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Abstract: Scots pine (Pinus sylvestris L.) growing in 16 sites in three industrial regions in Poland
was analysed to delineate dendroclimatologically uniform areas. A dendrochronological and mass
spectrometric analysis revealed the following: a dry and sunny previous September, low winter tem-
perature, and moisture supply in July limit the radial growth of the pines in all the regions. The
weather conditions of the current growing season have been the most strongly reflected in the isotopic
ratio. Positive relationships were noted between §°C and temperature and 5"°C and sunshine. A nega-
tive relationship was observed between 5"°C and precipitation and 3"*C and humidity. At the same
time, a positive relationship was noted between 3'*0 and sunshine and 80 and temperature, but
negative between &'*0 and humidity. The climate signal recorded in the stable isotope composition
was temporally unstable and only for a few of the climatic parameters did we find temporally stable
climate signals. However, variability in the strength and direction of the relationships between varia-
bles has been observed. In general, the weather in July and August is important for determining the
8'3C and 60 signals. Instability can reflect the physiological adaptation of the plants to changes in
the ecosystem.

Keywords: climate, stable carbon isotopes, stable oxygen isotopes, pine tree-rings, industrial region,
Silesia.

1. INTRODUCTION be used to describe tree vitality. Furthermore, the diame-
ter increment can also be used to assess the sensitivity of
trees to climatic factors in polluted areas (Malik et al.,

2012).

Scots pine is a very useful archive of changes in eco-
systems, because it has a specific sensitivity to local envi-

ronmental conditions, including climate. (Schweingruber,
1985; Richter et al., 1991; Lindholm et al., 1997, 2000;
Mikinen et al., 2000; Wilczynski et al., 2001; Wilczynski
and Skrzyszewski, 2002; Macias et al., 2004). Various
indicators, such as an increase in the stem diameter, can
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Year-on-year variations in tree-ring widths are mainly
caused by meteorological conditions. Industrial pollution
impairs the sensitivity of trees to climatic factors. How-
ever, the trees retain their year-on-year tree-ring width
changes, even during periods of high-pollution emissions.

Experiments and analyses of the stable isotope com-
position of annual tree rings conducted by various scien-
tists (e.g., Craig, 1954; Burk and Stuiver, 1981; Leavitt
and Long, 1982; Edwards and Fritz, 1986; Ehrelinger and
Vogel, 1993; Farquhar and Lloyd, 1993; Yoder et al.,
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1994; Schleser et al., 1999; Roden et al., 2000, Roden,
2008; Barbour et al., 2002, 2004; Gagen et al., 2004;
McCarroll and Loader, 2004; Szczepanek et al., 2006;
Treydte et al., 2007; Sensuta et al., 2011; Leonelli et al.,
2012; Sensuta, 2016a), have confirmed that the stable
isotope composition of wood can be varied by climatic
changes. Through photosynthesis, trees convert carbon
dioxide and water into saccharides (C¢H;,Og), by using
light. The climatic controls are therefore factors which
control stomatal conductance, and are dominated by rela-
tive air humidity and soil-moisture status, while those
which control the photosynthetic rate are dominated by
light levels and leaf temperature (McCaroll and Loader,
2004). The 8"0 of cellulose might also depend on the
isotopic composition of water used during photosynthesis
(Burk and Stuiver, 1981; Edwards and Fritz, 1986; Yakir
et al., 1990; Saurer et al., 1997a; Anderson et al., 1998;
Switsur and Waterhouse, 1998; Barbour et al, 2002;
2004; Saurer et al., 2002, 1997b). Farquhar and Lloyd
(1993) and Roden et al. (2000) have reported that the
oxygen isotopic composition of trees (8'*0) can be influ-
enced by the 5'°0 in meteoric water and the 5'°0 of at-
mospheric vapour. Patterns in the 'O of meteoric pre-
cipitation reflect condensation and evaporation within air
masses (Siegenthaler and Oeschger, 1980; Rozanski et
al., 1993). Schleser et al. (1999) has found that changes
in temperature coefficients can be due to the nonlinear
transformation of environmental signals through biologi-
cal systems.

A combination of several independent indicators con-
stitutes a useful tool in environmental analysis, such as in
dendrochronological and climatological research. Scien-
tists attribute the variations in the stable isotope composi-
tion to climate changes, and also to anthropogenic effects
(Gagen et al., 2011; Leonelli et al., 2012; Sensuta and
Pazdur, 2013a, 2013b; Sensuta, 2016b). A decrease in the
8"°C concentration in the air and the biosphere is associ-
ated with an increase in the CO, concentration in the
atmosphere (Craig, 1954; Farquhar and Lloyd, 1993;
Saurer ef al., 2002; McCarroll and Loader, 2004, McCar-
roll et al., 2009; Pazdur et al., 2007, 2013; Keeling ef al.,
1996; Rinne et al, 2010; Sensuta and Pazdur, 2013a,
2013b; Battipaglia et al., 2013). The average global at-
mospheric CO, concentration has risen from 331 ppm in
1975 to 393 ppm in 2012 (NOAA). Raw §'"°C data can be
corrected to a pre-industrial atmospheric 8°C (McCarroll
and Loader, 2004; McCarroll et al., 2009, NOAA).

According to Saurer and Siegwolf (2007), the strong-
er response of photosynthetic capacity (A) indicates that
some species could enhance biomass accumulation due to
the increasing CO, during the last decade, whereas other
species responded more strongly with reduced stomatal
conductance and less transpiration and water loss. Ac-
cording to scientists (Farquhar and Lloyd, 1993; Eh-
lelinger and Vogel, 1993; Scheidegger et al., 2000;
Saurer et al., 2004; Silva and Horwath, 2013), a com-
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bined analysis of carbon and oxygen isotopes in tree rings
can be used for determining whether stomatal conduct-
ance (g) or photosynthesis (4) contribute the most to the
variations in the amount of carbon acquired per unit of
water lost — the iWUE — intrinsic water-use efficiency) in
response to environmental changes (Eq. 1.1).

iWUE = Alg (1.1)

The observed anthropogenic impact on the carbon cy-
cle is mainly related to various global industrial activities
(Martin et al., 1988; Ferrio et al., 2003; Keeling et al.,
1996; Pazdur ef al., 2013; Boden et al., 2016). However,
the other pollution effects go beyond the scope of this
paper, and have been the subject of other publications
(Sensuta, 2016a, 2016b; Sensula et al., 2015a, 2015b;
Sensuta and Wilczynski, 2017; Sensula et al., 2017). In
the literature, there is an absence of reports on climate
signals recorded in respect of the tree-ring width and the
stable isotope composition of trees growing in the wide
Silesia region (Sensula et al., 2015a). The aim of this
study is to extend the current knowledge of the interac-
tion between climate and the trees’ response in three
forests in the Silesia region (Poland), to answer the ques-
tion of whether there is a similar or different pattern in
the regional climate signals recorded in the trees. Further,
we aim to obtain additional information on the climate-
radial growth relationships of pine and to examine the
differences in the stable carbon and oxygen isotopic
composition of a-cellulose extracted from the pine (Pinus
silvestris L.) growing, under CO, anthropogenic-emission
stress, in the most industrialised part of Poland.

2. MATERIALS AND METHODS

The climate-radial growth relationships were analysed
for the period 1951-2012, whereas the climate-stable
isotopic relationships were analysed for the period 1975—
2012. The software programs Statistica 12 (Statsoft Inc.
2014, Krakéw, Polska) and DendroClim2002 (Biondi,
1997) were used for the statistical analyses.

Sampling sites

The dendroclimatological sampling reported in this
paper included 16 pine sites in three regions — Dabrowa
Gornicza near Huta Katowice (HK), Kedzierzyn-Kozle
(KK), and Laziska (LA). The sampling sites were located
at varying distances from industrial factories (distance
range: 1-20 km from the factories, Table 1).

At each site, 20 pine trees were sampled by taking one
increment core per tree at a height of 1.3 m above ground.
All 320 tree samples were dominant and co-dominant
individuals without damage. The examined pine stands
were located in similar habitat conditions around the
industrial factories. All the pine stands were classified as
fresh mixed broadleaved forest and aged between 80 and
100 years.
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Table 1. The localisation of the sampling sites.

Meteorological data

Stand (region) Lab code  Geographical coordinates Meteorological data were provided by the Polish In-
KKT 50°18'N; 18°20'E stitute of Meteorology and Water Management (IMGW-
KKS 50°18'N; 18°17'E PIB). The temperature, humidity, sunshine duration and
Kedzierzyn-Kozle KKB 50°21'N; 18°18'E precipitation data were obtained from the meteorological
(KK) KKA 50°19'N; 18°15'E stations in Katowice and Opole.
KKC 50°20'N; 18°19'E The period from 1951 to 2012 was characterised in
KKN 50°22'N; 18°23'E the regional climate records by the following: an annual
Laziska LAW 50:8:N? 18:53:'5 mean temperature of approximately 9°C (annual range of
(LA) LAM 500 9!\1;.18 056E 6.5 to 10.5°C/yr), a mean annual precipitation of around
LAP 50010|Nj 18058|E 610 mm (annual range of 360 to 870 mm/yr), mean annu-
HKE S0°20N; 19°23° al number of sunshine hours of approximately 1530 h
HKBB 50°24'N; 19°22'E . .-
S (annual range of 1108 to 1978 h), and relative humidity
. HKB2 50°24N; 19°21E . . .
Dabrowa Gomicza FrYINRP of around 80% (annual range of 75% to 86%). The lowest
HKFF 50°21'N; 19°19'E T :
(HK)HKB2 HKED 50°04N. 19°28E precipitation was observed between the mid-1980s and
HKC2 50°26‘N; 19°29E the mid-1990s (Fig. 1).
HKD1 50°31'N; 19°31'E
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Fig. 1. Meteorological data for the nearest meteorological stations to the investigated area: Opole (O) and Katowice (K): mean temperature, sunshine
duration, total rainfall and air relative humidity, for the period 1951-2012).
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The dendrochronological procedures

The tree-ring widths were measured to the nearest
0.01 mm, and were absolute-dated and rechecked using
the COFECHA computer program (Holmes, 1983). The
standardisation process of the tree-ring widths eliminates
their medium- and long-term variability, and emphasises
short-term variations. The tree-ring width series standard-
isation removes the non-climatic (long-term) trends in
growth associated with increasing tree age — the major
source of non-stationarity in the time series. Accordingly,
the series of the annual sensitivity indices (as;) were cal-
culated as follows (Eq. 2.1):

2.1)

where x; denotes the tree-ring width in year i and x;;
represents the tree-ring width in the previous year (Fritts,
1976).

Then, the site chronologies were determined on the
basis of the tree series. The indexed site chronology re-
vealed the short-term variance due to the variation in
climatic factors. For each pine stand, the following indi-
cators were calculated: 7, (mean between-tree series
correlation), EPS (expressed population signal), SNR
(signal-to-noise ratio), and MS (mean sensitivity). The
similarity of the short-term incremental reactions of trees
in each pine stand was evaluated by calculating the aver-
age between-tree series correlation (7,). The mean corre-
lation coefficient between all standardised tree-ring series
was used for estimating the strength of the chronology
signal. It is a statistical quantity representing the common
variability in the radial increment of the trees. The mean
correlation technique of the indexed series was used for
evaluating the chronology signal strength. An advantage
of the technique based on correlation versus the analysis
of variance (ANOVA) method is that it allows the use of
all the indexed series (Briffa and Jones, 1990). The ex-
pressed population signal (EPS) facilitates an assessment
of the representativeness of the site’s chronology (Wigley
et al., 1984; Briffa and Jones, 1990). The EPS index
quantifies the degree to which the site tree-ring chronolo-
gy represents the hypothetical (general) ideal chronology,
which may in turn be regarded as the macroclimate signal
(Wigley et al., 1984). In turn, the SNR index is an expres-
sion of the strength of the observed common signal
among the trees (Wigley ef al., 1984). The change in the
tree-ring width was evaluated using the mean sensitivity
(MS). MS is a measure of the inter-annual changes be-
tween successive tree-ring widths (Fritts, 1976).

To estimate the dendrochronologically uniform re-
gions for pine, a cluster analysis of the indexed site chro-
nologies (Ward’s method and 1-r Pearson’s distance) was
conducted. The variables were 16 series of correlation
coefficients calculated between the indexed site chronol-
ogy and monthly temperature, precipitation, relative hu-
midity, and duration of direct solar radiation from the
previous September to the September in the year of the
ring formation. A principal component analysis (PCA)

asi=2 - (—xip) - (a+x)
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was applied to classify the pine populations. The varia-
bles considered were 16 indexed site chronologies. A
response function analysis (Fritts, 1976; Holmes, 1983)
was used to identify the principal components.

The isotope analysis

In this study, we assessed the stability of the relation-
ship between tree-ring cellulose 3'°C and 5'°0 and the
climate over the period 1975-2012 for Scots pine. The
chronologies were based on a pooled-ring approach, with
10 trees per 3 sites (LAP in the LA region, ZKC in the
KK region, and HKF2 in the HK region). The absolute-
dated annual tree rings were manually separated as thin
slivers, and then pooled (equally weighted per tree) and
homogenised. The a-cellulose samples were extracted
using Green’s method (1963), with further modifications
(Pazdur et al., 2007; Sensuta and Wilczynski, 2017) in
the Silesian University of Technology, Poland.

The carbon and oxygen stable isotope compositions
were measured by IRMS (Isoprime, GV Instruments,
Manchester, UK) in the Institute of Physics, the Silesian
University of Technology, Poland. We reported the iso-
tope values in the delta notation as follows (Eq. 2.2):

o= (Rsample/Rstandard - 1) 10005 Y60 (22)

for carbon (8"°C) and oxygen (8'*0) in respect of the
international standard, which was Vienna Pee Dee Bel-
emnite (VPDB) for carbon and Vienna Standard Mean
Ocean Water (VSMOW) for oxygen. Rgmpe and Rundara
denote the molar fractions of *C/"*C and "*0/'°O for the
sample and the standard, respectively. The calibration
was done using an internal standard (C-3 and C-5, IAEA
for 3"°C and C-3, IAEA for §"°0).

To test the stability of the climate-isotope relationship
over the period 1975-2012, we performed correlation
analyses. The analysis of the temporal stability of the
climate proxy was based on forward evolutionary inter-
vals (base length: ¢, = 26 years) in the bootstrap (Biondi,
1997) correlation function. The start year in this method
is fixed. Using the evolutionary intervals gives the possi-
bility to calculate a progressively greater number of years
(ti+; = t+1) for a correlation-coefficient calculation. To
calculate i WUE on the basis of 8"°C in plants we used the
formula according to Farquhar and Lloyd (1993); McCar-
roll and Loader (2004), Saurer et al. (2004) and and Silva
and Horwath (2013) Egs. 2.3-2.5:

A13C _ 513Cair_513cplant

(2.3)
142 ptant

ABC=a+ (b —a)/c, (2.4

. A ci

WUE =2 =¢, [1- ;] 0.625 (2.5)

where c; is intercellular CO, concentration, ¢, is ambient
CO, concentration, a (ca. 4.4%o) is the discrimination
against Bco, during CO, diffusion through stomata, and b
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(ca. 27%o) is the discrimination associated with carboxy-
lation.

3. RESULTS

Dendrochronology

The indexed site chronologies showed a high similari-
ty of year-on-year processes and indicated the strong
dynamics of the size of the radial growth of pines in vari-
ous sites in certain years (Fig. 2).

The ry; indices ranged from 0.399 to 0.521 (Table 2).
This indicated the various strengths of the short-term
signal in individual chronologies. All EPS values of the
site chronologies were greater than 0.85. The EPS and
SNR values of the site chronologies indicated a strong
climatic signal, which in turn indicated a high representa-
tiveness of the indexed site chronologies. The mean sen-
sitivity of all the tree-ring widths of the pine partial popu-
lations ranged from 0.158 to 0.308. Therefore, we found
that throughout the study period particular pine popula-
tions showed strongly differentiated sensitivity to short-
term environmental factors. The lowest sensitivity was
exhibited by the pines from KK. The variance explained
by the first eigenvector of the indexed ring width series
was different, and ranged from 36% to 66%, indicating a
high homogeneity of growth reactions of the pines in
most sites (Table 2).

HKD
HKC
HKF

HKFF

HKB

NSNS WA EE

HKE
LAW

index

LAP

LAM
KKA

KKB

KKC

KKN
KKS
KKT

1938 1948 1958 1968 1978 1988 1998 2008

Fig. 2. Indexed site chronologies of pine stands.
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The indexed site chronologies were correlated with
each other within a common period from 1951 to 2012.
The similarity between site chronologies decreased with
distance, and was high within each of the considered
regions; further, it was often high between sites from
various regions (Fig. 3). This grouping exhibited the
regional locations of the pine sites and suggested a divi-
sion of the tested area into three dendrochronologically
similar regions: KK, LA, and the nearby HK. In all cases,
the correlation was significant (p < 0.01).

To identify the reaches of the dendrochronologically
uniform regions more clearly, a PCA was used. The first
component (PC1) accounted for 65% of the variance

corr. coeff.

0 20 40

distance, km

60 80

Fig. 3. The correlation coefficients between the indexed site chronolo-
gies and the distance between pine sites.

Table 2. The statistics of 16 tree-ring-site collections for the period
1951-2012 (MS: mean sensitivity, ro: mean between-tree series
correlation, EPS: expressed population signal, SNR: signal-to-noise
ratio, Var.pc1: variance in the first component).

No. of

t;ffds e EPS SNR MS  Varsc

cores
HKE 20 0279 0886 77 0255 37
HKBB 20 0322 0905 95 0219 47
HKB 20 0445 0941 160 0236 60
HKFF 20 0300 089 86 0283 43
HKF 20 033 0909 100 0286 45
HKC 20 0545 0960 239 0226 66
HKD 20 0227 0855 59 0265 36
[AW 20 0518 0953 215 0284 64
[AP 20 0399 0930 133 0285 51
[AM 20 0514 0954 212 0308 63
KKA 20 0361 0918 113 0204 49
KKB 20 0421 0935 145 0197 54
KKC 20 0355 0916 110 0201 48
KKN 20 0319 0903 94 0158 46
KKS 20 0424 093 147 0191 55
KKT 20 0371 092 18 0210 50
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among the site chronologies. All the indexed site chro-
nologies correlated highly with PC1 (Fig. 5). Since
17 pine chronologies were clustered tightly with PCI, a
high common variance between all the pine populations
was obtained. The second component (PC2) accounted
for 12% of the variance among pine chronologies. PC2
divided the pine populations into three regional groups
(Fig. 4).

We assumed that any characteristic incremental
rhythm of pines in each region would be shaped by cli-
matic factors. To test this, we correlated the indexed site
chronologies with the climatic parameters. Thus, we
obtained a series of correlation coefficients for each pine
population (Fig. 5). The cluster analysis divided the cor-
relation coefficient series into three identical groups, the
same as in the case of the analysis of the indexed site
chronologies (Fig. 4). The first cluster included the pine

Ward's method for comelation coefficient senes

populations from the KK region, the second had pines
from LA, and the third consisted of populations from HK
(Fig. 4). Therefore, the incremental rthythm of pines dif-
ferentiated the climatic factors and the question remains
as to which elements of the climate determined this dif-
ferentiation. Therefore, a PCA of the indexed site chro-
nologies was conducted.

The variability of climate conditions from year to year
mainly determined the short-term variance of the radial
increment of the trees. The first two components de-
scribed the climate elements which had a significant
impact (77%) on the radial-growth variability of the
pines. The climate factors described by PC1 and PC2
were identified by a correlation-function analysis (Fig. 6).
PC1 integrated the pine chronologies and correlated
(p < 0.05) with the monthly relative humidity, precipita-
tion, and sunshine duration of the previous September.

KKT— 1
KEN ] HKF
KKS ] O oHKFF
KKG — KE
HKD
KKB ] HK((:bg QKA
KA | HKBB Og
LAM 1. S HKB
LAP — Q
AW Z
HEA N LAW
HKE [ i Q LA %
HKEE [ | i“ LAP
HKD | KKB
HKFF - KEAKS o
HKB [ B KKN
HKC KKT KKC
HKF 1
0 1 2
0 PC1 (65%) 1

1-r Pearson's distance

Fig. 4. The results of the cluster analysis of 16 correlation-coefficient series (left) calculated between the indexed site chronologies and 26 climatic
parameters (see Fig. 5) and the location of 16 indexed site chronologies to the loadings of the first and second components (right).
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Fig. 5. The correlation coefficients calculated between the indexed site chronologies and site monthly values of temperature, precipitation, relative
humidity, and sunshine duration (correlation-coefficient series) from the previous September (SEP) to current September (Sep).
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Fig. 6. Significant correlation coefficients (at the 95% level) calculated between PC1, and PC2 and monthly values of temperature, precipitation,
relative humidity, and sunshine duration from the previous September (SEP) to the current September (Sep).

The first component also correlated with the February
and March temperatures and the May and July precipita-
tion values of the year of the ring formation. The climatic
factors described by PC1 had a similar and significant
impact on the radial growth of all Scots-pine populations.
PC2 differentiated the indexed site chronologies and
correlated significantly with the monthly precipitation of
June and the July temperatures (Fig. 6). The pines in each
region reacted differently to these two factors. Scots pine
from HK was more sensitive to low temperatures in July
and low precipitation in June in the year of the ring for-
mation.

General trends in $"*C and 6"%0

The pattern of the spatial and temporal variability of
3"°C and & "0 in the samples extracted from the annual
tree rings of pines growing in the three regions, namely
LA, HK, and KK, is illustrated in Fig. 7.

The average value of pine 8°C in each sampling site
was approximately 23.9%o, whereas the average value of
pine 30 in each sampling site was approximately
29.7%o. However, different trends in 8"°C and 8'%0 were
observed in each sampling site. The typical decline in
3"°C due to the global atmospheric trend could be ob-
served after 1990. It is possible that the typical decline in
8"°C prior 1990s might have been masked by another
factor, or factors. In KK, the pine 8'°C series data ranged
from —24.6%o to —23.2%o (uncorrected) and from —23.1%o
to —21.9%o (corrected); in LA, the pine 3'"°C series data
ranged from —24.4%o to —23.1%0 (uncorrected) and from
—23.4%o to —21.6%o (corrected); and in HK, the pine 8'"°C
series data ranged from —25.3%o to —22.9%0 (uncorrected)
and from —23.6%o to —21.5%o (corrected). The mathemat-
ical correction for the atmospheric 5"°C trend to remove
the effect of the changes in 5"°C was carried out using a
dataset of high-frequency measurements (McCarroll and
Loader, 2004; McCarroll et al., 2009; NOAA). This cor-
rection considered the CO, contribution by fossil fuels to
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Fig. 7. Trends of 073C (measured value: HK, KK, LA and corrected
values: HKc, KKc, LAc) and 680 in a-cellulose samples extracted from
pines growing in three forests in HK, KK, and LA.

the European air. This correction increased the range of
3"°C and reduced the decline observed in the previous
decades (Rinne et al., 2010). Further, the §"°C and 80
values of the a-cellulose samples extracted from the pine
trees growing in the three forests show a significant cor-
relation between them (n = 39), which confirms the simi-
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larity in the trees’ response to the changes in the ecosys-
tem (Table 3). However, in the case of the HK and KK
series, the correlation between the 8'°0 values in the two
chronologies was the lowest, but it was still at a signifi-
cant level. Since the late 1990s, a close accordance be-
tween all the three oxygen-isotopic chronologies was
observed (Fig. 7).

Table 3. The correlations between the values of 0*3C for three forests
and the correlations between the values of 680 for three forests:
Dabrowa Gérnicza near Huta Katowice (HK), Kedzierzyn-Kozle (KK),
and taziska (LA) (all values are significant at p < 0.05).

o13C site HK KK LA
HK 0.61 0.56
KK 0.61 0.66
LA 0.56 0.66 -

5180 site HK KK LA
HK - 0.34 0.51
KK 0.34 - 0.52
LA 0.51 0.52 -

The correlation of the 5°C and 6'%0 series

In certain periods, a significant positive correlation
between 8'°C and §'®0 was found, whereas in other time
periods, this correlation was not significant (Fig. 8b—8d).
With the KK pine, the highest significant positive correla-
tion (» = 0.77) was found for the period 1991-2000. In
contrast, in LA, the highest significant positive correla-
tion was found for two periods of time: 1975-1990 (r =
0.83) and 1991-2000 (» = 0.82). However, in the case of
the HK series, a significant positive correlation (» = 0.74)
was found for the period 2001-2012, whereas no signifi-
cant correlation was found in KK for the period 1975—
1990 (» = 0.28) and 20012012 (» = 0.47), in LA for the
period 2001-2012 (» = 0.064), in HK for two periods of
time: 1975-1990 (» = 0.18) and 1991-2000 (» = 0.37),
respectively. According to Scheidegger et al. (2000), the
combined analyses of carbon and oxygen isotopes in tree
rings can suggest whether stomatal conductance or photo-
synthesis (Fig. 8a) contribute the most to the variation of
iWUE in response to elevated CO, levels (Saurer ef al,
2004).

Across all the sites, elevated anthropogenic carbon-
dioxide emission increased the '*C-derived water-use
efficiency on average by 40% (Fig. 9). Further, a positive
land-surface temperature anomaly-i WUE relationship was
observed. The elevated CO, increased the iWUE of the
forests (Fig. 9).
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2000, when was a significant modemnisation in the factories; since
2001 - the period when the pro-ecological strategy was implemented
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The climate-carbon and oxygen-stable isotope compo-
sition relationships

The resulting isotopic chronologies were correlated
against meteorological parameters from the nearest mete-
orological station in Opole (for KK) and in Katowice (for
LA and HK) (Fig. 10). The presented analyses indicate
the parameters (annual climatic factors) with which the
isotopic composition of pine achieved the highest correla-
tion (at the 95% significance level) (Fig. 10a). It de-
scribes how climate factors impact on the isotopic com-
position of trees. In times of relatively high annual tem-
perature and increased insolation, 8"C increases, whereas
a relatively high amount of precipitation and an increase
in humidity decrease the 5"°C in the trees.

In the case of 8"°C, the chronologies from each site
(Fig. 10b) were positively correlated with the mean tem-
perature and sunshine in summer, and negatively corre-
lated with the humidity in spring and summer. An analy-
sis revealed some significant similarities in the relation-
ships between climatic factors (such as the temperatures
in July and August; sunshine in July; and humidity in
April, July, August, and September), and the carbon iso-
topic composition of the pines growing in each investi-
gated area. These implied that the response of trees to
changes in climatic parameters can only be recorded in
some months in line with the variations in the isotopic
composition of the pines growing, whereas the isotopic
response to changes in weather conditions in other
months can be varied.

On the other hand, the pines growing in the KK re-
gion differed in their isotopic response to humidity. A
relationship between humidity and the carbon isotopic
composition revealed a high correlation in spring and
summer, and the influence of the humidity of the previ-
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ous year could be noted. Further, the response of the
pines to precipitation was different in different sites;
however, some similarities were observed for the pines
growing in the HK and KK regions, whereas a relatively
high insolation increases 8'*0. The pines growing in LA
showed the highest correlations and the strongest climate-
oxygen isotopic composition of pine.

In the case of 80, the values in the chronologies
from each site (Fig. 10b) were positively correlated with
the sunshine during the entire vegetation period and the
temperature in July. A strong and significant negative
correlation was observed between humidity and the oxy-
gen isotopes only in the pines growing in KK and LA.
Only the pines growing in LA showed a negative signifi-
cant correlation with the precipitation in August.

The stability of the climate-isotope relationship

To test the stability of the climate-isotope relationship
over the period 1975-2012, we performed correlation
analyses, and Fig. 11 presents the significant correlation
coefficients for the studied months (the previous Septem-
ber to the current September) as a function of the investi-
gated evolutionary intervals — a progressively greater
number of years is used for correlation-coefficient calcu-
lation (X axis). The start year in this method is fixed, and
only the end year of the interval is presented on the X
axis. For the 8"°C and 'O pines, the correlations with
temperature were consistently positive for the current
growing-season temperatures (mainly April, June, July,
and August) (Fig. 11). Further, the temperature in Janu-
ary was important for determining the 8"°C and §"O
signals, but these correlations were temporally unstable
and weak.
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For the 3"°C pines, correlations with the precipitation
amount were negative for summer (July or August). For
the pines growing in LA, the correlations with precipita-
tion were temporally unstable. The §'*0 correlations with
precipitation were temporally unstable in KK and HK,
whereas in LA the negative correlation with precipitation
in August was strong and stable. Correlations between
sunshine and both isotopes were mostly positive for the
growing-season sunshine. In general, for "°C, sunshine
in July was significant for determining the 8'°C signal for
all the three relationships studied, and sunshine in sum-
mer (June-September) was important for determining the
8'°C signal in LA and HK. For 8'*0, sunshine in summer
(June-September) was important for determining the 'O
signal in all the investigated sites. In contrast, for pines
growing in LA and HK a strong significant correlation
was observed with the sunshine spread over much of a
given year. The significant correlations of 3"°C with hu-
midity were predominantly negative for the summer
months (June-September) in all the investigated sites. The
sign of the correlation in December changed from nega-
tive (in LA and KK) to positive (in HK). The most con-
sistent significant correlations with humidity determined
the 8'°C signal in pines growing in LA and HK. For 80
pines, the correlations with humidity were unstable in HK
and KK, whereas in LA, the correlation was stronger and
more stable. The significant correlations of 80 with
humidity were positive for the months of the previous
year (November-December) and negative for the months
of the current year (June-September). Relation-
ships between climate and the isotopic composition ex-
hibited spatiotemporal diversity. A combination of pa-
rameters can impact on the isotopic composition of pine
(Leegood and Edwards, 1996; McCarroll and Loader
2004; Sensuta and Wilczynski, 2017).

4. DISCUSSION

The climate-tree-ring width relationship

The similarity of the incremental reactions (year-on-
year) of pines from various sites was relatively high.
Therefore, a supra-regional factor was determined. We
assumed that this was a climate factor. The answer was
provided to us by the PCA carried out later in this study.

The mean correlation coefficient, expressed popula-
tion signal, signal-to-noise ratio, and variance in the first
component calculated for each pine population, indicated
a strong climatic signal in the indexed site chronologies.
The mean sensitivity implied a strongly differentiated
susceptibility to short-term environmental factors. One
such factor that changed from year to year was climatic
conditions. The variance explained by the first eigenvec-
tor indicated a high similarity of the radial growth reac-
tions of the pines.

The greatest distance between the pine sites was 66
km. The conifer chronologies in North America correlat-
ed at the 99% level over a distance of 1000 km (Cropper
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and Fritts, 1982), and in Spain over a distance of 500 km
(Richter et al., 1991). In Poland, sufficient cross-dating
quality between Douglas fir chronologies could be ex-
pected within an average range of about 800 km (Feliksik
and Wilczynski, 2004).

The variability of climate conditions from year to year
determined the short-term variance of the radial incre-
ment of trees. The first two components described the
climate elements which had a significant impact on the
radial growth variability of pines. The climatic factors as
described by PC1 had a similar and significant impact on
the radial growth of all Scots-pine populations. PC2 dif-
ferentiated pine sites. The pines in each region reacted
differently to factors described by the second component.

Our results implied that high July precipitation and
high winter temperatures were beneficial to the radial
growth of the pines. Under drought stress in the vegeta-
tion season, the trees had relatively low cambial activity,
thereby reducing the cambial division and cell-wall thick-
ening (Irvine et al., 1998; Cinnirella et al., 2002; Piove-
san et al., 2008).

However, low precipitation in May had a positive im-
pact on the radial growth of the pines. Low precipitation
indicates low cloudiness which does not limit solar radia-
tion. Therefore, we concluded that solar radiation could
stimulate cambium activity.

The temperature in winter was the main limiting fac-
tor for the activity of pines. In late winter and early
spring, a relatively high air temperature initiated physio-
logical and biochemical processes faster, and caused
vascular cambium activation earlier (Gricar et al., 2000;
Rossi et al., 2008; Balanzategui et al., 2017). In cold
regions, the tree-ring growth of trees was mainly limited
by the summer temperature (Lindholm er al., 2000;
Helama er al, 2002, 2005; Macias et al., 2004
Wilcezynski and Szymanski, 2015).

We have observed that a wet and cloudy previous
September had a positive impact on the radial increment
of pines in all sites. Such weather conditions are favoura-
ble for the carbohydrate accumulation by trees used in the
next year to build wood cells (Hoch ef al., 2003; Vaganov
et al., 20006).

Different effects on the growth of the pine trees from
individual regions (KK, LA, and HK) were observed in
the cases of the precipitation in June and the July temper-
ature. Scots pine from HK was more sensitive to a low
temperature in July and a low precipitation in June in the
year of the ring formation. This could be attributed to the
cooler and drier climate in this region.

The climate-isotope composition relationship

The correlation analysis yielded mostly expected re-
sults. Positive relationships with temperature and sun-
shine, and negative relationships with precipitation and
humidity, were observed for 3"°C. In contrast, a positive
relationship with temperature and a negative relationship
with humidity were observed for 8'*0. However, it has
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been noted that the correlations showed certain temporal
instability differently in each of the investigated sites.
The current growing-season climate (from April to Sep-
tember) dominated the 8"°C and 8'%O signals, despite the
significant relationships found for several months from
the previous year. As far as 8'°0 is concerned, there
might be a depth-dependent temporal offset resulting
from an effective uptake of the soil water by the roots
(Saurer et al., 1997b). The isotope-climate relationships
can also be affected by a change in the relationship be-
tween the climate variables (Edwards ef al., 2000).

The isotopic composition of pines growing in LA has
been the most sensitive to climate changes, and the chro-
nologies for both elements reflect the largest number of
climatic parameters.

The differences in the relationship between climate
and the carbon and oxygen stable isotope composition of
the trees growing in different areas can be attributed to
the effect of the masking of the climatic signal by pollu-
tion (Leonelli et al., 2012; Boettger et al., 2014).

The climate-isotope composition of tree-ring cellulose
relationships is not stable over time. The previous analy-
sis shows that from 1950 to 2000, the correlation coeffi-
cients between 3'°C and the climate factors in the
Niepolomice Forest (Poland) were not stable over the
entire studied period (Sensufa ef al., 2011). Several stud-
ies have also shown changes in the trees’ response to the
climate forces in recent decades, such as reduced sensitiv-
ity to a certain climatic factor and increased sensitivity to
another; for example Boettger ef al., (2014) analysed the
climate sensitivity of carbon isotope signatures in tree-
ring cellulose in Germany, and reported a reduction in the
climate sensitivity of '"°C. Several tree-ring studies have
also concluded that the intrinsic WUE of trees can be also
associated with anthropogenic effects, such as, industrial
factories, vehicles, and low stack emission of CO, (Wa-
terhouse et al., 2004; Saurer et al., 2014). An elevated
CO, level significantly decreases the 8"°C in the air
(Keeling et al., 1996). Across all the sites, elevated CO,
levels increased the “C-derived iWUE, and a positive
land-surface temperature anomaly-i WUE relationship was
observed. According to NASA, land surface temperature
differs from air temperature because land heats and cools
more quickly than air. The most recent literature on this
topic (for example, Stips et al., 2016) confirms that the
greenhouse gases are the main drivers of the changing
global surface-air temperature (NASA). In our study, it
has been observed that elevated CO, levels increase the
intrinsic WUE of forests, but the magnitude of this effect
and its interaction with climate are still poorly under-
stood. In the investigated forests, the pine trees in each
population show different sensitivities to weather condi-
tions. The detailed relationship between the isotope time
series and the biosphere-contamination records will be
the subject of a further publication.
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5. CONCLUSIONS

This study revealed that the Scots-pine populations
did not show radial-growth differences within the same
climatic microregion, and could be considered dendro-
chronologically homogeneous. The delineation of three
dendrochronologically homogeneous regions was im-
portant for the dendroclimatological work. The similarity
of the short-term signal in the tree-ring width decreased
with the distance between regions, but was often high
between sites from various regions. Therefore, the geo-
graphical criterion did not sufficiently explain the group-
ing of the pine populations.

The long and frosty winters had a negative impact on
the radial growth of the pines in all the regions. Pine trees
were also sensitive to a shortage of rainfall during July,
the period of intense vascular-cambium division. Howev-
er, Scots pine also demonstrated characteristic sensitivity
to the climatic conditions of the region in which it grew.
The specific impact on the radial growth of the pines
depended on the pluvial condition in June, and the ther-
mal condition in July, in each of the three regions.

The present investigation also showed differences in
the relationship between climate and the stable isotopic
composition of pine populations growing in the same
climatic microregion. The importance of the current
growing-season climate was revealed, and the impact of
the other months was detected. The signals of climate
changes recorded in the stable isotope composition of
tree-ring cellulose was not stable over time. Relationships
between 3'"°C and temperature were positive and between
8"°C and sunshine positive, whereas relationships be-
tween 8'"°C and precipitation were negative and between
3"°C and humidity negative. The relationship between
8'80 and temperature was positive, and between 8'*O and
humidity negative. These relationships were expected in
the light of the theoretical backgrounds. However, the
correlations showed some variations between the investi-
gated sites. The effect of the climatic isotope signals in
the tree rings can be masked by the biosphere contamina-
tion.
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