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Summary We analyzed growth responses to climate of 24
tree-ring width and four maximum latewood density chronolo-
gies from the greater Tatra region in Poland and Slovakia. This
network comprises 1183 ring-width and 153 density measure-
ment series from four conifer species (Picea abies (L.) Karst.,
Larix decidua Mill., Abies alba (L.) Karst., and Pinus mugo
(L.)) between 800 and 1550 m a.s.l. Individual spline de-
trending was used to retain annual to multi-decadal scale cli-
mate information in the data. Twentieth century temperature
and precipitation data from 16 grid-boxes covering the
48-50°Nand 19-21 °E region were used for comparison. The
network was analyzed to assess growth responses to climate as
a function of species, elevation, parameter, frequency and site
ecology. Twenty ring-width chronologies significantly corre-
lated (P < 0.05) with June—July temperatures, whereas the
latewood density chronologies were correlated with the
April-September temperatures. Climatic effects of the previ-
ous-year summer generally did not significantly influence ring
formation, whereas site elevation and frequency of growth
variations (i.e., inter-annual and decadal) were significant vari-
ables in explaining growth response to climate. Response to
precipitation increased with decreasing elevation. Correlations
between summer temperatures and annual growth rates were
lower for Larix decidua than for Picea abies. Principal compo-
nent analysis identified five dominant eigenvectors that ex-
press somewhat contrasting climatic signals. The first principal
component contained highest loadings from 11 Picea abies
ring-width chronologies and one Pinus mugo ring-width chro-
nology and explained 42% of the network’s variance. The
mean of these 12 high-elevation chronologies was significantly
correlated at 0.62 with June—July temperatures, whereas the
mean of three latewood density chronologies, which loaded
most strongly on the fourth principal component, significantly
correlated at 0.69 with April-September temperatures (P <
0.001 over the 1901-2002 period in both cases). These group-
ings allow for a robust estimation of June—July (1661-2004)
and April-September (1709-2004) temperatures, respec-

tively. Comparison with reconstructions from the Alps and
Central Europe supports the general rule of the dominant influ-
ence of growing season temperature on high-elevation forest
growth.

Keywords: climate change, dendrochronology, maximum late-
wood density, ring width.

Introduction

Tree growth responses to climatic change are key to assessing
future forest productivity, vegetation dynamics, plant diversity
and species richness (e.g., Kienast et al. 1998, Saxe et al. 2001,
Sitch et al. 2003, Thuiller et al. 2005), and to evaluating
tree-ring-based temperature reconstructions (Briffa et al.
1998, Biintgen et al. 2006a). Although physiological studies
provide empirical evidence on how trees react to internal (bi-
otic) and external (abiotic) forcing agents (Kozlowski and
Pallardy 1997), physiological studies of the longer-term re-
sponses of trees suffer from either the short-term nature of lab-
oratory and field experiments with low spatial coverage, or the
limited range of assessments of plant growth when larger re-
gions are considered. An alternative approach is to study
tree-ring width (TRW) and maximum latewood density
(MXD) measurements which provide information on past
growth rates. Radial growth of trees from higher elevations
generally reflects temperature variations, whereas radial
growth of trees from lower elevations generally mirrors pre-
cipitation changes (Schweingruber 1996). However, because
of the co-variation of various climatic parameters and complex
plant physiological reactions and processes (Tranquillini
1964), attempts to define growth responses in terms of a single
controlling factor often fail (Fritts 1976). For example, eco-
physiological studies in elevational ecotone sites where
growth is predominantly limited by low summer temperatures
emphasized the importance of various winter climate condi-
tions (e.g., frost, desiccation, solar irradiance, freeze-thaw cy-
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cles, soil frost and snow cover) on the vigor of woody plants
(Vaganov et al. 1999, Oberhuber 2004). Local geographical
settings including slope, aspect, wind-exposure and soil condi-
tions provide second-order variations to the general rules of
thermally constrained forest productivity at high altitudes and
toward northern timberlines (Korner 1998), and water-limited
constraints on forest productivity at mid- and low altitudes and
latitudes (Leuzinger et al. 2005).

Analyses of the climatic influence on variations in European
tree growth, from annual extremes to multi-decadal scale fluc-
tuations, have mainly focused on high-elevation conifers from
the Alpine arc (e.g., Rolland et al. 1998, Desplanque et al.
1999, Rolland et al. 2000, Carrer and Urbinati 2004, Neuwirth
et al. 2004, Oberhuber 2004, Jolly et al. 2005). Analyses of
large networks that include MXD measurements have exam-
ined growth response patterns to climatic conditions across the
Alps (Frank and Esper 2005a) and Europe (Briffa et al. 2002).
For the Carpathian arc, however, there have been no long-term
dendroclimatological network analyses and only a few local
studies have assessed the climatic influence on tree growth
(Bednarz 1984, Feliksik 1993, Szychowska-Krapiec 1998,
Bednarz et al. 1999).

Our understanding of annually resolved long-term Euro-
pean temperature variations on tree growth has consequently
been restricted to a handful of TRW and MXD records from
the Alps (e.g., Biintgen et al. 2005, 2006¢) and Scandinavia
(e.g., Briffaetal. 2001, Grudd et al. 2002, Helama et al. 2002).
Because of the paucity of these reconstructions, climate condi-
tions during the last millennium remain more uncertain and
spatially less resolved than reconstructions of the past centu-
ries. Therefore, updates of existing data and development of
new data from poorly studied regions, such as the Carpathian
arc, are key to understanding local- to regional-scale climatic
variations, compiling larger-scale networks to assess spatial
patterns of climatic change, and providing validations of cli-
mate model simulations (Esper et al. 20055, Hegerl et al.
2006).

In this paper, we introduce a tree-ring network from the
greater Tatra region within the western Carpathian arc that ex-
tends into the 21st century. We analyzed this network to evalu-
ate tree growth responses to climate patterns, considering the
influences of species (spruce, larch, fir, pine), elevation
(800-1550 m a.s.l.), parameter (TRW and MXD), frequency
(inter-annual and decadal scales), site ecology (luff or lee) and
previous- and current-year climatic conditions (temperature
and precipitation). Two multi-centennial-long temperature re-
constructions based on TRW and MXD were developed for the
region and compared with findings from the Alps and Central
Europe. We provide details on physiologically induced re-
sponse variations in the network’s growth—climate relation-
ship, and on temporal deviations between the reconstructed
temperature histories.

Data and methods

Geographical settings

The study considers the greater Tatra region extending across

48-50° N and 19-21° E. This region includes the highest
range of the western Carpathian arc and the Tatra Mountains
(Figure 1). The border area between Poland and Slovakia is
characterized by montane to sub-alpine forest stands with
physiological and genetic differentiation between populations
from higher and lower elevations (Oleksyn et al. 1998). The
climate-driven treeline is situated around 1550 m a.s.1., and in-
cludes partly natural ecotones with individual conifers reach-
ing ages of 350—450 years (Figure 2). Several mountain peaks
are > 2,500 m a.s.l. Soil conditions differ among the sample
sites, with a tendency for decreasing depths and increasing
organic matter content with increasing altitude.

Synoptically, the North Atlantic Oscillation and Siberian
High dominate during winter, whereas more localized low
pressure cells occur during summer (Hurrell et al. 2003,
Raible et al. 2006). Main atmospheric flows are maritime wes-
terlies with secondary airflows from the north (Niedzwiedz
1992). The local topography results in distinct luff and lee con-
ditions (Figure 1), with greater precipitation on the north sides
of the mountain ranges (Koncek et al. 1974). Mean annual
temperature and precipitation over the greater Tatra region for
the period 1901-2002 was 6.5 °C and 849 mm, respectively
(Figure 1).

Tree-ring data and detrending

Tree-ring data from 24 forest stands within the greater Tatra
region were combined (Figure 1). These sites are distributed
throughout five National Parks: Babia Gora, Gorce, Tatra in
southern Poland and High- and Low-Tatra in Slovakia, and
one National Reserve: Pilsko. The network comprises 1183
TRW measurement series from four conifer species, Picea
abies (L.) Karst., Larix decidua Mill., Abies alba (L.) Karst.,
and Pinus mugo L. (herein abbreviated PCAB, LADE, ABAL
and PIMU), all from elevations between 800 and 1550 m a.s.I.
Datasets were developed on a site-by-site basis (Table 1), and
153 MXD series from three PCAB (7, 9 and 11) sites and one
LADE (13) site were also measured. Most of the larger site
collections include juvenile to mature trees (Figure 2). The
mean number of rings per core sample was 128 years with a
minimum of 17 years and a maximum of 442 years. The mean
number of cores (each core sample represents one tree) con-
sidered per site was 48 with a minimum of 10 samples and a
maximum of 128 samples. For all data, mean annual width and
density were 1.37 mm year~' and 0.78 g cm >, respectively.
For analyses and visualization, we categorized the network
into high (> 1350 m), medium (> 1250 m and < 1350 m) and
low (<1250 m) elevational belts. The network is characterized
by 12 sites located at high elevation, from which nine are
PCAB. The MXD measurement series are all derived from
sites near the timberline between 1450 and 1500 m a.s.l. Six
TRW sites are located at low elevation, and the remaining
seven sites at medium elevation. Twenty-three sites are located
in the High Tatra Mountains, two in the more southern Low
Tatra Mountains and one each from the more northern Pilsko,
Babia Gora and Gorce Mountains, respectively. Most of the
sites in the High Tatra Mountains are located on the northern
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Figure 1. Location of the greater
Tatra region (48—50° N and
19-21° E), with inset detailing
the 24 tree-ring width (TRW) and
four maximum latewood density
(MXD) sampling sites, differenti-
ated by species, parameter and el-
evation. The climate histogram
shows the 1901-2002 monthly
temperature means and precipita-
tion sums averaged over the
greater Tatra region. Arrows indi-
cate the dominant airflow. Abbre-
viations: PCAB, Picea abies;
LADE, Larix decidua; ABAL,
Abies alba; and PIMU, Pinus
mugo.

Mountains at 1050 m a.s.l. The PIMU chronology represents
uppermost treeline conditions.

To remove non-climatic biological age trends (Fritts 1976)

1950 2000
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Figure 2. Sample distribution of
the 24 tree-ring width (TRW) site
chronologies. Additional maxi-
mum latewood density (MXD)
measurements were available
from four sites (7,9, 11, 13).
Each horizontal bar represents
one of the 1183 core samples.
The horizontal dashed lines de-
note site locations >1350, be-
tween 1250-1350, and <1250 m
a.s.l. See Table 1 for a description
of the chronologies.
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Table 1. Characteristics of the 24 tree-ring width (mm) and 4 maximum latewood density (g cm -3 ) chronologies. Statistics refer to chronologies
after power transformation, 300-year spline detrending, and truncation at < 5 series. Bold lines denote MXD data. Elevation =m a.s.l, Period = full
length/after truncation < 5 series, MSL = mean segment length (years), MGR = mean growth rate (TRW = mm, MXD = gcm -3), and EPS (ex-
pressed population signal) = calculated over 30 years lagged by 50%, L-1 = first year autocorrelation, PC-L = PC loading, Response = highest
monthly correlation with T (temperature) and P (precipitation) over the 1901-2002 or full period of overlap and Bold = MXD measurements.
Identities of numbered sites: 1 = Sucha Kasprowa; 2 = Hala Gasienicowa; 3 = Nova Polianka; 4 = Nova Polianka; 5 = Zolta Turnia; 6 = Swistowko
Wyznig; 7 = Swistowko Wyznig; 8 = Gasienicowy; 9 = Gasienicowy; 10 = Dolina Suchej Wody; 11 = Dolina Suchej Wody; 12 = Dolina
Mengusovska; 13 = Dolina Mengusovska; 14 = Kosodrevina; 15 = Dolina Panszczycka; 16 = Roztoki Woloszyn; 17 = Dolina Waksmundzka; 18 =
Rybiego Potoku Wlosienica; 19 = Roztoki Nowa Roztoka; 20 = Dolina Rybiego Potoku; 21 = Babia Gora; 22 = Pilsko; 23 = Roztoki Dobra Woda;
24 = Roztoki Podczub; 25 = Gorce; 26 = Dolina Chocholowska; 27 = Dolina Chocholowska; and 28 = Tale.

Site  Species  Lat/Long Elevation Series Period MSL MGR Rbar EPS L-1 PC-L Response
1 PIMU 49°14’/20°00" 1,550 19 1742/1754-1969 195 0.28 0.38 0.9 0.71 PC1 T/Jul/.54
2 PCAB 49°15/20°00" 1,550 10 1766/1802-1965 172 0.25 0.51 0.85 0.4 PC1 T/Jun/.36
3 PCAB 49°09/20°10" 1,550 16 1846/1869-2003 123 1.24 0.4 0.91 0.41 PC4 T/Jun/.34
4 LADE 49°09/20°10" 1,550 18 1831/1842-2003 149 0.89 0.63 0.97 0.42 PC3 T/May/.31
5 PCAB 49°15/20°01” 1,500 82 1538/1721-2004 182 0.95 0.34 0.93 0.53 PC1 T/Jun/.51
6 PCAB 49°15/19°55" 1,500 15 1699/1756-1978 186 0.77 0.6 0.93 0.18 PC4 T/Aug/.59
7 PCAB 49°15719°55" 1,500 15 1699/1756-1978 186 0.87 0.44 0.89 0.57 PC1 T/Jul/.43
8 PCAB 49°14'/20°00° 1,500 16 1776/1824-1964 130 0.74 0.63 0.96 0.12 PC4 T/Aug/.58
9 PCAB 49°14’/20°00" 1,500 16 1776/1824-1964 130 1.21 0.41 0.9 0.47 PC1 T/Jun/.34
10 PCAB 49°15/20°02" 1,480 58 1628/1709-2004 198 0.72 0.46 0.95 0.25 PC4 T/Aug/.61
11 PCAB 49°157/20°02" 1,480 58 1628/1709-2004 198 0.78 0.36 0.93 0.59 PC1 T/Jun/.53
12 LADE  49°09720°04 1,450 64 1612/1676-2004 166 0.89 0.46 0.95 0.23 PC3 T/Jul/.47
13 LADE 49°09/20°04" 1,450 64 1612/1676-2004 166 0.97 0.58 0.97 0.38 PC3 T/May/.30
14 PCAB 48°56/19°36" 1,450 100 1869/1873-2004 63 2.03 0.35 0.96 0.63 PC5 T/Jul/.33
15 PCAB 49°157/20°02" 1,420 36 1737/1792-2004 165 1.1 0.32 0.92 0.63 PC1 T/Jun/.43
16  PCAB 49°14’/20°04" 1,370 47 1795/1796-2000 161 1.16 0.32 0.94 0.54 PC1 T/Jun/.39
17 PCAB 49°15/20°04" 1,350 24 1748/1777-2004 169 1.08 0.27 0.82 0.58 PC1 T/Jul/.41
18  PCAB 49°13/20°05" 1,330 62 1846/1862-1999 93 1.43 0.31 0.93 0.72 PC3 T/Jul/.28
19  PCAB 49°14'/20°05" 1,310 128 1844/1863-1999 105 1.28 0.35 0.98 0.59 PC4 P/Mar/.21
20  PCAB 49°14’/20°05" 1,300 39 1773/1802-2004 132 1.53 0.24 0.82 0.67 PC4 T/Jun/.31
21 PCAB 49°35/19°30" 1,300 46 1687/1782-2004 143 1.67 0.39 0.93 0.69 PC1 T/Jul/.43
22 PCAB 49°31/19°20° 1,300 61 1627/1752-2004 133 1.74 0.33 0.92 0.62 PC4 T/Jul/.40
23 PCAB 49°147/20°05" 1,230 86 1848/1865-1998 65 1.8 0.27 0.92 0.66 PC4 P/Dec/.29
24  PCAB 49°147/20°05" 1,210 81 1647/1661-2000 150 0.72 0.38 0.93 0.71 PC1 T/Jun/.28
25 PCAB 49°33’/20°08" 1,100 62 1850/1885-2003 84 2.57 0.39 0.96 0.83 PC1 T/Jul/.42
26  ABAL 49°17°/19°50" 1,050 42 1810/1830-2004 126 1.16 0.34 0.93 0.84 PC5 P/Jul/.26
27  PCAB 49°17°/19°50" 1,000 50 1782/1842-2004 129 1.53 0.37 0.96 0.86 PC5 T/Mar/.30
28  PCAB 48°52/19°36" 800 22 1891/1894-2003 103 2.03 0.38 0.91 0.81 PC4 P/Jun/.32

from the TRW and MXD measurement series (Figure 3), an
adaptive power transformation was first applied to reduce the
heteroscedastic behavior of the TRW measurement series
(Cook and Peters 1997). Indices of both the TRW and MXD
series were then taken as residuals from cubic smoothing
splines with the 50% frequency-response cutoff at 300 years
(Cook and Peters 1981). This approach emphasized inter-an-
nual to multi-decadal scale variations. Longer-term growth
trends, however, were removed (Cook et al. 1995). Measure-
ment series were averaged to form chronologies on a site-
by-site basis based on a bi-weight robust mean. Chronologies
had their variance stabilized for changes in sample size by
methods introduced by Osborn et al. (1997), and then trun-
cated at a minimum sample size of < 5 series. The common pe-
riod for all 28 chronologies is 1894—1964 after truncation (Ta-
ble 1, Figure 2). With 14 chronologies originating before
1800, and 19 chronologies extending into the 21st century, this
current network represents a significant update of the six pio-

neering western Carpathian chronologies developed in the
1960s and 1970s (see Bednarz 1984 for details). After aligning
the chronologies’ raw measurement series by their cambial age
(Esper et al. 2003), the resulting Regional Curves (RCs) de-
scribe mean growth trends for the given site and species within
the network (Figure 3). These age trends were predominantly
related to elevation, because lower-elevation sites generally
show wide juvenile rings, whereas juvenile growth at higher
elevations is typically more depressed.

Signal strength of the site chronologies was assessed by the
inter-series correlation (Rbar), and the Expressed Population
Signal (EPS) statistics computed in moving windows (Wigley
et al. 1984). Relevant chronology characteristics and statistics
are listed in Table 1. The Rbar and EPS statistics of the site
chronologies signal strength ranged from 0.24 to 0.63 and
from 0.82 to 0.98, respectively (Table 1). Except for two
PCAB chronologies (17 and 20), EPS values were above the
frequently applied threshold of 0.85 indicating robust mean-
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value functions (Wigley et al. 1984). Lag-1 autocorrelations of
the 24 TRW and four MXD chronologies ranged from 0.40 to
0.86 and from 0.12 to 0.25, respectively. This lower persis-
tence of previous-year growth conditions in the MXD data re-
flects the reduced biological memory of this parameter (e.g.,
Frank and Esper 2005a). The lag-1 autocorrelations of the
“target” monthly temperature means and precipitation sums
ranged from —0.02 to 0.26 and from —0.19 to 0.13, respec-
tively.

Correlations between the four TRW and MXD chronology
pairs from the same sites were lower for the three PCAB pairs
and higher for the LADE pair (Table 2). We assume this is re-
lated to a higher sensitivity of radial growth and lower biologi-
cal memory of LADE (see Table 1). The periodic occurrence
of annual growth depressions caused by larch budmoth
(Zeiraphera diniana Gn.) population outbreaks, commonly re-
ported for the European Alps (Baltensweiler and Rubli 1999),
however, can be excluded for the Tatra Mountains LADE
trees. The relatively low within-site correlations of PCAB sug-
gest that TRW and MXD contain different environmental or

250 300 350 truncated at < 5 series. Names and
numbers refer to the site chronol-
ogies as listed in Table 1.

climatic signals, or both (see below PC loadings of the individ-
ual chronologies).

Meteorological data

For growth response and calibration analyses, a dataset of
gridded (0.5° x 0.5°) monthly temperature and precipitation
series was used (CRU TS 2.1, Mitchell and Jones 2005). Tem-
perature data from 16 grid-boxes that cover the 48—50° N and
19-21° E region and 1901-2002 period were expressed as
anomalies with respect to the 1961-1990 mean. Correlation
analysis between the 28 tree-ring chronologies and climate
data was undertaken over the 1901-2002 period, or for the in-
dividual maximum period of overlap for chronologies that end
before 2002, using an 18-month window from May of the year
prior to tree growth until the current-year October. Tempera-
ture means and precipitation sums are for the periods Febru-
ary—April, April-September, March—September, June—Sep-
tember, April-August, March—August, June—August and
June—July. Time periods of < 10 and > 10 years are denoted as
high and low frequency, respectively, and significance levels

Table 2. Correlations between the four tree-ring width and maximum latewood density chronology pairs, using their original, 10-year high-, and
low-passed components over the individual periods of overlap. Parenthesis denote correlations computed over the 1824-1964 common period.

Abbreviations: PCAB, Picea abies; and LADE, Larix decidua.

PCAB LADE
Chronology 6/7 Swistowko Wyznig 8/9 Gasienicowy 10/11 Dolina Suchej Wody  12/13 Dolina Mengusovska
Original 0.37 (0.28) 0.17 (0.17) 0.31 (0.20) 0.63 (0.72)
High-passed 0.21 (0.16) 0.18 (0.18) 0.17 (0.11) 0.65 (0.67)
Low-passed 0.54 (0.46) 0.18 (0.18) 0.51 (0.38) 0.65 (0.83)
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conservatively corrected for lag-1 autocorrelation (Trenberth
1984) using the monthly values with highest autocorrelations
for the confidence adjustment of all correlations.

Results

Growth response to climate

Correlation analysis of the TRW site chronologies to tempera-
ture revealed a rather consistent response to current-year June
and July temperatures (Figures 4A and 4B), with the exception

that the lowest elevation sites deviated from this pattern and
showed an inverse behavior. The TRW correlations with Au-
gust temperatures were not significant (P > 0.05), whereas the
TRW correlations with current-year late winter—early spring
temperatures were generally positive for lower elevation sites,
including some significant (P < 0.05) responses to February,
March and April temperatures. Chronologies from higher ele-
vations generally showed a negative response to March and
April temperatures. Several chronologies from higher eleva-
tions also had positive correlations (P < 0.05) with previ-
ous-year October and November temperatures, a feature com-
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Figure 4. Monthly growth response of the 28 chronologies to (A) temperature means and (B) precipitation sums over the 1901-2002 period. Thin
lines indicate mean elevations and the bold lines indicate maximum latewood density (MXD) means. Correlations were computed from previ-
ous-year May to current-year October. Horizontal dashed lines denote 95% significance, corrected for lag-1 autocorrelation (Trenberth 1984), us-
ing the monthly mean autocorrelation. The vertical line indicates the beginning of the current growth year. Blue, green and red colors refer to

elevations < 1250, 1250-1350 and > 1350 m a.s.l., respectively.
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monly reported from the European Alps (Oberhuber 2004,
Frank and Esper 2005a). Although almost all TRW records
showed no significant correlations with previous-year summer
temperatures, TRW at some lower elevation sites correlated
negatively (P < 0.05) with July, August and September tem-
peratures of the year before ring formation.

The four MXD sites were dominated by positive correla-
tions (P < 0.05) with March, April, July, August and Septem-
ber temperatures, but there were no significant correlations
with previous-year May to current-year March temperatures.
The MXD correlations with June temperatures of the growth
year were low. A similar monthly optimum of MXD formation
is reported from a LADE MXD network from nearby timber-
line sites in the central Swiss Alps (Biintgen et al. 2006¢), and
from a multi-species analysis of high-elevation sites across the
Alpine arc (Frank and Esper 2005a).

The TRW response pattern to precipitation was generally
opposite to the correlations with temperature (Figure 4B). Al-
though TRW commonly correlated positively with spring pre-
cipitation (particularly March), MXD showed a negative re-
sponse to spring precipitation. The correlations for TRW and
summer precipitation were generally negative, with some sig-
nificant negative correlations (P < 0.05) for June and July.
Negative correlations (P < 0.05) with summer precipitation
(June, July, August and partly September) were also pro-
nounced for the MXD chronologies. Some positive correla-
tions (P < 0.05) were obtained between June and July precipi-
tation sums and the TRW of the network’s lowest site chronol-
ogy (28), at about 800 m a.s.l. south of the Low Tatra
Mountains.
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Based on these monthly correlation results, we calculated
seven seasonal temperature means for the period from April to
September for comparison with the 28 site chronologies. Ac-
cordingly, 20 TRW chronologies correlated significantly with
June—July temperatures, whereas the MXD chronologies had
the strongest response to the longer April-September season
(Figure 5). These results demonstrate the more integrative na-
ture and slightly higher climate sensitivity of the MXD data
compared with the TRW data. The decreasing growth re-
sponse to summer season temperatures with decreasing eleva-
tion is indicated by the two lower elevation TRW chronologies
that did not correlate significantly with any seasonal mean,
and the lowest site chronology (28) that showed negative cor-
relations.

For a better understanding of these relationships, the tree-
ring and meteorological data were decomposed into high- and
low-pass components. Probability distribution functions of
these data showed greater coherency in the higher frequency
domain (Figure 6A). Analysis of these frequency-dependent
correlations as a function of elevation revealed significant (P <
0.01) dependency for the original and high-pass chronologies
and nonsignificant results for the low-pass component (Figure
6B). Although the network’s elevational gradient is only 750
m (800-1550m a.s.L.), these frequency-specific vertical corre-
lation patterns indicate that a stronger temperature signal is
preserved toward the upper growth limit, particularly for the
inter-annual domain.

Principal component analysis

Principal component analysis (PCA) was performed to seek
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Figure 5. Growth responses to temperature variation of the 28 chronologies computed against the seasonal temperature means of June—July (red)

and April-September (blue) over the 1901-2002 period.
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Figure 6. (A) Frequency-dependent growth responses to temperature variation of the 28 chronologies computed over the 1901-2002, or individual
maximum period of overlap, using the original (blue), high-pass (red), and low- pass (green) chronologies.The light blue histogram shows the dis-
tribution of the original data and is plotted along with estimates of the probability distribution function for the original, high- and low-pass data de-
rived using a Kernal filter. The 24 tree-ring width site chronologies are correlated against June—July temperature means, whereas the four
maximum latewood density chronologies are correlated against April-September means. (B) Comparison of the frequency dependent seasonal

correlations as a function of elevation.

homogeneity within heterogeneity, as data subsets with opti-
mized signal coherency are created and patterns inherent in the
network detected (Peters et al. 1981). Based on the 1894-1964
period shared by all 28 chronologies, the first principal com-
ponent (PC) explained 42% and the first seven PCs explained
84% of the network’s variance. The first seven PCs with
eigenvalues greater than unity were retained for varimax rota-
tion (Richman 1986). Resulting clusters became even more
apparent after using the first five PCs (eigenvalues > 1.5) con-
taining 76% of the variance (Figures 7A and 7B). Chronology
grouping depended on a combination of species, parameter
and elevation, but was slightly diminished by ecological site
condition (Table 1).

To differentiate the climatic signal preserved by the five ro-
tated PCs, analyses were repeated over the 1901-1978 period
and correlated against monthly and seasonal temperature
means and precipitation sums (Figure 8). This analysis period
is a compromise between the number of site chronologies en-
tering the PCA (24 chronologies) and the operational window
length (78 years). Principal component 1, mainly integrating
high-elevation PCAB TRW data, correlated positively (P <
0.05) with June—July temperatures. Principle component 4,
mainly integrating high-elevation MXD data, showed the
overall highest correlations (P < 0.05) with monthly August
and seasonal April-September temperatures. Principal com-
ponent 2 correlated negatively (P < 0.05) with previous-year
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Figure 7. Loadings of the 28 chronologies on the (A) first seven and (B) first five varimax-rotated principal components (PC), based on the
1894—-1964 common period. Parentheses indicate the explained amount of variance of each PC eigenvector. Varimax loadings of each chronol-
ogy on the eigenvector on which it most strongly weights ranged from 0.42-0.97 (0.52—0.97), with a mean of 0.76 (0.75) when using the first

seven (five).
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Figure 8. Monthly and seasonal
correlations between the five ro-
tated PCs and (A) temperature
means and (B) precipitation sums
computed over the 1901-1978 pe-
riod. Horizontal dashed lines de-
note 95% significance. Monthly
abbreviations refer to the
18-month window from previ-
ous-year May to October of the
growth year, and the seasonal
means: February—April,
April-September, May—Septem-
ber, June—September, April-Au-
gust, May—August, June—August
and June—July.

Figure 9. Comparison of the ac-
tual (black) and predicted (red)
temperatures, after scaling (A) the
tree-ring width (TRW)-based
mean chronology against
June—July temperatures, and (B)
the maximum latewood density
(MXD)-based mean chronology
against April-September tempera-
tures (1901-2002). Temperatures
are expressed as anomalies from
the 1961-1990 mean. Correla-
tions were significant at the
99.9% confidence level, and scat-
ter plots indicate the model resid-
uals, with the Durbin—Watson
(DW) statistic and the linear trend
of the residuals shown.
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Figure 10. Comparison of (A) the tree-ring width- and (B) the maximum latewood density-based Tatra June—July and April-September tempera-
ture reconstructions (red) with the June—August and April-September Alpine temperature reconstructions by Frank and Esper (2005) (blue), and
the April-September Central European temperature reconstruction by Briffa et al. (2001) (green). Smoothed lines are 10-year low-pass filters.
Standard deviation (SD) and mean (u) of the original reconstructions are shown. The Tatra and Central European reconstructions are expressed as
anomalies from the 1961-90 mean, whereas the Alpine reconstructions are expressed as anomalies from the 1901-1998 mean. Parentheses denote
correlations derived from the 10-year high- and low-pass chronologies, respectively.

March and September temperatures and current-year April—
September and March—September temperatures. Correlations
for PC3 and PCS5 were all nonsignificant.

Temperature reconstructions

For temperature reconstruction, we considered the arithmetic
means of the chronologies that loaded most strongly on either
PC1 or PC4 (Figure 9). Accordingly, the mean of the 11 PCAB
and one PIMU TRW chronologies (~PC1) showed the stron-
gest response to peak summer June—July temperatures (r =
0.62; P <0.001), and the mean of the three PCAB MXD chro-
nologies (~PC4) showed the strongest response to the wider
April-September season (r = 0.69; P <0.001). No correlations
with the previous-year climate and the current-year precipita-
tion measurements were significant (P > 0.05).

To avoid loss of amplitude as a result of regression error
(Esper et al. 2005a), a simple scaling of the mean chronologies
to the meteorological target data was applied, i.e., the variance
and mean of the chronologies were set equal to those of the in-
strumental “target” data over the 1901-2002 period (Fig-
ure 9).

The TRW-based June—July and MXD-based April-Septem-
ber reconstructions explained 39 and 48% of the regional tem-
perature variability, respectively. Actual and predicted records
indicated a linear relationship, with both reconstructions mod-
eling high- and low-frequency variations reasonably well
(Figure 9). Durbin—Watson values (DW, Durbin and Watson
1951) of 1.27 and 1.80 computed over the 1901-2002 period

of overlap assessed the reconstructive accuracy of the TRW-
and MXD-based reconstructions, respectively. Split period
calibration and verification tests were performed over the
1901-1951 and 1952-2002 windows to prove the model’s
temporal stability. Reduction of error (RE) values were 0.11
and 0.38 for the 1901-1951 and 1952-2002 periods, and the
corresponding coefficient of efficiency (CE) values were 0.10
and 0.37, respectively. These statistics demonstrate that useful
temperature information is preserved in the models (Cook et
al. 1994). The June—July and April-September Tatra tempera-
ture reconstructions cover the periods 1661-2004 and 1709—
2004, respectively. They correlate at 0.33, 0.46 and 0.24 based
on their original, high- and low-pass components, respec-
tively, over the 1709-2004 period of overlap. Common fea-
tures include temperature increases from ~1900 to 1950, de-
creases from ~1950 to 1980, and recent increases from ~1980
to the present. The April-September reconstruction showed
less amplitude than the June—July reconstruction, as indicated
by the standard deviations (Figure 10). Similarly, standard de-
viations of the instrumental data, calculated over the 1901—
2002 period, were higher for June—July (0.95) than for April—
September (0.77).

Discussion and conclusions

Growth responses to climate variations

Although the growth responses to climate revealed by the
28 chronologies support common knowledge, such as temper-
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ature sensitivity toward higher elevations and drought-stress
toward lower elevations, and within species coherency (e.g.,
Tranquillini 1964, Fritts 1976, Korner 1998), some features
were discerned.

(1) Positive correlations between TRW and previous-year
autumn temperatures suggest that warm October and Novem-
ber conditions likely support carbon storage, promote mycor-
rhizal root growth by maintaining soils above freezing, and fa-
vor maturation of needles, shoots and buds against early winter
stress (Oberhuber 2004). These factors, in combination with
sufficient water supply promote early wood cell formation
during spring. This physiological requirement seems to be im-
portant for TRW formation, because significant correlations
with previous-year climate are also reported from numerous
TRW chronologies across the European Alps and northern lat-
itudes (see studies cited in the Introduction). In contrast, previ-
ous-year effects tended to be minimal for the formation of
MXD (Briffa et al. 2002, Biintgen et al. 2005, Frank and Esper
2005a).

(2) Negative correlations between TRW and MXD and early
spring (February—March) temperatures likely reflect the pro-
tective character of winter snow cover at high elevations
(Vaganov et al. 1999). Oberhuber (2004) described the ten-
dency of trees at the alpine timberline to suffer from enhanced
desiccation as a result of increased transpiration rates of nee-
dles and shoots, photoinhibitory stress and short-term fluctua-
tions in shoot temperatures, during winter—early spring peri-
ods with insufficient snow depth.

(3) A lower correlation between MXD and June tempera-
tures compared with the surrounding months, which is also re-
ported from some MXD chronologies across the European
Alps and northern latitudes (Briffa et al. 2002, Frank and Esper
2005a), may be associated with the production of cones or pol-
len, or both, instead of cell wall growth (Eis et al. 1965), and
additional cellular division dominating metabolic activity. The
formation of TRW, however, was positively affected by June
temperatures and correlations between growth increment and
June—July temperatures were highest. We assume that early
wood cell production starts in April and May, followed by
maximum cell production in June—July. High-resolution den-
drometer point measurements showed that the stem radius in-
crease in PCAB in Scandinavia and northeastern France starts
in April and May, with the greatest daily increments being re-
corded in July. The production of late wood cells most likely
occurs in July and August, but can extend into September
(Schweingruber 1996, Mékinen et al. 2003, Bouriaud et al.
2005). Intra-annual variations in wood density, particularly
during the second half of the growing season, likely reflect
changes in the accessibility of soil water caused by severe late
summer drought stress (Bouriaud et al. 2005, Kahle 2006).

(4) Positive correlations and a maximum TRW response to
June—August temperatures have been found in numerous high-
elevation sites across the Alpine arc (Biintgen et al. 2005,
Frank and Esper 2005a). In contrast, correlations between
TRW and August temperatures were not significant in the
Tatra Mountains, likely resulting from the prevailing colder or
drier climatic conditions, or both, during the late summer—au-

tumn transition. This regional finding is supported by numer-
ous TRW site chronologies across the Eurasian high northern
latitudes that do not significantly correlate with August tem-
peratures (Briffa et al. 2002).

(5) Generally negative correlations with previous-year June
precipitation were obtained for TRW and MXD, likely reflect-
ing a carry-over effect (Fritts 1976). Growth variations result
from the persistence of various effects into subsequent years
through changes in nutrients and biological preconditioning of
growth. For most conifers, the carry-over effect, such as pho-
tosynthetic gain, and storage of assimilates and water from the
previous growing season, impacts current-year radial growth
(Kozlowski and Pallardy 1997).

(6) Positive correlations between TRW and March precipi-
tation indicated the importance of water supply during the first
part of the growing season. A combination of precipitation,
temperature and the timing of snow melt is likely responsible
for this key period of early wood production (Vaganov et al.
1999), which then dominates total annual ring diameter.

(7) Highest positive correlations were found between April—
September temperatures and MXD, and between June—July
temperatures and TRW, so the reverse response to precipita-
tion indicated a negative correlation between temperature and
precipitation during the summer months. The general climatic
response of the TRW chronologies compared with their MXD
counterparts might be influenced by the tendency for greater
sensitivity of current-year ring formation to biological and en-
vironmental conditions of the previous year. Severe autumn
conditions in the year before ring formation caused a reduction
in latewood cell wall thickness, nutrition reserve and bud pro-
duction (Rolland 1993, Oberhuber 2004), resulting in dimin-
ished early wood cell formation, leaf area investment and
photosynthetic capacity, and causing an overall decrease in ra-
dial growth (Schweingruber 1996). Enhanced high-frequency
interannual variation in growth responses to climate variation
is found in both TRW and MXD from higher elevations, with
signal coherency diminishing toward lower elevations and
lower frequencies.

Besides these parameter-induced features, the study reveal-
ed differentiation of the network’s growth response to climate
as a function of: (1) elevation; (2) species; and (3) more gen-
eral ecophysiological variables.

(1) Increasing precipitation signals toward lower elevations
including growth depressions as a result of drought stress were
characteristic of the few sites situated ~1,000 m a.s.l. Based on
the assumption that increasing temperatures lengthen the
growing season by advancing snow melt (Vaganov et al.
1999), and tend to enhance photosynthesis in trees through a
positively correlated increase in solar irradiance and summer
temperatures, a moderate warming is likely to be beneficial at
the upper timberline. Trees from lower elevations, however,
are expected to respond differently, because associated sec-
ondary effects of enhanced warming, such as increased evapo-
transpiration and lower late summer soil water content may
have more influence than temperatures alone, and will likely
result in drought-stress (Leuzinger et al. 2005, Kahle 2006).
Moreover, increasing photosynthesis does not translate di-
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rectly into increasing growth (Chapin and Shaver 1996), and
the idealized linear temperature response of high-elevation
trees will collapse above some threshold.

(2) Differences in the geographical distribution of PCAB
and LADE were evident. Compared with PCAB, LADE was
better able to cope with drought, and therefore is restricted to
the southern lee slopes of the High Tatra Mountains. PCAB,
however, is found throughout the network. At around 13 °C,
subalpine PCAB seems unable to take full advantage of warm
sunny days (Carrer et al. 1998), perhaps because it tends to fa-
vor water storage over water uptake. At an equivalent thresh-
old of ~16 °C, LADE, commonly situated at dryer sites, is less
affected, because it develops a deep root system that provides
access to the deepest and wettest soil layers (Tranquillini
1964). (Thresholds are not constant among differing site ecol-
ogies (Marco Carrer, personal communication)). Thus, a com-
bination of higher temperatures and adequate water availabil-
ity only stimulates positive radial growth below a critical
threshold (D’Arrigo et al. 2004), because drought-induced
disruptions in the assimilation processes likely inhibit radial
growth (Anfodillo et al. 1998).

(3) General uncertainty about the observed relationships
could be associated with nonlinearity in the physiological re-
sponses of trees to climate (Tranquillini 1964, Fritts 1976,
Kozlowski and Pallardy 1997), growth response to maximum
rather than mean temperatures (Wilson and Luckman 2003),
changes in the growing season length including slow ecologi-
cal shifts (Vaganov et al. 1999, Frank and Esper 20055), and
changes in the annual meteorological cycle (Jones et al. 2003).
We did not observe temporal instability in the 20th century
growth responses to climate (e.g., Briffa et al. 1998, Biintgen
et al. 2006a), particularly at the higher elevation sites.

Temperature history

Temperature reconstructions of the greater Tatra region were
compared with those obtained for the Alpine arc (Frank and
Esper 2005b), and Central Europe (Briffa et al. 2001) (Fig-
ure 10). Common features included cold periods ~1650—1700
and 1810-20, associated with the Dalton and Late Maunder
solar minima (Eddy 1976), and following sequences of major
volcanic eruptions (Simkin and Siebert 1994). Early warm pe-
riods are commonly reconstructed ~1730 and ~1800. Temper-
ature variations during the 20th century synchronously de-
scribe warming from around the 1910s to the 1940s, cooling in
the 1970—80s, and increasing temperatures again thereafter.
Because of the inclusion of new samples in the Tatra net-
work, the temperature reconstructions capture the last two de-
cades of prevailing warming without instrumental splicing of
the proxy into the 21st century. Lag-1 autocorrelation was 0.43
and 0.39 for the Tatra and Alpine TRW-based reconstructions,
respectively, but significantly lower (0.14) for both MXD-
based reconstructions, most likely because of the lower bio-
logical memory of MXD compared with TRW. Correlations
between the Tatra and Alpine TRW and MXD reconstructions
were 0.35 and 0.37, respectively. The high- and low-pass com-
ponents indicated stronger low frequency agreement for the
TRW chronology, but enhanced high frequency agreement for

the MXD chronology. In comparison, correlations between the
meteorological June—July versus June—August and April-Sep-
tember versus April-September “target” data from the Tatra
and Alps were 0.44 and 0.70, respectively. The Central Euro-
pean April-September reconstruction has a lower standard de-
viation than the corresponding MXD-based Tatra and Alpine
reconstructions, likely related to the instrumental “target”
used, the larger region and number of sites averaged, and the
calibration model, such as regression instead of scaling, ap-
plied (Esper et al. 2005a, 20055, Biintgen et al. 2006b). The
lag-1 autocorrelation of 0.46 is clearly higher then the 0.14 ob-
tained for the two regional MXD reconstructions. The correla-
tion between the Tatra and Central European MXD recon-
structions is 0.41. After high- and low-pass filtering, correla-
tions increased to 0.55 and decreased to 0.34, respectively
(common period). Similarly, correlations between the Alpine
and Central European MXD reconstructions were 0.32, 0.13,
and 0.48 for the unfiltered, high-pass, and low-pass data, re-
spectively (common period).

Offset in the estimated long-term trends, i.e., lower in the
Tatra and Alpine records and greater in the Central European
record, likely results from the detrending techniques applied
(Briffa et al. 2001, Frank and Esper 2005b). The Central Euro-
pean reconstruction is optimized for the preservation of lower
frequency information, whereas the Tatra and Alpine records
are limited in this respect. Temporal offset between the indi-
vidual reconstructions may derive from the maritime-conti-
nental gradient between the Alps and Tatra Mountains. Lon-
ger-term changes in European atmospheric flow-regimes
(Raible et al. 2006), and in the European and North Atlantic
climate system are reported for past centuries (Luterbacher et
al. 2004, Casty et al. 2005). Summer synoptic heterogeneity
causes distinct local regimes (Hurrell et al. 2003). For exam-
ple, the Central European heat wave in 2003 (Luterbacher et
al. 2004, Schir et al. 2004), was less extreme in the greater
Tatra region, as indicated by both meteorological measure-
ments and tree growth.

Although regional- to continental-scale network analyses
from the Alps and Central Europe support the dominant role of
rather homogeneous summer season temperatures on high-el-
evation tree-growth, we advocate the importance of carefully
selected tree-ring data and detrending methods, sufficiently
large samples, and detailed growth and climate analyses be-
fore drawing climatic interpretations from the chronologies
created. The network we studied could be optimized toward a
more uniform distribution of species (more LADE, PIMU and
ABAL sites), parameter (more MXD site chronologies) and
ecology (more lower elevation sites). The reduction in sample
size back in time and limited preservation of low-frequency in-
formation could be compensated by the inclusion of carefully
selected historical timber samples. Enhanced understanding of
the network’s growth response characteristics under changing
site and climate conditions could be provided by a south exten-
sion along the Carpathian arc.
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