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Abstract: Abstract: Abstract: Abstract: Abstract: Carbon, oxygen and hydrogen stable isotopes in tree rings are sensitive indicators
of climate changes. We have measured carbon, oxygen and hydrogen isotope ratios in α-cel-
lulose extracted from annual rings of pine (Pinus sylvestris L.) and oak (Quercus robur L.)
growing in the Niepo³omice Forest, Southern Poland. The presented isotope records cover
the period 1900-2003. In this paper we compare the values of δ13C, δ18O and δ2H observed in
the wholewood of pine and in the latewood of oak with meteorological data (temperature,
precipitation and sunshine). The highest significant values of correlation coefficients calcu-
lated between δ13C and the meteorological data are: -0.26 for temperature, 0.25 for precipita-
tion and 0.41 for sunshine. On the basis of our investigations we deduced that pine is a more
sensitive indicator of environmental changes than oak. Our investigation proves that the best
indicators are: hydrogen for summer temperature and oxygen for summer precipitation.
We noticed a rapid decrease of pine δ13C values in 1966 from -22.46‰ to -24.64‰.
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1. INTRODUCTION

In the region of moderate climate, like Poland, trees
usually produce one ring during each year. Information
about climate is stored in tree ring widths. As a result, re-
construction of climate changes in the past is obtained with
yearly resolution.

Wood is composed of cellulose, hemicellulose and lig-
nin. Cellulose, particularly α-cellulose, is a good indica-
tor of environmental changes in the past. Other compo-
nents are removed during chemical preparation.

Pine (Pinus sylvestris L.) is a common plant used for
palaeoclimate reconstruction (McCarroll and Loader,
2004). Stable isotope composition in α-cellulose is deter-

mined for oak latewood (Quercus robur L.) and pine
wholewood (Pinus sylvestris L.) In the case of deciduous
trees, latewood is used for paleoclimate analysis because
δ13C in earlywood records the climate of the previous year
– tree rings initially grow at the expense of accumulated
organic components.

Oak is a ring-porous wood. The tree produces large
vessels at the beginning of spring growth and smaller ves-
sels mixed with thick walled fibres later in the growing sea-
son. The cells of the spring wood are formed by the
cambium before the leaves have expanded. Cellulose is
formed using photosynthates from the previous years,
presumably accumulated as starch during the winter
(Plicher, 1995).

http://www.geochronometria.pl/
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Fig.1. The complex including 4 parts of the Niepo³omice Forest
is situated in the area between the Vistula and Raba rivers. The
nearest urban agglomerations are marked in the figure.

The value of δ13C in trees is influenced by many fac-
tors like concentration of CO2 and δ13C in atmospheric
CO2, temperature, precipitation, and humidity.

Previous studies proved that there exists a correlation
between δ13C and temperature. Results of measurements
demonstrate that the correlation between δ13C and tem-
perature can be positive: 0.18 ‰/°C for Pinus sylvestris
(Freyer and Belacy, 1983), 0.27 to 0.39 ‰/°C for Quercus
robur (Tans and Mook, 1980), 0.51‰/°C for Pinus
sylvestris from Augustów, Poland (Pawe³czyk and Pazdur,
2004). It can also be negative, e.g. -0.27 ‰/°C for Juniper
monosperma (Leavitt and Long, 1982).

For each plant, there exists an optimal temperature
with respect to net photosynthesis. If the temperature is
higher or lower than the net, photosynthesis decreases.

Kr¹piec (1998) observed a relationship between the
amounts of precipitation and δ13C of ring cellulose in oak
(Quercus robur) for the period May-July. The increase of
the amount of precipitation by about 30 mm corresponds
to a decrease of δ13C by about 1‰.

When investigating the correlation between tempera-
ture and δ2H values, we can observe a wide range of val-
ues: 5.80 ‰/°C for Pinus sylvestris (Yapp and Epstein,
1982); 89.5 ‰/°C for Quercus petraea (Libby and Pandolfi,
1974); 5.30 ‰/°C to 17 ‰/°C for different species of
trees from Northern America (Feng and Epstein, 1995).
Correlations between δ18O and temperature, as well as
relative humidity were also investigated. In this case,
changes of δ18O with changes of temperature are follow-
ing: 1.3 ‰/°C for Picea galuca (Gray and Thompson,
1976); 5.29‰/°C for Quercus petraea (Libby and Pandolfi,
1974); and with changes of relative humidity: 0.19 ‰/%
for Abies pindow (Ramesh et al., 1986). In addition, rela-
tionships between temperature of February and March
and tree ring values were established for Pinus sylvestris
from northern part of Poland (Zielski, 1997) and for
southern regions (Wilczyñski, 1999).

Investigations of the influence of industrial contami-
nation on tree ring widths for Pinus sylvestris from the
Niepo³omice Forest confirmed that the first decrease of
tree ring widths was observed in 1959. Niepolomice For-
est is a region strongly influenced by contamination from

Cracow agglomeration, Ironworks T. Sendzimira in Nowa
Huta since 1954 and Nitrate Works in Tarnów. The con-
tamination is carried by north-west wind from Cracow side
and from Tarnów. The development of industry in this
region was intensified in the 60s and caused maximum tree
ring width reduction (Fig. 2) in the Niepolomice Forest
for years 1970-1980 (Szychowska-Kr¹piec and Kr¹piec,
2002).

Stable isotope compositions of light elements such as
oxygen, hydrogen and carbon are reported as δ-values in
parts per thousand (denoted as ‰) relative to the stan-
dard of known composition. For example, δ13C values for
carbon are calculated using the following equation:

(1.1)

δ2H and δ18O values are normally reported with respect
to the SMOW standard (Standard Mean Ocean Water;
Craig, 1961) or the equivalent VSMOW (Vienna-SMOW)
standard. δ13C values are reported with respect to either
the PDB (Pee Dee Belemnite) or the equivalent VPDB
(Vienna-PDB) standard.

2. SITE

Samples for isotopic analyses were collected from long-
living pines and oaks growing in the Niepo³omice Forest
(184-212 m n.p.m.) which is located in Southern Poland
(49°59’ – 50°07’N 20°13’ - 20°28’E). The Niepo³omice For-
est is situated in the area between the Vistula and Raba
rivers. It consists of four complexes (Fig. 1) which were
aggregated in the past. The main complex has an area of
about 89 km2, the remaining area: Grobla – 15.0 km2,
Grobelczyk – 2.6 km2 and Ko³o 2.2 km2. The total area of
the Niepo³omice Forest is about 110 km2. It is only a small
part of the primeval Niepo³omice Forest, which was situ-
ated between Cracow and Sandomierz.

The area of the Niepo³omice Forest is characterized
by a geological and geomorphologic variety and diversity
of ecosystems.

Fig. 2. Reduction values of tree ring widths in years 1952-1996
for the Niepolomice Forest (Szychowska-Kr¹piec and Kr¹piec,
2002).
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Correlation coefficients for the time period 1901-2000
for pine are presented in Fig 4. Black bars denote signifi-
cant values based on 95% confidence level. The height of
the bar corresponds to value of the coefficient. In the case
of temperature it positive, ranging from 0.2 to 0.3 in Janu-
ary, February and March of the current year. In the case
of precipitation, more significant correlation coefficients
are observed, but they are both positive and negative. Sig-
nificant correlation coefficients between sunshine and tree
ring indices were obtained for May of previous year, and
January and April of the current year.

All correlation coefficients for years 1901-2000 for oak
are presented also in Fig. 4. Significant values were ob-
tained only for temperature and precipitation. In the case
of temperature, it has a positive value for February and
August of the current year. Significant correlation coeffi-
cients for precipitation were obtained for March and July
of the current year. In the case of sunshine hours, no cor-
relation coefficient is significant.

The mixed forest complex in the Niepo³omice Forest
is a representative of poorer habitat conditions. The cli-
matic conditions like temperature, precipitation, humid-
ity and human activities in the past caused that pine (Pinus
sylvestris L.), oak (Quercus robur L. and Quercus petraea
L.) and black alder (Alnus glutinosa L.) are the main tree
species in the Niepo³omice Forest.

3. DENDROCHRONOLOGY

Samples for isotopic investigations originated from
disks taken from 4 trees of pines and oaks (PSPNF and
QRPNF chronologies). These trees were especially se-
lected for dendrochronological dating. Samples from 4
trees with similar tree ring widths were homogenized.
Previous investigation connected with isotopic composi-
tion of tree rings shown that results obtained for four trees
are representative for the sampled region (Leavitt and
Long, 1984; Robertson et al., 1997).

4. TREES AND CLIMATE (1900 – 2003 AD)
FOR CRACOW UPLAND

The climate in Poland is greatly influenced by oceanic
air currents from the West, cold polar air from Scandinavia
and Russia, as well as warmer, sub-tropical air from the
South. In winter, the polar-continental fronts dominate
bringing crisp and frosty weather. The late summer and
autumn months enjoy plenty of warm days thanks to the
influence of the dry, sub-tropical, continental air mass.
The greatest amount of sunshine in summer is found on
the Baltic coast, whilst in winter it is found in the Carpa-
thian Mountains.

Cracow is located in Southern Poland, in the Vistula
River Valley, between Jura Highland in the North and the
Carpathians in the South. Meteorological data for Cracow
such as temperature, precipitation and sunshine come
from the local meteorological station (50°07’N 19°58’E).
The vegetative period lasts for about 218 days, the annual
mean temperature is ca 8.6°C (for last 100 years), and the
annual sum of precipitation is ca 700 mm (Szarek-
£ukaszewska et al., 2002).

Fig. 3 shows varying periods of the different climatic
components: temperature, amount of precipitation and
sunshine hours as annual means compared with tree ring
indices for the period 1900-2003. We observed a rapid in-
crease of tree ring indices (pine and oak), temperature and
precipitation in the early 40’s. In addition, trends in tree ring
indices for oak and trends in temperature for the period 1940-
2003 are very similar. At the end of 80’s, a rapid decrease of
tree ring indices and temperature were observed.

Correlation coefficients between climate conditions
and tree ring indices for Pinus sylvestris (PSPNF) and
Quercus robur (QRPNF) (Fig. 4) were obtained using cor-
relation functions from DendroClim2002 (Biondi and
Waikul, 2004). DendroClim 2002 is a statistical tool for
the analysis of climate/tree growth relationships. For the
analysis of the tree ring indices and climatic variables
(temperature, precipitation or sunshine) appropriate files
were prepared.

Fig. 3. Tree ring indices from pine and oak (PSPNF and QRPNF
chronologies) in comparison to the annual averaged climatic
conditions temperature (°C), precipitation amount (mm) and
sunshine hours (hours/month) smoothed by 3-point moving
average.
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5. ISOTOPIC METHODS

δδδδδ13C analysis
α-cellulose is the most reliable part of wood for

palaeoclimatic analyses (Epstein et al., 1976; Switsur et
al., 1995). Lignin and other components of wood were
removed using sodium chlorite and acetic acid solution.
The procedure is based on the methods given by Green
(1963) and Loader et al. (1997). The extraction procedure
of α-cellulose and the procedure of CO2 received for iso-
topic analyses in the Gliwice laboratory was fully described
in Pazdur et al. (2005) and Pawe³czyk et al. (2004). δ13C
was measured using dual inlet and triple collector mass

Fig. 4. Correlation coefficients between climate conditions
(monthly means) and tree ring indices of pine and oak (PSPNF
and QRPNF chronologies) for the time period 1901-2000. The
monthly meteorological data (temperature, precipitation, sun-
shine) values of the previous year are labeled with capital let-
ters; lower case represents the monthly meteorological data of
the current year. Black bars denote significant values according
to 95% level.

spectrometer (significantly modified MI-1305 type) in the
Mass Spectrometry Laboratory in Lublin. The standard
deviation (1σ) of δ13C is 0.07‰. The samples were mea-
sured with respect to gas standards and final results were
expressed using the V-PDB scale. More information about
this technique is available in Pazdur et al. (2005).

δδδδδ18O analysis
The stable oxygen isotopes ratios of α-cellulose

samples were analyzed in the mass spectrometric labora-
tory of UFZ (Halle, Germany) with mass spectrometer
Delta plus XL (ThermoFinnigan) coupled with a high
temperature (1450°C) pyrolysis reactor (HEKAtech, HT-
O). The results are given as δ-values in ‰ versus the
IAEA standard material VSMOW. The error margin of
this method is ±0.3‰ (Knöller et al., 2005).

δδδδδ2H analysis
The non-exchangeable hydrogen ratios of α-cellulose

were analyzed also in the mass spectrometric laboratory
of UFZ (Halle, Germany) after nitration according to the
method developed by Alexander and Mitchell (1949), and
Gray and Song (1984). The δ2H measurement conditions
were analogous to that of δ18O. The error margin of this
method is ±3‰.

6. 2H AND 18O ISOTOPES IN PRECIPITATION

Hydrogen and oxygen isotopic data in precipitation for
Cracow concern the years 1975-2001 (GNIP data). Pre-
cipitation was collected in the Wola Justowska station.
Variations of stable isotope ratios in this period are shown
in Figs 5 and 7. Arithmetic averages of these isotope ra-
tios in precipitation (GNIP) are related by the following
equation:

δ2H=8.04 · δ18O+9.05,   (n=27; r=0.98)   (6.1)

The slope of the obtained straight line ideally agrees
with the slope of the world meteoric line.

The monthly mean values of temperature and the
amount of precipitation presented in Fig. 6 showed a typi-
cal trend for moderate climate. Summer months are
characterised by a rather high value of mean monthly tem-

Fig. 5. Changes of δ2H and δ18O in precipitation in years 1975-
2001 (GNIP data, Wola Justowska station, near Cracow).
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Fig. 6. Monthly changes in amount of precipitation (mm), tem-
perature (°C), arithmetic mean values of δ2H and δ18O in pre-
cipitation.

Fig. 7. 2H and 18O correlation in precipitation.

Fig. 8. a) Time records (1900 – 2003) of uncorrected δ13C
C

in α-cellulose of pine (PSPNF) and oak (QRPNF) (smoothed by
3- point running average). Average value of δ13C is -23.4‰ for
pine, -25.6‰ for oak b) Time records (1900 – 2003) of cor-
rected δ13C in α-cellulose of pine and oak (smoothed by
3- point running average). Average values of δ13C

C
 are -22.7‰

and -24.9‰ for pine and oak respectively. Correction of δ13C
values results from carbon isotopic composition in atmo-
spheric CO

2
 (Leuenberger, http://www.isonet-online.de/)

connected with CO
2
 from fossil fuel burning.

Fig. 9. Time records (1960 – 1978) of corrected δ13C in α-cellu-
lose of wholewood of pine and earlywood (EW), latewood (LW)
of oak (smoothed by 3- point running average). Average values
of δ13C are -25.1‰ for latewood of oak (LW), -24.9‰ for early-
wood of oak (EW) and -22.9‰ for wholewood of pine. All values
were corrected for change of carbon isotopic composition in
atmospheric CO

2
 (Leuenberger, http://www.isonet-online.de/).

perature (ca 16°C) and the monthly amount of precipita-
tion is equal to 80 mm. A longer vegetation period is
caused by warm and humid spring (April-May) and sum-
mer months, which is connected with better conditions for
plants growth. The monthly changes of oxygen and hy-
drogen (δ2H and δ18O) in modern precipitation (1975-
2001), monthly changes of atmospheric temperature and
monthly sum of precipitation give very good compatibil-
ity (Fig. 6).

Table 1 shows correlation coefficients between oxygen
and hydrogen in precipitation and in α-cellulose. Signifi-
cant values (p<0.05) were indicated in boldface. Isotopic
fractionation connected with physiological processes in
plants is the reason why the values of isotopic composi-
tion of plant do not reflect directly isotopic composition
of precipitation. Variations in fractionation due to physi-
ological processes were not taken into account.

7. ISOTOPIC RECORDS IN TREE RINGS

Comparison of isotopic records in pine and oak
Trees respond physiologically and physically to envi-

ronmental conditions and record some of this informa-
tion in annually growing rings. Over the course of the
growing season, this signal is transferred and stored in tree
rings in the form of isotopic composition of cellulose and
tree ring widths.
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Investigations of trees from Niepo³omice Forest were
a part of the European project ISONET; in its frame cor-
rections of δ13C values (Fig. 8) were carried out in accord
with the data given by Leuenberger (http://www.isonet-
online.de/). The values of correction given for each year
separately were subtracted from the δ13C values obtained
by spectrometric measurements. Fractionation of carbon
isotopes during CO2 concentration increase was not taken
into account similarly to the case of oxygen.

A rapid decrease of δ13C value is observed in
wholewood α-cellulose in pine, but it is not recorded in
latewood α-cellulose in oak. Additional investigations for
oak earlywood were carried out (Fig. 9) and they showed
that the rapid decrease is not observed similarly to the
oak latewood.

The difference in the mean δ13C values of the two C3
plants (pine, oak) growing under similar conditions in the
upland habitat can be due to three possible reasons:
– different species are known to have different isotopic

fractionations (Leavitt and Long 1989);
– different photosynthesizing parts of plants show mini-

mal differences in their isotopic values (Long 1982);
– the physiognomy of the plants could also be an impor-

tant factor for explaining the isotopic differences in
the two C3 species.
Trends of δ18O (Fig. 10) changes in pine and oak are

similar for the investigated period 1900-2003. The aver-
age δ18O value is 29.3‰ for pine and 27.2‰ for oak. The
differences in the average value can result from species
differences as well as from the fact that measurements of
δ18O were made for cellulose obtained in the case of pine

i
Fig. 11. δ2H records (1900 - 2003) in pine (PSPNF) and oak (QRPNF)
in cellulose nitrate (smoothed by 3-point running average).

from the entire annual growth, whereas in the case of oak
only from the summer part of the wood.

Trends of δ2H (Fig. 11) changes in pine and oak for
the investigated period are not similar. The variability of
δ2H ranges from -40 to -115‰ for pine (average value is
-73‰), and -60 to -95‰ for oak (the average value is
75‰). Differences in the average value can result from
similar facts as in the case of δ18O.

Climatic evidence in isotopic records
Fig. 12 shows deviations from the average value for

δ2H, δ13C and δ18O in cellulose of pine and the deviation
from the average value of weather conditions (tempera-
ture - ∆T, precipitation - ∆P and sunshine hours - ∆S) for
the period 1900-2003 The observations may be summa-
rised as follows:
– a strong relationship exists between δ13C (both cor-

rected and uncorrected) and ∆S;
– there is no distinct relationship between δ2H and val-

ues of ∆P;
– also no relationship between deviations of the tem-

perature ∆T and deviations of sunshine hours was
observed.

Fig. 12 shows also deviations from the average value
for δ2H, δ13C and δ18O in cellulose of oak for the period
1900-2003. Observations are the following:
– a strong relationship exists between δ13C (both cor-

rected and uncorrected) and ∆T;
– anti-correlation exists between δ18O and precipitation ∆P;
– relation exists between δ2H and temperature ∆T.

Fig. 10. δ18O records (1900 – 2003) in pine (PSPNF) and oak
(QRPNF) in α-cellulose (smoothed by 3-point running average).

                              Pine                              Oak

δ18O δ2H δ18O δ2H
(‰VSMOW) (‰VSMOW) (‰VSMOW) (‰VSMOW)

Precipitation δ18O 0.44 0.43 0.39 0
(‰VSMOW)

δ2H 0.45 0.46 0.37 0.02
(‰VSMOW)

Table 1. Correlation coefficients for different delta values in tree rings and precipitation for years 1975 – 2001.
Significant values (p<0.05) were indicated using boldface.
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Fig. 12. Deviations from the mean values of δ2H, δ18O, δ13C (un-
corrected and corrected), temperature (°C), precipitation amount
(mm) and sunshine hours (hours/month) for pine (PSPNF) and
oak (QRPNF) (smoothed by 3-point running average).

Fig. 13. Correlation coefficients between δ2H and meteorologi-
cal data for pine (PSPNF) for years 1901-2000. Black bars de-
note the significant values. The highest values are for tempera-
ture 0.23 (March of current year), precipitation -0.24 (Novem-
ber of previous year) and sunshine -0.20 (July of previous
year).

Fig. 14. Correlation coefficients between δ18O and meteorologi-
cal data for pine (PSPNF) for years 1901-2000. Black bars de-
note significant values. The highest values are for temperature
0.29 (August of current year), precipitation -0.31 (July of cur-
rent year) and sunshine 0.34 (July of current year).

Correlation coefficients between stable isotope ratios
in wood (wholewood of pine and latewood of oak) and
mean monthly meteorological data (temperature, precipi-
tation and sunshine hours) for years 1901 – 2000 are pre-
sented in the Figs 13-20. For calculations, the detrended
and raw values of δ13C were used. The highest correla-
tion coefficients were indicated using boldface.

The monthly meteorological data (temperature, pre-
cipitation, sunshine) values for the previous year are la-
beled with capital letters; lower case represents the
monthly meteorological data of the current year.

The highest significant correlation coefficients are
summarized in the Table 2.
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Fig. 15. Correlation coefficients between δ13C (before correc-
tion) and meteorological data for pine (PSPNF) for years 1901-
2000. Black bars denote significant values. The highest values
are for temperature -0.26 (May of previous year), precipitation
0.21 (February of current year) and sunshine 0.41 (September
of previous year).

Fig. 16. Correlation coefficients between δ13C
C
 (detrended) and

meteorological data for pine (PSPNF) for years 1901-2000. Black
bars denote significant values. The highest values are for tem-
perature -0.22 (May of previous year), precipitation 0.25 (Febru-
ary of current year) and sunshine 0.35 (June of current year).

Fig. 17. Correlation coefficients between δ2H and meteorological
data for oak (QRPNF) for years 1901-2000. Black bars denote
significant values. The highest values are for temperature 0.40
(August of current year), precipitation -0.17 (December of previ-
ous year) and sunshine -0.25 (May of current year).

Fig. 18. Correlation coefficients between δ18O and meteorological
data for oak (QRPNF) for years 1901-2000. Black bars denote
significant values. The highest values are for temperature 0.30
(January of current year), precipitation -0.49 (July of current
year) and sunshine 0.40 (July of current year).

 8. SUMMARY

The δ13C ratio in the cellulose of the whole wood of
pine from the Niepo³omice Forest, Southern Poland, re-
flects the global trend of decreasing of δ13C in the atmo-
spheric CO2 due to fossil fuel burning. The observed rapid
decrease of δ13C values for 1966 from the level -22.46‰
to -24.64‰ is an unexpected result. This decrease is ob-
served even after correcting the measured values for
changes of δ13C in the atmospheric CO2. This is not a sea-
sonal effect because the low values of δ13C are observed

during next several years from 1967 to 1973. The rapid
change is not visible in the early and late wood of oak form
the same region. A reduction of the tree ring widths was
observed in the same time span.

The highest significant values of correlation coeffi-
cients calculated between δ13C and the meteorological
data are -0.26 for temperature (May of the previous year),
0.25 for precipitation (February of the current year) and
0.41 for sunshine (September of the previous year). On the
basis of our investigations we deduced that pine is a more
sensitive indicator of environmental changes than oak.
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Fig. 20. Correlation coefficients between δ13C
C
 (detrended) and

meteorological data for oak (QRPNF) in years 1901-2000. Black
bars means significant values. The highest values are for tem-
perature 0.21 (September of current year), and sunshine -0.16
(May of previous year).

Fig. 19. Correlation coefficients between δ13C (before correc-
tion) and meteorological data for oak (QRPNF) in years 1901-
2000. Black bars denote significant values. The highest values
are for precipitation -0.19 (December of previous year) and
sunshine 0.30 (March of current year).

The water in trees originates from soil water and pre-
cipitation, and the variations in δ2H and δ18O are corre-
lated with corresponding values in tree rings. The corre-
lation coefficient is significant for both pine and oak trees
(see Table 1).

The highest values of the correlation coefficient be-
tween δ18O and temperature were observed for summer
months (July and August) in the case of pine and oak from
Niepo³omice Forest. These values are comparable to re-
sults obtained by Switsur et al. (1994) for Quercus robur
L. from United Kingdom in years 1890-1990.

The highest value of the correlation coefficient be-
tween δ2H and temperature in the case of oak is observed
for August. Correlation δ2H with summer temperature
was observed by Scheigl (1974) for Picea from Germany
(1785-1970). In the case of pine, δ2H values of tree ring
cellulose nitrate have the strongest association with tem-

perature of winter months (XII-III). The same relation-
ship was observed by Epstein and Yapp (1976) for vari-
ous species from Scotland and North America in time span
1841-1970.

Our investigation prove that hydrogen is the best in-
dicator of summer temperature for oak (r = 0.40, n=100,
p<0.05). The same refers to oxygen in the case of pine (r
= 0.29, n=100, p<0.05). For both, pine and oak, oxygen
is the best indicator of summer precipitation (r = -0.49,
n=100, p<0.05 for oak, r = 0.29, n=100, p<0.05 for pine).
Similarly, oxygen is the best indicator of summer sunshine
for pine and oak (r = 0.40, n=100, p<0.05 for oak, r =
0.34, n=100, p<0.05 for pine). The correlation between
autumn sunshine of previous year and carbon does exists
also for pine (r = 0.40, n=100, p<0.05 for uncorrected
δ13C; r = 0.35, n=100, p<0.05 for corrected δ13C).

Table 2. The highest significant correlation coefficients between meteorological and isotopic data for pine and oak.
The months relate to the current year unless otherwise indicated.

T (°C) P (mm) SH (hours/month)

Pine δ13C -0.26 0.21 0.41

(‰VPDB) May of previous year February September of previous year

δ13CC -0.22 0.25 0.35
(‰VPDB) May of previous year February June

δ18O 0.29 -0.31 0.34
(‰VSMOW) August July July

δ2H 0.23 -0.24 -0.20
(‰VSMOW) March November of previous year July of previous year

Oak δ13C no significant value -0.19 0.30
(‰VPDB) December of previous year March

δ13CC 0.21 no significant value 0.16
(‰VPDB) September May of previous year

δ18O 0.30 -0.49 0.40
(‰VSMOW) January July July

δ2H 0.40 -0.17 -0.25
(‰VSMOW) August December of previous year May
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