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Introduction
Trees growing in temperate climate zone form new layers of wood year by year. Size of the annual
diameter increment depends on many factors, among which age, tree's condition and
meteorological factors (mainly the temperature and precipitation) are the most important (Fritts
1976). Spatial distribution of tree species is a result of arrangement to climate factors connected
with geographical localization and elevation. These factors limit possibility of the tree growth in
different regions of the world. Growth of trees that occur out of their natural distribution range is
limited mainly by arrangement to meteorological factors. So we can expect their tree-ring
sequences to be different than in case of individuals growing in optimal conditions.
Silver fir (Abies alba Mill.) covers less than 2% of the whole afforested area in Poland, but is one of
the most important species in mountains and uplands (Jaworski 1995). In the second half of the
previous century, fir suffered serious decline (so-called ‘Tannensterben’) caused mainly by
industrial emissions (Eckstein et al. 1983, Jaworski et al. 1988, Becker & Levy 1989, Krause 1989,
Visser 1989, Dobrowolska 1998, Elling 2001, Elling et al. 2009). However, in recent decades a
recovery of growth can be observed (Podlaski 2000, Zawada 2001, Elling et al. 2009).
Transformation of Polish economy resulted in decrease in number of major pollutants and in
implementation of new technologies. This reduced emissions and, as a result, stopped the decline
phenomenon (Filipiak & Ufnalski 2004). Moreover, current reconstruction of silver fir stands that
aims at the species structure consistent with the habitat type results also in slight, but consecutive,
improvement of silver fir condition in Polish forests. In Poland, silver fir has northernmost limit of its
natural range (Fig. 1). Beyond this border it appears only in solitaire spots. Some of these sites are
considered to be of natural origin (e.g. Białowieża Primeval Forest – Boratyński 1983). However,
most of fir stands in western and northern Poland were planted in order to examine the possibility
of increase in forest productivity and biodiversity by introduction of new species for the given
region.
The main purpose of this study was to compare tree-rings sequences of silver fir growing inside
and outside the distribution range and investigate their response to climate conditions.
Material and methods
Study sites
Study sites located inside and outside the natural distribution range of silver fir were selected to
investigate differences in increment reaction of this species (Fig. 1). Sites representing fir growing
outside area of its natural abundance were located in central and eastern part of the Pomorskie
Lakeland, in Kartuzy, Osusznica and Sławno forest districts. Sampling plots were located in stands
where silver fir constituted 10-70% of the species structure. In Kartuzy and Sławno trees grew
mostly in fresh mixed broad-leaved forest habitat conditions. Cambisols, very often of poor quality,
are the dominant soil type. In turn, fresh forest habitat type was prevailing in Osusznica. Zagnańsk
site was chosen as an example of firs living in the optimal conditions of the natural distribution
range. Average share of fir in species structure in that site equaled 36%. Sampled trees grew
mostly in upland forest habitat conditions on peat-glial soils.
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Figure 1: Silver fir natural distribution range in Poland (grey area) and sample plots localization (A – Sławno,
B – Osusznica, C – Kartuzy, D – Zagnańsk).

Field sampling and measurements
Sampling plots were located in the stands, where silver fir dominated or had an important share in
species structure, and generally was growing in good, appropriate for that species habitat
conditions. Sampling took place in summer 2005 (Zagnańsk) and in summer 2007 (stands outside
the distribution range). Dominant and healthy trees were sampled, and one increment core per tree
was extracted from the circumference at the breast height. Altogether 421 increment cores were
taken. In the laboratory cores were air-dried and sanded with increasingly finer sanding papers.
CooRecorder image analyzing program (www.cybis.se) was used to measure annual diameter
increments to the nearest of 0.001 mm.
Chronology development
Individual series were cross-dated visually with the CDendro (www.cybis.se) software as well as
statistically using Gleichlaeufigkeit coefficient (Eckstein, Bauch 1969) and t-value (Baillie, Pilcher
1973). The dated tree ring series were statistically checked using COFECHA program (Holmes
1999, Grissino-Mayer 2001). Series that showed dissimilarity were excluded from the further
analysis as they might limit the common signal in the chronology. Altogether 379 tree-ring series
were used to build the chronologies. Chronologies were constructed according to the procedures
described by Fritts (1976), and Cook and Kairiukstis (1990). To pronounce climate-related highfrequency signal and to minimize long-term age-dependent trend, the standardization was done for
each tree ring width series in the two-staged detrending using negative exponential curve and the
linear regression function. In the next step the indices were prewhitened using an autoregressive
model selected following the minimum of AIC and averaged across all series using bi-weight robust
estimation of the mean (Cook 1985). Standard and residual chronologies were computed for
Zagnańsk, Kartuzy, Osusznica and Sławno sites with CRONOL software (Holmes 1999).
Dendroclimatological analyses
Dendroclimatological analyses were performed basing on meteorological data from the Climate
Research Unit and Tyndall Centre resources (www.cru.uea.ac.uk) that covers period 1901-2002
(Mitchell, Jones 2005). High resolution (0.5°) grid data set (CRUTS 2.1) provided mean monthly air
temperature and precipitation.
We use simple correlation analysis to study relationship between annual ring width and
temperature and precipitation. Each residual chronology was correlated with historical climate data
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consisting of series of average monthly air temperature and sum of precipitation. The significance
of Pearson’s correlation coefficients was checked at 0.05 significance level. As the conditions in
the period prior to the ring formation affect this process in a great measure (Fritts 1976) the
analysis included thermal and pluvial conditions spanning from July of the previous growth year to
September of the current growth year. DendroClim2002 (Biondi, Waikul 2004) software was used
to calculate bootstrapped correlation coefficients.
Pointer year analysis was used to detect the influence of climate on extreme growth fluctuations.
Such study informs us about tree’s response to unusually favorable or unfavorable conditions
when exceptionally wide or narrow tree rings are formed (Schweingruber et al. 1990). A given year
was considered as a pointer year (negative or positive) when the same response was observed on
at least 80% of not less than 10 trees on each sample plot. According to some recommendations
(e.g. Schweingruber et al. 1990) the computation of pointer years were performed on raw tree ring
data with WEISER program (Gonzales 2001).
Results
Chronologies
Chronologies covering the period of 1870-2006 were built for four study sites representing silver fir
growing inside and outside the natural distribution range. There were no missing rings found in
analyzed tree-ring series. Mean tree-ring widths on sites from outside the distribution range were
very variable spanning from 2,43 to 3,57 mm. Average increment in Zagnańsk site was, in general,
smaller and less variable equaling from 2,27 mm (Fig. 2). All sites present decrease in mean treering width starting in 1970s. This is evidence of fir decline observed all over Europe in that period.
In last decades (since ca. 1990) significant improvement in growth rate can be noticed, as
analyzed trees produced wider rings.
No clear pattern in mean sensitivity and autocorrelation of standard and residual chronologies can
be observed (Tab. 1). The lowest values characterize Sławno site located near the Baltic Sea.
Response to climate
Relationships between tree-ring width indices and mean monthly temperature and sum of
precipitation were calculated for the period of 1901-2002. Silver firs from inside and outside the
specie’s natural distribution range show different response to thermal conditions (Fig. 3). Sites from
northern Poland exhibit positive influence of temperature in winter, early spring and summer of the
year when the tree ring is formed. Thermal conditions of summer of the year prior to the ring
formation cause negative increment reaction (especially Kartuzy site). Significant correlation was
found for all sites from outside the distribution range for period January-March and July-August. In
turn, trees from inside the range show significant negative reaction to thermal conditions in March
and July-September. Reaction to pluvial conditions is more diverse (Fig. 4). All analyzed sites
exhibited negative response to precipitation in January. In turn, positive relationship with water
supply can be observed in February. Similarly, the same pattern represents July. Additionally, firs
growing inside the distribution range in Zagnańsk site show significant negative relationship with
precipitation in August of the year prior to the ring formation and in May of the current year.
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Figure 2: Mean tree ring widths at individual study sites.

Table 1: Basic characteristics of silver fir chronologies.

Study site

Period

Zagnańsk
Kartuzy
Osusznica
Sławno

1870 - 2005
1914 - 2006
1878 - 2006
1900 - 2006

Zagnańsk
Kartuzy
Osusznica
Sławno

1872 - 2005
1915 - 2006
1879 - 2006
1900 - 2006

Years

Index
standard
deviation

standard chronologies
135
0.233
92
0.844
128
0.249
106
0.187
residual chronologies
133
0.191
91
0.206
127
0.172
106
0.130

Mean
sensitivity

Autocorrelation

0.171
0.189
0.164
0.139

-0.08
0.77
0.63
0.55

0,222
0.236
0.187
0.164

-0,05
-0,12
-0.10
-0.22

Pointer years
Only 1956 and 1964 were identified as a common negative pointer years for sites inside and
outside the natural distribution range of silver fir (Tab. 2). Very narrow ring was formed by almost
all trees in Zagnańsk, Osusznica and Kartuzy. Some individuals from the Świętokrzyskie
Mountains and Kaszubskie Lakeland had common negative pointer years also in 1940 and 1979.
No pointer years were found for silver firs growing in Sławno site.
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Figure 3: Coefficient of correlation between tree-ring width and mean monthly temperature (stars indicate
values significant at 0.05 level).
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Figure 4: Coefficient of correlation between tree-ring width and mean monthly precipitation
(stars indicate values significant at 0.05 level).
Table 2: Pointer years of silver fir in Poland.

Pointer
year
positive
negative

Zagnańsk

Kartuzy

Osusznica

Sławno

1873, 1961
1870, 1876, 1889, 1922,
1929, 1940, 1956, 1964,
1976, 1996

1959, 1965
1940, 1942, 1947,
1956, 1964, 1969,
1979, 1996, 2006

1965

—

1956, 1964

—

Discussion
Presented mean annual diameter increments of silver fir from sites localized outside the
distribution range are similar to those obtained for trees growing in Olsztyńskie Lakeland (2,84 mm;
Koprowski, Gławenda 2007). In turn, average tree-ring width from Zagnańsk site is similar to or
merely higher than values reported for stands growing inside the range in the Beskid Sądecki
Mountains and Ciężkowice region (Szychowska-Krąpiec 1999) as well as in the Karpaty and
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Sudety mountains (Feliksik 1993). Analyzed firs both inside and outside the range recovered from
the decline of the 1970s, which is indicated by the increasing growth trend in last 20 years (Fig. 2).
Analogous pattern was also observed in other sites in Poland (Podlaski 2000, Koprowski,
Gławenda 2007) and for Bavaria (Wilson & Elling 2004, Elling et al. 2009). Interestingly, no missing
rings were found in analyzed series. This stands in the contrary to the frequent observations of that
phenomenon reported by Elling et al. (2009).
Results about the influence of thermal conditions on radial growth of silver fir in Poland are similar
to those presented in literature as far as sites from outside the distribution rage are concerned.
Feliksik (1990) and Feliksik et al. (2000) reported the important role of winter temperature in the
process of tree-ring formation of firs growing inside the distribution range. Koprowski and
Gławenda (2007) found similar relationship for firs in the Olsztyńskie Lakeland, i.e. outside the
natural distribution range. Interestingly, firs growing within the distribution range (Zagnańsk site)
show pattern of the response to temperature that is opposite to observations published by Feliksik
(1990).
Although many papers report that silver firs are drought dependant (Eckstein et al. 1983, Feliksik
1990, Desplanque et al. 1999), presented results, in general, do not show any significant response
of analyzed firs on water deficit. Koprowski and Gławenda (2007) observed similar relationship for
firs from the Olsztyńskie Lakeland and explained this fact with enough amount of moisture in the
habitat and optimal distribution of water delivery during the year. Only in July trees from Zagnańsk,
Sławno and Osusznica showed significant correlation between tree-ring width and amount of
precipitation (Fig. 4), which confirms results obtained by Feliksik (1990). The most interesting is
fact that all sites characterize with negative response to precipitation in January. This may indicate
that moisture surplus in that time is unfavorable for firs. Wilson and Elling (2004) also report poor
correlation between tree ring widths and precipitation (March –August) for firs in Bavaria.
Pointer year analysis proved that response of firs to the extreme environmental condition depends
in great measure on the localization. The more inland site was located, the more sensitive it was.
Lack of pointer years in Sławno site might be caused by the neighborhood of the Baltic Sea.
Moreover, poor representation of commonly recognized negative pointer years (1940, 1976, 1979
and 2003) may suggest that there are other (perhaps not natural) factors that might have softened
the harsh climate conditions.
Conclusions
Studied stands of silver fir growing inside and outside the species natural distribution range
recovered from the growth decline of the 1970s exhibiting constant increase in diameter increment
over last 20 years. Dendroclimatological investigation showed differences in the response of trees
from various sites to thermal conditions, while the relationship with pluvial conditions was in great
measure similar independently on the localization. Analyzed trees from outside the distribution
range seem to prefer warm and dry winters and warm middle part of the growing season. In turn,
mild and rather wet summer seems to be the most favorable for firs growing within the distribution
range.
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