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ABSTRACT

The state and comparison of stands of the spruce mountain Carpathian forests district, which involves a significant 
portion of the forest fund of the State Enterprise ‘Rakhiv Experimental Forestry’, are analysed based on materials 
of forest management. The analysis examines changes in the area covered by forest vegetation, the formation pecu-
liarities of the main inventory indicators of forest stands and their evolution over an almost 70-year period of forest 
management activities in the region. The aim of this study is to analyse the forest management materials of the spruce 
mountain Carpathian forests, focusing on the forest vegetation area and the main management indices of tree stands 
over a 70-year period. It highlights the intensive economic impact on stands, evidenced by a decrease in average 
relative completeness. Sustainable forest management necessitates a comprehensive understanding of the ecosys-
tem, encompassing biological, ecological and socioeconomic aspects. Long-term regional studies and modern forest 
management approaches are crucial for informed decision-making. In addition, involving local communities, stake-
holders and experts in decision-making ensures socially acceptable, economically viable and environmentally sound 
management practices. It is suggested that mitigating the negative impacts of climate change on natural ecosystems 
involves forming native stands of rational structure and composition in the mountainous Carpathians, recognising 
the potential benefits of integrating conifers into beech stands and vice versa.
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Introduction

The analysed part of the spruce (Picea abies L.) mountain 
Carpathian forests district occupies the highest forest 
belt in the Ukrainian Carpathians, covering the upper-
most slopes of the Gorgany, Chornohora, Chivchynsky, 

Marmarosky and Hrynyavsky mountains, according to 
the geobotanical zone scheme (Fig. 1) (Golubets 1978). 
A large area of the study area is occupied by the forest 
stands managed by the State Enterprise ‘Rakhiv Exper-
imental Forestry’.
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Forests, due to their ability to perform numerous 
diverse functions, have significant importance, both 
for the region where they are located and for adja-
cent territories (Myklush 2011). Mountain forests are 
especially important for carrying out protective and 
ecological functions, but due to their elevation, they 
are particularly sensitive to the consequences of cli-
mate change, which affects the competitive ability of 
tree species and the nature of their growth and stand 
structure (Beniston 2003; Debrynyuk 2010; Scherler 
et al. 2016). Mixed mountain forests are particularly 
vulnerable to climate change that occurs in areas with 
suboptimal conditions for their viability (Hilmers et 
al. 2019). Climate change affects the ecological condi-
tions of forest areas; in particular, increased tempera-
ture leads to drought and intensifies the development 
of insect pests and pathogenic microorganisms, which 
affects the stability of stands (Porta et al. 2008; Seidl 
et al. 2014) and their reforestation (Hartl-Meier et al. 
2014; Pretzsch et al. 2015).

Long-term studies on the structure, growth and 
productivity of pure and mixed mountain forests in the 
Ukrainian Carpathians (Khodot 1959; Shvidenko 1980; 
Molotkov 1972; Tsuryk 1981; Hrynyk and Hrynyk 2022) 
are primarily based on one-time measurement data. 
Therefore, to ensure sustainable forest management, 
it is necessary to make management decisions based 
on long-term regional studies and take into account 
modern approaches and extensive experience in forest 
management. Hence, for solving current problems of 
management in mountain forests and ensuring effec-
tive forest management, information on the growth and 
productivity of stands over a long period of their forma-
tion and use is crucial. One of the elements of infor-
mation support for making informed decisions should 
be an analysis of changes in the forest fund structure, 
its species composition and the productivity of forest 
stands, which can be identified by comparing forest in-
ventory materials that were carried out in different age 
periods and covered several decades. Materials with an 

Figure 1. The analysed part (pink colour) of the spruce mountain Carpathian forests district (Google Maps 2024, Golubets 
1978)
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age difference that covers the rotation of harvesting of 
the main tree species should be of particular value. It is 
also relevant to identify the reasons that cause changes 
in the main forestry and inventory indices that can oc-
cur under the influence of climate change and forestry 
measures taken. 

Material and methods

In the data provided by forest management materials, 
the main forestry indices were established following the 
requirements of forestry instructions and regulations on 
forest management (Myklush et al. 2022). To determine 
forest typological units, the classification by D.V. Voro-
biov (1953) was used, and data from lists of forest types 
specific to mountain forests were analysed (Pohrebniak 
1963; Molotkov 1972; Gerushinsky 1996). Stand site in-
dex classes were determined using the forest inventory 
site index scale developed by M.M. Orlov (Shvidenko 
et al. 1987).

The climate in the area where the forest enterprise 
is located is moderately continental, with humidity pre-
vailing in the mountainous forest zone, and it is moder-
ately warm and humid in the Tisa River valley. The area 
exhibits specific microclimate features that depend on 
the altitude above sea level, the exposure of the slopes 
and the relief.

According to the materials of the forest manage-
ment plan (The project… 1952), based on data from 
the weather station in the town of Rakhiv in 1951, the 
average annual air temperature was 6.8°C (maximum 
+35°C, minimum -32°C) and the average annual pre-
cipitation was 1167 mm. According to data from open 
sources, in the vicinity of Rakhiv, the average annual 
air temperature in 1952 was 7.2°C, and in 2021 it was 
8.2°C. The forest management plan materials indicate 
that in 2020, the average annual air temperature was 
+6.9°C (maximum +30.7°C, minimum -29.4°C) and the 
average annual precipitation was 1176  mm (Explana-
tory note… 2021).

Based on the forest inventory of 1951–1952 and the 
materials from the State Enterprise ‘Rakhiv Experi-
mental Forestry’ as of 1 January 2021, it is evident that 
the most common soils in the region are brown moun-
tain forest soils, characterised by varying thicknesses 
and significant amounts of gravel, sand and stones. 

Furthermore, the materials indicate that steep slopes 
predominate in the region, ranging from 21° to 30° on 
southern slopes and from 21° to 35° on northern slopes.

Research conducted over a 70-year period allowed 
for an analysis of changes in the distribution of forest-
covered areas by tree species. The study also examined 
the specific characteristics of the main inventory indica-
tors of silver fir (Abies alba) stands and their productiv-
ity. Detailed results of the research are presented in the 
materials of the forest inventory and the Explanatory 
Note of the State Enterprise ‘Rakhiv Experimental For-
estry’ in 2021 (Explanatory note… 2021).

Results

Based on the forest inventory data from 1951 to 1952, 
the area covered by forest vegetation in the ‘Rakhiv For-
estry Enterprise’ was 41,230 ha (Project… 1952), while 
according to the forest inventory data as of 1 January 
2021, the area covered by forest vegetation in the ‘Ra-
khiv Experimental Forestry’ was 35,358.2 ha (Explana-
tory Note… 2021). The total area of the enterprise and, 
consequently, the area covered by forest vegetation have 
decreased due to the restructuring of forest manage-
ment in the region and the formation of a nature con-
servation area.

According to the requirements of the relevant regu-
lations in force in 1951–1952 and to fulfil the functions 
of the forests, four economic sections were identified 
during forest management planning: the special forest-
ry unit, the production part along the railway tracks, the 
protective grazing forests and the green forestry unit. 
Grazing refers to forest stands or areas that are located 
at a distance of approximately 300 m from the meadow, 
which are high mountain meadows or pastures where 
livestock graze. Such forests usually have an uneven 
composition and low productivity compared to other 
types of forests. Since grazing forests are located on 
mountain slopes, they may be subject to soil erosion 
and avalanche hazards. These forests are of great im-
portance for preserving biodiversity and protecting wa-
ter resources.

At the same time, in the materials of forest manage-
ment planning as of 1 January 2021, within the catego-
ries of forests by their priority function, six economic 
sections were identified: forests for nature conservation, 
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scientific, historical and cultural purposes, recreation-
al forests with unique and limited use regimes in the 
mountains, protective forests with unique and limited 
use regimes in the mountains and production forests. In 
addition, virgin and quasi-virgin forests were identified 
in the forest fund of the forestry enterprise, covering an 
area of 696.0 ha.

According to the distribution of forest-covered ar-
eas (Tab. 1), European spruce stands predominate, oc-
cupying almost 75% of the area. As of 2021, the area of 
spruce stands has significantly decreased compared to 
the data of the forest management plan of 1951–1952, 
when their area exceeded 33,000  ha and the share of 
forest-covered areas exceeded 81%. 

The decrease of almost 6000 ha in the area of fir 
and spruce stands, which were primarily designated to 
the special production unit, was due to their transfer to 
the nature conservation object. Simultaneously, over the 
analysed period, the area of beech stands increased by 
almost 1.4 thousand hectares. The increase in the area 

of beech stands could have been even 
more significant. Seventy years ago, ac-
cording to the requirements of the cur-
rent instruction for forest management, 
areas of ash, maple and other deciduous 
tree species were not separately classi-
fied due to their small size and were in-
stead grouped under beech stands.

In the absence of growth and produc-
tivity standards for stands in the moun-
tainous conditions of the Carpathians, 
experimental yield tables for the main 
tree species were developed based on 
site index classes during their manage-
ment in the 1950s. From the fragment of 
standards for the I site index for spruce 
stands (Tab.  2), it can be observed that 
at 20 years of age, natural spruce stands 
on average reached a height of 6.5 m and 
had volumes of over 100 m3/ha, while at 
100 years and older, the average heights 
exceeded 38  m and volumes reached 
1000 m3/ha. It should also be noted that 
according to the research yield tables, 
the height of spruce stands increased al-
most four times compared to 20-year-old 
stands and the volume increased by more 

than five times. From 50 to 100 years of age, the average 
height and sum of cross-sectional areas increased by 1.5 
times, while the volume doubled.

Table 2. A fragment of the research yield table for spruce 
stands of the site index class I

Age Height, m The sum of cross-
sectional areas, m2/ha Volume, m3/ha

20 6.5 26.2 101
40 20.0 34.3 359
60 30.0 45.5 661
80 35.0 57.6 944

100 38.0 61.9 1062
120 39.5 65.8 1168
140 40.5 66.9 1211

According to the findings of the forest inventory 
conducted during 1951–1952, the average stand indices 
of the predominant tree species exhibited variations 

Table 1. Distribution of areas covered with forest vegetation by tree species

Tree species 
The area 

as of 
1952, ha

Area 
share, 

%

The area 
as of 

2021, ha

Area 
share, 

%
Common pine (Pinus sylvestris L.) – – 1.1 –
European spruce (Picea abies) 33,682.0 81.7 26,372.4 74.6
Silver fir (Abies alba) 395.0 1.0 61.9 0.2
European larch (Larix decidua) 3.0 20.2 0.1
European beech (Fagus sylvatica L.) 7146.0 17.3 8547.9 24.2
Carpathian walnut (Juglans regia L.) 3.0 – – –
Common oak (Quercus robur L.) 1.0 – 2.5 –
Northern red oak (Quercus rubra L.) – – 13.7 –
European hornbeam (Carpinus betulus) – – 247.4 0.7
European ash (Fraxinus excelsior L.) – – 5.4 –
Sycamore (Acer pseudoplatanus L.) – – 23.3 0.1
Scots elm (Ulmus glabra) – – 0.7 –
Eurasian aspen (Populus tremula) – – 4.2 –
Grey alder (Alnus incana) – – 45.2 0.1
Small-leaved lime (Tilia cordata) – – 7.3 –
Crack willow (Salix fragilis) – – 0.8 –
Swiss pine (Pinus cembra) – – 0.5 –
Douglas fir (Pseudotsuga menziesii) – – 3.7 –
In total 41,230.0 100.0 35,358.2 100.0
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across distinct management units (refer to Tab. 3), indi-
cating discrepancies in age and productivity. The most 
substantial growing stock volumes were observed in 
a  3-ha stand comprising artificially established Euro-
pean fir trees, situated at an elevation of 1000 m near 
Rakhiv. At 130 years of age, the stand demonstrated an 
average height of 38 m, an average diameter of 56 cm 
and a growing stock volume of 640 m3/ha. Considering 
that within the specialised forestry unit, with an average 
age of 103 years, fir stands typically have an average 
growing stock of 610 m3/ha, it becomes apparent that in 
certain areas, the growing stock of fir stands surpassed 
700 m3/ha.

Drawing upon the compiled research tables and the 
growth dynamics tables of closed Carpathian fir stands 

(Khodot 1959), alongside those depicting the growth 
dynamics of fully coeval fir stands in the Ukrainian 
Carpathians (Tsuryk 1981), it is evident that the grow-
ing stock volumes of mature fir stands aged 120–140 
years attain 1200 m3/ha. The growing stock volumes of 
spruce stands at this age were commensurate. In com-
parison to coniferous stands, beech forests retained 
more than two times less growing stock.

The average growing stock volume of stands in the 
economic sections mostly correlates with their age. The 
oldest stands were found in the protective grazing for-
ests, where the main tree species have an average age 
of over 110 years, and the average volumes of fir and 
spruce reached almost 500 m3/ha. Beech stands have the 
highest average volume of 264 m3/ha in this economic 
section, characterised by the highest average age and the 
lowest relative completeness compared to others.

Both in individual forest sections and on average 
across the forestry enterprise, beech stands were char-
acterised by the lowest average volumes, which ranged 
from 134 m3/ha in a young forest section with an aver-
age age of 50 years to 264 m3/ha in protective grazing 
forests with an average age of 138 years.

The forest inventory data from 1951 to 1952 re-
veals that the stands of the primary tree species were 
shaped under substantial management influence. No-
tably, spruce stands exhibited the highest average rela-
tive completeness, reaching 0.75, with only those along 
railway tracks, averaging 27 years in age, surpassing 
this with a  relative completeness exceeding 0.8. Re-
markably, spruce stands within designated manage-
ment units, covering 2281 hectares, exhibited markedly 
higher relative completeness, achieving 1.0, while those 
spanning 9744 hectares attained a completeness of 0.8. 
Beech stands in the area showcased a broad spectrum 
of relative completeness, ranging from 0.3 to 1.0. How-
ever, they displayed the least variability in relative com-
pleteness among management units, aligning closely 
with the average relative completeness of 0.61 (refer to 
Tab. 3).

It is common for coniferous tree species to exhibit 
a greater change in volume compared to beech stands, 
surpassing the latter by 2.4 times in managed forests. 
Within the special management unit, the change in vol-
ume of beech stands closely approximates the average 
value across the forestry enterprise. Notably, the aver-
age change in volume of spruce stands displays sig-

Table 3. Average management indices of forest stands  
of ‘Rakhiv Forestry Enterprise’ based on the materials  
of 1951–1952

The dominant 
tree species in 

the stand

Average indicators

Age, 
years

Site 
index, 
class

Com-
plete-
ness

Volu-
me, 

m3/ha

Average vo-
lume change, 

m3/ha
Special forestry unit

European spruce 57 Ia, 4 0.76 363 6.2
Silver fir 103 Ia, 2 0.69 610 6.2
European beech 107 I, 8 0.69 218 2.6

The production part along the railway tracks
European spruce 27 I, 0 0.81 123 4.5
European beech 84 I, 9 0.66 246 3.4

Protective grazing forests
European spruce 133 II, 0 0.64 489 3.7
Silver fir 111 I, 7 0.73 492 4.8
European beech 138 II, 5 0.6 264 1.9

Green forestry unit
European spruce 87 I, 1 0.71 281 5.7
Silver fir 70 Ia, 7 0.66 427 6.1
European larch 130 Ia, 0 0.6 640 4.9
European beech 50 I, 8 0.68 134 2.9

On average per enterprise
European spruce 68 Ia, 7 0.75 377 5.8
Silver fir 90 Ia, 7 0.68 502 5.9
European larch 130 Ia, 0 0.6 640 4.9
European beech 102 I, 9 0.61 152 2.5
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nificant variability across forestry units, ranging from 
6.2 m3/ha in the special management unit to 3.7 m3/ha 
in the protective grazing forests, which harbours stands 
with the highest average age.

The highest age and one of the lowest average site 
index class indices, as noted by M.M. Orlov (Shvidenko 
et al. 1987), were observed in grazing forests. Specifi-
cally, spruce stands with an average age of 133 years 
are characterised by an average site index class II and 
a relative completeness of 0.64, whereas forests in the 
specialised forestry unit with an average age of 57 years 
exhibit an average site index class Ia.4 and a  relative 
completeness of 0.76.

According to the site index classes of stands as 
per the forest management materials of 2020 (Table 4), 
circuitously, the productivity of all tree species has in-
creased over the past 70 years. Thus, over the 70-year 
period, the average site index class of spruce stands in-
creased from Ia.7 to Ib.9, larch trees from Ia.7 to Ib.3, fir 
trees from Ia.7 to Ia.2 and beech trees from I.9 to I.2. The 
main reason for the increase in the average values of the 
site index class might be climate change, particularly an 
increase in the average air temperature (Hartl-Meier et 
al. 2014; Pretzsch et al. 2014).

The forest vegetation conditions at the enterprise 
are favourable for the formation of productive stands 
dominated by conifers. Therefore, the stands with 
Douglas fir trees domination are characterised by the 
highest value of site index class Ib, which, with low rela-
tive completeness, reached a volume of 424 m3/ha.

With an average age of 78 years, larch stands ex-
hibit an average site index class of Ib.3 and a  volume 

of 287 m3/ha. Within the enterprise’s conditions, silver 
fir stands demonstrate superior volume and average age 
characteristics.

The average age of fir stands on the enterprise has 
remained almost unchanged (increased from 68 to 70 
years) despite intensive management, but the aver-
age volume has increased by almost 50 m3/ha (up to 
423 m3/ha) (Fig.  2). Over the analysed period, while 
the average age of spruce stands increased from 90 to 
126 years, their average volume remained almost un-
changed. The average volume of beech stands increased 
the most from 152 to 307 m3/ha. The volume of mature 
stands of the main tree species was 5–11% higher than 
their average values, and the highest average volume of 
mature stands (namely 559 m3/ha) was characteristic of 
spruce stands, which were mostly concentrated in na-
ture reserves. As a result of regeneration of fir stands, 
their average volume decreased by more than two times.
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Figure 2. Average growing stock volumes of stands of the 
main tree species

Table 4. Average management indices of forest stands of ‘Rakhiv Experimental Forestry’ as of 1 January 2021

The dominant tree 
species in the stand

Age, 
years

Site 
index 
class

Relative 
completeness

Volume per 1 ha, m3 The average change in volume 
per 1 ha of areas covered with 

forest vegetation, m3
Areas covered with 

forest vegetation
Mature and 

overmature stands
European spruce 70 1b.9 0.71 433 459 6.2
Silver fir 126 1a.2 0.63 501 559 4.0
European larch 78 1b.3 0.54 287 518 3.7
European beech 111 1.2 0.63 307 325 2.8
European hornbeam 36 2.8 0.66 80 153 2,2
Grey alder 32 1.5 0.6 97 167 3.0
Douglas fir 110 1b.0 0.38 424 424 3.8
In total 80 1a.2 0,69 399 416 5.0
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At the highest average age of spruce stands, accord-
ing to the 2021 forest inventory, they were characterised 
by a lower average change in growing stock volume by 
1.9 m3/ha than according to the 1951–1952 forest inven-
tory, when the average volume change was 4.0 m3/ha 
(Fig. 3). Along with the increase in average volumes of 
spruce and beech stands, the values of their average vol-
ume change also increased.

According to the 2020 forest inventory, spruce 
stands are characterised by the highest value of relative 
completeness, namely 0.72, but this indicator is lower 
than 70 years ago. At the same time, it should be noted 
that according to the 1951–1952 data, relative complete-
ness of 0.7–0.9 was relevant for 75.6% of the area of 
spruce stands, and according to the latest forest inven-
tory, this number is 78.8%.

In spruce stands, there was a decline observed in 
the average relative completeness, decreasing from 0.68 
to 0.63 over the analysed period. Conversely, in beech 
stands, there was an increase noted in relative complete-
ness (rising to 0.63). 
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Figure 3. Average change in growing stock volume per 1 ha 
of the main tree species, m3

According to the forest inventory conducted be-
tween 1951 and 1952, the largest proportion of beech 
stands, accounting for 38.0%, exhibited a relative com-
pleteness rating of 0.7. Meanwhile, stands with a relative 
completeness rating of 0.7 and above comprised 55.4% of 
the total. In contrast, as per the 2020 forest inventory, the 
prevalence of beech stands with a completeness rating of 
0.7 remained the highest, albeit with a reduction exceed-
ing 10%. Moreover, the proportion of stands with a com-
pleteness rating of 0.7 and above decreased to 46.8%.

It is noteworthy that over the analysed 70-year peri-
od, the share of highly completed stands, rated between 

0.9 and 1.0, dwindled from 15.7% to 4.7%, marking 
nearly a  threefold decrease. This decline underscores 
the pronounced impact of intensive forestry practices 
on the stands. In addition, there has been a decrease in 
the average relative completeness, declining from 0.74 
based on the 1951–1952 data to 0.69 as recorded in the 
forest inventory as of 1 January 2021. This reduction in 
relative completeness has implications for the available 
wood volumes, which averaged 399 m3/ha according to 
the 2020 forest inventory data.

Discussion

Among the main reasons for changes in the area, struc-
ture and productivity of stands, along with the level of 
management intensity, researchers (Bolte et al. 2010; 
Trotsiuk et al. 2014; Dulamsuren et al. 2017; Albrich et 
al. 2020) cite the influence of climate change, increase 
in air temperature and decrease in precipitation. Climate 
change can affect not only the forest conditions, surviv-
al and regeneration of tree species, formation of planta-
tion or stand structure, but also the degree and intensity 
of transformation processes in forest stands (Dale et 
al. 2001). Warming and increased risk of drought and 
storms, additional biotic threats due to changes in path-
ogen and pest development regimes, are reflected in the 
loss of timber volume in coniferous stands in Europe, 
particularly in fir forests due to bark beetle infestations 
(Dobbertin and DeVries 2008). The decrease in the area 
of fir and spruce stands with a simultaneous increase in 
the area of beech stands in mountainous conditions of 
enterprises may confirm that the main reason for such 
changes is the impact of climate. Obviously, climate 
change has contributed to an increase in the diversity 
of introduced tree species under enterprise conditions, 
including the Douglas fir and red oak, as well as an in-
crease in the area of European larch and common oak 
stands.

The areas of tree species that were absent from the 
accounting materials 70 years ago provide grounds for 
noting that the enterprise continued to search for ways 
to increase the productivity of stands, including through 
the creation of stands with introduced species such as 
red oak and Douglas fir, as well as the expansion of 
European larch stands. However, the presence of over 
240  ha of common hornbeam stands and more than 
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20 ha of maple-ash stands, which formed on the site of 
beech stands as noted in the 2020 forest management 
materials, indicates the need to review approaches to 
forestry activities in beech stands to prevent the forma-
tion of less-productive hornbeam and maple-ash stands.

Different forest species react differently to climate 
change. For example, Bolte et al. (2010), on analysing 
the change in structure of mixed forests in the semi-nat-
ural ancient spruce–beech forest in Smaland (the ‘Sigg-
aboda’ reserve in southern Sweden), note the increase in 
competitiveness of the beech forest compared to spruce 
at its northern range in Scandinavia due to climate 
change. Dulamsuren et al. (2017) indicate the character-
istic growth and development features of beech forests 
under the influence of climate change, depending on the 
altitude, in the federal state of Baden-Württemberg in 
southwestern Germany. According to dendroecologi-
cal studies of beech forests, researchers have found that 
a decrease in annual tree growth of beech at altitudes 
of 110–300 m above sea level is caused by low rainfall 
in April–May, low summer temperatures at an altitude 
of 1230 m and average values at an altitude of 640 m. 
Therefore, with further warming and a decrease in pre-
cipitation, beech may suffer in lower mountainous ar-
eas of Central Europe due to a decrease in viability and 
productivity, while warming may have a positive effect 
on the upper mountainous part. Thus, the general in-
crease in temperature gradually affects the change in 
forest vegetation conditions, which are more favourable 
for the growth of beech forests in mountainous condi-
tions than for spruce forests, which are common in the 
forest areas located at higher altitudes. The change in 
forest vegetation conditions was also evidenced by the 
fact that the forest management plan of 2020 allocated 
rich forest types under enterprise conditions. This al-
location contrasts with the forest management plan of 
the 1950s, which only addressed relatively rich forest 
vegetation conditions. This aspect largely explains the 
increase in productivity and average values of site index 
class of the analysed forests.

In the realm of climate change mitigation, one strat-
egy to bolster the protective and ecological functions 
of forests and sustain ecosystem services involves the 
establishment of mixed forests. A  plethora of studies 
underscore the predominantly positive impact of tree 
diversity on the resilience and ancillary advantages of 
forest stands in response to climatic shifts (Boeck et al. 

2018; Neuner et al. 2015). The silver fir and the Douglas 
fir emerge as potential substitutes for Norway spruce, 
which is vulnerable to extreme conditions, owing to 
their purported greater resistance to biotic and abiotic 
stressors (Vitali et al. 2017). Moreover, it is anticipated 
that under the influence of climate change, the Europe-
an beech will outcompete the European spruce beyond 
its native range (Bolte et al. 2010). Bosela et al. (2016) 
posit that the productivity of beech in mixed mountain 
forests will either remain stable or marginally increase.

Research findings by Hilmers et al. (2019) on 
mixed stands of beech, European spruce and silver fir 
reveal that productive mixed mountain forests in Eu-
rope did not experience diminished productivity over 
a  30-year period (1980–2010) despite climate change; 
however, tree species exhibited varied responses to 
climatic shifts. Specifically, while the growth of Euro-
pean spruce declined, that of silver fir increased, and 
beech growth remained relatively steady. Nevertheless, 
a comparison of average values of site index classes and 
completeness in mountainous regions of the Carpathi-
ans suggests an augmentation in beech, silver fir and 
European spruce stands established as the dominant 
tree species. Discrepancies between forest inventory 
data and mixed forest studies (Hilmers et al. 2019) may 
also stem from the fact that in the climatic conditions 
of the Carpathians, only indicators of one predominant 
tree species in pure and mixed forests were analysed, 
such as the advantages of beech, silver fir or European 
spruce. Hartl-Meier et al. (2014) identify a number of 
advantages of mixed mountain forests, including their 
ability to better adapt to temperature increases caused 
by climate change. Pretzsch et al. (2010) and Pretzsch 
and Forrester (2017) reported that mixed mountain 
forests are 20% more productive than adjacent pure 
stands. Mina et al. (2018) found that mixed mountain 
beech forests with spruce and fir are more resilient and 
productive. According to forest management data for 
2021, mature spruce forests have an average growing 
stock of 130 m3/ha, which exceeds the average grow-
ing stock of mature beech forests. Therefore, including 
a certain proportion of spruce and fir in beech forests 
will increase their overall growing stock.

To enhance the productivity and resilience of Car-
pathian mountain forests, it is crucial to recommend the 
establishment of indigenous forests characterised by an 
optimal structure and composition tailored to each for-
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est type. Recognising that incorporating a certain pro-
portion of conifers into beech forests can augment pro-
ductivity, and vice versa, integrating beech into spruce 
or fir forests can bolster biotic resilience. Such manage-
ment strategies not only mitigate the risks associated 
with monoculture forests, but also facilitate diversified 
resilience.

These resilient and productive mountain forests 
serve as effective shields, performing crucial protective 
functions and delivering essential ecosystem services. 
When establishing mixed stands, forest managers must 
consider local forest conditions, accumulated experi-
ence and regional management nuances to minimise the 
adverse impacts of climate change on forest resilience 
and productivity. This approach ensures the sustained 
functionality of forest ecosystems.

Consequently, for the effective management of 
mountain forests, comprehensive knowledge regarding 
stand growth and productivity dynamics influenced by 
economic factors and undergoing long-term changes is 
indispensable.

Conclusions

The primary factor driving enhanced productivity in 
spruce, fir and beech stands, alongside the expansion of 
beech stands within mountainous enterprise conditions, 
likely stems from climate influences. Climate change 
may have furthered the amelioration of forest vegetation 
conditions, facilitating the proliferation of introduced 
tree species, notably Douglas fir and red oak, and the 
expansion of European larch and common oak stands, 
alongside various deciduous and coniferous species.

Due to economic activities and regulatory changes 
pertaining to the allocation of economic sectors, the di-
versity of tree species within distinct economic sections 
of the enterprise’s forest reserve has expanded during 
the analysed period. Notably, species such as red oak, 
Douglas fir and European larch, alongside various hard-
wood and softwood species including common horn-
beam, common ash, maple-sycamore, aspen and small-
leaved lime, have witnessed increased representation. 
Over a  70-year period between forest management 
plans, several noteworthy changes have been observed:
a)	 There has been a  discernible increase in the area 

of productive fir stands alongside an elevation in 

the average site index class of the primary tree spe-
cies. Specifically, the average site index class of 
fir stands has risen from Ia.6 to Ib.8. Concurrently, 
spruce stands have seen an ascent from Ia.7 to Ia.2, 
larch stands from Ia.0 to Ib.3 and beech stands from 
I.9 to I.2.

b)	 Moreover, there has been a  notable augmentation 
in the average growing timber volume of the prin-
cipal tree species, namely European fir and beech. 
Particularly significant is the 15% increase in the 
average growing stock of fir stands and more than 
a twofold increase in beech stands. 

c)	 There has been a decrease in the average relative 
density of coniferous tree species. The average rela-
tive completeness in fir stands decreased from 0.75 
to 0.71, and in spruce stands, it decreased from 0.68 
to 0.65. According to the latest forest management 
plan, beech stands are characterised by an average 
relative completeness of 0.63, which is 0.02 higher 
than in the 1951–1952 data.
To enhance the productivity and resilience of 

mountain forests in the Carpathians, it is recommended 
to establish indigenous stands with an optimal struc-
ture and composition tailored to the specific forest type. 
This practice is recognised for its efficacy in reinforcing 
stand vitality and resilience. It entails strategic integra-
tion of coniferous species within beech-dominated for-
ests to augment productivity, and likewise, the inclusion 
of beech species within spruce or fir-dominated forests 
to enhance their resilience.

References

Albrich, K., Rammer, W., Seidl, R. 2020. Climate 
change causes critical transitions and irreversible 
alterations of mountain forests. Global Change Bi-
ology, 26, 4013–4027. DOI: 10.1111/gcb.15118

Beniston, M. 2003 Climatic change in mountain re-
gions: a  review of possible impacts. In: Climate 
variability and change in high elevation regions: 
past, present and future. Advances in global change 
research (ed. H.F. Diaz). Springer, Netherlands, 
5–31. DOI: 10.1007/978-94-015-1252-7_2

Boeck, H.J. De et al. 2018. Patterns and drivers of bi-
odiversity-stability relationships under climate ex-
tremes. Journal of Ecology, 106 (3), 890–902.



Folia Forestalia Polonica, Series A – Forestry, 2024, Vol. 66 (2), 61–71

Stepan Myklush, Yuriy Myklush, Iurii Debryniuk, Roman Prystupa70

	 DMn = 
S

√–N
	 (1)

Bolte, A., Hilbrig, L., Grundmann, B., Kampf, F., Bru-
net, J., Rolof, A. 2010. Climate change impacts 
on stand structure and competitive interactions in 
a southern Swedish spruce–beech forest. European 
Journal of Forest Research, 129 (3), 261–276. DOI: 
10.1007/s10342-009-0323-1

Bosela, M., Štefančík, I., Petráš, R., Vacek, S. 2016. The 
effects of climate warming on the growth of Eu-
ropean beech forests depend critically on thinning 
strategy and site productivity. Agricultural and 
Forest Meteorology, 222, 21–31. DOI: 10.1016/j.
agrformet.2016.03.005 

Dale, V.H. et al. 2001. Climate change and forest distur-
bances. Bioscience, 51, 723–734.

Debryniuk, Iu.M. 2010. Drying out of spruce forests as 
a result of climate change (in Ukrainian). Proceed-
ings of the Taras Shevchenko Scientific Society: 
materials of the Kosiv branch of the National Acad-
emy of Sciences, 3, 163–171.

Dobbertin, M., DeVries, W. 2008. Interactions between 
climate change and forest ecosystems. In: Forest 
ecosystems in a changing environment: identifying 
future monitoring and research needs (ed. R. Fis-
cher). Report and Recommendations COST Strate-
gic Workshop 11–13 March 2008 Istanbul, Turkey. 
Available at http://www. costforest2008.org/docs/
COST-Brochure.pdf (access on 1 March 2023).

Dulamsuren, C., Hauck, M., Kopp, G., Ruf, M., Leusch-
ner, C. 2017. European beech responds to climate 
change with growth decline at lower, and growth 
increase at higher elevations in the center of its 
distribution range (SW Germany). Trees, 31 (2), 
673–686.

Explanatory note to Project of the organization and de-
velopment of forestry of the state enterprise ‘Ra-
khiv Experimental Forestry’ of the Transcarpathian 
Department of Forestry and Hunting. 2021. Irpin.

Gerushinsky, Z.Y. 1996. Typology of the forests of the 
Ukrainian Carpathians. Educational manual. Pyra-
mid, Lviv.

Golubets, M.A. 1978. Fir stands of the Ukrainian Car-
pathians. Naukova Dumka, Kyiv.

Hartl-Meier, C., Dittmar, C., Zang, C., Rothe, A. 2014. 
Mountain forest growth response to climate change 
in the Northern Limestone Alps. Trees, 28, 819–829. 
DOI: 10.1007/s00468-014-0994-1

Hilmers T. et al. 2019. The productivity of mixed moun-
tain forests comprised of Fagus sylvatica, Picea 
abies, and Abies alba across Europe. Forestry, 92 
(5), 512–522, DOI: 10.1093/forestry/cpz035

Hrynyk, H.G., Hrynyk, O.M. 2022. Growth and pro-
ductivity of European spruce stands in the Ukrain-
ian Carpathians depending on the topography. 
SPOLOM, Lviv.

Khodot, G.A. 1959. The course of growth of closed Car-
pathian spruce forests. Scientific Works of the Lviv 
LTI: Collection, 1, 201–204.

Mina, M., Río, M., Huber, M.O., Thürig, E., Rohner, 
B. 2018. The symmetry of competitive interactions 
in mixed Norway spruce, silver fir and European 
beech forests. Journal of Vegetation Science, 29, 
775–787. DOI: 10. 1111/jvs.12664

Molotkov, P.I. 1972. Beech forests of Ukrainian Car-
pathians. Beech forests of the USSR and manage-
ment households in them. Forest industry, Moscow, 
78–109.

Myklush, S.I. 2011. Lowland beech forests of Ukraine: 
productivity and organization of sustainable man-
agement. ZUKTS, Lviv.

Myklush, Y., Myklush, S., Debryniuk, Iu., Hayda Y. 
2022. Formation of European beech stands (Fagus 
sylvatica L.) that involve Scots pine (Pinus sylves-
tris L.) in tree species composition in the Ukrainian 
Roztochie. Folia Forestalia Polonica, Ser. A – For-
estry, 64 (2), 83–89. DOI: 10.2478/ffp-2022-0008

Neuner, S. et al. 2015. Survival of Norway spruce re-
mains higher in mixed stands under a  dryer and 
warmer climate. Global Change Biology, 21, 
935–946.

Pogrebnyak, P.S. 1968. General forestry. Kolos, Mos-
cow.

Porta, N.L., Capretti, P., Thomsen, I.M., Kasanen, 
R., Hietala, A.M., Weissenberg K.V. 2008 For-
est pathogens with higher damage potential 
due to climate change in Europe. Canadian 
Journal of Plant Pathology, 30, 177–195. DOI: 
10.1080/07060661.2008.10540534

Pretzsch, H., Forrester, D.I. 2017. Stand dynamics of 
mixed-species stands compared with monocul-
tures. In: Mixed-species forests (eds. H. Pretzsch, 
D.I. Forrester, J. Bauhus). Springer, 117–209. DOI: 
10.1007/978-3-662-54553-9_4



Folia Forestalia Polonica, Series A – Forestry, 2024, Vol. 66 (2), 61–71

Change in the productivity of stands of the spruce (Picea abies L.) mountain Carpathian forests district … 71

	 DMn = 
S

√–N
	 (1)

Pretzsch, H., Biber, P., Schütze, G., Uhl, E., Rötzer T. 
2014 Forest stand growth dynamics in Central Eu-
rope have accelerated since 1870. Nature Commu-
nications, 5, 4967. DOI: 10.1038/ncomms5967

Pretzsch, H., Biber, P., Uhl, E., Dauber E. 2015 Long-
term stand dynamics of managed spruce-fir-beech 
mountain forests in Central Europe: structure, pro-
ductivity and regeneration success. Forestry, 88, 
407–428. DOI: 10.1093/forestry/cpv013

Pretzsch H. et al. 2010. Comparison between the pro-
ductivity of pure and mixed stands of Norway 
spruce and European beech along an ecological 
gradient. Annals of Forest Science, 67, 712. DOI: 
10.1051/forest/2010037

Scherler, M., Remund, J., Walther, L. 2016. Wasser-
haushalt von Wäldern bei zunehmender trocken-
heit. In: Wald Im Klimawandel. Grundlagen Für 
Adaptationsstrategien (eds. A.R. Pluess, S. Augus-
tin, P. Brang). Haupt, 39–59.

Seidl, R., Schelhaas, M.-J., Rammer, W., Verkerk, P.J. 
2014. Increasing forest disturbances in Europe and 
their impact on carbon storage. Nature Climate 
Change, 4, 806–810. DOI: 10.1038/nclimate2318

Shvidenko, A.I. 1980. Fir forests of Ukraine. Higher 
School, Lviv.

Shvidenko, A.Z. et al. 1987. Normative and reference 
materials for forests measurements of Ukraine and 
Moldova. Urozhai, Kyiv.

The project of the perspective plan of the organization 
of forest management of the Rakhiv forestry for 
years 1951–1952. 1952. Kyiv.

Trotsiuk, V. et al. 2014. A mixed severity disturbance 
regime in the primary Picea abies (L.) Karst. for-
ests of the Ukrainian Carpathians. Forest Ecology 
and Management, 334, 144–153.

Tsuryk, E.I. 1981. Fir stands of the Carpathians (Con-
struction and Productivity). Publishing House in 
Lviv University, Lviv.

Vitali, V., Büntgen, U., Bauhus, J. 2017. Silver fir and 
Douglas fir are more tolerant to extreme droughts 
than Norway spruce in south-western Germany. 
Global Change Biology, 23, 5108–5119.

Vorobiov, D.V. 1953. Forest types of European part of 
the USSR. Publishing House of the Academy of 
Sciences of the Ukrainian SSR, Kiev.


