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Abstract
Although growth limitation of trees at Alpine and high-latitude timberlines by prevailing summer
temperature is well established, loss of thermal response of radial tree growth during last decades
has repeatedly been addressed. We examined long-term variability of climate-growth relationships
in ring width chronologies of Stone pine (Pinus cembra L.) by means of moving response
functions (MRF). The study area is situated in the timberline ecotone (c. 2000 – 2200 m a.s.l.) on
Mt. Patscherkofel (Tyrol, Austria). Five site chronologies were developed within the ecotone with
constant sample depth (≥ 19 trees) throughout most of the time period analysed. MRF calculated
for the period 1866-1999 and 1901-1999 for c. 200 and c. 100 yr old stands, respectively, revealed
that mean July temperature is the major and long-term stable driving force of Pinus cembra radial
growth within the timberline ecotone. However, since the mid 1980s, radial growth in timberline
and tree line chronologies strikingly diverges from the July temperature trend. This is probably a
result of extreme climate events (e.g. low winter precipitation, late frost) and/or increasing drought
stress on cambial activity. The latter assumption is supported by a < 10 % increase in annual
increments of c. 50 yr old trees at the timberline and at the tree line in 2003 compared to 2002,
when extraordinary hot and dry conditions prevailed during summer. Furthermore, especially
during the second half of the 20th century, influence of climate variables on radial growth show
abrupt fluctuations, which might also be a consequence of climate warming on tree physiology.
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Introduction
It is well established that tree growth at high elevations and at northern ‘high’ latitudes is
mainly limited by low temperatures throughout the growing season (Wardle 1971;
Tranquillini 1979; Körner 1998; Wieser and Tausz 2007). Several dendroecological and
dendroclimatological studies conducted throughout these ecotones have shown that the
radial growth of trees is primarily limited by summer temperature (e.g., Eckstein and Aniol
1981; Briffa et al. 1990; Schweingruber et al. 1993; Carrer and Urbinati 2004; Oberhuber
2004; Büntgen et al. 2005; Frank and Esper 2005a). Additionally, several authors report that
tree species have been facing radial growth increases during the 20th century, which can be
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related to climate warming (e.g., Graumlich et al. 1989; Peterson et al. 1990; Jacoby and
D’Arrigo 1997; Rolland et al. 1998; Oberhuber and Kofler 2003; Bunn et al. 2005).
However, long-term variability of the relationship between key climate variables and tree
growth (ring width and/or maximum latewood density) was reported by several authors (for
a review see D’Arrigo et al. 2007), which raise concern about accurate reconstruction of past
climate, overestimation of carbon uptake and sequestration and tree line advance due to
climate warming (Briffa et al. 1998a,b; Smith et al. 1999; Barber et al. 2000; Vogel and
Schweingruber 2001; Wilmking et al. 2004; Wilson and Elling 2004). Recently, studies
conducted by Büntgen et al. (2006a) and Carrer and Urbinati (2006) at subalpine regions in
the European Alps also documented nonstationary responses of tree-ring growth of Norway
spruce (Picea abies (L.) Karst.) and European larch (Larix decidua Mill.), respectively, to
summer temperature. Long-term variability in growth/climate response of these widespread
alpine timberline species were related to temperature-induced increase in late-summer
drought stress coincidently with the recent warming trend for Norway spruce (Büntgen et al.
2006a), whereas a discrimination between covarying forcing factors of radial tree growth
(i.e., temperature, precipitation, nitrogen deposition, atmospheric CO2 concentration) was
not possible for European larch (Carrer and Urbinati 2006). Long-term variability in growth
sensitivity to climate of subalpine Stone pine (Pinus cembra L.), which is the dominant
conifer within the Central Eastern Alps at the timberline (Ellenberg 1988), have also been
related to development of drought stress due to climate warming in recent decades
(Oberhuber 2004). While previous work on temporal changes in climate sensitivity of Stone
pine were based on evaluation of extreme radial growth (Oberhuber 2004; Pfeifer et al.
2005), this paper examines the long-term variability of the response of Stone pine at the
timberline and tree line to key climate variables by means of moving response functions
including a bootstrap procedure to test statistical significance, which is considered to be the
most appropriate method to establish climate-growth relationships (Fritts 1976; Briffa and
Cook 1990; Guiot 1991; Biondi 1997). Additionally, radial growth response to the heat-
wave in 2003 (Beniston 2004) was evaluated.

Material and Methods
Study area

The sampled trees are located at Mt. Patscherkofel (2246 m a.s.l.) near Innsbruck, in western
Austria (47°20′N, 11°30′E) within the timberline ecotone at north-, south- and west-facing
slopes (slope angle 20 – 40 °). Timberline and tree line sites stretched from 2000 to 2080 m
a.s.l. and 2110-2200 m a.s.l., respectively, whereby the timberline and tree line was defined
as the upper limit of the closed forest and the upper limit of trees > 2 m high, respectively
(cf. Körner 1998). At the tree line, trees were isolated in small groups and 2 – 4 m high,
whereas stand height at the timberline ranged between 10 – 15 m. Mt. Patscherkofel is
situated within an inner Alpine dry zone, where the local climate is strongly influenced by
warm and dry southerly winds (Foehn), which most frequently occur in spring (Fliri 1975).
During the period 1967-2000 mean annual precipitation at the top of Mt. Patscherkofel was
888 mm with a maximum during summer (June-August: 358 mm) and minimum in winter
(December-February: 149 mm). Mean annual temperature was −0.1 °C and the coldest and
warmest months were February (−4.2 °C) and July (11.4 °C), respectively.

Pinus cembra is the dominant and widespread tree species at the timberline of the Central
Eastern Alps. Within the study area Norway spruce (Picea abies (L.) Karst.) and European
larch (Larix decidua Mill.) are scattered at some locations. Soils are podzols (according to
nomenclature of World reference base for soil resources, FAO 2006) formed on siliceous
bedrock (Neuwinger 1970).
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Field collection, sample preparation, chronology development and statistics
Chronology development was focused on establishing homogeneous and comparable age
classes at the timberline and tree line. Therefore, more than 150 trees free of major stem or
crown anomalies due to lightning, wind or snow breakage were sampled (two radii/tree).
The tree species line (krummholz limit) was not included in this study. Two core samples
were extracted with an increment borer at 1.3 m (timberline trees) and about 0.5 m (tree line
trees) height from opposite sides of each tree. In the laboratory, they were mounted on
sample holders and the surface was prepared with a sharp razor blade (Pilcher 1990). Ring
widths were measured to the nearest 0.01 mm using an incremental measuring table. Tree
ring series where grouped into three age classes (c. 200 yr, c. 100 yr and c. 50 yr) and those
ring width series, which deviated strongly from mean age of all other trees were eliminated
from further analysis. In this way, homogeneous age classes with minimal changes in
variance due to changes in sample depth could be developed at the timberline and tree line
(see Table 1 and Fig. 2). The correct dating of measured tree ring series was checked by
using COFECHA (Holmes 1983; Grissino-Mayer 2001), which identifies segments within
each ring width series that may have erroneous cross-dating or measurement errors. As
independent references, P. cembra chronologies from Mt. Patscherkofel (LaMarche and
Fritts 1971; Oberhuber 2004) and Ötz-valley (Siebenlist-Kerner 1984) were used.

Residual chronologies were calculated using ARSTAN (Cook and Holmes 1984; Cook
1985) with the purpose to enhance the climate signal in ring width series. First, a negative
exponential curve or a linear regression line was fit to the ring series. The second step used a
cubic smoothing spline with a frequency-response cut-off set at two-thirds of the length of
each series. In this way most of the low-frequency variability in each ring series that is
assumed to be unrelated to climate like tree aging and forest stand development (Cook 1987)
was removed. Dimensionless indices were formed by dividing the observed ring width value
by the predicted ring width value. This process creates stationary time series for each tree
with a mean of 1 and a homogeneous variance. Residual chronologies were derived from
ARMA modelling, with a robust mean value function applied to discount the effect of
statistical outliers (Cook 1985; Holmes 1994). Residual chronologies are commonly used in
dendroclimatic studies because removal of serial autocorrelation is required for some
statistical analysis.

To permit a direct comparison of temperature and ring width series standardized indices zi
were calculated by z-transformation according to the formula:

where v is the recorded temperature or ring width (after removing low-frequency variability
and autocorrelation), m is the mean and std is the standard deviation of the entire series
length.

Several statistics were calculated for the standardized chronologies, prior to autoregressive
modelling. The standard deviation (SD) measures the variability of the measurements at all
wave lengths. The first-order autocorrelation assesses relationships with previous growth
(Fritts 1976). The expressed population signal (EPS) quantifies the degree to which a
particular sample chronology portrays the hypothetically perfect chronology, which may in
turn be regarded as the potential climate signal (Wigley et al. 1984). Though a specific range
of EPS values cannot be given, Wigley et al. (1984) suggest a threshold of 0.85 as an
acceptable statistical quality. Common variance was estimated by the percentage of variance
explained by the first component in principal component analysis. Higher common variance
indicates a greater climatic influence on tree growth (Fritts 1976; Briffa and Jones 1990).
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Climate data sets
Total monthly precipitation and mean monthly temperatures were collected at a
meteorological station in Innsbruck (582 m a.s.l), reaching back to 1866 (Böhm et al. 2001).
Hence, climate-growth relationships and moving response functions (see below) were
determined for the periods 1866-1999 and 1901-1999 for c. 200 yr and c. 100 yr old stands,
respectively. Climate records gathered at the top of Mt. Patscherkofel (2246 m a.s.l.) were
not used due to short length of series (first records in 1967) and our focus on analysis of
long-term variability of key climate variables on radial growth, rather than on general
evaluation of climate-growth relationships (see Oberhuber 2004). Pearson correlation
analysis between key climate variables from both stations within the overlapping time
interval (i.e. 1967-2005) revealed highly significant coefficients (Fig.1).

Moving response function analysis
Climate-growth relationships have been tested by the elaboration of ‘response functions’,
which is a form of principal component regression designed to account for collinearity of
monthly climate predictors (Fritts et al. 1971; Briffa and Cook 1990). Statistical calibrations
between ring width series and monthly climate variables were tested for temporal changes
by applying the software package DENDROCLIM2002 (Biondi 1997; Biondi and Waikul
2004) that computes bootstrapped response and correlation functions for single and multiple
intervals. Moving response functions (MRF) are based on progressively shifting the period
of a fixed number of years across time to compute the response coefficients. To provide a
sufficient number of degrees of freedom, the length of the calibration period was 100 %
more than the number of predictors, which was 28 in this study, i.e. only periods ≥ 56 yr
were considered. Hence, MRF could not be performed for c. 50 yr old stands because of
insufficient number of years. MRF produce a temporal set of coefficients for each monthly
predictor, whereby statistical significance at p ≤ 0.05 was tested using a bootstrap procedure
(Guiot 1991; Biondi and Waikul 2004). MRF were arbitrarily plotted against the last year of
the period.

The climatic data set included mean monthly air temperature (°C) and total monthly
precipitation (mm) from August of the year prior growth to September of the year of growth,
i.e. 28 predictors. Coefficients must also be computed between ring indices and climate
variables for several months before the growing season, because the width of an annual ring
is an integration of climatically influenced processes occurring over a longer period (Fritts
1976). Response functions were determined using the residual chronologies calculated by
the program ARSTAN.

Results
Chronology descriptive statistics

Five growth chronologies were developed within the timberline ecotone (Fig. 2), whereby
most ring series showed an age-related exponential decrease in ring width. The influence of
tree age on growth is also expressed in higher mean ring widths of younger stands. Within
the same age class mean ring width was reduced by about 50 % at the tree line compared to
the timberline (Table 1). High first-order autocorrelation indicates that radial growth
throughout the timberline ecotone was strongly influenced by conditions in the preceding
year. Principal component (PC) analyses on the individual samples from each chronology
showed that the variance accounted for by PC1 ranged between 43 – 58 %. All chronologies
show EPS-values, which exceed the suggested threshold of 0.85 indicating a strong climate
signal in site chronologies.
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Climate forcing of radial growth
Response function coefficients depicted in Fig. 3 show that the dominant climatic factor
controlling tree ring widths of selected stands was temperature in July. Above average June
temperature also favoured radial growth of c. 200 yr old trees at the timberline. Furthermore,
a negative temperature coefficient in previous August and current March were found for c.
100 yr and c. 200 yr timberline stands, respectively. At the timberline, significant direct
relationships were also observed between precipitation in previous September and
temperature in previous October.

Residual ring width chronologies used for calculation of MRF are depicted in Fig. 4. The
period prior to 1866 is not considered in order to match the length of the climate record
used. Temporally stable and unstable key climate variables of c. 200 yr and c. 100 yr old
stands were uncovered by comparing results of moving response functions (Fig. 5). The
strongest and long-term stable climatic signal at the timberline and tree line was a direct
response to July temperature. June temperature was also a largely temporally stable
predictor of radial growth of c. 200 yr old timberline trees. Previous October temperature
significantly influenced radial growth, when the calibration interval ended before 1950.
Previous November temperature showed a significant influence on radial growth, which
lasted almost 40 yr around the middle period of the investigated time interval. Both, mean
temperature of previous October and November were not significantly related to growth
over the whole period (1866-1999). Significant coefficients of previous September
precipitation were scattered up to mid 1970s. When the calibration period ended after the
mid 1970s, response coefficients of climate predictors related to previous autumn
(temperature in October-November and September precipitation) showed a striking
decrease. March temperature only sporadically showed a significant influence on radial
growth.

Current mean July temperature was a significant and constant predictor of radial growth of
c. 100 yr old trees at the timberline. The strength of the negative relationship between
previous August temperature and the ring width series increased in recent decades and
became significant when the calibration interval ended in the 1970s. In contrast, previous
October temperature was only sporadically significantly related to growth. At the tree line,
July and previous November temperatures and precipitation in current January showed a
temporarily significant negative and direct relationship to radial growth. Regression
estimates of previous November temperatures on ring width decreased strongly during
recent decades. Over the whole period (1901-1999) these climate variables did not
significantly influence radial growth at the tree line.

Residual ring width series of stands with mean age > 100 yr were plotted in Fig. 6A with
mean July temperature after a z-transformation and after smoothing by 11-yr running
averages. Low-frequency variability of temperature and radial tree growth within the
timberline ecotone deviates less than one standard deviation throughout most of the time
period compared. However, at the beginning of the last century and in the late 1980s, July
temperature and tree growth curves strikingly diverge by > 2 standard deviation units (Fig.
6B). Annual increments of young stands (c. 50 yr) at the timberline and at the tree line show
a comparable growth response during last decades (see Fig. 2).

Discussion
Recently, Büntgen et al. (2005) reconstructed alpine summer temperatures back to AD 951 by
including Pinus cembra ring width series in a multi-species Alpine tree-ring network.
Applying split calibration and verification periods (1864-1933 and 1934-2002), they found
no indications of a temporal shift in climate-growth relationship. Analysis of MRF of ring
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width series developed within the timberline ecotone of the Central Austrian Alps also
revealed that radial growth response of Pinus cembra to July temperature was long-term
stable throughout the last c. 150 yr. However, we detected a divergent trend in response
between radial tree-growth of Pinus cembra at the timberline and at the tree line to July
temperature since the mid 1980s. In addition, we miss an expected growth response to the
extraordinary hot summer in 2003 (cf. Büntgen et al. 2006).

Weak growth responses in 2003 (< 10 % increase in annual increments with respect to 2002)
were found in ring width chronologies of c. 50 yr old Norway spruce stands (Picea abies (L.)
Karst.) from the timberline and tree line within the study area (Fig. 2) and at two Pinus
cembra stands with mean age of c. 150 yr from timberline sites (c. 1950 m a.s.l.) in the
Eastern Central Alps (Staller Sattel, Italy) and Dolomites (Olang, Italy; data not shown). In
Siberia, Vaganov et al. (1999) found that changing climate sensitivity of high-latitude or
high-altitude tree growth since the 1950s was linked to delayed snow melt due to an
increasing winter precipitation trend. Other explanations suggested for the observed change
in temperature sensitivity of Northern Hemisphere tree-growth are e.g. growth limiting
effects of enhanced ultra violet radiation (UV-B) as a consequence of falling concentrations
of stratospheric ozone Briffa et al. (2004) or temperature-induced drought stress (Barber et
al. 2000; Wilmking et al. 2004; Büntgen et al. 2006a). Additionally, nonlinearity in the
climate-growth response of timberline trees to climate warming has to be considered (Fritts
1976; Carrer et al. 1998; Wilmking et al. 2004; for a review see D’Arrigo et al. 2007).

Although a decreasing trend in summer precipitation is not obvious within the study area in
recent decades (Wieser 2004), the divergence of radial growth and July temperature since
the mid 1980s might be due to the impact of temporary drought during the growing season
on radial tree growth. In addition, carry-over effects from previous year(s), e.g. due to
restricted root growth and/or storage of reserve substances, may also be considered. This is
further supported by significant negative relationships between previous August temperature
and annual increments of c. 100 yr old trees at the timberline during last decades. Generally,
leaf gas exchange studies revealed that at timberline in the Alps the growing season
moisture regime is quite favourable to photosynthesis and hence regarded to be of minor
importance for limiting tree growth (Tranquillini 1979; Wieser and Tausz 2007). However,
Anfodillo et al. (1998) reported that (i) soils at the timberline could become physiologically
dry during the growing period and (ii) that high temperatures and vapour pressure deficits
have a negative effect on the radial growth of Pinus cembra. Also, soil water content and
summer temperature are correlated, since temperature influences evapotranspiration. These
indications suggest that temporary mild soil water stress may reduce radial growth of Pinus
cembra and might be responsible for missing adequate response to temperature detected in
this study.

Since radial growth of Pinus cembra stands situated within inner alpine regions is also
strongly controlled by environmental conditions prevailing prior to and during winter
(Oberhuber 2004), Pfeifer et al. (2005) suggested that within the study area synergistic
effects of several growth limiting climate factors, e.g. cold autumn, low winter precipitation
and drought during the growing season might be the trigger for radial growth depressions
that are not reflected in records of July temperature. The fact that radial stem increment of
Pinus cembra does not follow the trend in air temperature during some periods was also
reported by Paulsen et al. (2000). One of the limitations of using monthly temperature and
precipitation data in analysing climate-growth relationships is that short-term, extreme
climatic events are not well represented. Stressful events such as drought, early or late frosts,
and temperature fluctuations often occur over a period of only several days or weeks, but
might substantially affect the physiological behaviour of trees and hence may also cause
abrupt growth reductions (Innes 1994; Graumlich and Brubaker 1995; Neuwirth et al. 2003).
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Since the combined influence of various unfavourable weather factors is not necessarily
linear, synergistic impacts of growth limiting climate variables might be responsible for
decreased sensitivity to temperature since mid 1980s.

A nonlinear growth response to warming and the existence of a temperature threshold was
suggested by Wilmking et al. (2004) for white spruce (Picea glauca (Moench (Voss)) at tree
line in Alaska. This might also be valid for Pinus cembra, as supported by the only moderate
increases in 2003 (Fig. 2), when the long-term mean summer temperature was exceeded by
c. 4 °C (Fig. 1). However, July temperature in 2003 was just c. 1.5 °C above long-term
mean, but is the climate factor most highly correlated to tree growth within the study area.
This might also explain the weak growth response to the 2003 summer heat-wave. In
addition, an increase in whole plant respiration for cellular maintenance and active transport
mechanisms in response to higher temperatures might be involved (Atkin and Tjoelker
2003). On the other hand, evidence for shortening of the growing period due to an increasing
trend of winter precipitation associated with delayed snow melt is not obvious from snow
depths records gathered within the study area. In contrast, there are numerous studies which
have demonstrated a lengthening of the growing season in Europe due to climate warming
(e.g., Menzel and Fabian 1999; Walther et al. 2002; Menzel et al. 2006). Wieser (2004)
reported that within the study area on Mt. Patscherkofel the growing season extended from
168 ± 12 days during the period 1972 to 1985 to 196 ± 23 days during the years 1994 to
2004.

Climate-growth response patterns denote the influence of additional climate variables
besides July temperature on radial increment growth of Pinus cembra. While climate
conditions during the previous year (direct influence of October temperature) have a major
impact on current year radial growth by influencing carbon storage, root growth, sensitivity
against winter stress, and water supply (Wardle 1971; Baig and Tranquillini 1980;
Kozlowski and Pallardy 1997), current year climate conditions during winter (inverse
relationship to March temperature) are related to effects of frost desiccation on tree growth
(Tranquillini 1963; Hadley and Smith 1983). MRF analysis, however, revealed long-term
variability of these climate variables, which is especially pronounced in the second half of
the 20th century. This lack of temporal stability could primarily be due to changes in
temperature and/or precipitation patterns but also due to changes in frequency and intensity
of “Foehn” conditions, i.e. occurrence of strong, warm and dry southerly winds. Wind
exposure of Pinus cembra is known to influence water relations and growth processes
throughout the year (Grace 1977; Kronfuss and Havranek 1999).

Conclusion
Although tree-ring records developed within the timberline ecotone on Mt. Patscherkofel
show a consistent relationship between annual increments of Pinus cembra and July
temperature over at least the past 100 years, our data indicate that short-term climate
extremes and/or the presence of temperature thresholds may have been important factors
limiting radial growth in recent decades. However, since Wilson and Topham (2004), Frank
and Esper (2005b) and Büntgen et al. (2006b) found no recent decrease in summer
temperature sensitivity of stands located at timberlines in the Alps, the degree to which
geographical and species-specific limitations apply, requires further investigation.
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Fig. 1.
Time-series plots of key climate variables (anomalies relative to the 1967-2005 average).
Climate data from Innsbruck (thick lines) and Mt. Patscherkofel (thin lines) reach back to
1866 and 1967, respectively. Correlation coefficients (r) between climate variables from
Innsbruck and Mt. Patscherkofel are indicated (*** = p < 0.001). Climate anomalies in 2003
within the study area are marked by filled circles.
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Fig. 2.
Total ring width chronologies and sample depth (= number of trees included in
chronologies) of Pinus cembra stands selected at timberline and tree line. Period of
divergent trend in radial growth and July temperature since the mid 1980s and annual
increments in 2003 of c. 50 yr old stands are emphasized by a hatched box and filled circles,
respectively.
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Fig. 3.
Response function analysis between residual chronologies and monthly mean temperature
(A) and monthly precipitation (B) for the periods 1866-1999 (TB200), 1901-1999 (TB100,
TR100) and 1950-1999 (TB50, TR50), respectively. Filled circles indicate significant
relationships at p < 0.05 (pr = previous year climate variable).
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Fig. 4.
A Timberline (TB200, TB100) and B tree line (TR100) ring width chronologies used as
predictand in moving response functions.

Oberhuber et al. Page 15

Trees (Berl West). Author manuscript; available in PMC 2011 April 28.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 5.
Moving 56-yr response functions between key climate variables and residual chronologies.
A TB200, B TB100, C TR100 (pr = previous year climate variable, T = mean temperature, P
= precipitation).
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Fig. 6.
A Smoothed residual chronologies and mean July temperature for the period 1866-1999
(TB200) and 1901-1999 (TB100, TR100), respectively. Curves represent z-transformed 11-
yr running averages with equal weights (see Material and Methods). B Difference series
(growth minus mean July temperature).

Oberhuber et al. Page 17

Trees (Berl West). Author manuscript; available in PMC 2011 April 28.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

Oberhuber et al. Page 18

Ta
bl

e 
1

C
hr

on
ol

og
y-

st
at

is
tic

s 
of

 s
el

ec
te

d 
st

an
ds

 w
ith

in
 th

e 
tim

be
rl

in
e 

ec
ot

on
e.

 T
he

 c
hr

on
ol

og
y 

co
de

 is
 b

as
ed

 o
n 

th
e 

si
te

 lo
ca

tio
n 

w
ith

in
 th

e 
tim

be
rl

in
e 

ec
ot

on
e

an
d 

on
 th

e 
m

ea
n 

tr
ee

 a
ge

 (
T

B
 =

 ti
m

be
rl

in
e,

 T
R

 =
 tr

ee
 li

ne
; R

W
 =

 r
in

g 
w

id
th

, m
ea

n 
±

 S
D

; S
D

 =
 s

ta
nd

ar
d 

de
vi

at
io

n;
 A

ut
oc

or
r 

=
 la

g-
1 

au
to

co
rr

el
at

io
n;

 E
PS

=
 e

xp
re

ss
ed

 p
op

ul
at

io
n 

si
gn

al
; P

C
1 

=
 %

 v
ar

ia
nc

e 
ex

pl
ai

ne
d 

by
 th

e 
fi

rs
t p

ri
nc

ip
al

 c
om

po
ne

nt
; f

or
 d

et
ai

ls
 s

ee
 M

at
er

ia
l a

nd
 M

et
ho

ds
).

Si
te

co
de

n
tr

ee
s1

A
ge

2
(y

ea
rs

)
R

W
3

(1
/1

00
 m

m
)

SD
3

A
ut

oc
or

r3
E

P
S3

P
C

13
 (

%
)

T
B

20
0

25
23

4±
8

78
±

19
0.

18
0.

67
0.

89
42

.6

T
B

10
0

20
11

3±
8

15
8±

37
0.

22
0.

42
0.

88
53

.3

T
B

50
19

59
±

9
21

4±
42

0.
15

0.
51

0.
94

50
.3

T
R

10
0

20
11

5±
17

76
±

21
0.

22
0.

71
0.

87
58

.1

T
R

50
20

55
±

7
11

9±
37

0.
20

0.
57

0.
93

45
.3

1 E
ac

h 
tr

ee
 w

ith
 tw

o 
ra

di
i f

ro
m

 o
pp

os
ite

 s
id

es
 a

nd
 p

ar
al

le
l t

o 
th

e 
co

nt
ou

rl
in

e.

2 M
ea

n 
va

lu
es

±
SD

; c
am

bi
al

 a
ge

 a
t b

re
as

t h
ei

gh
t (

tim
be

rl
in

e)
 o

r 
c.

 5
0 

cm
 a

bo
ve

 g
ro

un
d 

(t
re

e 
lin

e)
.

3 C
al

cu
la

te
d 

pr
io

r 
to

 p
re

w
hi

te
ni

ng
, i

.e
. r

em
ov

in
g 

of
 s

er
ia

l a
ut

oc
or

re
la

tio
n.

Trees (Berl West). Author manuscript; available in PMC 2011 April 28.


