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Abstract This study aims at investigating pre-instrumental
tree-ring based winter thermal conditions from Upper Silesia,
southern Poland. The Scots pine, pedunculate oak and sessile
oak ring widths and the extreme index were used to recon-
struct winter mean temperature back to A.D. 1770. The cli-
mate response analysis showed that the pine is the most
sensitive to February (0.36) and March (0.41) temperature,
the oaks were found to be sensitive to the previous December
(0.27) and January (0.23) temperature. It was found out that
the combination of temperature sensitive species and an addi-
tional extreme index in regression can improve the reconstruc-
tion, with an emphasis on more reliable reconstruction of
extreme values. The elimination of variance reduction and
precise reconstruction of actual values of temperature is pos-
sible by scaling. The obtained calibration/verification results
suggest that, through the application of the long-term com-
posite chronologies a detailed study of the climate variability
in Upper Silesia in past centuries can be provided.

1 Introduction

The concept that a clear climate signal can be found in the tree
species growing under limiting conditions have been used in
many reference dendroclimatological studies in recent de-
cades, concerning the reconstruction of thermal (e.g., Jacoby

and D’Arrigo 1989; Vaganov et al. 1996; Rolland et al. 2000;
Cook et al. 2003; Esper et al. 2003; Barber et al. 2004;
Büntgen et al. 2005; Gou et al. 2008) and moisture conditions
(e.g., Douglas 1914; Schulman 1956; Stockton and Meko
1975; Lara et al. 2001; Cook et al. 2004; Esper et al. 2007).
However, research on past climate changes based on the use of
proxies are of great importance in other regions, too.
Therefore, substantial efforts have been undertaken recently
to improve our understanding of climate–tree growth relation-
ships and, as a result, obtaining better dendroclimatic esti-
mates of past weather conditions at sites under non-limiting
conditions, characterized by a mixed dendroclimatic signal,
also from anthropogenically transformed ecosystems (e.g.,
Garcıá-Suárez et al. 2009; Gea-Izquierdo et al. 2011;
Wettstein et al. 2011; Crawford 2012). Contemporary research
trends in dendroclimatology focused on the issues such as
application of the multiple species with a different ecological
spectrum in order to cover the greatest range of climatic
variability (e.g., Garcıá-Suárez et al. 2009; Trindade et al.
2011), thinking of the tree-ring as an archive containing
several potential proxy records of climate (total and partial
ring width, density variables, microanatomical measurements,
ratios of stable isotopes and the extreme values of the above)
(e.g., Fritts et al. 1991; Tardif and Conciatori 2006; Battipaglia
et al. 2010; Chen et al. 2010; Hughes et al. 2011), develop-
ment of the methodology for climate reconstruction models
(e.g., Esper et al. 2005; Guiot et al. 2009; Helama et al. 2009;
von Storch et al. 2009).

In temperate latitudes, air temperature is the most important
climatic driver, which affects the biosphere and thus, also in the
studies of the Polish past climate, the dendrochronological data
deserve special attention (Przybylak et al. 2010; Przybylak
2012). Long-term tree-ring chronologies constructed for some
regions of Poland allow for study of temperature variability in
the scale of several centuries (Niedźwiedź 2004, 2010; Büntgen
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et al. 2007; Krąpiec et al. 2009) back the last millennium
(Zielski 1997; Szychowska-Krąpiec 2010; Koprowski et al.
2012).

The temperature and rainfall are unquestionably responsible
for the beginning of the cambium activity and the width of the
xylem layers produced. Many authors found that the radial
growth of pines and oaks, the most important forest tree spe-
cies, growing outside the mountain areas in Poland, is mainly
limited by the pre-growth season temperature (e.g., Wazny and
Eckstein 1991; Zielski 1997; Cedro 2004, 2007; Szychowska-
Krąpiec 2010; Bronisz et al. 2012; Koprowski et al. 2012;
Muter 2012). For both these taxons cold and frosty winters,
low temperatures in early spring and dry summers are disad-
vantageous (in particular, all of these factors acting together)
(Feliksik and Wilczyński 1998; Wilczyński 1999; Cedro 2007;
Szychowska-Krąpiec 2010; Bronisz et al. 2012). Although the
period of cambial activity of pine begins in early May and lasts
until the end of September, the annual growth of wood is also
affected by climatic conditions in winter preceding the growth
season (Ermich 1959). Similarly, in the case of oaks cambium
cells begin their activity in spring yet before the buds burst and
the formation of new vessels proceeds thanks to supply re-
sources gathered before (Ermich 1959).

The prevailing role of February–March temperature in
determining tree growth of pine has been applied recently in
the climate reconstructions of Małopolska area (Szychowska-
Krąpiec 2010) and northern Poland (Koprowski et al. 2012).
The precise study of the variability of winter temperature in
recent centuries is critical, due to the fact that the increase in
the prevalence of warm winters is regarded as a clear evidence
of climate warming in Poland (Boryczka et al. 2005;
Trepińska 1997).

The aim of this study was to find out the effective method
for reconstruction of winter thermal conditions in Upper
Silesia, southern Poland. For this purpose, different
multispecies models using multivariate analysis of both tree-
ring widths chronologies and extreme years chronologies
have been developed. This work tests the hypothesis that
reconstruction of the air temperature record embedded in
tree-rings from temperate zone could be significantly im-
proved by using many variables (temperature sensitive spe-
cies) at the same time, as well as by including an additional
parameter (extreme years index — explanation of the term is
given in the description of the methodology) to better reflect
the real value of extreme conditions.

2 Materials and methods

2.1 Study area

The study area is located in the Upper Silesia region, within
the Silesian Lowland. The area is characterized by a

significant transformation of the natural environment due
to human activity that began about 4,000 years ago. From
the Middle Ages deforestation and water lever changes were
observed. The civilisation changes in the 19th and 20th
centuries led to changes in species composition; artificial
pine monocultures have become characteristic to the
Silesian lands. Decreased areas of mixed and deciduous
forests have contributed to extensive soil erosion, the
danger of windblow and insects invasion (Nyrek 1975;
Janczak 1985). Between early 1950s and 1990s, espe-
cially at the turn of 1970s and 1980s, an additional
threat to forest stands was attributed to the industrial
emissions of dust and gaseous pollutants (Norman 1999;
Nowak 2005). Semi-natural forests occupy slightly
distorted peripheral position in relation to the main
industrial centers and these are usually covered by re-
serve protection. The field studies were carried out in
nature reserves, considered to be the remnants of the
Silesian Primeval Forest (Niemodlin and Komorzno
Primeval Forests) forming mixed forests Pino–Quercetum.
The dominant tree species in the investigated sites are:
Quercus petraea, Quercus robur, Pinus sylvestris, Fagus
sylvatica and Picea abies, Betula pendula, Abies alba, Larix
deciduas (Michalak 1971). Soils with fluvioglacial material
are generally classified as typical podzols (Kusza and
Strzyszcz 2005). The investigated area is characterized
by one of the warmest climates in Poland, with prevail-
ing maritime influences. Upper Silesia experiences a
relatively short winter with unstable snow cover and a
long, warm summer. The study area receives an average
of 600–700 mm of precipitation annually, while the
average annual temperature ranges from 8 °C to 8.5 °C
(Atlas 2008).

2.2 Tree-ring sampling and chronologies development

To reduce the potential non-climatic noise affecting the
requested climate signal, study sites with minimal ef-
fects from human-related disturbances were selected for
sampling (the nature reserves of Komorzno, Jeleni
Dwór, Blok, Krzywiczyny and Jaśkowice) (Fig. 1). These
sites are located between 190 and 220 ma.s.l. For sampling,
core preparation, ring-width measurements, cross-dating and
chronology building standard dendrochronological proce-
dures were applied (Speer 2010). On each site, 15 specimens
for one species were collected with Pressler incremental
borers (5 mm). Cores were taken from healthy living trees,
with no visible signs of stress or damage, from the upper
canopy layer. Due to legal regulations, only one core was
taken from each tree.

After cores preparation the total ring widths were mea-
sured to the nearest of 0.01 mm using LINTAB 6 device
with a microscope and TSAPWin software (Rinn 2010). The

74 M. Opała, M.J. Mendecki



growth sequences were visually cross-dated (Stokes and
Smiley 1996) and then statistically checked with
COFECHA computer program, which calculates correla-
tions between samples using a 50-year segment length
lagged by 25 years, checked at the one-tailed 99 % confi-
dence level (Grissino-Mayer 2001). Ring-width series that
were not significantly correlated to the group of samples
were removed from the data set and only the best correlated
samples created the mean chronologies for each species.
Thus, a common climatic signal was emphasized. The
curves with anthropogenically conditioned disturbed course
(i.e., the occurrence of strong incremental depression or
significant increase in tree-ring width), with respect to a
common incremental pattern, were eliminated. Also, the
sequences with missing rings, as well as the ones from the
sites with documented mass insect outbreaks, were excluded
from further analysis.

To remove biological growth trends and other poten-
tially non-climatically conditioned fluctuations, an indi-
vidual tree-ring series were de-trended in a two-step
method: using a negative exponential curve followed
by a cubic smoothing spline, with 67 % of the length
of the series criterion (Cook and Kairiukstis 1990).
After averaging by bi-weight robust mean and removing
the autocorrelation, the regional residual tree-ring chro-
nologies for the pedunculate oak, sessile oak and Scots
pine were created. All de-trending and averaging procedures

were conducted using the program ARSTAN (Cook and
Holmes 1999).

The extreme year chronologies, which are time series
of extraordinary wider or narrower tree-rings caused by
extreme climate conditions, were developed according to
the probabilistic criterion recommended by the European
Climate Assessment & Dataset, IPCC (2001). The ex-
tremes were distinguished taking the criterion of 10 and
90 percentiles. Among different methods of determining
the extreme years in dendrochronology, a probabilistic
approach was chosen as it takes into account all minima
and maxima observed along the curves. In the next step,
the constructed extreme years chronologies for the ana-
lyzed species were summed in order to emphasize the
particularly extreme conditions acting in the same way
for all species.

2.3 Species response to climate

For comparing tree growth with climate, mean regional
temperature and precipitation series were prepared. Four
homogeneous and highly correlated data sets from Opole,
Wrocław, Katowice and Racibórz were merged. Each chro-
nology was analyzed individually for its relationships with
the Silesian records of mean monthly air temperature and
monthly precipitation sums, including months from June of
the year prior to ring formation to September of the current

Fig. 1 Location of the
sampling sites
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year. All calculations were performed for the same period of
1886–1984. The last 25 years were excluded due to a weak
climatic signal determined by moving intervals response
function analysis (data not shown in this article).

A procedure of climate variable selection must be carried
out before the reconstruction. For this purpose, a correlation
function and a response function are estimated. The corre-
lation coefficients in the correlation function are statistically
analyzed and when the coefficient exceeds a given p
value then its corresponding climatic variable can be
used to reconstruct the past climate. In the response
function, the magnitudes and the signs of the coeffi-
cients of the statistical model B also indicate the im-
portance and signs of the tree-ring response to the
calibrated climate variables. The response function in a matrix
form can be expressed as follows (Cook and Kairiukstis 1990;
Biondi and Waikul 2004):

YN�1 ¼ XN�Mð ÞBM�1 þ eN�1 ð1Þ
where:

XN×M Matrix of predictor variables with N rows (years),
M columns (number of climates)

YN×1 N-element vector of predictant variables (“proxy”)
BM×1 M-element vector of coefficients
εN×1 N-element vector of misfits

The coefficients of the statistical model B can be estimated
by different regression techniques using, for instance, the least
square estimation or principal components analysis. Statistical
analysis allows users to select statistically significant climate
variable or variables, which can be reconstructed. All calcu-
lations were carried out in DENDROCLIM2002 software, in
which parameters of the response function model are calcu-
lated using a multiple regression analysis with principal com-
ponent analysis (PCA) and bootstrapping (1,000 simulations)
techniques (Biondi and Waikul 2004).

2.4 Calibration and verification procedures

It is well known that a correlation between tree-ring varia-
tions and environmental factors exists and this fact can be
used to deduce or reconstruct the past variation in the
climate from past variations in “proxy”. The procedure to
find a statistical relation between the tree-ring growth and
the environment is called calibration, which involves the
fitting of the statistical model that can be applied to one or
more predictors to estimate (reconstruct) one or more
predictants. The time interval of 1886–1984 has been split
(1886–1936, 1936–1984) and applied to the cross calibra-
tion–validation procedure where one set of predictor and
predictant data, called the dependent set (half of time inter-
val), is used to estimate the coefficients of the calibration
model, while the remaining data, called independent data, is

used to validation of the calibration model. The model, after
the positive cross calibration–validation procedure, is once
again calibrated from the whole time interval and the
obtained new model coefficient is used to reconstruct the
past climate changes from past variations in tree-ring
growths (Cook and Kairiukstis 1990; Bradley 1999).

Climate variables can be reconstructed by a transfer
function which is expressed in a matrix form as follows:

YN�K ¼ XN�Mð ÞbM�K þ eN�K ð2Þ
where:

XN×M Matrix of predictor variables with N rows (years),
M columns (number of “proxy data” and extreme
years index)

YN×K N-element vector of predictant variables (climate
variable)

bM×K M-element vector of coefficients
εN×K N-element vector of residuals

In contrast to the response function, the transfer function
consists of predictors which are tree-ring growth chronolo-
gies that explain the climate elements. In this case, the
coefficients are not interpreted, but they are used in climate
reconstruction (Cook and Kairiukstis 1990). The coeffi-
cients of the transfer function model B can be also estimated
by different regression techniques, e.g., least square estima-
tion. The principle of least squares provides a general meth-
odology for fitting straight-line models (or multidimensional
plane models) to regression data. In many cases, scatterplots
between the real variable and the estimated variables display
anything resembling straight-line relationships. Statistical
residual analysis can provide a good assessment of the
calculated models.

For the multiple linear regression model, the following
four model assumptions are made:

& Independence of the random errors.
& Normality of the random errors (normally distributed).
& Homoscedasticity: the random errors have constant

variance.
& The random errors have zero mean.

These assumptions are checked by plotting histograms of
residual, normality plots of residual and comparing ob-
served values with the calculated ones (Stanisz 2007).

The calibration in dendroclimatology is also associated
with certain assumptions that lead to significant restrictions.
During the calibration it is assumed that (Cook and
Kairiukstis 1990):

& The modelled relation between the tree-ring growth and
the environment is stationary in time — what is now
also happened in the past.
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& Reconstruction of past climate conditions is possible
only when the climatic conditions of the present time
taken to the calibration are analogous to those of the
past.

& Type of relation between variables x and y should be
searched by application of an appropriate model struc-
ture, i.e., for linear models the calibration should be
made by regression techniques.

After the calibration and the residual analysis, the validity
of the model is checked by calculating correlation coeffi-
cient R, determination coefficient R2, adjusted determination
coefficient R2, F value, p value and standard error of esti-
mate (SEE). The verification on independent period is verified
by calculated correlation coefficient r, correlation coefficient
of the first differences rd, reduction of error RE, coefficient of
efficiency CE and sign test ST (Fritts 1976; Cook and
Kairiukstis 1990; Cook and Pederson 2011).

The estimation of model parameters were carried out
using STATISTICA 10.0 software and validation statistics
were provided in MATLAB 7.0 programming environment.

2.5 Reconstruction and regressed temperature scaling

Reconstruction of the past climate variation is carried out on
the basis of the results of the verification procedure which
provides an appropriate selection of transfer function model.
A well-estimated model is once again calibrated; however,
the whole instrumental period is used. When the transfer
function coefficients are known, the past climate variation
can be estimated from “proxy” index variation.

During the application of multivariate regression
(least-squares method), the scaling of the reconstructed
climate variables is needed because a variance reduction
effect in the regressed model and a decrease of climate
magnitudes are observed. The scaling allows users to
regain a lost variance. The scaled amplitudes Cs are
computed by dividing regressed climate amplitudes CR

by the correlation coefficient R (between “proxy” and
climate data from instrumental period) as follows (Esper
et al. 2005):

Cs ¼ CR R= ð3Þ

Fig. 2 Tree-ring index (a Scots pine, b pedunculate oak, c sessile oak)
and extreme years (d) chronologies and its replication

Table 1 Statistical characteristics of tree-ring width chronologies

species No. of series Period (>5 samples) MC GR SD MS AC EPS

PISY 50 1770–2010 0.52 1.31 0.75 0.26 0.79 0.94

QURO 15 1739–2010 0.54 1.63 0.54 0.22 0.74 0.84

QUPE 15 1769–2010 0.53 1.32 0.67 0.23 0.70 0.87

PISY Scots pine, QURO pedunculate oak, QUPE sessile oak, MC mean interseries correlation values, GR mean growth rate in mm, SD
standard deviation of the mean TR measurements, MS mean sensitivity value, AC unfiltered autocorrelation value, EPS expressed
population signal
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3 Results and discussion

3.1 Chronology development

All series of tree-ring index are presented in Fig. 2. The
range of the created regional tree-ring chronologies varies
from 1739 for the pedunculate oak to 1770 for the Scots
pine. Therefore, for the further analysis the common period
1770–2010 was selected. The mean growth rate of the
individual series included in the regional chronologies
ranged from 1.31 to 1.62 mm and the standard deviation
range was from 0.537 to 0.749. The mean inter-correlation
between single trees was above 0.5 for all chronologies. The
mean sensitivity is between 0.221 and 0.256. The Expressed
Population Signal index value exceeded the critical value of
0.85 for all but one chronology. The lowest average value of
this index was obtained for the pedunculate oak and it
amounted to 0.84. High values of all the above param-
eters (Table 1) within the entire data set are believed to
indicate a greater climatic influence on the investigated
tree growth. In general, the lowest values were obtained
for the pedunculate oak, and the highest values for the
Scots pine.

The correlations between the chronologies of different
tree species, calculated for the period of 241 years, were the
highest for the Quercus genus (0.38). The values of corre-
lation coefficient between the pine and oaks were 0.27
(Scots pine–pedunculate oak) and 0.22 (Scots pine–sessile
oak).

3.2 Climate response analysis

The plots represent the correlation coefficients between
“proxy” and monthly temperature (the correlation func-
tion) and the response function coefficients correspond-
ing to each climate variable (Fig. 3). Results for
precipitation (with lower statistical significance) are not
shown in the text. In general, the dendroclimatological
calculation allowed us to select winter months
(December–March) as the most significant climate vari-
able for the temperature reconstruction (Fig. 3). The
significant positive relationship with the previous
December and current January was observed for all
species, but was the highest for the pedunculate oak.
Certain aspects of the dendroclimatological analysis dif-
fered among the species. The highest values for both
correlation and response function were obtained between
the growth of pine and February and March tempera-
tures. The sessile oak showed a strong negative rela-
tionship with April and previous August temperature
(significant correlation and response coefficients). Warm pre-
vious August temperature negatively influenced the
growth of all the analyzed species. As shown in Table 2, when

chronologies were examined for a seasonal signal, the
correlation coefficients were much higher than for single
months.

Comparison of the determined extreme years chronology
with climate data demonstrates reasonable agreement (Table 3).

Table 2 Selected results from the correlation analysis

Species Period of strongest
relationship

Correlation
coefficienta

Scots pine December–March 0.45

March 0.40

Pedunculate oak December–January 0.27

April −0.27

Sessile oak December–January 0.34

December 0.27

Periods with the strongest relationships between tree growth and sea-
sonal/monthly temperature values are shown
a All coefficient are statistically significant at 0.05 level

Fig. 3 Correlation function (top) and response function (bottom) be-
tween growth of selected species and monthly temperature. Horizontal
lines indicate significance levels: 99.9 % (solid line), 99 % (dashed
line) and 95 % (dotted line). Bars on the parameters of the response
function model indicate 95 % confidence limit for each of the
coefficients
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Usually warm winters are responsible for forming very wide
rings, while the most likely cause of the narrow rings are late
heavy frosts, cold winters and, in some years, also severe
droughts.

3.3 Calibration trials

In this paper, four dendroclimatic models were selected and
tested to find the best equation, in statistical sense, which

Table 3 Years with extreme tree
rings in Upper Silesia and their
climatic explanation according
to documentary evidence (Inglot
1968) and instrumental data
(monthly precipitation totals are
expressed in percentage of the
1961–1990 reference period,
thermal conditions are stated
with respect to 1961–1990
reference period)

Extreme year Description of weather or comparison with
meteorological measurements

Source

Positive Negative

1772 No interpretable report Documentary data
1775 Great flood

1776 Dry year

1781 Severe winter, spring frosts

1782 Spring frosts

1785 Severe winter

1790 No interpretable report

1796 Warm winter

1797 Warm winter

1798 Third, in turn warm winter

1800 Severe winter, drought

1807 Warm year

1811 Drought

1813 Wet summer

1818 Severe spring frosts

1825 No interpretable report

1828 Monthly excess of moisture

1829 Wet summer

1831 Monthly excess of moisture

1838 Severe winter, heavy snowfall, spring frosts

1846 Warm winter, two monthly excess of moisture, floods

1858 Cold winter, driest year in southern Poland, dry June

1861 Warm February, High rainfall in summer (133 %) Instrumental data
1871 High rainfall in June (203 %)

1884 Very warm winter

1907 Cold winter, dry spring

1908 Dry spring

1912 Warm winter, wet year in Southern Poland

1916 Very warm winter

1927 Warm winter

1940 Very frosty January and February

1942 Very frosty January and February

1945 Warm February and March

1966 Warm winter, downpours in July

1967 Warm winter

1969 Cold winter, winter–spring and summer
drought in Southern Poland

1970 Cold winter

1976 Drought in spring

1979 Cold January and February

2001 Warm winter, July rainfall (246 %)

2006 Very cold winter

2010 Cold winter
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allowed to reconstruct winter temperature past variations.
The created models are presented below:

(1) TW ¼ b0 þ b1IPISY
(2) TW ¼ b0 þ b1IPISY þ b4E
(3) TW ¼ b0 þ b1IPISY þ b2IQUPE þ b3IQURO
(4) TW ¼ b0 þ b1IPISY þ b2IQUPE þ b3IQURO þ b4E

where TW is the meanwinter temperature; b0, b1 are regression
model parameters; I is the tree-ring width index; and E denotes
extreme year index; species abbreviations are as in Table 1.

For evaluation of goodness of fit between the actual and
estimated winter temperatures, different statistical measures
were calculated (Table 4). The first step was the assessment
of the calibrated regression model. The principal statistics
shows that quite well-fitted models have the best assessment
for 1935–1984, e.g., the correlation coefficients exceed the
value 0.5. The other statistics represent acceptable values in
both calibration periods. The SEE is at a similar range
(1.61–1.66) for all proposed transfer function models and
periods. It can also be found that goodness of fitted models
increases with an increase of independent variables. The
residuals analysis was applied for each model (not shown
in this paper). The results showed that residuals (models)
have a normal-like distribution and in most cases DW sta-
tistics did not unambiguously exclude the existence of au-
tocorrelation in residuals.

The next step was a transfer function verification proce-
dure. All the proposed models have satisfied the general
criteria: RE>CE>0, R>Rα, RD>RDα and passed a sign test.
Nevertheless, these models are particularly successful in the
early verification period (1886–1935). The statistical param-
eters obtained for the later verification period (1935–1984)
are quite poor, especially the RE and CE statistics, which
test whether the model provides a more skillful estimate
than the mean climatology of the calibration and verification
periods. The average coefficient of efficiency (CE) is slight-
ly below zero which indicates the diminished confidence.
For the verification periods correlation coefficients for all
composite models were slightly lower than for the calibra-
tion periods. The exception is a simple linear model for the
Scots pine, which has the most stable relationship in both
periods (0.34 and 0.51, respectively).

Table 4 Summary for calibration/verification statistics of the best
transfer functions using combination of the tree-ring width of the Scots
pine (PISY), pedunculate oak (QURO) and sessile oak (QUPE) and

extreme years chronology (E) as predictors of mean winter temperature
for the sub-periods of 1886–1936 and 1936–1984

Predictors Calibration 1886–1936 Verification 1936–1984

R R2 aR2 F p SEE DW R Rα RD RDα RE CE ST

PISY 0.34 0.12 0.11 6.62 0.01 1.61 1.88 0.34 0.28 0.36 0.28 0.06 0.02 30/18

PISY + E 0.35 0.13 0.09 3.29 0.05 1.62 1.86 0.31 0.28 0.26 0.28 0.04 −0.01 27/18

PISY + QURO + QUPE 0.38 0.14 0.09 2.54 0.06 1.62 2.03 0.34 0.28 0.31 0.28 0.04 −0.01 29/18

PISY + QURO + QUPE + E 0.40 0.16 0.08 2.08 0.09 1.63 1.98 0.32 0.28 0.28 0.28 0.03 −0.01 29/18

Calibration 1936–1984 Verification 1886–1936

R R2 aR2 F p SEE DW R Rα RD RDα RE CE ST

PISY 0.51 0.26 0.24 16.80 0.00 1.66 1.39 0.51 0.28 0.59 0.28 0.21 0.17 31/18

PISY + E 0.55 0.30 0.27 10.20 0.00 1.63 1.40 0.48 0.28 0.57 0.28 0.19 0.15 31/18

PISY + QURO + QUPE 0.56 0.32 0.27 7.10 0.00 1.63 1.48 0.49 0.28 0.56 0.28 0.22 0.19 31/18

PISY + QURO + QUPE + E 0.57 0.33 0.26 5.36 0.00 1.64 1.46 0.41 0.28 0.47 0.28 0.16 0.13 25/18

Calibration 1886–1984
R R2 aR2 F p SEE DW

PISY 0.43 0.18 0.17 21.93 0.00 1.65 1.60

PISY + E 0.45 0.20 0.18 11.85 0.00 1.64 1.65

PISY + QURO + QUPE 0.46 0.21 0.19 8.60 0.00 1.64 1.68

PISY + QURO + QUPE + E 0.47 0.21 0.18 6.41 0.00 1.64 1.69

R correlation coefficient, R2 determination coefficient, aR2 adjusted determination coefficient, F Fisher statistics, p probability value (0.00 value
means p<0.005), SEE standard error of estimate, DW Durbin–Watson statistics, Rα critical value for R (0.05 significant level), RD first differences
correlation coefficient, RDα critical value for RD (0.05 significant level), RE average reduction of error, CE average coefficient of efficiency, ST sign test

Table 5 Correlation matrix of predictors and predictand for model
PISY + EXT

PISY EXT T (°C)

PISY 1.00 0.59 0.97

EXT 0.59 1.00 0.78

T (°C) 0.97 0.78 1.00

Data in bold denote highest correlation
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Comparing calibration results (simple vs. complex models)
it was found out that an additional parameter E or/and combi-
nation of species can improve statistical assessment of a model,
what is a result of an increase of dependent variables in a model
which corrects the fitting in general. However, verification
showed inverse order, the simple model has the best assess-
ment, but other models also have acceptable assessment values.
Good results for both types of calculation were obtained for the
third model, which includes three different species (Table 4).

According to the classical model of linear regression,
predictors in the model should be correlated with the
predictand and uncorrelated with each other. But the actual
data are always correlated to some extent, so regressors are
collinear that show correlation matrices (Tables 5, 6 and 7).

Multicollinearity does not adversely affect the regression
equation if the purpose of research is only to predict the
dependent variable from a set of predictor variables.
However, estimation of the contributions of individual predic-
tors is relevant. Thus, variance inflation factors (VIF) for each
predictor (Table 8) have been calculated. VIF indicates how
many times the variance of the estimator increased and in other
words how much the variance of the coefficient estimate is
being inflated by multicollinearity.

The last step before the climate reconstruction was a
repeated calibration of the transfer function but the calcula-
tions were carried out over the whole instrumental period of
1886–1984. The statistical assessment of the calibration is
compared in Table 4 and the results of the residuals analysis
for the selected models are plotted in Figs. 4, 5, 6 and 7.

In general, the residuals analysis of the chosen models
confirms the multiple linear regression model assumptions.
The residuals distributions and normality plots suggest that
residuals have a normal distribution. Each plot presents

histograms of residuals with the Gaussian-like distribution
and normality plot similar to a straight line.

The transfer functions to reconstruct past mean winter
temperature variation TW depending on “proxy” data Ii and
extreme index E can be expressed as follows:

(1) TW ¼ �4:86þ 4:99IPISY
(2) TW ¼ �3:86þ 3:98IPISY þ 0:31E
(3) TW ¼ �6:70þ 4:20IPISY þ 2:72IQUPE � 0:11IQURO
(4) TW ¼ �6:14þ 4:04IPISY þ 2:47IQUPE � 0:25IQURO þ 0:1E

3.4 Assessment of potential for climate reconstruction

Apart from the slightly better statistical assessment and
higher values of the correlation with the observed data, the
winter season temperature reconstruction made by regres-
sion using a combination of species or combination of
species and additional extreme index allows for better rep-
resentation of extreme values of temperature (Table 9). It is
especially well visible in the years with particularly cold
winters (1893, 1908, 1940–1943, 1947, 1956, 1963) and
warm winters (1916, 1927, 1938, 2001). Furthermore, these
models improve the results in the years in which a simple
model reconstructs both values and signs of temperatures
incorrectly. Such a situation can be observed in the example
of 1919, when the simple model reconstructs the tempera-
ture drop, while the complex model reproduces the increase
in temperature observed in reality (Table 9). Obviously,
there are periods in which there is a poorer fit, such as
1990 or 1997–1999. This is due to the significant influence
of pluvial conditions, as the rainfall of the summer season is
the second important factor in the formation of the radial
increment of pine and oak trees in the lowland areas in
Poland (Zielski 1997; Wilczyński 1999; Cedro 2004).
Exceptional precipitation conditions may be imposed on
the influence of temperature or modify it in some years.

Table 7 Correlation matrix of
predictors and predictand for
model PISY + QURO +
QUPE + EXT

Data in bold denote highest
correlation

PISY QURO QUPE EXT T (°C)

PISY 1.00 0.27 0.22 0.59 0.93

QURO 0.27 1.00 0.39 0.60 0.36

QUPE 0.22 0.39 1.00 0.61 0.57

EXT 0.59 0.60 0.61 1.00 0.75

T (°C) 0.93 0.36 0.57 0.75 1.00

Table 8 Variance infla-
tion factors (VIF) for
each predictor

Rj
2 is determination

coefficient calculated
for jth predictor treated
as a dependent variable

Rj
2 VIF

PISY 0.38 1.61

QURO 0.37 1.59

QUPE 0.40 1.67

EXT 0.68 3.12

Table 6 Correlation matrix of predictors and predictand for model
PISY + QURO + QUPE

PISY QURO QUPE T (°C)

PISY 1.00 0.27 0.22 0.93

QURO 0.27 1.00 0.39 0.36

QUPE 0.22 0.39 1.00 0.57

T (°C) 0.93 0.36 0.57 1.00

Data in bold denote highest correlation
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The impact of rainfall during summer months is especially
significant in the years with extreme values of this meteo-
rological element (see Table 3).

The comparison of reconstructed values shown in Table 9
indicates that temperature amplitudes obtained from linear
regression and after scaling differ significantly. The results
presented in the table suggest that all models beyond the
simple one, better reflect the measured values. In most cases,
the closest match to the measured temperature was obtained
for the complex models. The results of reconstruction by the
simple regression method remain below that of the target
instrumental data.

In general, the statistical differences between the pro-
posed transfer functions are not very large and it was quite

difficult to indicate the best model. The general results
presented above indicate the selection of the multispecies
model for reconstruction. Even though the model with an
additional parameter E gives promising results in the years
with extreme temperatures (usually reconstructed with a less
extreme character), which may be reproduced more precise-
ly, it gives worse statistical evaluation.

The reconstruction of winter temperature back to 1770 is
shown as actual temperature values expressed in degrees
Celsius (after scaling against instrumental measurements)
(Fig. 8). Performed dendroclimatological reconstruction of
winter temperature was compared with the information on
the occurrence of extremely cold or warm winters in the
following decades. Historical data related to weather

Fig. 4 Residuals distribution
(a) and normality plot (b) for
simple mode (pine)
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conditions of Silesia, descriptions of the periods of severe or
mild winters, were selected from a number of studies
containing historical records for the Polish territory (after
Namaczyńska 1937; Inglot 1968; Rojecki 1965). In the
instrumental period the years with extremely cold or warm
winters were determined according to probabilistic criterion (10
and 90 percentile). The compiled historical and instrumental
data concerning the periods of extremely cold and warm win-
ters are consistent with the proposed dendroclimatological re-
construction and confirm its reconstruction capabilities in the
independent period.

The smooth line shows 10-year filtered values to empha-
size the decadal scale fluctuations. The analysis of

reconstructed temperature allows for determinations of the
coldest decades: 1775–1785, 1830–1840, 1870–1880,
1900–1910, 1935–1945, 1980–1990, and the warmest de-
cades: 1790–1800, 1880–1890, 1910–1930, 1990–2000.
Besides, a significant decrease of the reconstruction
curve in the period 1800–1830 can be observed. This
well pronounced temperature decline is referred to as
the Dalton Minimum — a cold period at the turn of the
18th and 19th centuries where several important climate
forces (variation in solar irradiance, active volcanism, initial
rise in the concentration of carbon dioxide) had an influence
on the temperature deviations (Eddy 1976; Wagner and
Zorita 2005).

Fig. 5 Residuals distribution
(a) and normality plot (b) for
extended simple mode (pine +
extreme index)
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The obtained results are comparable with other winter
temperature reconstructions performed for Poland, especial-
ly in terms of using the Scots pine as a predictor for winter
(February and March) air temperature reconstruction (Cedro
2004; Krąpiec et al. 2009; Szychowska-Krąpiec 2010;
Koprowski et al. 2012) and distinction of the Dalton
Minimum cold period (Szychowska-Krąpiec 2010; Krąpiec
et al. 2009). Also, cold episode in the years 1860–1880
appears in the course of the winter temperature reconstruc-
tions for northern Poland (Krąpiec et al. 2009).

Comparing the course of regional reconstruction with
European and global instrumental data (Fig. 9), one can find
the largest convergence at the turn of 18th and 19th century,
expressed as a deep temperature drop in both regional and

continental scale, in the period know as a Dalton Minimum.
Cold winters in the first decade of the 20th century and in
the years: 1875–1880, 1890, 1920, 1980 are consistent with
European data. Warmer periods — especially 1790–1800,
1820–1830, 1890–1900 and 1990–2000 — are also charac-
terized by a certain similarity.

It should be emphasized that the presented reconstruction
reflects both a general course of the temperature and the
extreme thermal conditions quite well, which might be an
interesting contribution, as the previous reconstruction of
winter temperature conditions (conventional regression
based on single species models) did not allow to obtain
the correct results during the occurrence of short-term ex-
treme weather conditions (e.g., 1940, 1946, 1951, 1988 in

Fig. 6 Residuals distribution
(a) and normality plot (b) for
multispecies model
(pine + oaks)
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Krąpiec et al. 2009) and this underestimation was usually
supplemented by a separate pointer years analysis (Cedro
2004; Szychowska-Krąpiec 2010; Koprowski et al. 2012).

A number of recent dendroclimatological investigation
have analyzed winter (e.g., Popa and Cheval 2007; Zhu et
al. 2009) or summer mean temperature (e.g., Li et al. 2011),
maximum and minimum temperature (Wilson and Luckman
2002) and extremes (Battipaglia et al. 2010), based on
individual single proxy or the so called all-species chronol-
ogy (multispecies chronologies as the arithmetic mean of
these records) (e.g., Büntgen et al. 2005; Feliksik and
Wilczyński 2009). In this study, we give an insight into
the use of composite models, simultaneously using a num-
ber of temperature sensitive species and an additional

extreme index. Although the statistics for each model did
not differ much from each other, the best results were
obtained using combination of species. This result con-
firmed the idea and validity of using multispecies models
previously proposed by Yadav et al. (1997) or Garcıá-
Suárez et al. (2009).

4 Conclusions

(1) The presented results show that the temperature of
winter months seems to be one of the most important
factors influencing the tree-ring formation in the Upper
Silesia region. This dependence is species-specific:

Fig. 7 Residuals distribution
(a) and normality plot (b) for
extended multispecies model
(pine + oaks + extreme index)
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oaks are most sensitive for December and January mean
temperature, while for the pine the correlation coefficients
were the highest when calculated for February and March
temperature. Climatic explanation of the extreme years in
Upper Silesia, according to documentary evidence and
instrumental data, confirms the strong influence of ther-
mal conditions of winter on tree-ring formation.

(2) A combination of temperature sensitive species and an
additional extreme index in regression can improve the
reconstruction, with an emphasis on more reliable re-
construction of extreme values. Despite the differences
in the statistics are not very large, adding even one of
these parameters we can expect better results. This
observation may have a practical application in the
future if further research confirms it.

(3) The best results were obtained using the multispecies
model and scaling the results of the regression, which
eliminates the reduction in variance in the regression
model and allows for precise reconstruction of actual
values of temperature.

(4) Although Upper Silesia is traditionally regarded as the
region with the significant transformation of the natural
environment, with an appropriate site selection
dendroclimatological analyzes are possible. Promising
calibration/verification results suggest that, through the
application of long-term composite chronologies a

Table 9 Selected years of minimum, maximum and average values of measured mean winter temperature in comparison to temperature
reconstructed by different methods

Year Temperature
measured
(°C)

Temperature reconstructed using regression (°C) Temperature reconstructed and scaled (°C)

pin pin + E pin + rob + pet pin + rob + pet + E pin pin + E pin + rob + pet pin + rob + pet + E

1963 −5.32 −0.55 −0.43 −0.72 −0.66 −1.28 −0.96 −1.55 −1.43

1940 −4.86 −2.01 −2.52 −2.46 −2.54 −4.68 −5.66 −5.33 −5.49

1947 −4.18 −0.42 −0.63 −0.53 −0.55 −0.98 −1.42 −1.15 −1.20

1942 −3.81 −0.94 −1.35 −1.33 −1.39 −2.18 −3.02 −2.88 −3.00

1956 −2.42 −0.69 −0.85 −1.07 −1.09 −1.62 −1.91 −2.32 −2.37

1969 −2.37 −1.43 −1.44 −0.99 −1.07 −3.33 −3.23 −2.15 −2.31

1893 −2.12 −0.71 −0.56 −0.99 −0.91 −1.66 −1.26 −2.13 −1.96

1953 −0.23 0.29 0.24 −0.15 −0.11 0.67 0.54 −0.33 −0.24

1896 0.38 0.23 0.50 0.14 0.18 0.52 1.12 0.31 0.39

1991 0.43 0.23 0.19 0.29 0.26 0.54 0.43 0.63 0.56

1946 1.04 0.69 0.56 0.62 0.57 1.60 1.26 1.33 1.24

1919 1.59 −0.58 −0.14 0.55 0.56 −1.35 −0.32 1.20 1.21

1889 2.33 0.94 0.75 1.06 1.01 2.18 1.70 2.29 2.18

2008 2.60 1.54 1.53 1.35 1.39 3.58 3.47 2.92 3.01

1916 3.29 1.04 1.45 1.31 1.37 2.41 3.27 2.83 2.97

2007 4.15 1.32 1.37 1.35 1.35 3.08 3.08 2.93 3.91

Values in bold indicate the value closest to the measured temperature

Fig. 8 Annually resolved winter (DJFM) temperature reconstruction
over the 1770–2010 period, with the bold line representing a 10-year
low-pass filter. Grey horizontal bars indicate the number of extreme
cold (dark grey) and warm (light grey) winters per decade based on
historical archives and instrumental observations

Fig. 9 Comparison of the winter temperature variation derived from:
regional dendroclimatic reconstruction of Upper Silesia; red line, four
European records (Central England, De Bilt, Berlin and Uppsala);
black line, northern hemisphere records (CRUTEM3 instrumental data
according to Jones et al. 2012); blue line, during the last 240 years.
Data represent temperature anomaly with respect to the reference
period 1961–1990. All series have been smoothed with 11-year
average
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detailed study of the climate variability in recent cen-
turies can be provided.
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