (Jacoby and D'Arrigo, 1989; Briffa et al., 2002; Esper et al.,
2002a,b, 2003; Carrer and Urbinati, 2006). We have also found that
the influence of temperature on tree-ring growth is partially depen-
dent on the mean site altitude, as revealed by the observation of a
stronger climatic signal at the highest altitudes (Fig. 5).

The response of larch to climate is driven primarily by the June
mean temperature. However, at a smaller scale in a study area limited
to a singular alpine massif, the results of our study confirm the tem-
poral instability in climate/growth relationship reported by Carrer
and Urbinati (2006) for a L. decidua chronology data set in the Eastern
Italian Alps and by Leonelli et al. (2009) for a high-altitude P. cembra
tree-ring network in the Ortles-Cevedale area (Central Italian Alps).

The MCF analysis revealed that climate parameters primarily in-
volved in larch growth at the treeline (June temperature and precip-
itation) have significant unstable responses and substantial
variability over time. Leonelli et al. (2009) obtained similar decreas-
ing trends with June mean temperatures and increasing negative
trends with June mean precipitation for the last few decades, albeit
with a different conifer species. The similarity of our results to
these results previously obtained for a stone pine dendroclimatic
network developed in an adjacent mountain region could

image of Figure�4
image of Figure�5
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Figure 6. Correlation function (top) and response function results (bottom), coefficients are computed between the five mean site chronologies plus the ALL chronology and the
monthly and seasonal precipitation variables over the time period 1878–2003. Only statistically significant correlation values are showed (significance test: 95% percentile
range, pb0.05).
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demonstrate that the change in the mechanisms driving tree-ring
growth at high altitudes has probably involved conifers of different
species in the same way. In our larch chronologies, the loss of the
June mean temperature signal is evident over several previous de-
cades, beginning in the 1960s.

As in Carrer and Urbinati (2006), the correlation shift is more
consistent for those climate variables that primarily drive tree
growth, whereas the variables with less significant impacts on ring-
width growth generally show a stationary response to climate. In
our tree-ring network, however, the observed non-stationary cli-
mate/tree-ring growth response also seems to be partially dependent
on the mean site altitude.

Excluding the MAL chronology, which shows probable evidence of
partial disturbance by non-climatic signals, the PRL chronology shows
the most marked decreasing trend in the CC values for the June
temperatures in the recent period compared with the other three
chronologies from high-altitude sites. In particular, the PRL
(1910 m a.s.l.) and PRS (2160 m a.s.l.) sites are located at the top of
two adjacent valleys located in the northern sector of the APM.
These sites have very similar ecological conditions and the same site
aspect (NNE) but have different mean site altitudes, and the PRL chro-
nology has the steepest decreasing trend.

The synchronous increasing trend observed in the CC values com-
puted between the five residual chronologies and the August mean
temperatures allows us to hypothesise a possible positive influence
on tree growth resulting from the prolongation of the growing sea-
son. Numerous studies have reported an extension of the growing
season in Europe due to the recent temperature increase (Menzel
and Fabian, 1999; Sparks and Menzel, 2002; Walther et al., 2002;
oi.org/10.1016/j.yqres.2012.01.004 Published online by Cambridge University Press
Menzel et al., 2006). It is probable that the effects of a prolonged
growing season on tree-ring growth are particularly important at
sites where temperatures represent the main limiting factor as in
our study area. Moreover, our tree-ring chronologies revealed a
non-linear response of tree-ring width to exceptionally high
temperatures during the growing season. Extreme weather events
have become more frequent in Europe during the past few decades
(Klein Tank and Können, 2003), and the year 2003 was extra-
ordinary from a climatic point of view, with the mean summer tem-
peratures in central Europe exceeding the 1961–1990 mean by ca.
3.8°C (Beniston, 2004; Luterbacher et al., 2004; Schär et al., 2004).
Particularly in temperature-sensitive environments, such as the
alpine treeline, the 2003 heat wave was expected to have a strong
impact on tree growth. Contrary to our expectations, we found that
the larch trees in our sampling sites did not respond uniformly to
the substantially warmer season by producing wider rings; only
the chronologies from higher-altitude sites (PRS and AVI) featured
a large 2003 ring. Leonelli et al. (2009) found a similar lack of
response for a stone pine tree-ring network in the Ortles-Cevedale
Group. Pilchler and Oberhuber (2007) conducted a study on Pinus
sylvestris L. and P. abies L. growing in xeric conditions in a dry,
inner Alpine climate (Tyrol, Austria) and found a reduction of up to
35% in radial stem growth in 2003 caused by the early interruption
of cambial activity. At these low-elevation sites (ca. 750 m a.s.l.),
the influence of precipitation on tree growth is more important
than the influence of temperature. In particular, late spring to early
summer (April–June) precipitation proved to be the environmental
factor primarily associated with the radial growth of both species.
Moreover, Leonelli and Pelfini (2008) found a strong growth
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Figure 7. Moving correlation function analysis computed between the five residual chronologies, the ALL chronology, and the seasonal and monthly temperature variables for the
most important months during the period 1878–2004 (significance test: 95% percentile range, pb0.05). The linear regression line is referred to the ALL chronology. Note the dif-
ferent scale of coefficient correlation values in plot (b).
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reduction in 2003 in a low-altitude (1620 m a.s.l.) spruce chronolo-
gy. Water stress is the most probable explanation for this finding.
At our high-elevation sampling sites, precipitation is not the princi-
pal factor controlling tree growth, and the 2003 heat wave did not
produce any drought stress.

Our study confirms that precipitation exerts less control on tree-
ring growth than does temperature, but the MCF analysis clearly
shows an increasing negative influence of June precipitation on
tree-ring growth at the highest altitudes. Similar trends have been
reported by Carrer and Urbinati (2006) for larch and by Leonelli et
al. (2009) for stone pine. At the treeline, trees are principally fed by
snow melt in early summer. Our results show that the precipitation
occurring in this month is currently negatively influencing tree
growth more than it has in the past and that the strongest negative
influence occurs at high altitudes (e.g., the PRS chronology).
rg/10.1016/j.yqres.2012.01.004 Published online by Cambridge University Press
Conclusions

This study confirms that tree-ring chronologies from high-altitude
sites are a useful tool for studying the temporal dynamics of climate
at local and global scales. However, the response of tree-ring growth
to climate parameters has varied over time. The analysis of climate/
tree-ring growth relationships performed on five larch tree-ring chro-
nologies from the top of five alpine glaciated valleys located in a sin-
gular alpine massif showed consistency, at a smaller scale, with other
dendroclimatic studies conducted recently in the Alps. This analysis
confirmed the presence of a common climatic signal for conifers
growing at the timberline ecotone.

In the APM, as in other alpine sectors and in high-latitude areas,
early summer (June and July) temperatures exert the main control
on larch radial growth at the upper treeline. Although summer
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Figure 8. Trend analysis (linear trend model) conducted on June moving correlation coefficient values over the last 54 yr of analysis (1950–2004) for the five residual chronologies
(a to e). Regression lines are reported in (f).

Figure 9. Scatter plot of the five residual larch chronologies vs. summer temperature anomalies over their common period (1818–2004). Arrows indicate 2003 values.

352 A. Coppola et al. / Quaternary Research 77 (2012) 344–354

https://doi.org/10.1016/j.yqres.2012.01.004 Published online by Cambridge University Press

image of Figure�8
image of Figure�9
https://doi.org/10.1016/j.yqres.2012.01.004


Figure 10.Moving correlation function analysis performed between the five residual chronologies, the ALL chronology, and the seasonal and monthly precipitation variables for the
most important months during the period 1878–2003 (significance test: 95% percentile range, pb0.05). The linear regression line is referred to the ALL chronology.
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temperature still limits larch growth at the timberline at our sampling
sites, the MCF analysis shows a clearly visible loss of correlation be-
tween radial tree-ring growth and June mean temperatures during
the past decades, especially at the low-altitude sites. In fact, even
though the CC values for the MAL chronology (1850 m a.s.l.) are
stable and quite low over time, the CC values of PRL (1910 m a.s.l.)
changed from rather high values (r>0.5) to low values with a con-
stant decreasing trend (up to rmin=0.2). The chronologies above
1990 m a.s.l. showed more stable CC values even though a decreasing
trend in CC values is also recorded (rmin is approximately 0.4).

Overall, our results reveal a temporal instability in the climate/
tree-ring response consistent to that reported in several recent stud-
ies of other sites in the Alps. According to our results, the temperature
signal loss is more evident at low-altitude sites. In contrast, at high-
altitude sites we found that precipitation exerts a stronger negative
influence on tree growth in recent decades than in the past and has
a more important role than at low altitudes. The findings of the pre-
sent study indicate that even if no significant trends are present in
the June precipitation record (not shown; see Leonelli et al., 2009)
early summer precipitation negatively affects tree-ring growth, espe-
cially at the highest-altitude sites.

The increasing trend in the correlation values verified with the
early summer (May) and August monthly temperatures allows us to
hypothesise that an extended growing season affects conifer growth
at our sampling sites. Overall, a weakening relationship between
larch tree-ring chronologies and temperature is noticeable since the
mid-20th century in the APM. Nevertheless, the high degree of cli-
mate sensitivity, the generally high values of correlation with sum-
mer temperatures, and the agreement with the results of similar
studies conducted in the Italian Alps at a broader scale (e.g., Carrer
and Urbinati, 2006) allow us to state that tree growth in the APM is
primarily driven by temperature at high altitudes.

The Val Malga site features unique conditions, including evidence
of disturbances that have affected the forest vegetation. These charac-
teristics, also revealed by the differences found in the response of the
MAL chronology to climate, lead us to exclude the MAL chronology
from consideration in the context of future climate reconstructions.
The other four APM larch chronologies appear to be adequate for den-
droclimatic studies. The overall stable relationship between European
larch tree growth and JJA temperatures suggests that high-elevation
larch tree-ring data sets are suitable for climatic reconstructions.

Acknowledgments

The research was supported by the MIUR-PRIN 2008 project “Cli-
mate change effects on glaciers, permafrost and derived water re-
source. Quantification of the ongoing variations in the Italian Alps,
analysis of their impacts and modelling future projections,” national
coordinator Prof. C. Smiraglia, local coordinators Prof. P.R. Federici
rg/10.1016/j.yqres.2012.01.004 Published online by Cambridge University Press
(Università di Pisa) and Prof. C. Smiraglia (Università di Milano).
We are very grateful to Dr. Gino Delpero for his help in tree sampling
and to Dr. Franco Angeli, responsible for the “Ufficio Forestale”
of Malè (Trento). We also thank Mrs. Rachael Walden for revising
the English.

References

Auer, I., Böhm, R., Jurkovic, A., Lipa, W., Orlik, A., Potzmann, R., Schöner, W., Ungersböck,
M., Matulla, C., Briffa, K., Jones, P., Efthymiadis, D., Brunetti, M., Nanni, T., Maugeri,
M., Mercalli, L., Mestre, O., Moisselin, J.-M., Begert, M., Müller-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 climatological surface time series of the
Greater Alpine Region. International Journal of Climatology 27, 1–46.

Barber, V., Juday, G., Finney, B., 2000. Reduced growth of Alaska white spruce in
the twentieth century from temperature-induced drought stress. Nature 405,
668–672.

Baroni, C., Carton, A., 1990. Variazioni oloceniche della Vedretta della Lobbia (Gruppo
dell'Adamello, Alpi Centrali). Geografia Fisica e Dinamica Quaternaria 13 (2),
105–119.

Baroni, C., Carton, A., 1987. Geomorfologia della Valle dell'Avio (Gruppo dell'Adamello)
[Geomorphology of the Avio Valley]. Natura Bresciana 23, 3–48.

Baroni, C., Carton, A., 1996. Geomorfologia dell'alta Val di Genova (Gruppo dell'Ada-
mello Alpi Centrali). Geografia Fisica e Dinamica Quaternaria 19, 3–17.

Baroni, C., Carton, A., Seppi, R., 2004. Distribution and behaviour of rock glaciers in the
Adamello-Presanella Massif (Italian Alps). Permafrost and Periglacial Processes 15,
243–259.

Beniston, M., 2004. The 2003 heat wave in Europe: a shape of things to come? An
analysis based on Swiss climatological data and model simulations. Geophysical
Research Letters 31, 2022–2026.

Biondi, F., 1997. Evolutionary and moving response functions in dendroclimatology.
Dendrochronologia 15, 139–150.

Biondi, F., Waikul, K., 2004. Dendroclim 2002: a C++ program for statistical calibra-
tion of climate signals in tree-ring chronologies. Computers and Geosciences 30,
303–311.

Briffa, K.R., Jones, P.D., Schweingruber, F.H., 1988a. Summer temperature patterns over
Europe: a reconstruction from 1750 A.D. based on maximum latewood density in-
dices of conifers. Quaternary Research 30, 36–52.

Briffa, K.R., Jones, P.D., Pilcher, J.R., Hughes, M.K., 1988b. Reconstructing summer tem-
peratures in Northern Fennoscandinavia back to A.D. 1700 using tree-ring data
from Scots pine. Arctic and Alpine Research 20 (4), 385–394.

Briffa, K.R., Jones, P.D., Bartholin, T.S., Eckstein, D., Schweingruber, F.H., Karlen,W., Zetterberg,
P., Eronen, M., 1992. Fennoscandian summers from AD 500: temperature changes on
short and long timescales. Climate Dynamics 7, 111–119.

Briffa, K.R., Schweingruber, F.H., Jones, P.D., Osborn, T.J., Harris, I.C., Shiyatov, S.G.,
Vaganov, E.A., Grudd, H., 1998a. Trees tell of past climates: but are they speaking
less clearly today? Philosophical Transactions of the Royal Society of London B
353, 65–73.

Briffa, K.R., Schweingruber, F.H., Jones, P.D., Osborn, T.J., Shiyatov, S.G., Vaganov, E.A.,
1998b. Reduced sensitivity of recent tree-growth to temperature at high northern
latitudes. Nature 391, 678–682.

Briffa, K.R., Osborn, T.J., Schweingruber, F.H., Jones, P.D., Shiyatov, S.G., Vaganov, E.A.,
2002. Tree-ring width and density data around the Northern Hemisphere: part 1,
local and regional climate signals. The Holocene 12, 737–757.

Briffa, K.R., Osborn, T.J., Schweingruber, F.H., 2004. Large scale temperature inferences
from tree-rings: a review. Global and Planetary Change 40, 11–26.

Büntgen, U., Frank, D.C., Schmidhalter, M., Neuwirth, B., Seifert, M., Esper, J., 2006.
Growth/climate response shift in a long subalpine spruce chronology. Trees-
Structure and Function 20 (1), 99–110.

Büntgen, U., Frank, D.C., Wilson, R., Carrer, M., Urbinati, C., Esper, J., 2008. Testing for
tree-ring divergence in the European Alps. Global Change Biology 14, 2443–2453.

image of Figure�10
https://doi.org/10.1016/j.yqres.2012.01.004


354 A. Coppola et al. / Quaternary Research 77 (2012) 344–354

https://d
Carrer, M., Urbinati, C., 2006. Long-term change in the sensitivity of tree-ring growth to
climate forcing in Larix decidua. New Phytologist 1 (70), 861–872.

Carrer, M., Anfodillo, T., Urbinati, C., Carraro, V., 1998. High altitude forest sensitivity to
global warming: results from long-term and short-term analyses in the Eastern
Italian Alps. In: Beniston, M., Innes, J.L. (Eds.), The Impacts of Climate Variability
on Forests, Lecture Notes in Earth Sciences, 74. Springer, Berlin Heidelberg
New York, pp. 171–189.

Cook, E.R., 1985. A time series analysis approach to tree-ring standardization. PhD
thesis, University of Arizona, Arizona.

Cook, E.R., Briffa, K.R., 1990. A comparison of some tree-ring standardization methods.
In: Cook, E.R., Kairiukstis, L.A. (Eds.), Methods of Dendrochronology. Kluwer,
Dordrecht, pp. 104–123.

Cook, E.R., Holmes, R.L., 1984. Program ARSTAN User Manual: Laboratory of Tree Ring
Research. University of Arizona, Tucson.

Esper, J., Cook, E.R., Schweingruber, F.H., 2002a. Reconstructing past temperature vari-
ability low-frequency signals in long tree-ring chronologies. Science 295, 2250.

Esper, J., Cook, E.R., Schweingruber, F.H., Winiger, M., 2002b. 1300 years of climatic
history for Western Central Asia inferred from tree-rings. The Holocene 12,
267–277.

Esper, J., Cook, E.R., Shiyatov, S.G., Mazepa, V.S., Wilson, R.J.S., Graybill, D.A., Funkhouser,
G., 2003. Temperature-sensitive Tien Shan tree ring chronologies show multi-
centennial growth trends. Climate Dynamics 8, 699–706.

Ferguson, C.W., 1970. Concept and Techniques of Dendrochronology in Scientific
Methods in Medieval Archaeology. In: Berger, Rainer (Ed.), University of California
Press.

Frank, D., Esper, J., 2005a. Temperature reconstructions and comparison with instru-
mental data from a tree-ring network for the European Alps. International Journal
of Climatology 25, 1437–1454.

Frank, D., Esper, J., 2005b. Characterization and climate response patterns of a high-
elevation, multi-species tree-ring network in the European Alps. Dendrochronolo-
gia 22, 107–121.

Fritts, H.C., 1976. Tree Rings and Climate. 567 pp. Academic Press, New York.
Grissino-Mayer, H.D., 2001. Evaluating crossdating accuracy: a manual and tutorial for

the computer program COFECHA. Tree-Ring Research 57, 205–221.
Holmes, R.L., 1983. Computer-assisted quality control in tree-ring dating and measure-

ment. Tree-Ring Bulletin 43, 69–78.
Jacoby, G.C., D'Arrigo, R., 1989. Reconstructed northern hemisphere annual tempera-

ture since 1671 based on high-latitude tree-ring data from North America. Climatic
Change 14, 39–59.

Jacoby, G.C., Lovelius, N.V., Shumilov, O.I., Raspopov, O.M., Karbainov, J.M., Frank, D.C.,
2000. Long-term temperature trends and tree growth in the Taimyr region of
northern Siberia. Quaternary Research 53, 312–318. doi:10.1006/qres.2000.2130.

Klein Tank, A.M.G., Können, G.P., 2003. Trends in indices of daily temperature and
precipitation extremes in Europe, 1946–99. Journal of Climate 16, 3665–3680.

Leonelli, G., Pelfini, M., 2008. Influence of climate and climate anomalies on Norway
spruce tree-ring growth at different altitude and on glacier responses: examples
from the Central Italian Alps. Geografiska Annaler 90 (A(1)), 75–86.

Leonelli, G., Pelfini, M., Battipaglia, G., Cherubini, P., 2009. Site-aspect influence on
climate sensitivity over time of a high-altitude Pinus cembra tree-ring network.
Climatic Change 96, 185–201. doi:10.1007/s10584-009-9574-6.

Leonelli, G., Pelfini, M., D'Arrigo, R., Haeberli, W., Cherubini, P., 2011. Non-stationary
responses of tree-ring chronologies and glacier mass balance to climate in the
European Alps. Arctic, Antarctic, and Alpine Research 43 (1), 56–65.

Luterbacher, J., Dietrich, D., Xoplaki, E., Grosjean, M., Wanner, H., 2004. European sea-
sonal and annual temperature variability, trends, and extremes since 1500. Science
303, 1499–1503.
oi.org/10.1016/j.yqres.2012.01.004 Published online by Cambridge University Press
Mann, M.E., Bradley, R.S., Hughes, M.K., 1998. Global scale temperature patterns and
climate forcing over the past six centuries. Nature 392, 779–787.

Mann, M.E., Bradley, R.S., Hughes, M.K., 1999. Northern hemisphere temperatures dur-
ing the past millennium: inferences, uncertainties, and limitations. Geophysical
Research Letters 26, 759–762.

Menzel, A., Fabian, P., 1999. Growing season extended in Europe. Nature 397, 659.
Menzel, A., Sparks, T.H., Estrella, N., Koch, E., Aasa, A., Ahas, R., Alm-Kübler, K., Bissolli,

P., Braslavska, O., Briede, A., Chmielewski, F.M., Crepinsek, Z., Curnel, Y., Dahl, A.,
Defila, C., Donnelly, A., Filella, Y., Jatczak, K., Mage, F., Mestre, A., Nordli, Ø.,
Penuelas, J., Pirinen, P., Remisova, V., Scheifinger, H., Striz, M., Susnik, A., Van
Vliet, A.J.H., Wielgolaski, F.-E., Zach, S., Zust, A., 2006. European phonological
response to climate change matches the warming pattern. Global Change Biology
12 (10), 1969–1976.

Pelfini, M., Leonelli, G., Santilli, M., 2006. Climatic and environmental influences on
mountain pine (Pinus montana Miller) growth in the Central Italian Alps. Arctic,
Antarctic, and Alpine Research 38 (4), 614–623.

Pilcher, J.R., 1990. Sample preparation, cross-dating and measurement. In: Cook, E.R.,
Kairiukstis, L. (Eds.), Methods of Dendrochronology: Applications in the Environ-
mental Sciences. Kluwer, Dordrecht, pp. 40–51.

Pilchler, P., Oberhuber, W., 2007. Radial growth response of coniferous forest trees in
an inner Alpine environment to heat-wave in 2003. Forest Ecology and Manage-
ment 242, 688–699.

Ranzi, R., Grossi, G., Gitti, A., Taschner, S., 2010. Energy and mass balance of the Man-
drone Glacier (Adamello, Central Alps). Geografia Fisica e Dinamica Quaternaria
33, 45–60.

Rinn, F., 2005. TSAPWin— Time Series Analysis and Presentation for Dendrochronology
and Related Applications, Version 0.53, User Reference. Heidelberg. 91 pp.

Schär, C., Vidale, P.L., Lüthi, D., Frei, C., Häberli, C., Liniger, M.A., Appenzeller, C., 2004.
The role of increasing temperature variability in European summer heatwaves. Na-
ture 427, 332–336.

Schweingruber, F.H., 1988. Tree Rings. Basics and Applications of Dendrochronology.
Kluwer, Dordrecht. 276 pp.

Sparks, T.H., Menzel, A., 2002. Observed changes in the seasons: an overview. Interna-
tional Journal of Climatology 22, 1715–1725.

Stokes, M.A., Smiley, T.L., 1968. An Introduction to Tree-Ring Dating. University of
Chicago Press, Chicago, IL. 73 pp.

Treydte, K.S., Frank, D., Esper, J., 2007. Signal strength and climate calibration of a
European tree-ring isotope network. Geophysical Research Letters 34 (24),
L24302.

Vaganov, E.A., Hughes, M.K., Kirdyanov, A.V., Schweingruber, F.H., Silkin, P.P., 1999.
Influence of snowfall and melt timing on tree growth in subarctic Eurasia. Nature
400, 149–151.

Walther, G.R., Post, E., Convey, P., Menzel, A., Parmesan, C., Beebee, T.J.C., Fromentin, O.,
Hoegh-Guldberg, J.-M., Bairlein, F., 2002. Ecological responses to recent climate
change. Nature 416, 389–395.

Wigley, T.M.L., Briffa, K.R., Jones, P.D., 1984. On the average value of correlated time
series, with applications in dendroclimatology and hydrometeorology. Journal of
Climate and Applied Meteorology 23, 201–213.

Wilson, R.J.S., Luckman, B.H., 2002. Tree-ring reconstruction of maximum and
minimum temperatures and the diurnal temperature range in British Columbia,
Canada. Dendrochronologia 20, 257–268.

Wilson, R.J.S., Luckman, B.H., 2003. Dendroclimatic reconstruction of maximum sum-
mer temperatures from upper treeline sites in interior British Columbia, Canada.
The Holocene 13, 851–861.

Wilson, R.J.S., Topham, J., 2004. Violins and climate. Theoretical and Applied Climatol-
ogy 77, 9–24. doi:10.1007/s00704-003-0025-4.

http://dx.doi.org/10.1006/qres.2000.2130
http://dx.doi.org/10.1007/s10584-009-9574-6
http://dx.doi.org/10.1007/s00704-003-0025-4
https://doi.org/10.1016/j.yqres.2012.01.004

