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Abstract
This study investigates dynamics of Norway spruce stands in the Ukrainian Carpathians in 1988–2018. Cultivation 
of Norway spruce has altered forest composition at the expense of site-adapted species. Climate change, with rising 
temperatures and altered precipitation has further impacted forest health and growth. Methods involve analyzing 
forest management databases from the Ukrainian State Forest Management Planning Association. Results indicate 
a decrease in Norway spruce stands area from 775.9 × 103 ha to 532.7 × 103 ha in 1988–2018, area-specific growing 
stock increased from 251 to 364 m3 ha–1. The share of mature and overmature stands increased from 35% to 52%, 
while for young and middle-aged stands the share decreased from 65% to 48%. The average potential wood produc-
tion of fully stocked Norway spruce stands in the region is estimated to be about 9 m3 ha–1 year–1, while a considerable 
share of this potential may be lost due to mortality. For the survey periods 2011 and 2018 estimated gross periodic 
annual volume increment is larger than gross mean annual volume which is an indication that the analyzed stands 
in the average have not reached the age of biological rotation. The share of mixed Norway spruce – European beech 
forests increased from 10% to 25% of the total area. With ongoing climate change a further reduction in the share of 
Norway spruce is anticipated. However, actual potential for the use of Norway spruce wood in commercial Norway 
spruce forests is high. Conclusions highlight the need for adaptive forest management strategies to enhance the 
resilience and sustainability of site adapted Norway spruce stands amid environmental changes.

Key words: Picea abies [L.] H. Karst.; forest type; forest stand characteristics; age structure; climate change; forest  
management

1. Introduction

Norway spruce (Picea abies [L.] H. Karst.) is one of the 
most widely cultivated and economically important coni-
fer tree species in Europe (Caudullo et al. 2016; Kermav-
nar et al. 2023). Over the last three centuries, the distri-
bution of Norway spruce in the Ukrainian Carpathians 
and other regions of Europe has significantly increased 
due to cultivation (Schmidt-Vogt 1977; Spiecker 2000). 
Currently, Norway spruce covers approximately 30 mil-
lion hectares in Europe (Jansen et al. 2017), extending 
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far beyond its native range (Jansson et al. 2013). Spiecker 
(2000) describes the causes and consequences of this 
expansion, attributing it primarily to the fast growth of 
Norway spruce and the high demand for wood. In the 
Ukrainian Carpathians, planted mono-species Norway 
spruce stands have often replaced native European beech 
(Fagus sylvatica L.) and Silver fir (Abies alba Mill.) domi-
nated forests (Golubets 1978; Hensiruk 2007).

Climate change poses a serious threat to forests (Bolte 
et al. 2009; Spathelf et al. 2014). Local trends in annual 
temperature and precipitation may differ from global pat-
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terns (Struk et al. 2017). In 1990–2016, annual precipita-
tion in the Prut River basin, a representative study area in 
the central part of the Ukrainian Carpathians, increased 
by 21–95 mm compared to the 1961–1990 norm, while 
average annual temperature rose by 0.5 to 1.1 °C (Kyyak 
et al. 2022). Based on the analysis of data from eleven 
meteorological stations in the Ukrainian Carpathians 
Vyshnevskyi & Donich (2021) did not find a signifi-
cant change in annual precipitation during 1961–2019, 
whereas average annual air temperature increased from 
5.6 °C (1961–1990) to 6.6 °C (1991–2019). Notable 
temperature changes occurred at the highest meteoro-
logical station in the Ukrainian Carpathians, on Mount 
Pozhezhevska (1,451 m a.s.l.), where average annual 
air temperature in 1991–2020 was 2.0 °C higher than 
in 1961–1990 (Kyyak et al. 2022).

In the recent past deteriorating sanitary conditions, 
and large-scale die-off of Norway spruce trees due to 
changing climatic conditions has been observed in sev-
eral European countries (Rybníček et al. 2012; D’Andrea 
et al. 2023; Spiecker & Kahle 2023). Similar incidents 
have been reported for the Ukrainian Carpathians (Kra-
marets et al. 2009, 2018; Shvidenko et al. 2018; Shparyk 
et al. 2020).

The distribution and dynamics of Norway spruce for-
ests have always been a focus of research in Ukraine and 
other European countries (Golubets 1978; Gerushynskyi 
1996; Kahle et al. 2005; Synek et al. 2020). In Ukraine, 
several studies have concentrated on developing growth 
and yield tables, describing the distribution, and model-
ling the dynamics of forest stands (Golubets 1978; Tsuryk 
1981; Gerushynskyi 1996). A number of studies aimed 
at assessing wood production, growth characteristics, 
and biomass accumulation of Norway spruce stands in 
Ukraine (Hensiruk 2007; Hrynyk & Hrynyk 2022).

With the extensive spread of Norway spruce stands 
in Central Europe, studies on their growth under chang-
ing climate have become important (Yue et al. 2016, 
2023; Brandl et al. 2018; Krejza et al. 2021; Spiecker 
& Kahle 2023). Krejza et al. (2021) examined the growth 
responses of Norway spruce trees in Czechia to the 
drought in 2017–2018, finding a decrease in stem radial 
growth by 78–61% compared to the pre-drought level 
of 2016. Brandl et al. (2018) reported a decline in site 
index (H100) across large parts of Europe due to changes 
in temperature and precipitation. Similar findings were 
presented by Yue et al. (2016) for southwestern Ger-
many (Baden-Württemberg). Spiecker & Kahle (2023) 
conducted a long-term analysis of growth and mortal-
ity patterns in Baden-Württemberg, demonstrating the 
significant influence of climatic conditions on the growth 
and mortality of Norway spruce forests.

Illés & Móricz (2022) emphasize the need to adapt 
forest management practices to anticipated climate 
changes, noting that European beech and Norway spruce 
stands may lose 58% and 40% of their area in Southern 
and South-eastern Europe, respectively. Impact assess-

ments for the past period (1961–1990) and three future 
periods (2011–2040, 2041–2070, 2071–2100) support 
the feasibility of expanding forest areas of these main 
tree species to achieve climate neutrality, considering 
their potential distribution further north and at higher 
altitudes. Recently, studies on the impact of climate 
change in the Ukrainian Carpathians have evolved as well 
(Shparyk et al. 2020; Lavnyy 2021; Kyyak et al. 2022).

Aims of our study are to describe the current state of 
Norway spruce stands in the Ukrainian Carpathians, to 
analyze patterns in the dynamics of forest stand char-
acteristics, and indicate the trends in area and growth 
of these stands in the study region. Previous investiga-
tions of Norway spruce resources in the Ukrainian Car-
pathians have been conducted over different periods 
(Golubets 1978; Gerushynskyi 1996; Hrynyk & Hrynyk 
2022). However, these studies were typically focused on 
single mountain massifs or specific regions. An integra-
tive analysis of Norway spruce resources for the entire 
Ukrainian Carpathians over the past few decades is lack-
ing. Therefore, the objective of our study is to provide 
a comprehensive description and analysis of Norway 
spruce resources for the entire Ukrainian Carpathians, 
based on the five most recent state forest surveys.

2. Material and methods

The study on changes in the area and stand characteris-
tics of Norway spruce forests in the Ukrainian Carpathi-
ans (Fig. 1) is based on forest management databases 
provided by the Ukrainian State Forest Management 
Planning Association (UkrDerzhLisProekt) for the years 
1988, 1996, 2002, 2011, and 2018. These specific years 
were selected according to the orders of the Cabinet of 
Ministers of Ukraine, when the main characteristics of 
forests in Ukraine were compiled on the level of the forest 
enterprises during the “Periodic Basic Forest Manage-
ment Survey and Planning” surveys.

More detailed analysis of Norway spruce forest 
stands characteristics for 2011 and 2018 was based on 
data from more than 110,000 forest stands. The database 
was queried to include only areas where Norway spruce 
is the main species, i.e. stands where forest management 
is oriented towards Norway spruce. The share of spruce 
in these stands is between 5% and 100%. An additional 
criterion of the query was location of the stands in the 
mountainous zone, as defined by the forest type zoning 
by Gerushynskyi (1996). When we use the term “Norway 
spruce stands” we refer to these forest stands. For each 
stand the following parameters were extracted from the 
database: forest category, stand composition (tree spe-
cies share in %), stand origin (natural, planted), altitude 
(m a.s.l.), age (years), area (ha), site class, relative stand 
density, growing stock (m3 ha–1), mean annual increment 
(m3 ha–1 year–1).
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The methodology of forest management in Ukraine is 
set in the legislation and detailed in specific instructions 
(Cabinet of Ministers of Ukraine 1994, 2023, UkrDerzh-
LisProekt 2022). For the past few decades, the primary 
system of forest management was the age-class system, 
which sorts the forest stands into age classes (class width 
10 years). Forest inventory in each management unit 
is primarily conducted using a visual forest inventory 
method. This method estimates key forest characteristics 
based on measurements of tree diameter, tree height, and 
stand basal area. Stand-level forest characteristics are 
then derived from these measurements or are estimated 
via site index using yield tables (Shvidenko et al. 1987; 
Strochynskyi & Kashpor 2010). The instructions specify 
the accuracy and peculiarities of measuring and estimat-
ing forest characteristics. In particular, for mature stands 
the mean tree diameter should be estimated with an error 
not exceeding 10%, and for mean tree height and grow-
ing stock 8% and 10% respectively. The method includes 
training the inventory experts in trial forest plots with the 
most typical conditions with measurements of the stand 
parameters. The visual method can be combined with the 
establishment of trial forest plots and additional meas-
urements if it is necessary for achieving prescribed accu-
racy. The main characteristics, which are generated for 
forest-covered land include: species composition, origin 
of the stand, area, average diameter and height, absolute 
stand density (stand basal area) and relative stand den-

sity, growing stock, site class and forest type. Based on 
these characteristics, the stands are grouped into homo-
geneous forest sections and forest groups according to 
their main functions.

The classification of Ukrainian forests by their main 
functions is based on the Forest Code of Ukraine (Par-
liament of Ukraine 1994, Article 39). The code distin-
guishes ecological, social, and economic services, and 
classifies the forests into the following categories: protec-
tive forests (mainly providing water protection, soil pro-
tection, and other protection services); recreational and 
human health-improving forests (primarily providing 
recreational, sanitary, hygienic, and health-improving 
services); nature protection, scientific, historical, and 
cultural forests (forests providing special nature pro-
tection, aesthetic, and scientific services); commercial 
forests (mainly supplying timber and fuel wood for the 
economy). The distribution of Norway spruce forests in 
the Ukrainian Carpathians in 2018 is given in Table 11.

To characterize the management and growth condi-
tions of forest stands, forests are further classified into 
different “forest types” and “forest site types”. Six for-
est types dominated by Norway spruce or with a major 
share of Norway spruce are the most widely distributed 
and form the core of this study (the list refers to the year 
2018 and shows the percentage of their area to the total 
area of spruce forests). Forests on moist relatively poor 
soils: pure Norway spruce forests 4.9%; on moist rela-

Fig. 1. Map of the study region with administrative regions (magenta) and the Ukrainian Carpathian region (salmon).

1	The four main categories are divided into sub-categories depending on the main services they provide. For example, if the stand is close to a river band, the main function is 
protection of the river, so the subcategory will be “Forests along rivers, lakes, and basins”.
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Table 1. Area distribution of the forest categories in the 
Ukrainian Carpathians for Norway spruce – dominated forest 
stands in 2018.
Forest category Area share (%)
Commercial forests 35.2
Protective forests:
Anti-erosion forests
Forests along rivers, lakes, and basins
Other protective forests

27.1
5.4
0.7

Nature protection, scientific, historical, and cultural forests:
National nature parks
Regional landscape parks
Scientific, historical, and cultural forests

14.8
3.7
8.8

Recreational and human health-improving forests 4.3

2	The mean net volume increment of a forest stand up to a given stand age. Unit: mob
3 ha–1 year–1. MAI net can be calculated by dividing growing stock through stand age.

3	The mean net annual volume increment of a forest stand in a certain year (CAI) or over a specific time period divided by the length of that period (PAI). In this study PAI is 
estimated for 10-year periods.
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tively rich soils: mixed European beech-Norway spruce 
forests 6.0%; mixed European beech-Silver fir-Norway 
spruce forests 46.8%; pure Norway spruce forests 24.5%; 
mixed Silver fir-Norway spruce forests 4.6%; on moist 
rich soils: mixed European beech-Silver fir-Norway 
spruce forests 9.7%.

Site classes or productivity classes are established to 
assess site productivity of tree species and to compare 
growing conditions for different tree species. The associ-
ated yield tables describe the growth and wood produc-
tion potential of specific stands under normal, i.e. equilib-
rium, growing conditions. In our case for Norway spruce 
the yield tables by Tsuryk (1981) were used (available in 
Shvidenko et al. 1987).

Stocking degree is used for assessing density of trees 
in the stand. The stocking degree values range from 1.0 
to 0.1, with interpretations as follows. 1.0: represents 
a fully-stocked forest stand, utilizing all available space 
for tree growth. Less than 0.3: indicates understocked 
forests, where tree density is significantly lower relative 
to the potential. Relative stand density is used to estimate 
the current growing stock of forest stands and serves as 
an important information for the planning of silvicultural 
measures.

In Ukraine, the 10-year age classes of forests are 
gathered into the following forest age groups: young, 
middle-aged, premature, mature, and overmature for-
ests. The main criterion for this grouping is the age at 
final cutting, which depends on the tree species and the 
category of forest. For example, for commercial Norway 
spruce forests the age at final cutting is currently set to 
be 81–90 years. The age groups are then defined as fol-
lows: young forests – first 4 age classes (stand age 1 to 
40 years); middle-aged forests – all age classes between 
young and premature forest (in this case 41–60 years); 
premature forests – two age classes below the mature 
forests (61–80 years); mature forests – the age class at 
the final cutting and the subsequent age classes (81–120 
years); overmature forests – all age classes above the 
mature forests (>120 years).

Tree species composition of forest stands is described by 
the share of the growing stock of each respective species 
to the total growing stock of the stand. For simplicity, the 
resulting values are rounded to integers so that the overall 
sum equals 10. If a species constitutes less than 5% of the 
growing stock, it is marked with a “+”.

The potential wood production of forest stands is 
derived from yield tables and described using four key 
characteristics: growing stock, representing the total 
aboveground volume of wood per unit area within a forest 
stand, mean (gross) annual increment (MAI2), and cur-
rent and periodic (gross) annual increment (CAI, PAI3) 
representing the total amount of wood per unit area and 
year that is produced in a certain year and in the average 
within a certain period, respectively.

To estimate gross CAI and PAI, we cannot refer to for-
est survey data, but need to estimate these characteristics 
from yield tables. Since the available yield tables (Tsuryk 
1981) do not cover all site classes present in the consid-
ered area (relative site classes observed: Id, Ic, Ib, Ia, I, II, 
III, IV, V, Va, Vb; relative site classes in the yield tables: Ib, 
Ia, I, II, III), we extended the available yield tables by re-
fitting a Chapman-Richards model to the yield table data 
(both for growing stock and total volume production), 
in such a way that the parameters of the model depend 
on the absolute site class (mean annual gross volume 
increment at age 100, MAI100). Hence, we can evaluate 
the Chapman-Richards models for any absolute site class 
to predict growing stock and total volume production but 
also gross CAI, PAI and MAI. To apply the model in this 
analysis, we firstly scaled the observed growing stock 
per hectare to a stocking degree of 1.0 to achieve com-
patibility with the yield tables. Secondly, we estimated 
the absolute site class MAI100 from its relation to current 
growing stock in given age. Finally, we can calculate cur-
rent, periodic and mean gross volume increment from 
the Chapman-Richards functions given MAI100 for the 
considered Norway spruce forests for both points in time.

3. Results

In Ukraine, as of 2022, Norway spruce (Picea abies [L.] 
H. Karst.) comprised 8% of the total forest area, making it 
the third most common forest tree species after Scots pine 
(Pinus sylvestris L., 35%) and European oak (Quercus 
robur L., 28%). Wood from planted Norway spruce 
stands accounted for 7.7% of the total harvested wood 
volume, amounting to 1,045.3 thousand cubic meters 
per year. Among coniferous species, Norway spruce 
accounted for 12.4% of the harvested wood (State For-
est Resources Agency of Ukraine 2024).



Table 2. Area and area-specific growing stock of Norway spruce stands in the Ukrainian Carpathians according to the forest 
surveys between 1988 and 2018.

Parameter

Difference by years

1988 1996

Between 1988 	
and 1996

2002

Between 1996 	
and 2002

2011

Between 2002 	
and 2011

2018

Between 2011 	
and 2018

Between 1988 	
and 2018

103 ha–1
%

103 ha–1
%

103 ha–1
%

103 ha–1
%

103 ha–1
%

m3 ha–1 m3 ha–1 m3 ha–1 m3 ha–1 m3 ha–1

Area, 103 ha 775.9 668.4 –107.5 –13.9 674.3 5.9 0.9 629.1 –45.2 -6.7 532.6 –96.5 –15.3 –243.3 –31.4
Growing stock,
m3 ha–1 251 307 56 22.3 339 32 10.4 338 –1 –0.3 364 26 7.7 114 45.4

Table 3. Area of Norway spruce stands in the Ukrainian Carpathians by age groups according to the forest surveys of 1988 to 2018.

Age groups
Area of forests (103 ha per %) by year of survey

1988* 1996 2002 2011 2018

Young 103 ha
%

375.7
48.4

291.7
43.6

165.3
24.5

115.0
18.3

103.9
19.5

Middle-aged 103 ha
%

233.5
30.1

216.9
32.4

310.6
46.1

281.4
44.7

239.0
44.9

Premature 103 ha
%

110.7
14.3

79.3
11.9

88.3
13.1

95.9
15.2

83.3
15.6

Mature 103 ha
%

56.0
7.2

73.3
11.0

98.1
14.5

109.2
17.4

80.9
15.2

Overmature 103 ha
%

—
—

7.3
1.1

12.1
1.8

27.6
4.4

25.5
4.8

Total 103 ha
%

775.9
100.0

668.4
100.0

674.3
100.0

629.1
100.0

532.6
100.0

Note: *For the year 1988 the mature and overmature stands were gathered into one age group.
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3.1. Forest area and growing stock

From 1988 to 2018 the area of Norway spruce stands 
in the Ukrainian Carpathians decreased by 31.4%, 
whereas the total growing stock does not show a clear 
trend (Tab. 2). The peak in absolute growing stock was 
in 2002, at 228.8 Mm3, but it decreased by 34.7 Mm3 in 
2018. However, the average area-specific growing stock 
of Norway spruce stands has increased by 103 m3 ha–1 
from 1988 to 2018. These trends indicate a reduction in 
the total area of Norway spruce stands but an increase in 
the average growing stock per hectare over the period.

3.2. Forest types

Mixed stands composed of European beech-Silver fir-
Norway spruce growing on moist, relatively rich soils, 
are considered to have higher productivity and higher 
resilience to climate changes compared to pure Norway 
spruce stands in the same growing conditions (Krama-
rets & Krynytskyi 2009; Lavnyy 2021). These stands 
belong to the I–Ia site classes. Typically, these forests 
grow at altitudes ranging from 800 to 1,400 meters 
above sea level (m a.s.l.), benefiting from adequate 
moisture and nutrient supply. The highest average 
growing stock within this forest type was observed in 
the “Rakhiv State Forestry Enterprise”, reaching 1,017 
cubic meters per hectare at an altitude of 950 m a.s.l. 
(in 2021). In comparison, pure Norway spruce stands, 
which are found at altitudes of 1,200–1,600 m a.s.l., 

generally have smaller growing stocks and primarily 
serve protective functions. Generally, the forests grow-
ing at altitudes between 800 and 1,100 m a.s.l., show 
an average growing stock of approximately 700 m3 ha–1 
and consist of high-quality stems. Most of these forests 
fall under the category of commercial forests and are 
predominantly middle-aged.

3.3. Area of stands by age groups and with 
different shares of Norway spruce  
in 2011 and 2018

The dynamics of the area of Norway spruce forests by age 
groups reveal a general trend: a decrease in young stands 
and an increase in the area of mature and overmature 
forests (Tab. 3).

Information on the tree-species composition of stands 
is based on the detailed database of forest management 
and is available only for 2011 and 2018. In 2018 39.4% 
of the area of Norway spruce stands in the Ukrainian 
Carpathians were pure Norway spruce stands (share of 
Norway spruce in the total stand growing stock 100%). 
From 2011 to 2018 the share of pure Norway spruce 
stands decreased by 3.1 percentage points (Fig. 2). Con-
versely, there was an increase in forest areas where the 
fraction of Norway spruce in the stand composition was 
between 50% to 80% (classes 5–8). This shift is due to the 
ongoing conversion of pure Norway spruce stands into 
mixed-species stands, following the extensive dieback of 
Norway spruce in recent decades.



Fig. 2. Forest area shares by the fraction of Norway spruce in the stand composition of Norway spruce stands in the Ukrainian 
Carpathians according to the forest surveys in 2011 and 2018.

Fig. 3. Area shares of Norway spruce stands in the Ukrainian Carpathians by relative stand density according to the forest sur-
veys in 2011 and 2018.
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In the Ukrainian Carpathians, there is a general trend of 
decreasing areas of Norway spruce stands across all age 
groups (more than 96 × 103 ha for the period of 2011–
2018; Tab. 3). However, the relative changes (in percent) 
show a different distribution. There is an increase in the 
fraction of all age groups except for the mature stands, 
which decreased by 2.2% from 2011 to 2018. This dis-
sonance between absolute and relative changes is due to 
alterations in the area structure of the age groups of Nor-
way spruce stands. The relative values provide a clearer 
picture of the age group distribution.

3.4. Area shares of Norway spruce stands  
by relative stand density and site classes  
in 2011 and 2018

From 2011 to 2018, there was a shift in the share of Nor-
way spruce forests from medium (0.5–0.8) to the high-
est relative stand density classes (0.9–1.0) (Fig. 3), and 
changes in site classes distribution (Fig. 4). In 2018, the 
share of Norway spruce stands in the site classes very 
high (Ib and above) and very low (III and below) increased 
(Fig. 4). Conversely, the share of the prevailing interme-
diate site classes (Ia–II) decreased.



Fig. 4. Area shares of Norway spruce stands in the Ukrainian Carpathians by the site classes according to the forest surveys in 
2011 and 2018.

Fig. 5. Area shares of Norway spruce stands in the Ukrainian Carpathians by relative stand density according to the forest sur-
veys in 2011 and 2018.
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The slight increase in the fraction of low productivity 
Norway spruce stands (site classes III and below, 0.1–
1.0%) is explained by the expansion of Norway spruce 
stands to the upper edge of the forest, near the alpine tree 
line, where the site index is lower due to harsher growing 
conditions (Fig.5).

3.5. Area shares of Norway spruce stands 
by altitude in 2011 and 2018

There have been considerable changes in the distribu-
tion of Norway spruce forests by altitude (Fig. 5), while 
the total area across all altitudes decreased (Tab. 2). The 
shares at altitudes above 800 m a.s.l. have increased by 

5.5%, while the shares at altitudes of 800 m a.s.l. and 
below have declined. The redistribution of the shares is 
rather a result of the shortage of Norway spruce forests 
at low altitudes.

3.6. Assessment of the Norway spruce  
production potentials in the Ukrainian  
Carpathians based on yield tables

Growing stock derived from the observation data reached 
338 m3 ha–1 at an average age of 66 years in 2011 and 
364 m3 ha–1 at age 69 in 2018. Hence, net mean annual 
increment (excluding mortality and removals) calculates 
to 5.1 m3 ha–1 year–1 in 2011 versus the yield table-based 



Table 4. Potential wood production (average values) in Norway spruce stands in the Ukrainian Carpathians. MAI: Mean annual 
increment (average rate of wood production in a unit area of a stand during the whole life of the forest stand), CAI: Current annual 
increment (annual volume increment of a forest stand in a specific one-year-period, PAI: Periodic annual increment (mean annual 
volume increment of a forest stand over a specific time period divided by the length of that period).

Norway spruce forests 2011 2018 units
Growing Stock
Stocking degree
Age
Average relative site class
Average absolute site class (MAI100*)
MAI (net, calculated from the observation data)
MAIyt (gross, estimated from the yield table*)
CAIyt (gross, estimated from the yield table*)
PAIyt (gross, estimated from the yield table*)

338
0.70
66
I

9.22
5.1

9.0 / 7.1**
12.6 / 10.0**
12.7 / 10.0**

364
0.72
69
I

9.15
5.3

9.1 / 7.3**
12.1 / 9.8**
12.6 / 10.2**

m3 ha–1

—
years
—

m3 ha–1 year–1

m3 ha–1 year–1

m3 ha–1 year–1

m3 ha–1 year–1

m3 ha–1 year–1 
Note: *yield tables by Tsuryk (1981), **corrected for stocking degree by a factor of 0.79 for 2011 and 0.81 for 2018 (based on Albert et al. 2021).
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estimate for gross mean annual increment of 7.1 m3 ha–1 
year–1. By 2018, net mean annual increment increased 
to 5.3 m3 ha–1 year–1, while the estimated gross incre-
ment increased to 7.3 m3 ha–1 year–1 (Table 4). From 
the estimated Chapman-Richards models, we can add 
information on the current and periodic increment. For 
the year 2011, a current and periodic gross increment 
of 10.0 m3 ha–1 year–1 is reached on average, consider-
ing stocking degree. Seven years later, values of 9.8 and 
10.2 m3 ha–1 year–1 were achieved for the current and 
periodic gross increment, respectively (Table 4). These 
values give a more precise indication of the stands pro-
ductivity than the net MAI alone could. According to the 
yield tables by Tsuryk (1981), the stands correspond on 
average to the relative site class I or the absolute site class 
MAI100 of 9.2 m3 ha–1 year–1 (2011: 9.22 and 2018: 9.15).

For the period from 2011 to 2018 the potential 
amount of available wood can be estimated by the change 
in growing stock (2011: 338 m3 ha–1; 2018: 364 m3 ha–1) 
together with the estimated gross periodic increment 
(weighted average of 2011: 12.7 m3 ha–1 year–1 and 2018: 
12.6 m3 ha–1 year–1 for fully stocked forests, see Table 3 
and Table 4). Respecting low stocking degree (0.7 in 
2011 and 0.72 in 2018, translated into a reduced incre-
ment by a factor of 0.79 and 0.81, respectively, based on 
Albert et al. 2021), management intensity of different for-
est types (full use of increment in commercial forests, 
half use in protective forests; see Table 1) and conver-
sion from standing wood to round wood (mobilisation 
of 70% of merchantable volume with bark), we estimate 
a potential roundwood production of 1.33 Mm3 per year.

4. Discussion

The shift towards forming mixed-species stands in 
Ukraine’s forest management strategy reflects a proac-
tive response to external factors such as climate change, 
which has affected species distribution in recent decades. 
The increase in the share of Norway spruce stands with 
high relative stand density (0.9–1.0) suggests the devel-

opment of forests with a higher relative stand density over 
the past seven years, which is promising for increasing 
productivity and a high-quality wood in the future.

The conversion of even-aged mono-species forest 
stands into uneven-aged multiple-species forests has 
ecological and economic advantages. For many sites 
in Western and Central Europe the conversion of pure 
Norway spruce stands into mixed-species stands with sil-
ver fir and European beech is recommended to increase 
resilience of the forests (Spiecker et al. 2004; Reventlow 
et al. 2021).

A strong decline in area and growing stock of Norway 
spruce stands was observed after 2002 (Table 2). In our 
opinion, these changes can be attributed to the extensive 
drought induced mortality of Norway spruce stands fol-
lowing the extreme drought in the summer of 2003, and 
widespread infestation of trees by trunk pests, most nota-
bly the European spruce bark beetle (Ips typographus L.) 
(Kramarets et al. 2009). This phenomenon was first iden-
tified in the Slavske State Forestry Enterprise, located 
in the Lviv region, prompting a field meeting of the 
representatives of the State Agency of Forest Resources 
of Ukraine in 2004, which involved the participation of 
scientists (Golubets et al. 1978; Krynytskyi 2005). Sub-
sequently, there were numerous studies conducted on 
the issue of drought related damages in Norway spruce 
stands in the Ukrainian Carpathians, with publications 
by Hensiruk (2007) and Krynytskyi et al. (2006). The 
decreasing trends of area and growing stock of Norway 
spruce forests in the Ukrainian Carpathians coincide 
with similar trends in Slovakia (Moravčík et al. 2004).

In the period from 2002 to 2011, there was a notable 
expansion of overmature and mature Norway spruce 
stands in the Ukrainian Carpathians (Table 3). This trend 
is attributed to the increasing establishment of nature-
protection areas in forests across Ukraine (FAO 2020; 
Poliakova & Abruscato 2023) and the absence of forest 
roads in extensive areas, making wood harvesting unfea-
sible. But in the last period from 2011 to 2018 the share 
of overmature and mature stands slightly decreased.

The observed changes in site index (Fig. 4) can be 
attributed to external factors affecting Norway spruce 
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stands, such as deteriorating sanitary conditions due to 
climate change, changes in the age structure, and man-
agement interventions, which include the schemes of 
planting forests and thinning, as well as the expansion of 
Norway spruce to higher altitudes with harsher growing 
conditions. The transformation of pure Norway spruce 
stands into mixed-species stands can lead to a decrease 
in site class distribution because Norway spruce tends to 
have higher productivity site classes in pure stands than 
in mixed stands, where it is influenced by other species 
(Golubets 1978; D’Andrea et al. 2023). Concomitant tree 
species such as sycamore, birch, ash, Norway maple, elm, 
and rowan have lower productivity classes compared to 
Norway spruce. However, it is expected that the average 
sanitary conditions of Norway spruce will improve in the 
future due to an increase in the share of mixed-species 
Norway spruce stands (Krynytskyi & Kramarets 2009).

The share of Norway spruce stands at altitudes below 
800 m a.s.l. significantly declined from 29.2% in 2011 to 
23.7% in 2018, due to both ecological and anthropogenic 
factors (Fig. 5). A massive die-back occurred in planted 
Norway spruce stands, as they were growing outside 
their natural habitat (Kramarets et al. 2018). These 
stands were largely replaced by beech and silver fir, which 
are native to low altitudes in the Ukrainian Carpathians. 
The sharp decline at lower elevations was the primary 
reason for the increased share at higher altitudes in 2018. 
While the total area of Norway spruce stands decreased, 
the overall forest area increased due to the expansion of 
other forest types.

For our productivity analysis, we merged extended 
yield table information (Tsuryk 1981; Shvidenko et al. 
1987) with the available stand data and derived differ-
ent increment measures on total volume production. 
Although the used yield tables might be considered out-
dated with respect to changed environmental conditions 
and might therefore not reflect current growth, they still 
are a valuable tool to make a rough estimate on stand 
productivity, especially in lack of a repeated forest inven-
tory data. In the absence of large calamities, decades old 
yield tables might underestimate current productivity, 
as was summarised e.g., by Pretzsch (2016). Hence, 
our presented results can be considered as conservative 
estimates.

By comparing net and gross mean annual increment, 
we estimate that for the survey periods 2011 and 2018 
on average an amount of 2.0 m3 ha–1 year–1 of wood is 
removed from the growing stock, either by fellings or 
lost due to mortality. Compared to the commonly used 
mean net annual increment, we added information on 
current and periodic gross increment for the considered 
stands. With this information, a more precise estimate of 
the productivity of the stands is achieved. From the gross 
periodic increment we could additionally estimate poten-
tial availability of roundwood from forests accessible for 
wood supply. Here, we found a shortage of about 10–25% 
between our estimates and the roundwood recordings. 

It is yet unclear, where this difference can be attributed 
to, but likely reasons include losses due to mortality, lit-
tle or even no thinning in many stands, and incomplete 
statistical recording on the production side. The fact 
that 10 years-periodic gross annual increment (PAI) is 
larger than MAI (10.2 m3 ha–1 year–1 versus 7.1–7.3 m3 
ha–1 year–1) is an indication that the analyzed stands in 
the average have not reached the age of biological rota-
tion. Of course, the process of stand-to-yield table map-
ping and calculation of expected roundwood production 
exhibits uncertainties, which include stocking degree, 
increment reduction, standing stock-to-roundwood con-
version and the assumed harvest intensity. Nevertheless, 
we consider the estimates of potential wood production 
(wood removals) of 1.33 Mm3 per year compared to 
recorded in forest statistics of 1.0 to 1.2 Mm3 per year 
(State Forest Resources Agency of Ukraine 2024) for the 
period from 2020 to 2024 to be plausible and helpful in 
classifying and evaluating the Norway spruce forests in 
the Ukrainian Carpathians.

5. Conclusions

In this study, we considered Norway spruce forest stands 
in the Ukrainian Carpathians. Our analysis reveals a con-
sistent decline in the overall area of Norway spruce for-
ests. There have also been changes in the forest stand 
parameters: i) an increase in the area of stands with 
a greater share of Norway spruce in the stand compo-
sition (5–8 units); at the same time a decrease in the 
share of pure or close to pure stands (9–10 units); ii) 
an increase in the share of premature and overmature 
stands; iii) the share of Norway spruce stands with high 
site class indexes (Ib and above) increased, and with site 
indexes Ia, I and II – decreased; iv) a 5.5% increase in the 
share of Norway spruce stands located at altitudes over 
800 m a.s.l. and higher and decline at lower altitudes; 
v) a shift of the areas of Norway spruce stands with an 
average relative stand density (0.5–0.8) to the highest 
relative stand density of 0.9–1.0; vi) an average poten-
tial productivity of Norway spruce forests, expressed 
as gross mean annual increment (MAI), in 2018 was 
7.3 m3 ha–1 year–1, as compared to net MAI of 5.3 m3 ha–1 
year–1, and the 10 years-periodic gross annual increment 
(PAI) was 10.2 m3 ha–1 year–1; vii) the difference between 
the potential gross (2011: 7.1, 2018: 7.3 m3 ha–1 year–1) 
and the observed net mean annual increment (2011: 5.1, 
2018: 5.3 m3 ha–1 year–1) is indicative of high mortality 
in the forests; viii) the analysed stands on average have 
not reached the age of biological rotation as PAI is larger 
than MAI.

Our findings point to considerable dynamics of total 
area and growing stock as well as other characteristics of 
Norway spruce forests in the Ukrainian Carpathians in 
recent decades and highlight the necessity for adaptive 
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forest management strategies that enhance the resilience 
and sustainability of Norway spruce forests. Transition-
ing from clearcutting to conversion cuts, promoting 
mixed-species forests, and implementing close-to-nature 
silviculture are recommended approaches to improve 
forest health and productivity. Furthermore, ongoing 
monitoring and research are crucial to understand the 
long-term impacts of climate change on forest ecosys-
tems and to develop effective management practices that 
ensure the sustainability of these vital forest resources.
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