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In recent years, there has been an intense desiccation of spruce forests in the Ukrainian Carpathians, where European spruce is the 
main forest-forming species. Over the recent years, desiccation has spread to the spruce forest stands which grow in the Carpathians at 
the height of over 1,000 m above the sea level. This process causes large economic losses, significant deterioration of the condition and 
productivity of the forests in the Carpathians, decrease in the level of provision of ecosystemic services by forests, functions they per-
form, therefore leading to dangerous exogenic processes (floods, freshets, erosion, mudflows, landslides). To determine the interaction 
between the radial increment and sanitary condition of the spruce stands and substantiate the measures of the use of drying spruce forests, in 
the Vysokohirsky forestry reserve district of the Ukrainian Carpathians in anti-erosion forests, in hotbeds of desiccation of spruce in 
2018, dendrochronological surveys were undertaken in two monitoring plots in forests in weak and severely weakened condition. 
We collected cores from the model trees, measured width of the annual rings, and developed individual dendrochronologies according to the 
absolute values of the radial increments and generalized dendrochronologies according to the absolute values of the radial increments 
and increment indices of the duration of 97 (1921–2017) and 81 years (1937–2017). We conducted single-factor dispersion analysis, 
calculated the indices of abnormality of the radial increments and correlation coefficient. The results revealed that the lowest increments 
occurred in the years 1965–1990 in the weakened stand and in 1997–2017 in the severely weakened stand. The relative indices of the 
forests ranged 83.8–114.6%. The cycles of increment lasted 7–9 years. Over the last few decades, favourable conditions for the growth 
of the trees took place in 1991–2010, unfavourable in 2011–2017, very unfavourable in 1981–1990. Synchronicity of annual radial 
increments in the spruces of two monitoring plots equaled 49 years. Correlation coefficient indicates that the type of the conditions of 
growth location has a significant effect on its variability in the process of trees’ life cycle. Average radial increment of the weakened 
stand of trees over the last 10 years decreased by 7.9%, while it declined by 54.9% in the severely weakened stand compared with the 
average increments of the tree stands for the surveyed periods, suggesting that the forests undergo different stages of succession: the 
weakened stand undergoes the stage of recovery after disturbance, severely weakened forest – stage of disturbance. The studies revealed 
the dependence of radial increment of spruce on the sanitary condition of the forests. The results of the studies may be used for the as-
sessment of dynamic processes in forest ecosystems as a result of the impact of various factors and planning of the forestry measures.  

Keywords: individual growth ring chronologies; generalized growth ring chronologies; index of radial increment; increment of ab-
normality of radial increment; cycles of radial increment.  

Introduction  
 

As of 2018, the area of desiccation of spruce forests in the region of 
the Ukrainian Carpathians equaled over 36 thousand ha, and the mass of 
drying trees was 11 M m3 (Makarenko, 2018). This process has spread to 
all age groups of the forests. Over  recent years, the processes of dessica-
tion have spread to spruce forest stands in the Carpathians at the height of 
over 1,000 m above the sea level. This process causes significant econo-
mic losses, deterioration of the condition and productivity of the Carpa-
thian forests, reduction of the level of ecosystem services by forests, dete-
rioration in performance of their function, thus leading to dangerous ex-
ogenous processes (floods, freshets, erosions, mudflows, landslides) (Ho-
lubchak et al., 2019; Prykhodko et al., 2019).  

Characteristic external signs of the decrease in the vitality of tree 
stands and statistically reliable changes of taxonomic indicators appear 
only due to the harmful effect of natural and anthropogenic factors when, 
most often, the changes in the ecosystems are irreversible. Obviously,  
more detailed survey methods are needed for the evaluation of the effects. 
The problem of dehydration and desiccation of forests is impossible to 
solve based only on studies of separate processes. The studies should be 
oriented to temporal dynamics of variability of the production process 
reflected in the growth gain of the trunk mass under the effect of natural 

and anthropogenic factors. As an indicator which allows assessment of the 
changes in the forest ecosystems, growth rings are used (Shvedov, 1982; 
Lovelius & Grican, 1998; Shijatov et al., 2000; Matjushevskaja, 2017). Ra-
dial increment is an objective indicator of the condition of the ecosystem and 
is not dependent on subjective interpretation of their transformations.  

The annual increment of trees is affected by a number of both internal 
and external factors which take effect in a complex manner. Among the 
internal factors, the greatest effects are related to the species of the tree 
(Magnuszewski et al., 2015; Sitková et al., 2018, Burri et al., 2019), inheri-
ted individual variability, age and fruiting (Ding et al., 2017; Latreille et al., 
2017; Buras et al., 2018). The most influential external factors are latitu-
dinal, longitudinal and height gradients of the conditions of growth loca-
tions of the trees (Magnuszewski et al., 2015; Matskovsky, 2016; Chen, 
2017; Gao et al., 2018), air temperature and precipitations (Natalini et al., 
2015; Rybníček et al., 2016; Rozas & Olano, 2017), wind (Dinulica et al., 
2016), mist (Myskow et al., 2019), soil conditions (Mendivelso et al., 
2016), phytocenosis relations (Latreille et al., 2017; Moreau et al., 2019), 
catastrophes of various origin: fires (Gao et al., 2017), windthrows and 
windsnaps (Holeska et al., 2016), diseases, attacks of harmful insects 
(Brygadyrenko, 2016; Faly et al., 2017; Van de Gevel et al., 2017; Wang, 
2018), summer and winter droughts, emissions of CO2 (Cavlovic et al., 
2015; Svobodova et al., 2019), heavy frosts during snowless periods (Su-
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vanto et al., 2017), and also agricultural activity by humans (Montoro Gi-
rona et al., 2016; Tyukavina et al., 2017; Wang et al., 2018). Forest felling, 
meso- and macro scale effects on the environment lead to negative tenden-
cies of radial increment and deforestation (Rodriguez-Caton, 2015). Radial 
increment of trees (width of annual ring) is controlled by the external factors 
and is modified by the external ones (Tishin & Chizhikova, 2018).  

Dendrochronological methods are used to study the history of forest 
phytocenoses (Moreau, 2019), for recreation of long-term dynamics and 
cyclicity of climate (Matskovsky, 2016), study of the condition and dy-
namics of forest ecosystems and reconstruction of the factors of the exter-
nal environment and long intervals of time with high temporal distribution 
ability (Holeksa, et al., 2016), determining the mechanisms of the forma-
tion of trees in ontogenesis. The data of annual rings of the trees allow 
identification of earlier unknown events, and are used to study the syn-
chronicity of the changes in the environment in space and time, geomor-
phological processes (Zhang et al., 2016; Lee et al., 2017; Tishin & Chiz-
hikova, 2018). Dendrochronological studies in Ukraine were initiated by 
Shvedov (1892) in the late ХІХ century. They began to be carried out on a 
broader scale in the second half of the XX century (Lovelius & Grican, 
1998; Koval’, 2006). Not many dendrochronological studies have been 
conducted in the Ukrainian Carpathians (Koval’, 2006).  

The objectives of the study were the dynamics of radial increment of 
European spruce in the hotbeds of desiccation of spruce, interrelation 
between radial increment and sanitary condition of the forests for further 
planning of forestry measures.  
 
Materials and methods  
 

Dendrochronological studies were performed in 2018 in the hotbeds 
of drying out of spruce in two constant monitoring plots established in the 
Rachiv district of Zakarpatia Oblast within the framework of budget scien-
tific research topic No 8 “To develop the prognosis of the sanitary condi-
tion and suggest complex of measures for using the drying spruce forests 
of the Carpathians, taking into consideration of ecological, economic and 
social approaches”. The monitoring plots (geographic coordinates – 
48°11’10.4” N, 24°29’04.2” E and 48°12’50.9” N, 24°29’27.2” E) are 
located in the Vysokohirsky forestry district and territory of the Laze-
schynskyi Forestry State Enterprise Yasinianske Forest Hunting Range 
(Table 1). Forest massifs of the enterprise are confined to the slopes of the 
Chornohora, Svydovetsky range, Pryvododilny Horhan. They are located 
also in the Yasinianska hollow in the upper reach of the Chorna Tysa 
River, surrounded by the mountains of average height. In the Vysokohirny 
forestry district, within the forestry, there are spruce-pine and pure pine 
forests. Rarely, the main species was European beech (Fagus sylvatica). 
According to the forest management of 2008, the forest sections of the 
Lazeschynskyi Forestry, where the surveys were performed, are classified 
as anti-erosion forests.  

The climate in the studied territory is moderate continental humid in 
the mountain forest belt and moderate-cold above the mountain-forest 
belt. Average annual air temperature equals +6.1 °С, maximum – 
+30.7 °С, minimum – -22.3 °С. Annually, 930 mm of precipitations falls. 
The vegetation period lasts for 190 days. Relative air moisture is 82–89%. 
Soils are unstable. Climatic factors that negatively affect the growth and 
the development of forests are late spring (1–10 June) and early autumn 
(21–30 October) ground frosts, often rains, sometimes cloudbursts, strong 
winds which transform into storms, over the winter period – heavy snow-
falls. Notable damage to forestry is caused by windthrows, snowbreaks 

and windsnaps. The natural damage combined with imperfect methods of 
the artificial forest renewal in XIX century and mid XX century in particu-
lar, “spruce mania” and creation of forests by planting seeds of spruce and 
firs from the Alps and the Sudetes, have led to significant deterioration of 
the condition and productivity of the forests of the Ukrainian Carpathians.  

Visually the condition of the forest in the monitoring plot No 1 is cha-
racterized by insignificant signs of desiccation of spruce, in the second one – 
notable signs of drying (Fig. 1).  

The method of free selection, we chose visually healthy trees of Eu-
ropean spruce (up to 9 model trees in each monitoring plot) taking into 
account the representativeness by trunk thickness gradation, in which, 
using an increment borer, tree cores were removed at the height of 1.3 m. 
The width of the annual rings was measured using DIGI-MET 
micrometer with the accuracy of 0.01 mm. According to the results of the 
measurements, we determined the annual radial increments for each mod-
el tree, developed individual and generalized tree ring chronologies.  

To exclude the effect of the age factor on the dynamics of the radial 
increment, we standardized the data (calculated relative increment indic-
es). The standardization of the data was performed in two stages. At the 
first stage the “norm of increment” was calculated. To determine the norm 
of increment, we used the method of rolling average with an 11-year 
period of averaging. At the second stage we calculated relative indices of 
annual increments using the formula I = if / is × 100%, where I – relative 
index, %; if – actual width of annual ring (mm), is – rolled width of annual 
ring (the norm of increment for particular year, mm).  

To determine the influence of the environmental factors on radial 
growth, we calculated the indices of abnormal radial increments for 10-
year periods. The ratio of the sum of the deviations of relative indices of 
increments greater than 100% of the norm to the sum of deviations of 
relative indices of increments lower than 100% of the norm, expressed in 
percent gives a number of indices which characterize the abnormality of 
the environmental conditions over a studied period (Lovelius, 1979).  

To determine the synchronicity (parallelism) of changes in radial in-
crements of both tree stands of different forest types which grow in similar 
type of conditions of growth location, we distinguished mutual years 
when the increments were greater or smaller than 100% of the norm and 
calculated the correlation coefficient.  
 
Results  
 

Detailed examination of the sanitary condition revealed that wea-
kened trees of European spruce form the tree stand in the monitoring plot 
No 1, severely weakened – monitoring plot No 2. Of the different types of 
damage to the trees, the commonest were broken crown, mechanical 
damage, resin bleeding, damage caused by bark beetles.  

The graph of the curves of absolute annual radial increments of the 
model trees (Fig. 2) shows that the trees in the first monitoring plot at the 
beginning of growth had different increments ranging 1.22–4.40 mm. 
In the period 1965–1990, all the trees had the increment of less than 
2.00 mm. Similar reaction of trees of different ages to the external factors 
indicates that the conditions were unsatisfactory for growth. After 1990 
(likely as a result of thinning out of the tree stand to the stand density of 
0.4), most of the trees in this object have increased the increment. At the 
second monitoring plot, all the trees had the highest increments at the 
beginning of the growth, which, with certain fluctuations, have decreased 
with time. The lowest increments of the trees (except trees No 7 and 9) 
occurred in the recent 20 years.  

Table 1  
Characteristic of constant monitoring plots  

No of constant object of the  
survey, data of coring extraction 

Compartment/  
subcompartment 

Forest type,  
stand composition 

Height above  
the sea level 

Steepness of the  
slope, degrees 

Age,  
years 

Average  
diameter, cm 

Average  
height, m 

Bonitat  
(site quality)* 

Stand  
density 

1, 
19.06.2018 26/62 humid spruce forest 

type, 10 spruce 1350 20 162 42 27 ІІ 0.4 

2, 
20.06.2018 25/20 

humid beech-fir  
mixed spruce forest,  

8 spruce 2 fir 
1175 25 118 36 30 І 0.6 

Note: * – here bonitat refers to the parameter of forest productivity which depends on the soil and climatic characteristics of growing location; it is calculated as average height of 
trees of dominating tree species in the forest taking into consideration of its age; the I and II classes of bonitat indicate high productivity, III–IV – average productivity, V – low 
productivity, Va and Vb – nonproductive.  
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a  b  

Fig. 1. Condition of the tree stands in the monitoring plots: a – weakened tree stand (monitoring plot No 1), b – severely weakened tree stand (monitoring plot No 2)  

Annual radial increments of the model trees in the first monitoring 
plot ranged 0.19–4.46 mm (Table 2). The greatest increments in the trees 
occurred in 1925–1963 (5 trees) and 2002–2013 (4 trees). The lowest 
increments in the trees took place in 1982–1983 (5 trees) and 2006–2016 
(3 trees). Average increments ranged 0.88–1.96 mm. Variation coeffici-
ents indicate that the most stable increment occurred in the trees aged over 
80 years (variation coefficients – 30.8–45.9%), highest fluctuations in the 
increment were seen in the trees of the age 60–80 years (variation coeffi-
cients – 42.1–58.9%). The range of fluctuations of annual increments in 
the trees in the second monitoring plot was somewhat higher compared 
with the first one, measuring 0.15–5.49 mm. The greatest increments for 
all the trees occurred in 1939–1977. In the majority of the trees (6 of 
9 trees), the smallest increments were observed for 2012–2016, in 2 other 
trees – 1988–1989. Average increment ranged 1.06–1.78 mm. Variation 
coefficients of the mean radial increments of the trees (38.9–82.7%) in 
this, severely weakened, tree stand were higher than in the trees of the 
weakened stand of trees (30.8–58.9%). In general, fluctuations of the 
increment in the trees of both tree stands were significant. The smallest 
increments occurred in 1982–1991 (44.4% of the trees) and 2012–2016 
(38.9% of the trees). All the model trees have a right-side asymmetric 
pattern of annual radial increments (Table 2). Insignificant asymmetry of 
the distribution of the increments approximated to the normal (the asym-
metry coefficient of 0.07) was seen only in one tree. Moderate asymmetry 
was observed in three trees (asymmetry coefficients equaled 0.31, 0.32, 
0.44). The rest of the trees had significant asymmetry of the distribution of 
the increments. Two thirds of the model trees had positive excess (sharp-
apical form) of the distribution of the annual radial increments, one third – 
negative excess (flat-apical form).  

To characterize the course of the growth of the tree stands, the data of 
measurements of the tree ring series in the model trees which represent 
these tree stands were averaged according to the calendar years, obtaining 
two generalized tree-ring chronologies of 97 years duration (1921–2017, 
monitoring plot No 1) and 81 years (1937–2017, monitoring plot No 2, 
Fig. 3). Annual increment of the weakened tree stand (monitoring plot 
No 1) was the greatest in the first age class (2.00–3.39 mm), with time 
decreased to 0.86 mm (1982). In the following years it increased to 
1.9 mm (2014), since 2015 it decreased, equaling 1.19 mm in 2017.  
Average increment of the tree stand for the surveyed period was 
1.78 mm/year. Annual increment in the severely weakened tree stand 
(monitoring plot No 2) was also the greatest in the first age class. In the 
same class, it had notable decrease (from 4.36 mm in 1939 it reduced to 
1.89 mm in 1957). From 1958 to 1978, the increment with insignificant 
fluctuations was stable (within 2.00 mm). During the period from 1979 to 
2003, the increment was decreasing and remained stably low over the last 
20 years. Average increment of the tree stand for the surveyed period was 
1.84 mm/year. Over the last 10 years, the average increment in the tree 
stands in this plot decreased by 54.9% compared with the average incre-
ment of the tree stand throughout the surveyed period (81 years), whereas 
the average increment in the weakened tree stand in the first monitoring 
plot decreased only by 7.9% over the last 10 years compared with the 
average increment of the tree stand throughout the study period (97 years, 
Table 3). To exclude the differences in the tempi of growth of trees (exclu-

sion of age factor) and adjustment of the measurements of the radial in-
crement of tree ring chronologies to the comparative values, we perfor-
med standardization of the data. The curves of the increments and the 
increment norms (Fig. 4) indicate that the most extreme period for the 
weakened tree stand in the monitoring plot No 1 was 1921 to 1954, when 
the increments, as well as the norms of increments (2.81–2.06 mm) were 
the greatest. The most extreme period for the severely weakened tree stand 
(monitoring plot No 2) was 1939–1978, when it had the greatest annual 
increments and increment norms (3.43–1.97 mm).  

The indices of annual increments reflect the fluctuations of incre-
ments around the line of the average 100% increment. The determined 
data of the extremes of the increment help in evaluating its relationship 
with the environmental factors. The indices of the increment of tree stands 
in the monitoring plots show the period of the expressions and depressions 
that occurred in the years with clear minimums and peaks (Fig. 5). Accor-
ding to the duration of the cycles and scales of the deviations from the 
norm, two types of fluctuations were distinguished: 5–6-year strong and 
1–3-year small types. The fluctuations of the most indices of increment of 
trees in both stands do not exceed 15% of the annual norm of increments, 
the fluctuations of the most indices were within 5–10% compared with the 
norm. The duration of the cycles of the increment in the tree stands was 6–
13 years in the first monitoring plot, and 9 years average cycle. The dura-
tion of the cycles in the second monitoring plot was 3–11 years, average 
cycle accounted for 7 years.  

To determine the influence of the environmental factors on the radial 
increment, we calculated the indices of abnormality of the radial incre-
ments for ten-year periods (Table 4). The abnormality indices characterize 
the abnormality of the conditions for the surveyed period. The values of 
the conditional increment indices higher than 100% characterize positive 
effect of the environmental factors on the radial growth, lower than 100% – 
negative effect. The fluctuations of the increment indices in relation to 
100% norm in both monitoring plots for ten-year periods were similar, 
being within 83.8–114.6%. Over the recent several decades, favourable 
conditions for the growth of the trees in both monitoring plots occurred in 
1991–2010, unfavourable in 2011–2017. The most unfavourable period 
for the tree growth was 1981–1990 (abnormality indices were 28.3% in 
the monitoring plot No 1 and 50.0% in the monitoring plot No 2).  

To determine the synchronicity (parallelism) of the changes in the 
radial increments of the trees of the both stands of different types of forest 
(humid spruce forest type in the monitoring plot No 1 and humid beech-fir 
mixed spruce forest – monitoring plot No 2), which grow in similar condi-
tions of growth locations (humid relatively fertile site type), we determi-
ned common years when the increments were greater and smaller than 
100% of the norm (Table 5). For the surveyed period (81 years), the annu-
al increments in spruce in the two monitoring plots were synchronous for 
49 years (or 60.5% of the surveyed period). Out of them, during 21 years, 
the indices of increment were greater than 100% of the norm. Over the last 
8 years, only the increments smaller than 100% of the norm coincided. 
The calculated coefficient of the correlation (r = 0.56) indicates that the 
similar type of the growth conditions (humid relatively fertile site type) has 
a significant effect on the formation and variability of increments in the 
process of the trees’ life cycle.  
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a  

b  

Fig. 2. Dynamics of absolute annual radial increments in the model trees of European spruce in the monitoring plots:  
a – dynamics of absolute annual radial increments of model trees of European spruce in the monitoring plot No 1 (weakened tree stand),  

b – dynamics of absolute annual increments of the model trees of European spruce in the monitoring plot No 2 (severely weakened tree stand)  

Table 2  
Characteristics and indicators of radial growth in the model trees of European spruce in the monitoring plots  

No of trees Age,  
years 

Diameter,  
cm 

Indicators of radial growth, mm Average radial 
increment of the 

tree,mm 

Standard  
deviation, mm 

Variation  
coefficient of radial  

increment, % 

Asymmetry  
coefficient 

Excess  
coefficient maximum minimum 

mm year mm year 
Monitoring plot No. 1 (weakened tree stand) 

1 55 28.5 4.21 2006 0.73 1983 1.80 0.636 44.3 0.98   0.51 
2 57 19.4 2.33 1963 0.45 2006 1.04 0.436 42.1 1.20   0.67 
3 60 20.3 3.61 2002 0.52 1982 1.63 0.686 42.1 0.90   0.50 
4 74 28.3 4.46 1950 0.63 1983 1.76 1.036 58.9 1.28   0.43 
5 76 18.0 1.98 1960 0.19 2008 0.88 0.446 50.4 0.52 –0.59 
6 79 29.4 3.75 2013 0.53 1983 1.69 0.888 52.6 0.61 –0.79 
7 93 40.5 4.40 1925 0.70 2016 1.96 0.901 45.9 1.08   0.26 
8 97 43.5 3.54 1942 0.55 1983 1.73 0.644 37.2 0.44 –0.48 
9 87 72.0 2.57 2003 0.70 1991 1.48 0.455 30.8 0.32 –0.64 

Monitoring plot No. 2 (severely weakened tree stand) 
1 42 15.7 4.47 1977 0.33 2013 1.06 0.880 82.7 2.59   0.57 
2 43 16.1 4.26 1975 0.15 2016 1.27 0.786 62.1 2.05   0.38 
3 50 19.9 5.20 1969 0.64 2003 1.71 1.193 69.8 1.28   2.21 
4 56 22.2 3.01 1968 0.66 2012 1.59 0.618 38.9 0.31   1.85 
5 59 24.4 4.01 1960 0.26 2016 1.78 1.001 56.1 0.07 –1.09 
6 72 26.9 4.44 1946 0.30 1988 1.37 0.890 64.7 1.38 –0.80 
7 79 33.4 5.01 1939 0.48 2016 1.77 0.808 45.7 0.88   0.78 
8 79 35.2 5.49 1945 0.46 2015 1.78 1.261 71.4 1.28   5.20 
9 81 42.3 3.43 1942 0.57 1989 1.61 0.668 41.5 1.03   6.39 

Table 3  
Indicators of average radial growth increments in the tree stands of European spruce in the monitoring plots and their variability 

Indicators of increment in the stand of trees Monitoring plot No. 1 (weakened tree stand) Monitoring plot No. 2 (severely weakened tree stand 
Average increment in the tree stand for the surveyed period, mm/year 
Standard deviation, mm 
Variation coefficient, % 

  1.78   1.84 
    0.622     0.864 
35.00 46.90 

Average increment in the tree stand for the last 20 years (1998–2017), mm/year 
Standard deviation, mm 
Variation coefficient, % 

  1.67   0.88 
    0.174     0.113 
10.40 12.90 

Average increment in the tree stand for the last 10 years (2008–2017), mm/year 
Standard deviation, mm 
Variation coefficient, % 

  1.64   0.83 
    0.215     0.094 
13.15 11.35 
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Fig. 3. Generalized tree-ring chronologies of European spruce in the monitoring plots  

a  

b  

Fig. 4. Dynamics of annual increments and annual norms of increments in the tree stands of European spruce in the monitoring plots:  
a – dynamics of annual radial increment and annual norm of increment in the tree stand of European spruce in the monitoring plot No 1  

(weakened tree stand), b – dynamics of annual radial growth and annual norm of the increment in the tree stand of European spruce  
in the monitoring plot No 2 (severely weakened tree stand)  

 
Fig. 5. Indices of annual increments in the tree stands in the monitoring plots  

Discussion  
 

The conducted studies were focused on the radial increment in the 
trees of European spruce and its dynamics in tree stands in different sanita-
ry condition, identification of abnormal growth periods of the trees, and 
cyclicity of the increments for further substantiation of the forestry measu-
res. Radial increment of European spruce in the Carpathians is affected by 
a significant number of natural and anthropogenic factors which have a 
complex synergic effect and underlie the condition of spruce forests. Re-

gional synchronization of radial increment of the old-growth forest of 
Picea abies along the Carpathian arc showed temporal fluctuations of the 
increment throughout the XX century. The increment in the trees for the 
most part increased with rises in the temperature, being a sign of the transi-
tion of areas of the mountain ranges from limitation of the temperature to 
limitation of moisture (Schurman et al., 2019). Our studies revealed that 
annual increments of the model trees in the monitored plots significantly 
vary, ranging 0.15–5.49 mm (Fig. 2, Table 2). At the border between 
Poland and Slovakia, in the Western Carpathians, the divergence of the 
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growth of neighbouring trees of European spruce was studied, i.e. expres-
sion of the growth tendencies of the neighbouring trees. Non-homogeneity 
of soil, genetics and air pollution are viewed as the main possible mecha-
nisms of divergence of the growth of spruce (Buras et al., 2018). Studies on 
the radial increment of the old-growth forest of the European spruce in the 
Carpathian arc demonstrated that the residual dispersion of an unknown 
nature is the most notable dispersion in some Carpathian spruces, but with 
broader spatial hierarchies the climatic dispersion dominates (Bjorklund 
et al., 2019).  

Trees of one type of forest have similar patterns of formation of radial 
increments. The studies revealed the dependence of increment on the age 
of trees and their location within the tree stands. Therefore, in the first mo-

nitoring plot, the trees older than 60 years had the greatest increments in 
the first decades of growth (1921–1954), younger trees – in the last twenty 
years (1997–2017), probably after the thinning-out of the tree stand. In the 
second monitoring plot, all the model trees had their greatest increments in 
the first 20-year period of growth. However, during that period, the trees 
older than 60 years had the greatest increments; increments in the trees of 
the age of 40–60 years were smaller than in the 60-years old trees; the 
lowest increments in that period were seen in 40-year old trees, suggesting 
that with time the older trees dominated, therefore worsening the conditi-
ons of growth of younger trees. In general, in both monitoring plots, the 
smallest increments were seen for 1982–1991 (in 44.4% of the trees) and 
in 2012–2016 (in 38.9% of the trees).  

Table 4  
Indices of radial increments in European spruce over the ten-year periods  

Years 
Indices lower than the norm (100%) Indices higher than the norm (100%) Index of abnormality  

of redial increment, % number  
of years 

total of increment  
of indices, % 

average increment  
index, % 

number  
of years 

total of increment  
of indices, % 

average increment  
index, % 

Monitoring plot No 1 (weakened tree stand) 
1921–1930 4 335.0 83.8 6 687.9 114.6 205.3 
1931–1940 4 352.4 88.1 6 641.3 106.9 182.0 
1941–1950 6 554.5 92.4 4 417.0 104.2   75.2 
1951–1960 5 480.5 96.1 5 529.3 105.9 110.1 
1961–1970 4 374.2 93.6 6 629.3 104.9 168.2 
1971–1980 5 477.8 95.6 5 524.4 104.9 109.7 
1981–1990 8 744.6 93.1 2 210.3 105.2   28.3 
1991–2000 5 445.8 89.2 5 548.0 109.6 122.9 
2001–2010 4 398.1 99.5 6 629.9 105.0 158.2 
2011–2017 4 350.1 87.5 3 327.4 109.1   93.5 

Monitoring plot No 2 (severely weakened tree stand) 
1941–1950 3 282.0 94.0 7 758.6 108.4 269.0 
1951–1960 5 452.4 90.5 5 532.7 106.5 117.8 
1961–1970 6 563.4 93.9 4 447.0 111.8   79.4 
1971–1980 4 372.8 93.2 6 647.0 107.8 173.6 
1981–1990 7 640.0 91.4 3 320.1 106.7   50.0 
1991–2000 3 295.2 98.4 7 723.0 103.3 244.9 
2001–2010 4 357.0 89.3 6 626.8 104.5 175.6 
2011–2017 5 460.8 92.2 2 229.2 114.6   49.8 

Table 5  
Synchronous years of radial increments in European spruce in the monitoring plots  

Years of maxima  
of increment indices  

Increment indices higher than 100% norm, % Years of minimum  
increment indices 

Increment indices lower than 100% norm, % 
monitoring plot No 1  
(weakened tree stand) 

monitoring plot No 2  
(severely weakened tree stand) 

monitoring plot No 1  
(weakened tree stand) 

monitoring plot No 2  
(severely weakened tree stand) 

1939 115.98 128.56 1944 87.09 90.38 
1940 109.26 107.89 1945 98.53 97.91 
1947 100.34 106.01 1957 97.33 86.76 
1949 103.38 100.50 1959 99.53 89.58 
1951 105.25 102.09 1959 99.53 89.58 
1956 102.58 109.96 1962 95.57 95.79 
1963 104.11 109.27 1964 95.88 94.21 
1965 104.08 114.24 1966 84.83 92.83 
1968 107.09 110.81 1967 97.92 97.11 
1969 108.15 112.70 1957 97.33 86.76 
1976 107.78 108.84 1959 99.53 89.58 
1978 106.74 106.48 1962 95.57 95.79 
1979 101.51 100.36 1964 95.88 94.21 
1990 100.45 115.01 1966 84.83 92.83 
1991 110.78 103.94 1967 97.92 97.11 
1992 114.95 103.30 1972 95.28 94.68 
1998 116.72 101.47 1973 94.22 89.33 
2002 111.92 102.17 1981 95.78 95.40 
2007 101.62 101.12 1984 99.72 90.91 
2008 109.48 116.31 1986 97.64 90.69 
2010 101.72 100.71 1987 91.41 85.61 

– – – 1988 87.24 87.07 
– – – 1989 96.21 97.76 
– – – 1994 84.23 98.39 
– – – 2003 99.58 84.00 
– – – 2004 99.68 91.76 
– – – 2012 90.35 90.30 
– – – 2016 89.42 85.13 

Average 106.85 107.70 Average 94.57 91.84 
 

Over the last few years, the increment in spruce in the monitoring 
plots has decreased, which could be the consequence of drought, air pollu-
tion or other factors. In 2015, as a result of the extremely hot summer in 

the Central Europe, the radial growth of European spruce in the Central 
Alps in Switzerland decreased in the plots located lower than 1,500 m 
above the sea level (Burri et al., 2019). In the Eastern Carpathians, the 
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growth-limiting factor for the tree stands of spruce at all the stages of 
succession was winter drought. Frequency and scales of the natural distur-
bances, as well as droughts, are expected to increase with climate changes 
(Svobodova et al., 2019). In the mountains of the Eastern Tatras (Western 
Carpathians, Slovakia) during the vegetation period of 2014, at the heights 
of 810 m to 1,778 m above the sea level, a high phytotoxic potential of О3 
was determined, which increased with height above the sea level and had 
negative effect on the increment of European spruce (Bicarova et al., 2016).  

The studied tree stands have similar patterns of the formation and var-
iation in the radial increments. Therefore, annual increments in the tree 
stands in the both plots were almost the same, equaling 1.78 mm/year 
(weakened tree stand) and 1.84 mm/year (severely weakened tree stand). 
The slightly smaller increment in the first monitoring plot is explained by 
the long depressive period the tree stand underwent from 1965 to 1990, 
when all the trees had the increment lower than 2.00 mm. The similar 
reaction of the trees of different age to external factors indicates that the 
conditions were unfavourable for growth. After 1990 (probably as a result 
of thinning-out of the tree stand to 0.4 stand density), increment in most 
trees in that plot increased. Increased increment of European spruce after 
1990 was determined in the Western Carpathians. This increment is ex-
plained by the frequency of disturbances in highland forests sensitive to 
the environmental changes (Parobekova et al., 2016).  

The severely weakened tree stand in the second monitoring plot was 
younger (118 years) than the first one (162 years) and had denser stand den-
sity (0.6). Average increment in the tree stand in the second plot over the last 
10 years fell by 54.9% (Table 3) compared with the average increment in the 
tree stand throughout the surveyed period (81 years), whereas the average 
increment in the weakened tree stand in the first monitored plot decreased by 
7.9% over the last 10 years compared with the average increment in the tree 
stand throughout the surveyed period (97 years), suggesting that the tree 
stands in the monitored plots undergo different stages of the succession: the 
first one – stage of recovery after disturbance, the second one – stage of 
disturbance. Variation coefficients of average radial increments in the model 
trees of spruce in mixed tree stand in the second monitoring plot were higher 
(38.9–82.7%) than in the first one (30.8–58.9%), which also indicates a 
vulnerable tree stand. Natural subalpine forests are sensitive to the climate 
changes. In the Eastern Carpathians, according to the results of inventory 
checking of the forests, there were determined patterns of the radial incre-
ments in the trees in the mixed coniferous forest (Picea abies and Pinus 
cembra). Discrete disturbances (large-scale or small-scale), as well as chro-
nic disturbances (climate change), were determined as the leading forces of 
the development of the structure of tree stands (Popa et al., 2017).  

Fluctuations in the mean indices of increment in relation to 100% 
norm in the both monitoring plots over the ten year periods were similar, 
within 83.8–114.6% (Table 4). The studies revealed that over the last 
several decades favourable conditions for growth of spruce in the monito-
ring plots occurred in 1991–2010, unfavourable – 2011–2017. The most 
unfavourable period for the growth of the trees was 1981–1990 (indices of 
abnormality equaled 28.3% – monitoring plot No 1 and 50.0% – monito-
ring plot No 2). Abnormally low increment in spruce in the monitoring 
plots in 1981–1990 could be related to the sedimentation of the polluting 
substances, which were critical in the Carpathians in those years. In the 
Sudetes, Western and Eastern Carpathians, the role of mist in the sedimen-
tation of hazardous substances and their effect on the increment in European 
spruce was studied. The width of the annual rings was analyzed over three 
decades: to intense pollution of the environment with hazardous substances 
(1950–1960), during intense pollution (1980–1990) and after pollution 
(2000–2010). The studies revealed that the narrowest annual rings of spruce 
formed in 1980s in the regions where the mist was the main source of the 
sedimentation of the polluting substances (Myskow et al., 2019).  

Out of a number of factors which affect the width of annual rings, the 
main are change in the age (intense growth of young conifers, average-age 
trees, slowing in the growth of the mature trees, death of old trees) and 
change in the climatic factors which lead to an uneven course of the for-
mation of the width of annual rings, with quasi-fluctuating (cycling) pat-
tern instead. Annual increment in the trees is a discrete cyclic process. 
For the increment of the trees, the most characteristic cycles equal 80–
90 years (age), 30–35 years (Brückner’s cycle), 22 years (Hale cycle or the 
magnetic cycle of solar activity), 11 years (Schwabe-Wolf solar cycle), 

and also the shorter cycles: 5–6-years, 3–4-years, 2–3-years. A major part 
of the cyclic changes in the growth of trees is associated with the solar acti-
vity (sum of physical phenomena occurring in the Sun) which manifest in 
the Earth through the changes in the atmosphere circulation, which in turn, 
changes the thermal regime and the conditions of moisture. Cycles of in-
crement in the tree stands in the monitoring plots were determined accor-
ding to the graphs of the indices of annual radial increments (Fig. 5). Dura-
tion of the cycles of increment in the weakened tree stand ranged 6 to 13 
years, duration of average cycle was 9 years, duration of the increment 
cycles in severely weakened tree stand was lower, varying 3–11 years, the 
duration of the average cycle accounted for 7 years. The radial increment 
of spruce in the Carpathians and its cycles is greatly affected by wind-
driven disturbances in the tree stands. In the Tatras (Western Carpathians), 
over the last 200 years, there were determined 13 episodes of disturbances. 
The study of the history of the disturbances in the spruce forests allows 
differentiation of the mechanical factors from the biotic factors which 
affect the radial growth (Holeksa et al., 2016).  

Over the surveyed period (81 years), the annual increment of the 
spruce in the two monitoring plots was synchronous for 49 years (or 
60.5% of the studied period). Out of them, for 21 years the increment 
indices were higher than the 100% norm, 28 years – lower than the 100% 
norm. The fact that over the last 8 years, only the increments less than 
100% of the norm of the increment coincided indicates that the conditions 
in that period were unfavourable for the growth of the trees. The calcula-
ted correlation coefficient (r = 0.56) indicates that the similar type of the 
conditions of growth location (humid relatively fertile site type) has a 
significant effect on the formation and variability of the increments in the 
process of the trees’ life cycle.  

To summarize, we should note that dendrochronological studies re-
quire complex information about the natural and anthropogenic factors 
which could have an effect on the radial growth of trees and its variability.  
 
Conclusions  
 

The research revealed that over the last several decades the favourable 
conditions for the growth of European spruce occurred in 1991–2010, 
unfavourable – in 2011–2017, very unfavourable – 1981–1990. Average 
radial increment of spruce in the weakened tree stand over the last 
10 years decreased by 7.9%, in severely weakened tree stand – by 54.9% 
compared with the average increments in the tree stands over the surveyed 
periods, suggesting that the tree stands undergo different stages of succes-
sion: the weakened tree stand undergoes the stage of recovery after distur-
bance, the severely weakened tree stand – stage of disturbance. The stu-
dies showed the dependence of the radial increment on the sanitary condi-
tion of the tree stands. The results of the studies could be used for the 
evaluation of dynamic processes in the forest ecosystems as a result of the 
influence of different factors and planning of the forestry measures.  
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