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ABSTRACT

The aim of the study was to evaluate the sensitivity of silver fir (Abies alba Mill.) from the Rudnik Forest District on 
the selected meteorological elements and to develop a chronology of local tree-ring width and the annual sensitivity.

Based on the analysis, the site chronology of silver fir was developed and the strength of the relationship be-
tween the climate components and the width of annual rings was calculated. In addition, we examined the degree of 
homogeneity of short-term incremental response, rated the representativeness of the chronology and climate signal 
strength.

Having analysed the indicator years, namely 1932–2013, we concluded that the growth of firs was positively in-
fluenced mainly by air temperature in winter, and to a lesser extent, by precipitation in spring and summer. The main 
factors that limit its growth are cold winters, cool and low rainfall summers, and rainy springs.
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INTRODUCTION

Silver fir (Abies alba Mill.), as the only species of the 
genus Abies occurring naturally in Poland, has always 
aroused special interest of arboriculturists and forest-
ers. In Poland, it can be found mainly in the Carpathi-
ans, the Świętokrzyskie Mountains and the Sudeten 
Mountains. Covering about 3.2% of the total forest area 
(BDL 2017), it is an important forest-building species 
of the lower forest zone for economic reasons and it has 

protective qualities (Tomanek 1996). The fir reaches 
the northern limit of its range in Poland (Bronisz et al. 
2010).

At the turn of the 1960s and 1970s, the decline 
of fir was observed in Poland. During this time, the 
growth in fir had reduced or disappeared, which is at-
tributed to a combination of adverse climatic condi-
tions and atmospheric pollution. Zawada (1978, 1987, 
2001), Ukleja-Dobrowolska (1989) and Szymura (2008) 
believed that it was mainly the increase in emission 
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of pollutants that contributed to the phenomenon de-
scribed above. Historically, the decline of this species 
was observed most strongly in the Sudeten Mountains, 
Świętokrzyskie Mountains and the Silesian Upland 
(Sugiero 2005). After two decades of regression, fir re-
gained its vitality and, in many regions, it is recovering 
to its positive growth patterns and its potential is stead-
ily increasing.

The analysis of annual growth of trees is one of the 
methods used to diagnose the habitat conditions and 
serves as the basis for evaluation of the habitat poten-
tial. In addition, these methods allow the assessment of 
the trees’ sensitivity to changes in environmental condi-
tions in the long run (Zielski and Krąpiec 2009; Bijak 
2013). So far, dendrochronological studies on fir have 
been undertaken relatively rarely. In Poland, they were 
conducted mainly by Feliksik (1990), Wilczyński (2010, 
2013) and Wilczyński and Wertz (2012). They show that 
the factors limiting the growth of fir in recent decades 
were long and very cold winter and precipitation de-
ficiency in the summer period. There are suggestions 
that growth sensitivity of silver fir to summer droughts 
decreases when growing in mixed stands (Lebourgeois 
et al. 2013). Carrer et al. (2010) showed a strong cor-
relation between precipitation and radial growth in dif-
ferent Mediterranean forests. Lebourgeois et al. (2014) 

showed that growth of Abies is being driven mainly by 
previous and current late summer temperatures.

The aim of this study was to analyse the effect of 
selected meteorological elements such as precipitation 
and air temperature on the dynamics of fir thickness in-
crease in the Rudnik Forest District.

MATERIAL AND METHODS

Characteristics of the area under study

The research material was collected in the Rudnik For-
est District (160–200 m above sea level) (Fig. 1), more 
specifically in the Zalesie Forestry Unit, which belongs 
to the Regional Directorate of State Forests in Lublin. 
The geographical coordinates of the Rudnik Forest 
District territory’s extreme points are as follows: in the 
north 50°31’40”N, 22° 9’45” E; in the south 50°19’40” 
N, 22° 2’45” E; in the east 50°29’00 “N, 22°24’25” E; 
in the west 50°21’00” N, 22°27’20” E. According to the 
physical and geographical regionalisation of Poland, the 
area under study belongs to: the Region of Western Car-
pathians together with the Western and Northern Car-
pathian Foothills (Podkarpacie), Subregion of Northern 
Carpathian Foothills, macro-region of the Sandomierz 
Basin. The Rudnik Forest District was located in the 

Figure 1. The range of the Rudnik Forest District with location of the research plots (source: BDL 2017)
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following mesoregions, Tarnobrzeg Plains, Lower San 
Valley, Kolbuszowa Plateau, Tarnogród Plateau (Kon-
dracki 2011).

Climate

The climate of the area under analysis is transitional 
and continental. The weather in this area is shaped by 
the masses of polar-maritime air occurring mainly in 
summer and winter, as well as polar-continental air 
seen most often in spring and autumn. The average 
annual air temperature is 7.5°C. July was the warm-
est month of the year with an average temperature of 
18.5°C. The coldest month is January with an average of 
–3.3°C (Fig. 2). The most rainy month of the year is July 
(Fig. 2). The average winter lasts 80-days and the snow 
cover lasts on average 72 days. Wind blowing from the 
west and east is found predominant here. The average 
duration of the growing season is 225 days (PUL 2012).

To carry out the dendrochronological analysis, 
climatic data from the weather station of the Institute 
of Meteorology and Water Management (IMGW) in 
Rzeszów for the period 1932–2012 were used. IMGW 
station in Rzeszów is located at 40 km from our sam-
pling sites.
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Figure 2. The variation of the average monthly air 
temperature (line) and average monthly precipitation (bars) 
for the meteorological station in Rzeszów for the period 
1932–2012 (source: IMGW in Rzeszów)

Study material and measurements

The material for the analysis was collected in August 
2013. The wood cores were taken at a height of 1.3 m 
above the ground, with the Pressler borer, from 25 silver 
fir trees in the Zalesie Forestry Unit (forest compart-

ments 302 and 309) at an altitude of 190–200 m above 
sea level. The selected specimens, aged about 130 years 
old, had properly developed tree crowns, no symptoms 
of disease. The trees belonged to the first and second 
biosocial Kraft’s class. Then, the width of the annual 
rings was measured with an accuracy of 0.01 mm, us-
ing the BEPD-3 electromechanical increment gauge in 
the Department of Forest Protection, Entomology and 
Climatology University of Agriculture (ZOLEiKL UR) 
laboratory in Kraków, The correctness of ring age-
dating was verified using the COFECHA computer 
program (Holmes 1986). The measurements enabled to 
obtain a series of annual growth widths for each tree. 
The next step was to develop a series relating to the sen-
sitivity and chronology from the ring width data. The 
rings width values from each site’s chronology were 
transformed into the incremental index (annual sensi-
tivity), thanks to which the effect of medium- and long-
term variability was reduced (Fritts 1976). On the other 
hand, the short-term variability of the tree growth was 
emphasized, mainly related to the climatic factor. The 
annual sensitivity Ci was calculated with the formula 
below:

Ci = 2(xi – xi-1)(xi + xi-1)-1

where: 
xi  – the ring width in the year i; 
xi-1  –  ring width in the year preceding the year i (Fritts 

1976).

To assess the degree of uniformity of incremental 
responses of trees, the mean coefficient of series cor-
relation, rmean, was used (Wilczyński and Wertz 2012). 
Moreover, the EPS (Expressed Population Signal) was 
calculated, to test how well the studied series represents 
the given population of trees in the description of varia-
bility of their incremental response (Wigley et al. 1984). 
In order to determine the strength of the high-frequency 
signal (short-term variability) in relation to long-term 
variability, the SNR (Signal-to-Noise Ratio) has been 
calculated. The relationships between the width of rings, 
air temperature and precipitation were determined by 
the convergence index method (GL) (Huber 1943; Eck-
stein and Bauch 1969). The years providing indicators 
were also analysed in the material under examination. 
The method proposed by Wilczyński (2010) was used, 
in which the value of annual sensitivity was reduced to 
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Ci ≥ 0.25 (positive years) and ≤ –0.25 (negative years), 
which resulted in a higher number of indicative years. 
Signature years are those that exhibit particularly nar-
row or wide annual growth. The research hypotheses 
were tested with a probability at p = 0.05. For the sta-
tistical data treatment, Statistica 10 (StatSoft. Inc. 2011) 
was used.

RESULTS 

Tree-ring width do vary over the years and have grown, 
inter alia, in the years: 1910–1929, 1952–1960 and 
1992–2002 (Fig. 3, 4). There are also periods, where the 
variations of the size of rings are consistent year to year, 

which proves that short-term incremental responses of 
rings are very uniform. It can therefore be assumed that 
the climatic factor affects the entire tree population.

The beginning of the analysed period experienced 
a decrease in growth that lasted until 1892, then there 
was an insignificant increase, followed by a slight de-
crease. Around 1965, there was a strong increase in 
growth, which lasted until 1997. It was found that the 
population of the trees under study showed not only me-
dium- and long-term variability, but also clear annual 
variability. After 2002, there was a decrease in growth 
(Fig. 4).

The values of annual sensitivity Ci never reached 
2 or –2 (Fig. 5). On this basis, it can be assumed that 
during the period considered, there are generally no de-
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Figure 3. Individual sequences of tree-ring widths of 25 silver firs (Abies alba Mill.) from the Rudnik Forest District
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Figure 4. The site chronology of the tree-ring width of silver fir (Abies alba Mill.) from the Rudnik Forest District
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cisive stimuli that would result in changes differentiat-
ing the width of fir rings. Rapid changes can be noted 
in 1909, 1929 or 1957 (Fig. 5). In order to compare the 
variation of the ring width chronology with that of the 
sensitivity chronology, the convergence index was cal-
culated to be 81%. This means that variations of site 
chronologies are very similar to each other. It was found 
that there were years in which the vast majority of trees 
responded identically, but also years in which the series 
were less similar. In these years, there was a disturbance 
in the regular growth of certain trees, which could have 
been an effect of various non-climatic factors, such as 
sylvicultural treatments or damage caused by insect.

The correlation coefficient rmean of the sensitiv-
ity series was 0.58, which proves that the trees being 
analysed were characterized by high short-term uni-
formity of incremental responses. Therefore, the EPS 
index of 0.95 for the period 1932–2012 indicates that the 
chronology developed in the presented study is highly 
representative. In turn, the SNR index was 18.2, which 
confirms that the climatic signal is very strong.

The analysis of the relationship between growth 
values and the climatic factors shows that a relatively 
warm winter and early spring of the current year, that 
is, January, February and March, had a positive and 
significant impact on the annual growth values (Fig. 6). 
In turn, the precipitation did not have such a large ef-
fect on the fir population considered. However, one case 
was observed where wet June had a positive effect on 
growth in trees. To sum up, the formation of annual 
growth rings was influenced to the greatest extent by 
the air temperature in winter higher than average for 

those months, the variability of temperature at the turn 
of winter and spring and precipitation at the beginning 
of summer.
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Figure 6. Correlation coefficient ‘r’ of site chronologies 
of fir sensitivity and monthly values calculated for air 
temperature and precipitation from September (IXp) 
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(IX). Significant values are marked in black, ‘p’ denotes 
the previous year

In the period 1882–2012, 21 indicator, negative 
years with a decrease in the ring width were highlighted 
(1889, 1893, 1900, 1906, 1910, 1915, 1920, 1929, 1934, 
1941, 1947, 1952, 1956, 1958, 1962, 1976, 1982, 1996, 
2003, 2006, 2010) as were 18 positive ones – show-
ing an increase in the annual growth in comparison to 
the previous year (1888, 1892, 1899, 1907, 1912, 1913, 
1916, 1930, 1931, 1942, 1953, 1957, 1964, 1969, 1977, 
1997, 1999, 2007) (Fig. 7). This indicates a stronger and 
uniform reaction of trees to the factors limiting their 
growth. In the considered population, indicator years 
appear relatively evenly. Situations were observed 
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Figure 5. Series of annual Ci sensitivity over the years on the examined areas from the Rudnik Forest District
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where positive indicator years occurred in a row, which 
was not found for the negative years. It is worth noting 
that the periods in which positive and negative indicator 
years occurred immediately in a row: 1888 – positive 
year, 1889 – negative year, 1892 – positive year, 1893 
– negative year. From the climatic graphs, it can be con-
cluded that positive years were conditional primarily 
upon high temperature in the winter period and early 
spring of the current year (January, February, March and 
April) and warm December of the previous year. The 
analysis of the correspondence between the site chro-
nology of annual sensitivities and monthly mean values 
of temperature showed that March turned out to be the 

most important month (Fig. 8–10). The year 1956 was 
an example of a negative index year characterized by 
extremely low values of climate indices. It was then that 
the monthly average temperature of February, equal to 
–13.1°C, was the lowest in the entire period considered. 
The actual average growth in a given year compared to 
the previous years was much lower, that is, 1.44 mm. 
In January, the lowest average monthly air temperature 
was –12.4°C, which was noted in 1963, when the actual 
growth was 1.35 mm. In March, however, the lowest av-
erage temperature was –3.2°C in 1952, while the actual 
growth at that time was 1.39 mm. This is supported by 
the fact that not only very cold winter, but also very 
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Figure 7. The site chronology of sensitivity of silver fir population (Abies alba Mill.) from the Rudnik Forest District and 
positive signature years (top points), negative signature years (bottom points)
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cold period of early spring determines the incremental 
response in trees.

A meaningful relationship between precipitation 
and conditions existing in the warm part of the year was 
observed. The period from May to June turned out to be 
significant in this respect (Fig. 6). Precipitation in June 
shows a clear relationship with annual growth of trees 
on the plot under examination.

Average values of annual sensitivity Ci do not cor-
respond so obviously to precipitation as they do in the 
case of temperature. However, it seems that the warm 
part of the year determines the quality of fir growth 

against a background of recently observed deficiencies 
of atmospheric humidity in the majority of our country 
(Fig. 11).

DISCUSSION

Silver fir belongs to the species susceptible to chang-
ing climatic conditions (Jaworski and Zarzycki 1983). 
In addition, it is considered to be one of the trees with 
very high humidity requirements, despite the fact that it 
is marked by relatively low transpiration (Puchalski and 
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Prusinkiewicz 1975). For this reason, many researchers 
consider fir to be a species that prefers habitats rich in 
moisture. Although, as Bronisz et al. (2010) point out, 
fir is somewhat capricious, and its behaviour is some-
times unusual, especially in forest habitats.

The research shows that the main factor influencing 
the increase in the annual growth was the temperature 
of the end of winter and early spring. Feliksik (1990) 
drew attention to the dominant role of temperature in 
that period in shaping the Abies alba growth – believing 
that the low temperature in winter caused the forma-
tion of narrow wood rings in firs. Similar observations 
can be found by Wilczyński (2010, 2013). Conclusions 
inferred by authors are reflected in the results presented 
in this paper, as it turns out that high temperature in 
December of the preceding year and March of the cur-
rent year positively influenced the increase in fir ring 
growth. The relatively high temperature at the begin-
ning of the growing season makes it possible for bio-
chemical and physiological processes to start earlier, 
which allows the rings to become wider in the following 
months (Wilczyński and Wertz 2012; Wilczyński 2013). 
Koprowski and Gławenda (2007) and also confirm the 
effect of warm winter on the formation of wide rings 
in firs.

In the case of the analysed trees, precipitation does 
not show such a significant influence on growth as does 
the air temperature. No significant correlation was 
found between the growth in the population of firs and 

the amount of precipitation in March. Such a situation 
may be a result of, inter alia, orography of the area, mi-
crohabitat relationships, snow cover exposure or dura-
tion. Similar doubts are voiced by Bronisz et al. 2010 in 
a study on fir from the Świętokrzyskie Mountains. They 
draw attention to the unusual behaviour of fir in relation 
to precipitation during the warm part of the year. Leb-
ourgeois et al. (2014) showed that temperature played 
a more important role than precipitation in the radial 
growth of A. alba and Fagus sylvatica L. growing in 
the western European mountains. Carrer et al. (2010) 
showed a strong correlation between precipitation and 
radial growth in different Mediterranean forests. In ad-
dition, it should be noted that the amount of precipita-
tion from May to July shows a significant impact on the 
completion of formation of earlywood layers and the 
start of formation of latewood layers (Wilczyński 2013). 
April and May in mountain areas is a period of develop-
ment of young shoots and leaves in fir (Feliksik 1990). It 
is during this time that fir is exposed to damage caused 
by late slight frost, such as damage to the assimilation 
apparatus or inhibition of cambium activity. It is worth 
stressing that monthly climatic values used to charac-
terise indicator years are not a sufficiently precise meas-
ure of interaction between the weather conditions and 
the value of tree-ring growth. This is mainly due to the 
fact that, for example, ground frost or severe frost, oc-
curring locally and for a short period of time, makes it 
difficult to identify them among the monthly indicators.
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The analysis made it possible to verify and, what is 
most important, to deepen the knowledge on the ecology 
of fir, which is extremely important for forest manage-
ment in the context of the recent changes taking place in 
the low-forest zone in the mountains of southern Poland. 
Disintegration of fir stands and redevelopment of stands 
at the climatic zone, which takes place in many regions, 
result in the growing importance of fir; therefore, forest-
ers rightly state that an increase in its percentage up to 
2.5–3.0% may be beneficial for the environment in the 
long run. For example, Lebourgeois et al. (2013) found 
that A. alba showed less growth depression during sum-
mer drought when growing in a mixture with F. sylvati-
ca on dry, but not on mesic and humid sites.

The obtained values of EPS and SNR indicate the 
presence of the strong climatic signal and confirm the 
high representativeness of the research material; how-
ever, it is undoubtedly necessary to broaden the scope 
of research in order to verify all the results. This is also 
supported by the fact that there are no other documented 
reports on the relationship between climate and tree-ring 
growth from the Carpathian Foothills (Podkarpackie) re-
gion for this species. The area under study is located in 
the natural range of fir occurrence in Poland. Given the 
high economic quality of the tree stand under study, it 
can be assumed that this area creates favourable condi-
tions for growth of the species, despite fresh coniferous 
forest predominates as a habitat type, covering 32.4% of 
total area (PUL 2012). The main species dominant in this 
area is the Scots pine (Pinus sylvestris L.), which occu-
pies 82.2% of the area, therefore, when planning future 
sylvicultural treatments for the presented species in this 
region of the Carpathian Foothills, it is worth recalling 
the results obtained by Jaworski and Zarzycki (1983), Do-
browolska (1999), Ambroży (2002), who stated that pine 
stand has a beneficial effect on the initiation and growth 
of fir regeneration. The above results refer to mountain 
areas, but in the future, they may contribute to an in-
crease in the percentage of this species also in lowland 
areas in favourable habitat and orographic conditions.

CONCLUSIONS

1. Fir growing in the Rudnik Forest District is more 
sensitive to low temperatures in the end of winter 
and early spring than to the shortage of precipita-

tion in the growing season. The main factors that 
limit its growth are cold winters, cool and low-rain-
fall summers, and rainy springs.

2. The average temperature of March has the most 
significant influence on the formation of fir incre-
ments.

3. High values of rmean (0.58), EPS (0.95), SNR (18.2) 
obtained in this study confirm the very good qual-
ity of collected research material and the presence 
of a strong climatic signal in the rings of popula-
tion’s trees.

4. Fir in the Rudnik Forest District meets favourable 
growth conditions in this area, even though the ma-
jority of the area is dominated by the habitat-type 
forest, that is, fresh coniferous forest.

5. Future tending and protective measures should 
be directed towards supporting the already exist-
ing fir regenerations. In Rudnik Forest District, 
fir is a very desirable species, which in the fu-
ture could contribute to increase the biodiversity 
of forest ecosystems of this area and Poland’s low-
lands.
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