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Abstract: Forests of the Carpathians are of increasing research interest, as they cover a large area
(>9 Mha) within European forests and are influenced by diverse environmental conditions and
contrasting historical developments. We reviewed 251 papers dealing with Carpathian forests, their
history, and future perspectives. Over 70% of articles and reviews appeared in the last ten years, and
80% refer to the Western and Eastern Carpathians, while the Serbian Carpathians remain a gap in
this research field. Forest expansion and species changes have occurred since Holocene deglaciation,
influenced by timber use, settlements, cropland development, and, since the Bronze Age, pasture
activities. At higher elevations, early conifer successors have been increasingly replaced by Norway
spruce (Picea abies), silver fir (Abies alba), European beech (Fagus sylvatica), and hornbeam (Carpinus

betulus), while oaks have been present in the Carpathian foothills throughout the whole of history.
In the 19th and 20th centuries, Norway spruce afforestation was favored, and timber use peaked.
Recent transitions from agriculture to forest land use have led to a further increase in forest cover (+1
to +14% in different countries), though past forest management practices and recent environmental
changes have impaired forest vitality in many regions; climate warming already causes shifts in
treelines and species distributions, and it triggers pest outbreaks and diseases and affects tree–water
relations. The risk of forest damage is the highest in monodominant Norway spruce forests, which
often experience dieback after cascade disturbances. European beech forests are more resilient unless
affected by summer droughts. In the future, increasing dominance of broadleaves within Carpathian
forests and forest management based on a mix of intensive management and ecological silviculture
are expected. Maintenance and promotion of silver fir and mixed European beech forests should be
encouraged with respect to forest stability, biodiversity, and economic sustainability. As supported
by the Carpathian Convention and related institutions and initiatives, connectivity, management,
and stakeholder cooperation across administrative borders will be crucial for the future adaptive
potential of Carpathian forests.

Keywords: mountain forests; climate change effects; sustainable forest management; mixed forests;
tree species; literature review

1. Introduction

Forests are vital for human well-being, as they provide basic livelihood (e.g., food,
timber, energy), recreational resources, and relevant cultural values [1–3]. They are also im-
portant in global carbon, water, and nutrient cycles, and they are biodiversity hotspots [4–6].
The prediction of the future development of these provisioning ecosystem services is of-
ten difficult given regional contrasts and uncertainties [7,8]. Additionally, forests fulfil
ecosystem regulation services, among which are stabilizing soils and reducing natural
hazards, and they provide many cultural services [9]. These ecosystem services are also
expected to undergo changes in the future. They are especially important for forests in the
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mountains [10–12], such as the Carpathians, where natural hazards are key risks to people
and infrastructure and increase under climate change conditions [13].

The Carpathians are the second largest mountain range in Europe and provide multiple
ecosystem services of enormous regional importance [4]. The Carpathians belong to seven
Central and Eastern European countries (Czech Republic, Slovakia, Poland, Hungary,
Ukraine, Romania, and Serbia), whose share of forest land is among the lowest in Europe
(27%). With a total area of 9.92 million hectares, Carpathian forests constitute over 70% of the
total forested land in Slovakia and Romania, with Romania alone harboring more than 45%
of all Carpathian forests [14]. Most of the Carpathian forests are dominated by European
beech (Fagus sylvatica), Norway spruce (Picea abies), oak (Quercus robur, Quercus petraea),
and silver fir (Abies alba) stands, covering over 70% of the altitudinal range (with the highest
point being Gerlachovský štít, 2655 m a.s.l., in the Slovakian Tatra Mountains). The Tatra
Mountains, along with the mid-altitude mountains Fatra Mountains, Slovenské Rudohorie,
and Beskids, form the largest massifs in the Western Carpathians. The Beskids extend into
the Eastern Carpathians, where the Chornohora, Călimani, and Rodna Mountains dominate,
with the highest point being Pietrosul (2303 m a.s.l.). The biggest areas above the treeline,
however, are in the second highest group of the Southern Carpathians, including Bucegi,
Parâng, Retezat, and Făgăras, , with the highest peak being Moldoveanu (2544 m a.s.l.)
Many areas within the forested Carpathians are strongholds of ecologically valuable forests
within Europe; they show high diversity of species and habitat types, and well-structured
forest sites, and the largest areas of old-growth forests in the temperate zone are found in
the Carpathians [15–18].

The economic importance of Carpathian forests has developed since the Bronze Age
and has recently manifested itself in an increase in the growing stock and timber production
in the Carpathian countries [9]. At the same time, economic activities in the Carpathians
have also caused substantial changes in this ecosystem in the last 500 years [19–21]; anthro-
pogenic activities, such as agricultural expansion, mining, wood, and the related chemical
industry, have led to deforestation, forest fragmentation, and degradation in some ar-
eas [22,23]. The current species composition (with European beech dominating in more
than 53% of Carpathian forests; Norway spruce, in ca. 30%; silver fir, in only 2.4%; and oaks,
in 15%; see Figure 1) is a result of these processes. In recent decades, new and contrasting
developments have been observed, with the abandonment of mountain areas leading to
the expansion of forests, intensification of logging activities [22–24] (Table 1), but also
increasing efforts to protect forest areas [15,25].

Table 1. Forest management in the Carpathian countries. Area data from 2007 are from [14]; wood
production data from 2020 are from [9,26] and apply to the countries’ forests in general. No data
regarding forest areas and growing stock for wood production are available for Serbia.
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Portion of Carpathian forests in 2007
(% of total Carpathian forest area)

3.1 4.0 7.7 46.4 0.4 20.2 18.1

Proportion of Carpathian forests to national forests
in 2007

(% of Carpathian forest out of total national forest area)
11.7 20.1 8.4 71.6 1.9 100.0 16.7

Wood production in 2020

Forest area (103 ha) 2304 1871 8331 5586 - 1796 5016

Forest area, mean annual change (%, since 2010) −0.0 −0.3 0.2 0.8 - 0.1 −0.2
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Table 1. Cont.
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Growing stock (106 m3) 791 397 2730 2355 - 538 2280

Roundwood (106 m3) 33.4 5.8 40.6 18.1 8.2 7.5 16.8

Roundwood, mean annual change (%, since 2010) 9.9 −1.3 1.4 3.8 0.1 −2.2 0.3
Roundwood, mean annual change (%, since 2010) 9.9 −1.3 1.4 3.8 0.1 −2.2 0.3

 

Figure 1. Dominant tree species (adapted from [27]) in Carpathian forests; delimitation of the Car-
pathians according to [25,28].

Carpathian forests are also increasingly influenced by climate change effects. Global 
warming is known to cause more frequent and more intense drought and heat events 
[29,30], while it may also prolong the vegetation period and contribute to an upward shift 
of treelines [31]. Higher temperatures are expected to increase the risks of pest outbreaks 
and wildfires, and temporal and spatial changes in precipitation patterns may affect the 
hydrology of forest areas [25]. These complex and interrelated changes will affect forests 
[32–35] and require adaptations in forest management [36,37].

There are numerous studies on various aspects of Carpathian forests, though they 
usually focus on specific regions or countries, while an overview of the general situation 
in the Carpathians is often missing. Based on a broad literature search, this review seeks 
to offer comprehensive overview and discussion of the past, current, and (potential) fu-
ture developments of Carpathian forests with respect to their crucial ecological and socio-
economic relevance. In the following chapters, we analyze (i) the evolution of forest cover 
and composition during the Holocene, (ii) developments in recent decades with a special 
focus on (iii) climate change responses and risks (treeline, vegetation period, and species 
resilience and health). Finally, we discuss (iv) recent and future management strategies.

2. Methods

Figure 1. Dominant tree species (adapted from [27]) in Carpathian forests; delimitation of the
Carpathians according to [25,28].

Carpathian forests are also increasingly influenced by climate change effects. Global
warming is known to cause more frequent and more intense drought and heat events [29,30],
while it may also prolong the vegetation period and contribute to an upward shift of tree-
lines [31]. Higher temperatures are expected to increase the risks of pest outbreaks and
wildfires, and temporal and spatial changes in precipitation patterns may affect the hydrol-
ogy of forest areas [25]. These complex and interrelated changes will affect forests [32–35]
and require adaptations in forest management [36,37].
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There are numerous studies on various aspects of Carpathian forests, though they
usually focus on specific regions or countries, while an overview of the general situation in
the Carpathians is often missing. Based on a broad literature search, this review seeks to
offer comprehensive overview and discussion of the past, current, and (potential) future
developments of Carpathian forests with respect to their crucial ecological and socio-
economic relevance. In the following chapters, we analyze (i) the evolution of forest cover
and composition during the Holocene, (ii) developments in recent decades with a special
focus on (iii) climate change responses and risks (treeline, vegetation period, and species
resilience and health). Finally, we discuss (iv) recent and future management strategies.

2. Methods

The basis for the literature used in this study was the use of queries in the Web of
Science (WoS) (Clarivate, London, UK) and Scopus (Elsevier, Amsterdam, The Netherlands)
APIs with the search string “(Carpath* AND (Forest* OR Afforestation))”, which should
cover all relevant topics related to forests in the Carpathians (Table 2). We searched in
titles, abstracts, and keywords and restricted the search to articles and reviews in English
peer-reviewed journals. Given that the Scopus database is the larger one [38] and yielded
more hits for our specific search (2112 for January 1900 to March 2023), we used these
results. Then, we calculated the most frequent terms in the titles and abstracts. The results
were used to formulate three thematic clusters: “Land cover or/and land use change”,
“Climate change”, and “Forest management”.

Table 2. Literature search procedure. The column Eligibility Criteria indicates filters applied for the
search in each stage. The column Number of Articles indicates the total number of documents after
the application of previous filters.

Steps Description Eligibility Criteria Number of Articles

1
Scopus and WoS
database search

Search terms: (Carpath* AND (Forest* OR Afforestation))
Language: English; dates: January 1900 to March 2023

Sources type: articles, review
Search within title, abstract, keywords

1233 (WoS)
2112 (Scopus)

2 Database selection Broader coverage 2112 (Scopus)

3 Detection of clusters
Most frequently used terms relevant for forests in titles and

abstracts (number of articles including respective terms)

266 “Vegetation”
234 “Landscape”

229 “Climate”
225 “Management”

3
Abstract screening for

thematic relevance
Thematic clusters: “Land cover or/and land use change”,

“Climate change”, “Forest management”
689

4
Content examination for

evidence of change
At least one massif of the Carpathians 276

5
Exclusion of redundant

content
Removal of specific case studies or similar studies providing

the same evidence by the same authors
251

Attempts were made to automatically sort out the articles according to thematic
clusters; however, due to the interrelated nature of these topics, a clear division could
not be achieved effectively. Consequently, all abstracts were thoroughly reviewed by the
authors to identify information relevant to at least one of the thematic clusters.

In the subsequent phase, the whole content of the selected articles was scrutinized for
evidence of changes occurring in at least one Carpathian massif. This stringent criterion
ensured a focus on substantial and meaningful transformations in the region and resulted
in the selection of 276 articles.
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To enhance the coherence of the review, any redundant or overlapping content from
very specific case studies or similar studies by the same authors were excluded during the
manuscript generation process. Consequently, a total of 251 articles were utilized and cited
in the review (Supplementary Materials, List S1). In the following bibliographical analysis,
we calculated statistics for the selected 251 documents and geolocation of study areas
in the documents. Additionally, we used VOS-viewer (version 1.6.9; Leiden University,
Leiden, The Netherlands) to create network maps based on the weight of journals (number
of articles) and links (bibliographic coupling) among each other (for the identification
procedure, see [39]).

3. Results of the Bibliographical Analysis

The research interest in Carpathian forests has significantly grown in the last two
decades, as the number of articles selected in our literature search raised from a few to
about 30 per year (Figure 2). In total, 90% of the selected articles were published after 2008,
and in the last ten years, 195 research papers (78%) were published. This increase was
observed in all thematic clusters (see Supplementary Figure S1), with a remarkably high
number of papers on forest management from 2017 onwards. Interestingly, the number of
papers related to forest and climate change, although increasing, was relatively low (since
2003, less than 10 papers per year on average).

3. Results of the Bibliographical Analysis
The research interest in Carpathian forests has significantly grown in the last two 

decades, as the number of articles selected in our literature search raised from a few to 
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Figure 2. Number of scientific articles from 1999 to 2023 (for research query and selection criteria, 
see Section 2). The graph starts with 1999, as it is the year of publication of the oldest document 
selected for the review. The column for 2023 is hatched, as only the data for the first three months 
of the year were used.

As for scientific journals, most of the papers were published in journals on environ-
mental sciences (169 studies; Supplementary Figure S2). Accordingly, the most frequent 
terms in titles and abstracts were region, tree, disturbance, temperature, growth, stand, 
response, structure, altitude, expansion. With respect to forest species, Norway spruce, 
European beech, and silver fir deserved the biggest attention, with the latter two being 
often addressed together (Supplementary Figure S3).

The studies covered different parts of the Carpathians, with the highest number of 
articles (43%) being related to the Western Carpathians (Poland, Slovakia, Hungary, and 
Czech Republic) (Figure 3a). In total, 36% of articles were on the Eastern Carpathians (Ro-
mania and Ukraine), with the majority being on Romania. A total of 20% of the studies 
were conducted in the Southern Carpathians, all of them in Romania, with no studies be-
ing found for the Serbian Carpathians. Case studies often dealt with the Tatra Mountains 
(Poland, Slovakia) in the Western Carpathians, while the Eastern and Southern Carpathi-
ans were represented by a variety of mountain ranges from north to south (Gorgany, 
Maramures, Rodna, Calimani, Curvature Mountains, Făgăraș, Retezat, and Apuseni 
Mountains). As for the countries represented by the authors, Romania had the highest 
research output on Carpathian forests, followed by Poland and Slovakia (Figure 3b). The 
available literature from different fields and sites enabled the multifaceted insight into 
past and future developments of Carpathian forests dealt with in the following chapters.

Figure 2. Number of scientific articles from 1999 to 2023 (for research query and selection criteria, see
Section 2). The graph starts with 1999, as it is the year of publication of the oldest document selected
for the review. The column for 2023 is hatched, as only the data for the first three months of the year
were used.

As for scientific journals, most of the papers were published in journals on environ-
mental sciences (169 studies; Supplementary Figure S2). Accordingly, the most frequent
terms in titles and abstracts were region, tree, disturbance, temperature, growth, stand,
response, structure, altitude, expansion. With respect to forest species, Norway spruce,
European beech, and silver fir deserved the biggest attention, with the latter two being
often addressed together (Supplementary Figure S3).
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The studies covered different parts of the Carpathians, with the highest number of
articles (43%) being related to the Western Carpathians (Poland, Slovakia, Hungary, and
Czech Republic) (Figure 3a). In total, 36% of articles were on the Eastern Carpathians
(Romania and Ukraine), with the majority being on Romania. A total of 20% of the studies
were conducted in the Southern Carpathians, all of them in Romania, with no studies
being found for the Serbian Carpathians. Case studies often dealt with the Tatra Mountains
(Poland, Slovakia) in the Western Carpathians, while the Eastern and Southern Carpathians
were represented by a variety of mountain ranges from north to south (Gorgany, Mara-
mures, Rodna, Calimani, Curvature Mountains, Făgăras, , Retezat, and Apuseni Mountains).
As for the countries represented by the authors, Romania had the highest research output
on Carpathian forests, followed by Poland and Slovakia (Figure 3b). The available litera-
ture from different fields and sites enabled the multifaceted insight into past and future
developments of Carpathian forests dealt with in the following chapters.

 
(a) (b) 

Figure 3. Number of scientific articles dealing with Carpathian forest regions: (a) absolute num-
ber/number per region’s area (1000 km2) and case studies (gray points) dedicated to different Car-
pathian subregions (green—Western; blue—Eastern; yellow—Southern; numbers are given in black 
frames); (b) number of articles per country of publication (shown are the 15 countries with the high-
est publication output). In case of several subregions or publishing countries mentioned in the arti-
cle, the count in both figures is made for each subregion or country.

4. Past Developments of Carpathian Forests
4.1. From the Holocene to the Anthropocene

In the Holocene, deglaciation was followed by substantial forest expansion in the 
Carpathians. Increasing temperatures (up to +10 °C at higher elevations) led to an upward 
shift of the treeline, with the glacial refugees Scots pine (Pinus sylvestris) and larch (Larix 
decidua) reaching more than 2000 m (present limit: 1200 to 1900 m [40,41]) in the Early 
Holocene (11,500–8000 years ago [42–45]). In the foothills, the warming enabled the spread 
of mixed oak stands [46]. In the Preboreal and the especially warm and humid Atlantic 
climatic phase, early coniferous and broadleaf successors were continuously replaced by 
Norway spruce (exceeding 60% in proportion), silver fir, European beech, and hornbeam 
(Carpinus betulus) [42,47,48] (Figure 4). Due to their higher shade tolerance, especially sil-
ver fir and beech were competitive compared with early conifer successors [49]. The com-
petition in dense mixed stands also favored beech over Norway spruce, resulting in beech-
dominated forests up to 1000 m. This transition started earlier (around 5200 years ago) in 
the Western and Eastern Carpathians and later (around 4000 years ago) in the Southern 
Carpathians [43,50,51].

Figure 3. Number of scientific articles dealing with Carpathian forest regions: (a) absolute num-
ber/number per region’s area (1000 km2) and case studies (gray points) dedicated to different
Carpathian subregions (green—Western; blue—Eastern; yellow—Southern; numbers are given in
black frames); (b) number of articles per country of publication (shown are the 15 countries with the
highest publication output). In case of several subregions or publishing countries mentioned in the
article, the count in both figures is made for each subregion or country.

4. Past Developments of Carpathian Forests

4.1. From the Holocene to the Anthropocene

In the Holocene, deglaciation was followed by substantial forest expansion in the
Carpathians. Increasing temperatures (up to +10 ◦C at higher elevations) led to an upward
shift of the treeline, with the glacial refugees Scots pine (Pinus sylvestris) and larch (Larix
decidua) reaching more than 2000 m (present limit: 1200 to 1900 m [40,41]) in the Early
Holocene (11,500–8000 years ago [42–45]). In the foothills, the warming enabled the spread
of mixed oak stands [46]. In the Preboreal and the especially warm and humid Atlantic
climatic phase, early coniferous and broadleaf successors were continuously replaced by
Norway spruce (exceeding 60% in proportion), silver fir, European beech, and hornbeam
(Carpinus betulus) [42,47,48] (Figure 4). Due to their higher shade tolerance, especially
silver fir and beech were competitive compared with early conifer successors [49]. The
competition in dense mixed stands also favored beech over Norway spruce, resulting in
beech-dominated forests up to 1000 m. This transition started earlier (around 5200 years
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ago) in the Western and Eastern Carpathians and later (around 4000 years ago) in the
Southern Carpathians [43,50,51].

  

(a) (b) 

Figure 4. Holocene evolution of tree species which are dominant in present-day Carpathian forests: 
(a) submontane and lower montane zones; (b) upper montane zones. The pollen fraction is the av-
eraged fraction of tree pollen (%) calculated from pollen analyses of 30 studies in total [19–
21,43,44,48–72] (Supplementary List S2). The pollen fraction of forest tree species for the Subatlantic 
period is based on the time before the 16th century. For some periods, no data (n.d.) are available. 
The location of the case studies is given in Supplementary Figure S4.

In the Late Bronze and Early Iron Ages, human activity became the main factor for 
the further development of Carpathian forests. The use of timber led to the lowering of 
the treeline (amplified by declining summer temperatures [41]), and at lower elevations, 
oak was intensively logged due to settlement and agricultural expansion, though forest 
openings contributed to its regeneration [43]. European beech and silver fir populations 
expanded, whereas silver fir especially benefited from fire activities due to colonialization 
of burned areas [20,55]. Anthropogenic influence (e.g., fire, logging, grazing) continued to 
be the dominating factor of development in the Late Iron Age and the Roman Age. In the 
late Middle Ages, mining and the Walachian colonization led to a dramatic transformation 
of Carpathian forests by humans: it resulted in a massive decrease in forest areas in the 
14th–15th centuries in the Western Carpathians [21,73,74] and the Eastern Carpathians 
[20,66,75,76] and in the 16th and 17th centuries in the Southern Carpathians [77]. Intensive 
use of wood for construction led to a decrease in the proportion of both deciduous (Euro-
pean beech, required, e.g., for potash production [78,79]) and coniferous (silver fir and 
Norway spruce) trees [20], while oak forests expanded [66]. However, silver fir stands also 
regenerated in many Carpathian forests, probably due to favorable conditions for this 
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Figure 4. Holocene evolution of tree species which are dominant in present-day Carpathian forests:
(a) submontane and lower montane zones; (b) upper montane zones. The pollen fraction is the averaged
fraction of tree pollen (%) calculated from pollen analyses of 30 studies in total [19–21,43,44,48–72]
(Supplementary List S2). The pollen fraction of forest tree species for the Subatlantic period is based
on the time before the 16th century. For some periods, no data (n.d.) are available. The location of the
case studies is given in Supplementary Figure S4.

In the Late Bronze and Early Iron Ages, human activity became the main factor for
the further development of Carpathian forests. The use of timber led to the lowering of
the treeline (amplified by declining summer temperatures [41]), and at lower elevations,
oak was intensively logged due to settlement and agricultural expansion, though forest
openings contributed to its regeneration [43]. European beech and silver fir populations
expanded, whereas silver fir especially benefited from fire activities due to colonialization
of burned areas [20,55]. Anthropogenic influence (e.g., fire, logging, grazing) continued
to be the dominating factor of development in the Late Iron Age and the Roman Age.
In the late Middle Ages, mining and the Walachian colonization led to a dramatic trans-
formation of Carpathian forests by humans: it resulted in a massive decrease in forest
areas in the 14th–15th centuries in the Western Carpathians [21,73,74] and the Eastern
Carpathians [20,66,75,76] and in the 16th and 17th centuries in the Southern Carpathi-
ans [77]. Intensive use of wood for construction led to a decrease in the proportion of both
deciduous (European beech, required, e.g., for potash production [78,79]) and coniferous
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(silver fir and Norway spruce) trees [20], while oak forests expanded [66]. However, silver
fir stands also regenerated in many Carpathian forests, probably due to favorable condi-
tions for this species’ growth after grazing activities, the predominant logging of European
beech in the times of intense colonization, and litter raking [63,80–82].

Intense forest exploitation continued into the times of the Austro-Hungarian Monarchy
(from the late 18th to the beginning of the 20th century), when the biggest decrease in
Carpathian forests cover was reported [83–87]. The Western Carpathians were at the
forefront of changes caused by cropland expansion into the mountain areas of native ranges
for European beech and Norway spruce (Figure 5). For the sake of increasing timber
yields, Norway spruce was favored, as it allowed for shorter rotation periods and provided
wood of good quality and manifold usability. This resulted in monodominant forests in
many regions. Consequently, these forests were very vulnerable to severe disturbances
(windstorms, bark beetle outbreaks), aggravated by extreme cold periods in the Late
Little Ice Period [67,88], with the most pronounced effects in the 19th century [89] and
peaks in the periods from 1830 to 1850 and from 1860 to 1880 in the Western and Eastern
Carpathians [90–93] and from 1880 to 1910 in the Southern Carpathians [94]. As a result,
the lowest point in forest cover occurred in the 1920s [95].
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In the 20th century, climatic conditions stabilized, and the Carpathian forest area
increased between the two World Wars [98,99]. The latter went together with chaotic
reforestation following land abandonment because of diverse land use decisions due to
ownership changes, and asynchronous political and socio-cultural developments through-
out the Carpathian countries [100–102].

4.2. Recent Developments

The political situation after World War II led to major socio-economic changes in Cen-
tral and Eastern Europe, also resulting in land use changes in the Carpathians. The land use
regimes shifted from agriculturally dominated to forest-dominated structures, and accord-
ingly, agricultural land abandonment has become the common driver of the recent forest
cover increase in the Carpathians (e.g., an increase of 6% in the Polish Carpathians from
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1990 to 2012 [103]). This process took place especially in depopulated regions [104,105],
in areas less suitable for agriculture, and at higher and steeper elevations [106,107]. At
the same time, the artificial increase in Norway spruce forests (by 46% in the Southern
Carpathians [108]), a profound decrease in silver fir stands (by up to 39% in the Ukrainian
Carpathians [109]), and the tendency towards European beech dominance were character-
istic of the postwar period. After 1990, the social and economic conditions in the transition
period toward market economies, such as decreasing profitability of agriculture and im-
proved possibilities for employment in industrial centers or tourism and recreation services,
fostered further land abandonment [110–113]. Accordingly, in Poland, Slovakia, and the
Czech Republic, where post-socialist land reforms and support from the European Union
were adopted early, the rate of agricultural land abandonment (cropland and pasture reduc-
tion) and the respective increase in forest area within the Carpathian Mountains were the
most pronounced [86,111,114,115]. In contrast, the forest area in the Romanian Carpathians,
even in the first decade of the 21st century, was still shaped by grazing (Figure 5).

Land abandonment is also the main driver of the recent altitudinal forest expan-
sion [116–118], supported by a prolonged vegetation period due to global warming [119],
as well as protection measures (see, e.g., [116,120]). The altitudinal forest expansion was
the most pronounced in recent decades, with an average upward shift of 0.5–1 m per
year [121,122].

In contrast to the quantitative increase (in terms of forest area or timber production)
in Carpathian forests, their qualitative development (in terms of forest vitality or struc-
ture) was hindered by unfavorable forest practices, like large-area deforestation (e.g., a
6% decrease in afforested area in the period from 1990 to 2012 in the Romanian Carpathi-
ans [123]), fragmentation, decrease in core forests (i.e., increase in patch and perforated
forest), and homogenization in species and age structures [85,124,125]. Rapid modification
of regulations in the post-socialist period resulted in liberalized deforestation regulations
across the region. As early as the transition years (1988–1994), harvesting almost doubled
in Ukraine, Poland, and Slovakia [126]. The ownership recovery process and massive forest
restitution to private owners contributed to both legal and illegal logging, mostly in the
Eastern and Southern Carpathians [127–130]). In the Romanian Carpathians, deforestation
intensified after the restitution laws of 1991, 2000, and 2005, resulting in a loss of 4.5% in
the total forest area and in disturbances (windthrows, droughts, bark beetle outbreaks)
occurring more often [124,131–133]. Significant forest disturbances after 2000, with almost
20% of forests being affected, were also found in the Polish, Slovakian, and Czech Carpathi-
ans [134]. For instance, this also caused a cascade of disturbances in High Tatra Mountain
Norway spruce forests as a consequence: a severe drought in 2003, followed by bark beetle
infestation; the Elisabeth windstorm in 2004, followed by deforestation, fragmentation,
and bark beetle outbreak; Kyrill and Phillip windstorms (2007), followed by deforestation;
bark beetle infestation peak (2009) and clear-cut logging (2009–2012). These events led
to a 54% decrease in the national park forest area from 2002 to 2018 [135,136], with the
biggest damage being caused to the treeline [137]. Forest disturbances were observed in all
ownership types, although disturbance rates in private forests were about five times higher
than on public lands, and these forests were more fragmented than state and national park
forests [23]. Additionally, wind and snowstorm disturbances were particularly destructive
in forests, whose composition was artificially changed towards monocultures through
clear-cutting [130].

Air pollution (peaking in the 1980s and 1990s), causing acid rain and photochemical
pollution (reaction of nitrogen oxides and volatile organic compounds induced by sun-
light), directly affected trees (needle yellowing) and increased the susceptibility of trees
to pests [138–141]. The pollution effect was aggravated by the elevated concentrations
of ozone in large parts of the Carpathian Mountains [138–140,142,143]. Despite reduced
industrial emissions in the late 1990s, high levels of tree defoliation in forests in Poland,
the Czech Republic, Slovakia, and Hungary were observed for years [141,144–146], most
probably hindering regeneration and upward expansion (e.g., of silver fir; [147]) and con-
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tributing to Norway spruce dieback [148]. Improved emission regulations and technical
developments enabled a significant decrease in pollutant loads on forests by the end of the
20th century. However, other abiotic factors, such as droughts, wind, frost, and snow/ice
damage, and biotic factors (e.g., insect invasions) are the main reasons for tree damage
in Carpathian forests [149–153], and current and future developments related to climate
change are the main challenges for forest management in the Carpathian Mountains.

5. Climate Change

5.1. Changes in Climate Variables

Climate change (since the 1960s) has led to the warming of the Carpathians, with the
highest temperature increase being in the Western Carpathians (Low Tatra Mountains; on
average, +2.1 ◦C in the period from 1961 to 2021) and a lower increase (approx. +1.2 ◦C) in
the Southern and Eastern Carpathians (Supplementary Figure S5). Elevation-dependent
warming, as also reported in other mountain regions [36], also takes place in the Carpathians.

Significant increases in maximum and minimum air temperatures were reported for
the entire Carpathians, although there is some variability regarding regions and seasons.
While summer maximum temperatures have generally increased, higher winter and spring
maxima were observed only in the Western and Southern Carpathians, and no trend in
autumn maxima was found [154,155]. Minimum temperatures were observed to generally
increase throughout the seasons, although less pronounced in the Eastern and Southern
Carpathians in spring and summer [156], and autumn minima in the Western Carpathians
did not show changes (probably because of an intensified western atmospheric circula-
tion [157]). In the Western Carpathians, a lower frequency of frost days in the warm
season was reported [155]. The risk of heatwaves (in terms of frequency, severity, dura-
tion) has increased not only in the foothills [157] but also at higher altitudes, as observed
for the Western Carpathians [158]. Higher temperatures have also increased the risk of
wildfires [159].

Changes in the precipitation patterns are more complex, with increasing (see, e.g.,
Supplementary Figure S5) or decreasing regimes randomly distributed across areas in the
Carpathians [154]. The only consistent trends are an increase in precipitation in September
in the inner forelands and the Transylvanian depression, in October in the outer foreland
area, and in July in the Western and Eastern Carpathians [154,160,161]. However, there is
evidence that extreme hydroclimatic events do not only occur more often but also with
higher severity [162,163]. The severity of droughts has increased mostly in spring and early
summer months (while in late summer and autumn, the frequency of droughts has even
decreased in the high-altitude areas of the Slovakian Tatra Mountains, and the Polish and
Ukrainian Carpathians [163,164]). The highest probability for prolonged drought events
was observed for inner mountain valleys, the northern foothills of the Western Carpathians,
and the southeastern macroslopes of the Eastern Carpathians and the Southern Carpathians.

5.2. Impact of Climate Change on Forests

Climate change produces various effects on Carpathian forests. The increase in the
mean temperature has led to a vegetation period up to two weeks longer [165–167] and
respectively earlier bud break [168]. A longer vegetation period, in combination with higher
nitrogen deposition and elevated carbon dioxide [37], is favorable for wood growth [169],
particularly in temperature-limited mountain regions [170–172]. Consequently, the climatic
suitability for forests has been extended, and the treeline in the Carpathians has shifted
to higher altitudes [117,156,173]. However, it must be taken into consideration that the
land use changes, disturbances (see Section 4.2 ), and ontogenetic differences in the species’
environmental requirements interfere with the warming effects and may cause locally
modified changes in the treeline [122,174] and tree range shifts [175]. Warming can also
lead to bark beetle calamities, and these indirect, biotic effects may often be more relevant
than direct temperature effects on trees. For instance, annual tree mortality has increased
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over the years, with high growing degree days (annual sum of temperatures above +10 ◦C)
due to bark beetle activities [176–178].

Tree–water relations have also been increasingly affected by climate change. This is
due to increasing vapor pressure deficits, as well as changes in precipitation patterns (see
Section 5.1), and is especially evident under extreme drought at lower elevations [179,180].
Precipitation is the main limiting factor for tree growth on the southern slopes [181,182]. In
addition, severe droughts, such as the one in 2003, have been observed to weaken trees and
aggravate a bark beetle invasion (Western Carpathians [183]; Southern Carpathians [184])
regardless of the forest management status [185]. More frequent pathogenic fungi invasions
have also been driven by increasing water deficits [186].

With respect to Carpathian tree species, Norway spruce showed the overall highest
susceptibility to climate change. Trees growing near their natural distributional limits at
low elevations exhibit increased variability in radial growth and a reduction in latewood
proportion [187,188]. The increasing June and July temperatures have especially affected
Norway spruce growth [168,189,190]. Extreme summer heatwaves (as in 2000 and 2003)
have reduced the growth rates of Norway spruce trees by 10%–35% in the Southern
Carpathians [191,192], which has been probably caused by a combined effect of high
temperature and high soil water deficit [168,192,193]. Precipitation and waterlogging
changes are the main limiting factors of Norway spruce dominance (in contrast to European
beech and silver fir), vitality, and annual increment in the Western Carpathians [72,194], and
even of extensive dieback of Norway spruce [195]. However, some studies demonstrated
that Norway spruce can adapt [196] or even benefit from higher temperatures at higher
elevations (above 700 m a.s.l. [180,197]); the growth rates of adult trees were observed to
increase, especially in connection with higher temperatures in late summer [191], while
recruitment (sapling ingrowth) rates increased with warmer winters [198] (though the latter
may be limited by winter drought [199]). In the Eastern Carpathians, warming-related
expansion of subalpine spruce forests was reported, although the risk of windthrows has
increased at the same time [200].

Silver fir showed plastic responses to recent severe droughts [201,202]. Higher summer
temperatures were reported to enable higher growth rates in the western (Apennine)
lineage (located in the Western Carpathians), whereas summer drought was reported
to affect silver fir populations located in the Eastern and Southern Carpathians [203].
For instance, the extreme drought of 2012 led to an increase in mortality in silver fir
in the Southern Carpathians [204]. However, some studies indicated limited effects of
hydrological changes on silver fir [193,203]. European beech forests were found to be more
affected by drought than by heat. Accordingly, drought periods were associated with
more mortality events [32,204], with droughts in June and July being more relevant than
later in the growing season [205]. Decreasing summer precipitation affected European
beech especially in forelands and low-mountain regions between 600 and 1200 m on the
eastern borders [206–209]. Interestingly, drought effects were less pronounced in beech
trees growing in mixed stands [210].

Oak trees have demonstrated comparably high capacities of adaptation to different
climatic conditions, as described, e.g., for stands in the Eastern Carpathians [18]. Only
severe and prolonged drought periods, which became more frequent only in the last
century, have made oaks prone to fungal attacks and mistletoe hemiparasites [211]. Other
tree species were also reported to show responses to climate change. For instance, Swiss
stone pine (Pinus cembra) and larch stands tend to expand at high elevations, as they
benefit from warmer temperatures [212,213], but they may be also negatively affected by
precipitation changes [214] or other disturbances (e.g., wind [215]). Introduced conifer
trees, like black pine and Scots pine, show even higher sensitivity to drought than native
species. In the Eastern and Southern Carpathians, these two pine species were found to be
strongly affected by limited spring and summer precipitation and overall increasing aridity
coupled with invasion of moss species [32,179,216]. At the same time, the climate change
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responses of many tree species are yet unknown, and respective studies in the Carpathians
are overall scarce.

In recent years, much effort has been made to project future development of forests,
also for the Carpathians. Several studies focused on modelling regional forest system
changes in response to climate change [34,194,203,206,217,218], considering representative
concentration pathways (RCPs) and regional climate models (mainly CCSM3, ECHAM5,
and HadCM3 [219,220]). Forest models are mainly represented by the Landis-II forest
change model (sometimes coupled with the PnET ecophysiological process model [218])
and the Sibyla SILVA model [195,221], including the main drivers of forest development
(climate, management, pests, windthrows). According to the model predictions, forest
biomass will increase across the Carpathians up to the end of the century, with differences
in response to climate scenarios and tree species [32,217,218]. In the Western Carpathians,
biomass increases are expected for silver fir (by ca. 25%), European beech (ca. 10%),
and oak [222], while Norway spruce is expected to decline (by up to 50% [195]). In the
Southern Carpathians, a ca. 21% increase in oak-dominated forests and a ca. 51% increase in
mixed European beech–broadleaved forests are expected under the most extreme warming
conditions (RCP 8.5), though this may be limited by increasing drought stress [32,218,223].

As for species composition, no significant changes are expected in the next 10 to
15 years [32], but a gradual replacement of highly productive species by low-productive
ones is expected towards the end of the century. After 2040, a decline in European beech
share (e.g., of 4% in the Eastern Carpathians) and Norway spruce (e.g., of 5% in the Eastern
Carpathians) and an increase in silver fir share (e.g., of 18% in the Eastern Carpathians) are
expected to be the most pronounced according to the extreme climate change scenario in
the Eastern and Southern Carpathians [32,224,225]. The decline in European beech and
Norway spruce by 2100 is expected at low elevations and at the receding edges, primarily
caused by limitations in tree–water relations [207,226,227] and the expansion of suitable
habitats for invasive plants [228,229]. Moreover, the upslope expansion of other broadleaf
trees like oak or maple sycamore (Acer pseudoplatanus) is expected [34,230]; these species,
however, are exposed to the invasion of black locust and ambrosia beetle [231].

6. Recent and Future Forest Management

Climate change, as described in the previous chapters, is the main challenge for forest
management in the Carpathians (as in forests worldwide), although other developments
and risks, such as deforestation or competing land use interests, illegal logging, lack of
forest law enforcement at all administration levels, and lack of long-term funding programs
for forest non-use [22,232–235], should also be considered. Addressing these challenges,
the Carpathian Convention protocol [15] has, since 2011, been pursuing sustainable for-
est development (SFM). In alignment with this objective, closer-to-nature approaches
in forestry [236] are gaining prominence and being actively implemented in the region.
These scale-specific tools are designed to enhance structural diversity and foster natural
forest dynamics, encompass the protection of biodiversity, optimize wood production
and retention of deadwood, and support natural tree regeneration and the complexity of
forest structures.

More than half of the entire Carpathian area is under different forms of protection
(Figure 6), though only 3% of forests are completely excluded from logging, and the
effectiveness of forest protection efforts varies [237,238]. In recent decades, the effectiveness
of protection (reduced deforestation and related disturbance) has increased in the Czech
Republic, Slovakia, and Ukraine, whereas it has decreased in Romania [96,127]. Main forest
restitutions after the 1990s in Romania may be the reason for the latter, contributing, in
turn, to higher effectiveness (preserving forest habitats, reducing fragmentation [239,240]
of older protection areas (where natural forests survived) than in Poland or the Czech
Republic [184,241]. Large areas of protected virgin and quasi-virgin forests with ongoing
efforts toward a strict protection status (e.g., additional 12,288 ha of Ukrainian forests since
2018) may serve as study areas for SFM research and practices [242,243]. The most protected



Forests 2024, 15, 65 13 of 28

areas (over 90% of case studies found for this review) are objects for the experimenting
on and the promotion of innovative forest practices, for which there is a rising interest, as
indicated by numerous applied research projects in the Carpathians (within the platforms
“Science for Carpathians” S4C and Forum Carpaticum conferences [244]).
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fuel still makes up almost half of production in Ukraine, while Slovakia has shown the 
most significant decrease in wood and respective fuel production over the last decade. 
Shelterwood forestry, reduced rotation length practices leading to faster recovery, and 
timber production while keeping the growing stock low are typical forest management 
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Optimizing and balancing wood production is another prerequisite of economically,
ecologically, and socially sustainable forest management in the region. Wood production
has grown over the last 30 years (especially in Romania and Poland). However, the annual
increase in forest area is one of the lowest in Europe (Table 1), and forest development
and management differ substantially across the Carpathian countries. For instance, wood
for fuel still makes up almost half of production in Ukraine, while Slovakia has shown
the most significant decrease in wood and respective fuel production over the last decade.
Shelterwood forestry, reduced rotation length practices leading to faster recovery, and
timber production while keeping the growing stock low are typical forest management
strategies in the Carpathian countries [134,246] (Table 3).
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Table 3. Forest composition and management practices in low-mountain areas of the Carpathian sub-
regions for the same areas as in Figure 6 (Western Carpathians—based on [195]; Eastern Carpathians—
based on [34]; Southern Carpathians—based on [32]).

Forest
Indicators

Western Carpathians Eastern Carpathians Southern Carpathians

Forest
composition

Table 3. Forest composition and management practices in low-mountain areas of the Carpathian 
subregions for the same areas as in Figure 6 (Western Carpathians—based on [195]; Eastern Carpa-
thians—based on [34]; Southern Carpathians—based on [32]).

Forest 
Indicators

Western Carpathians Eastern Carpathians Southern Carpathians

Forest 
composition 

Rotation 
period of 

harvesting
95–140 years 80–120 years

100–200 years for beech, spruce, 
sessile oak, and fir, 70–160 years 

for other oaks

Forestry 
practices

Mainly sanitary felling, uniform 
shelterwood regeneration in 

stands with fir and/or beech ad-
mixtures, support of larch or 

pine deadwood removal

Clear-cut logging, selective and 
clear-cut sanitary felling 

to 1100 m a.s.l.

Tree selection, shelterwood, and 
clear-cutting for small spruce ar-

eas and sanitary felling after 
windthrows and insect outbreaks

* other: unidentified tree species.

At the same time, there is a broad consensus that mixed and more diversified forests 
increase forest stability and, in the long term, enable higher biomass accumulation and 
thus carbon sequestration [169,195,218]. This aims at an optimal growing stock and a bal-
anced diameter distribution ensuring a sustainable equilibrium of natural regeneration, 
growth, and harvest [205,247,248]. Replacing monocultures with more drought-resilient 
mixtures, including, e.g., silver fir, European beech, oak, and maple, could not only in-
crease biodiversity but also have economic benefits [249,250]. For instance, monodomi-
nant forests produce 20 Mg ha−1 less biomass than stands with admixtures [223]. Transi-
tion of forests are expected to be centered around European beech as a promoter of tree 
diversity [251–253] holding the capacity to endure harsh conditions [254,255] and outcom-
pete silver fir and Norway spruce [108,256,257]. Establishing a mix of shade-tolerant spe-
cies, like silver fir, in the understory and light-demanding species, such as oak and maple 
[204], for the upper canopy may complete future afforestation targets. Mixed European 
beech–conifer (Norway spruce and silver fir) forests may also enhance the resistance and 
resilience of Norway spruce [179] and European beech [32,168] to wind and drought dis-
turbances. However, for optimal production in terms of volume yield, height, or volume 
increment, the portion of Norway spruce should be higher than 50% [108,258] and estab-
lished under open conditions [259,260]. Regarding the portion of silver fir, mixed forests 
with up to 20% of silver fir trees were shown to be the most productive [219,225]. In the 
Southeastern Carpathian forests, the presence of genetically diverse silver fir species 
within the population of different provenance [261,262] and the collective growth of these 
species [201] could contribute to drought resilience.

The old-growth Norway spruce and European beech forests preserved in the Carpa-
thians serve as appropriate models for the promotion of natural forest dynamics. It has 
been demonstrated that old Norway spruce forests (some Carpathian specimens are more 
than 400 years old) show a high potential for increasing biomass accumulation as a re-
sponse to a prolonged vegetation period caused by climate change [193] and so do prime-
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clear-cut sanitary felling 

to 1100 m a.s.l.

Tree selection, shelterwood, and 
clear-cutting for small spruce ar-

eas and sanitary felling after 
windthrows and insect outbreaks

* other: unidentified tree species.

At the same time, there is a broad consensus that mixed and more diversified forests 
increase forest stability and, in the long term, enable higher biomass accumulation and 
thus carbon sequestration [169,195,218]. This aims at an optimal growing stock and a bal-
anced diameter distribution ensuring a sustainable equilibrium of natural regeneration, 
growth, and harvest [205,247,248]. Replacing monocultures with more drought-resilient 
mixtures, including, e.g., silver fir, European beech, oak, and maple, could not only in-
crease biodiversity but also have economic benefits [249,250]. For instance, monodomi-
nant forests produce 20 Mg ha−1 less biomass than stands with admixtures [223]. Transi-
tion of forests are expected to be centered around European beech as a promoter of tree 
diversity [251–253] holding the capacity to endure harsh conditions [254,255] and outcom-
pete silver fir and Norway spruce [108,256,257]. Establishing a mix of shade-tolerant spe-
cies, like silver fir, in the understory and light-demanding species, such as oak and maple 
[204], for the upper canopy may complete future afforestation targets. Mixed European 
beech–conifer (Norway spruce and silver fir) forests may also enhance the resistance and 
resilience of Norway spruce [179] and European beech [32,168] to wind and drought dis-
turbances. However, for optimal production in terms of volume yield, height, or volume 
increment, the portion of Norway spruce should be higher than 50% [108,258] and estab-
lished under open conditions [259,260]. Regarding the portion of silver fir, mixed forests 
with up to 20% of silver fir trees were shown to be the most productive [219,225]. In the 
Southeastern Carpathian forests, the presence of genetically diverse silver fir species 
within the population of different provenance [261,262] and the collective growth of these 
species [201] could contribute to drought resilience.

The old-growth Norway spruce and European beech forests preserved in the Carpa-
thians serve as appropriate models for the promotion of natural forest dynamics. It has 
been demonstrated that old Norway spruce forests (some Carpathian specimens are more 
than 400 years old) show a high potential for increasing biomass accumulation as a re-
sponse to a prolonged vegetation period caused by climate change [193] and so do prime-
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At the same time, there is a broad consensus that mixed and more diversified forests
increase forest stability and, in the long term, enable higher biomass accumulation and thus
carbon sequestration [169,195,218]. This aims at an optimal growing stock and a balanced
diameter distribution ensuring a sustainable equilibrium of natural regeneration, growth,
and harvest [205,247,248]. Replacing monocultures with more drought-resilient mixtures,
including, e.g., silver fir, European beech, oak, and maple, could not only increase biodiver-
sity but also have economic benefits [249,250]. For instance, monodominant forests produce
20 Mg ha−1 less biomass than stands with admixtures [223]. Transition of forests are
expected to be centered around European beech as a promoter of tree diversity [251–253]
holding the capacity to endure harsh conditions [254,255] and outcompete silver fir and
Norway spruce [108,256,257]. Establishing a mix of shade-tolerant species, like silver fir, in
the understory and light-demanding species, such as oak and maple [204], for the upper
canopy may complete future afforestation targets. Mixed European beech–conifer (Norway
spruce and silver fir) forests may also enhance the resistance and resilience of Norway
spruce [179] and European beech [32,168] to wind and drought disturbances. However, for
optimal production in terms of volume yield, height, or volume increment, the portion of
Norway spruce should be higher than 50% [108,258] and established under open condi-
tions [259,260]. Regarding the portion of silver fir, mixed forests with up to 20% of silver
fir trees were shown to be the most productive [219,225]. In the Southeastern Carpathian
forests, the presence of genetically diverse silver fir species within the population of differ-
ent provenance [261,262] and the collective growth of these species [201] could contribute
to drought resilience.

The old-growth Norway spruce and European beech forests preserved in the Carpathi-
ans serve as appropriate models for the promotion of natural forest dynamics. It has been
demonstrated that old Norway spruce forests (some Carpathian specimens are more than
400 years old) show a high potential for increasing biomass accumulation as a response to a
prolonged vegetation period caused by climate change [193] and so do primeval European
beech forests [263,264] and old silver fir forests [201]. Accordingly, old forests may be man-
aged with single-tree and group selection felling [265] to make use of the potential of old
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stands and develop closer-to-nature forestry and thus “climate-smart forests” [247,266–268].
These are aimed at adapting to (i.e., pest outbreaks) and mitigating (i.e., increasing carbon
sequestration and surface albedo) global warming [269]. Additionally, the artificial creation
of canopy gaps is a promising option in SFM aiming at improving forest diversity and thus
vitality (e.g., in abandoned managed forests in national parks [270]). In Norway spruce-
dominated forests, it is recommended to establish canopy gaps, which may be bigger
with the age of stands (up to 64 m2 in stands older than 50 years), except for wind-prone
areas [108]. Additionally, in European beech-dominated forests, gap openings (small ones
of up to 40 m2) generally promote larger regeneration areas, including broader adjacent
zones both in naturally and artificially created gaps [271].

There are also new approaches to forest management after natural disturbances as
a part of natural ecosystem dynamics [94,272–275] aimed at increasing biodiversity both
in nature conservation (Western Carpathians [91,276,277]) and closer-to-nature forestry
(Western Carpathians [278]; Eastern Carpathians [279]). Recommendations to leave post-
disturbance withdrawn stands go hand in hand with some evidence of the low impact
of sanitary felling on bark beetle spread [280,281]. After disturbances, Norway spruce-
dominated closer-to-nature-managed forests produce more seedlings than intensively
managed forests in the Tatra Mountains [282] (also see [283]). Post-disturbance natural
rejuvenation in these forests, while keeping dead wood [284], may be more efficient and
stable (e.g., with respect to bark beetle damage or browsing [135,136,285,286]), though
accumulation of carbon long after the disturbance may be higher in less diverse spruce
forests [258].

SFM enforcement with a focus on closer-to-nature practices may best happen on a
regional scale [287], as individualized approaches often result in greater stand productivity
while preserving ecological forest functions [288]. Funding projects for forest reconstruction
may be essential to supporting respective initiatives. For instance, the conversion of a
monocultural Norway spruce forest into a mixed forest in the Western Carpathians was
only financially profitable because of substantial funding [289]. In contrast, restoration of
cleared broadleaf forests in small areas of the Southern Carpathians was cost-effective [246].
Silver fir forest reconstruction, though being a long-term process, may be profitable based
on the establishment of a forest seed base [109] and protection of planted cultures [290].

Further development of effective SFM strategies with respect to the above-mentioned
practices involves close cooperation and coordination of all institutions and stakeholders.
The S4C research agenda for 2022–2030 [291] highlights the priority for forest management
partnerships among local communities, compossessorates (i.e., traditional social unions for
shared use of forests [129]), individual owners, and the state for natural climate solutions,
ecological silviculture, and promoting social innovations. The latter has gained importance
as a key indicator of successful SFM implementation, and notable progress in this regard is
evident in ongoing developments in the Carpathian countries [25,292,293].

7. Conclusions

The literature search revealed a solid though maybe imbalanced (e.g., with respect to
regions and topics) basis of scientific literature dealing with Carpathian forests. Several
limitations need to be acknowledged given the broad scope of the review. First, the use
of a specific search string and the thematic clusters chosen might have limited the finding
of articles dealing with the Carpathians but not explicitly mentioning them or addressing
topics indirectly related to these clusters. Second, books, conference proceedings, and
studies published in non-English languages were not considered in the literature search.
Third, the subjective selection of articles in the last step of the search procedure may lead to
a bias regarding the identification of appropriate articles related to the defined thematic
clusters. Despite these limitations, the literature search not only enabled broad insights into
the geographical and topical scale but also made it possible to identify potential knowledge
gaps and need for further research activities.
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The Carpathian Mountains were characterized in terms of their forests in the period
starting from Holocene deglaciation. Climate fluctuations and human activities have led
to substantial changes in forest systems, and anthropogenic activities, such as logging,
fire activities, and grazing, have shaped the distribution and structure of present-day
Carpathian forests. The rapid climate change in recent decades adds uncertainty to the
future development of these forest systems; thus, there is a need for new SFM strategies.

These management strategies must be based on valuable predictions of future condi-
tions in terms of climatic, ecological (including, e.g., altered risks of pests), and economical
changes (including, e.g., land use changes); their combinations; and forest system re-
sponses. Unfortunately, the available data are often insufficient as a basis for projections
of future developments in Carpathian forests. For instance, temperature and drought
responses of European beech and of other native species in different Carpathian subregions
and at different elevations are not yet sufficiently understood. Better knowledge of the
performance of these forest species and the entire Carpathian provenance under future
conditions would contribute to the understanding of whether and how the establishment
of the European beech-, Norway spruce-, and oak-dominant forests mixed with silver fir,
hornbeam, and maple sycamore currently strived for may help to mitigate climate change
effects. It would also support afforestation strategies and effectively (in terms of ecological,
economic, and social balance) combine them with other measures under the umbrella of
closer-to-nature forestry.

Due to the enormous geographical variety of the Carpathian landscapes, a high spatial
resolution of data sets (climate, soil, forests, etc.) is desirable to improve models and
thus predictions of future conditions. Socio-ecological studies could also be important
to estimate potential future developments with respect to anthropogenic activities. The
literature search of this review revealed that the Eastern, Southeastern Romanian, Ukrainian,
and Serbian Carpathians are the least studied regions while holding valuable forest areas
of the Carpathians; thus, studies in these areas should be encouraged. Currently, the war
situation in Ukraine adds another complexity for forestry as well as respective research
activities, as about one-third of the Ukrainian forest area is in occupied areas.

Achieving sustainable forest development in the Carpathians thus remains challenging.
Efforts through the Carpathian Convention, forest law amendments, and S4C have been
made, but full implementation of sustainable management practices is lacking. Enhancing
the connectivity of forests, management, and stakeholders beyond administrative borders
and support by respective research could be favorable for adaptive future development of
Carpathian forests.
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11. Sarvašová, Z.; Cienciala, E.; Beranová, J.; Vančo, M.; Ficko, A.; Pardos, M. Analysis of governance systems applied in multifunc-

tional forest management in selected European mountain regions. For. J. 2014, 60, 159–167. [CrossRef]
12. Malek, Ž.; Zumpano, V.; Hussin, H. Forest management and future changes to ecosystem services in the Romanian Carpathians.

Environ. Dev. Sustain. 2018, 20, 1275–1291. [CrossRef]
13. IPCC Report, I. Climate Change 2022: Impacts, Adaptation and Vulnerability. Summary for Policymakers. Contribution

of Working Group II to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change. United Nations
Environment Programme UNEP 2022, AR6. Available online: https://www.ipcc.ch/report/sixth-assessment-report-working-
group-ii/ (accessed on 12 May 2023).

14. Report on Current State of Forest Resources in the Carpathians. INTERREG III B CADSES Programme Carpathian Project. 2008.
Available online: http://www.carpathianconvention.org/tl_files/carpathiancon/Downloads/02%20Activities/Forest/Current%
20state%20of%20Forest%20Resources%20in%20the%20Carpathians%20(1).pdf (accessed on 11 January 2023).

15. Protocol on Sustainable Forest Management. Carpathian Convention May 2011. Available online: http://www.carpathianconvention.
org/tl_files/carpathiancon/Downloads/01%20The%20Convention/Protocols%20in%20pdf/Protocol%20on%20Sustainable%
20Forest%20Management_adopted%20.pdf (accessed on 10 March 2023).

16. Mráz, P.; Ronikier, M. Biogeography of the Carpathians: Evolutionary and spatial facets of biodiversity. Biol. J. Linn. Soc. 2016,
119, 528–559. [CrossRef]

17. Marín, A.I.; Malak, D.A.; Bastrup-Birk, A.; Chirici, G.; Barbati, A.; Kleeschulte, S. Mapping forest condition in Europe: Method-
ological developments in support to forest biodiversity assessments. Ecol. Indic. 2021, 128, 107839. [CrossRef]

18. Nechita, C.; Popa, I.; Eggertsson, O. Climate response of oak (Quercus spp.), an evidence of a bioclimatic boundary induced by
the Carpathians. Sci. Total. Environ. 2017, 599–600, 1598–1607. [CrossRef] [PubMed]
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43. Feurdean, A.; Tanţău, I.; Fărcaş, S. Holocene variability in the range distribution and abundance of Pinus, Picea abies, and
Quercus in Romania; implications for their current status. Quat. Sci. Rev. 2011, 30, 3060–3075. [CrossRef]

44. Ravazzi, C. Late Quaternary history of spruce in southern Europe. Rev. Palaeobot. Palynol. 2002, 120, 131–177. [CrossRef]
45. Fărcas, , S.; Tant,ău, I.; Turtureanu, P.D. Larix Decidua Mill. in Romania: Current and Past Distribution, Coenotic Prefer-ences, and

Conservation Status. Contrib. Bot. 2013, 48, 1333–1342.
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Carpathians). Quat. Int. 2013, 293, 92–104. [CrossRef]
55. Feurdean, A.; Willis, K.J. The usefulness of a long-term perspective in assessing current forest conservation management in the

Apuseni Natural Park, Romania. For. Ecol. Manag. 2008, 256, 421–430. [CrossRef]
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Lăpuş Mountains, north-west Romania. Palynology 2020, 44, 441–452. [CrossRef]

67. Popa, I.; Kern, Z. Long-term summer temperature reconstruction inferred from tree-ring records from the Eastern Carpathians.
Clim. Dyn. 2009, 32, 1107–1117. [CrossRef]
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136. Konôpka, B.; Šebeň, V.; Merganičová, K. Forest Regeneration Patterns Differ Considerably between Sites with and without
Windthrow Wood Logging in the High Tatra Mountains. Forests 2021, 12, 1349. [CrossRef]

137. Fleischer, P.; Pichler, V.; Flaische, P.; Holko, L.; Máli, F.; Gömöryová, E.; Cudlín, P.; Holeksa, J.; Michalová, Z.; Homolová, Z.; et al.
Forest ecosystem services affected by natural disturbances, climate and land-use changes in the Tatra Mountains. Clim. Res. 2017,
73, 57–71. [CrossRef]

138. Badea, O.; Tanase, M.; Georgeta, J.; Anisoara, L.; Peiov, A.; Uhlirova, H.; Pajtik, J.; Wawrzoniak, J.; Shparyk, Y. Forest health status
in the Carpahian Mountains over the period 1997. Environ. Pollut. 2004, 130, 93–98. [CrossRef] [PubMed]
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Upward expansion of distribution ranges of tree species: Contrasting results from two national parks in Western Carpathians. Sci.

Total. Environ. 2019, 653, 920–929. [CrossRef]
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179. Crişan, V.-E.; Dincă, L.; Bragă, C.; Murariu, G.; Tupu, E.; Mocanu, G.D.; Drasovean, R. The Configuration of Romanian Carpathians
Landscape Controls the Volume Diversity of Picea abies (L.) Stands. Land 2023, 12, 406. [CrossRef]

180. Bouriaud, O.; Popa, I. Comparative dendroclimatic study of Scots pine, Norway spruce, and silver fir in the Vrancea Range,
Eastern Carpathian Mountains. Trees Struct. Funct. 2009, 23, 95–106. [CrossRef]

181. Schurman, J.S.; Babst, F.; Björklund, J.; Rydval, M.; Bače, R.; Čada, V.; Janda, P.; Mikolas, M.; Saulnier, M.; Trotsiuk, V.; et al. The
climatic drivers of primary Picea forest growth along the Carpathian arc are changing under rising temperatures. Glob. Chang.

Biol. 2019, 25, 3136–3150. [CrossRef]
182. Vakula, J.; Zúbrik, M.; Galko, J.; Gubka, A.; Kunca, A.; Nikolov, C.; Bošel’a, M. Influence of selected factors on bark beetle outbreak

dynamics in the Western Carpathians. For. J. 2015, 61, 149–156. [CrossRef]
183. Fora, C.G.; Balog, A. The Effects of the Management Strategies on Spruce Bark Beetles Populations (Ips typographus and Pityogenes

chalcographus), in Apuseni Natural Park, Romania. Forests 2021, 12, 760. [CrossRef]
184. Butsic, V.; Munteanu, C.; Griffiths, P.; Knorn, J.; Radeloff, V.C.; Lieskovský, J.; Mueller, D.; Kuemmerle, T. The effect of protected

areas on forest disturbance in the Carpathian Mountains 1985. Conserv. Biol. 2017, 31, 570–580. [CrossRef] [PubMed]
185. Grodzki, W.; Ambroży, S.; Gil, W. The growth and biodiversity of spruce stands in variable climate conditions—Radziejowa case

study. Folia For. Pol. Ser. A 2013, 55, 146–156. [CrossRef]
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190. Bosela, M.; Tumajer, J.; Cienciala, E.; Dobor, L.; Kulla, L.; Marčiš, P.; Popa, I.; Sedmák, R.; Sedmáková, D.; Sitko, R.; et al. Climate
warming induced synchronous growth decline in Norway spruce populations across biogeographical gradients since 2000. Sci.

Total. Environ. 2021, 752, 141794. [CrossRef]
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Disentangling the multi-faceted growth patterns of primary Picea abies forests in the Carpathian arc. Agric. For. Meteorol. 2019,
271, 214–224. [CrossRef]

193. Gazol, A.; Camarero, J.J.; Gutiérrez, E.; Popa, I.; Andreu-Hayles, L.; Motta, R.; Nola, P.; Ribas, M.; Sangüesa-Barreda, G.; Urbinati,
C.; et al. Distinct effects of climate warming on populations of silver fir (Abies alba) across Europe. J. Biogeogr. 2015, 42, 1150–1162.
[CrossRef]

194. Ježík, M.; Blaženec, M.; Mezei, P.; Sedmáková, D.; Sedmák, R.; Fleischer, P.; Bošel’a, M.; Kurjak, D.; Střelcová, K.; Ditmarová, L’.
Influence of weather and day length on intra-seasonal growth of Norway spruce (Picea abies) and European beech (Fagus sylvatica)
in a natural montane forest. Can. J. For. Res. 2021, 51, 1799–1810. [CrossRef]

195. Hlásny, T.; Barka, I.; Kulla, L.; Bucha, T.; Sedmák, R.; Trombik, J. Sustainable forest management in a mountain region in the
Central Western Carpathians, northeastern Slovakia: The role of climate change. Reg. Environ. Chang. 2017, 17, 65–77. [CrossRef]

196. Petrik, P.; Petek-Petrik, A.; Konôpková, A.; Fleischer, P.; Stojnic, S.; Zavadilova, I.; Kurjak, D. Seasonality of PSII thermostability
and water use efficiency of in situ mountainous Norway spruce (Picea abies). J. For. Res. 2023, 34, 197–208. [CrossRef]

197. Schiop, S.T.; Al Hassan, M.; Sestras, A.F.; Boscaiu, M.; Sestras, R.E.; Vicente, O. Biochemical responses to drought, at the
seedling stage, of several Romanian Carpathian populations of Norway spruce (Picea abies L. Karst). Trees Struct. Funct. 2017,
31, 1479–1490. [CrossRef]

198. Saulnier, M.; Schurman, J.; Vostarek, O.; Rydval, M.; Pettit, J.; Trotsiuk, V.; Janda, P.; Bače, R.; Björklund, J.; Svoboda, M. Climatic
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severity natural disturbances promote the occurrence of an endangered umbrella species in primary forests. For. Ecol. Manag.

2017, 405, 210–218. [CrossRef]
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288. Banaś, J.; Zięba, S.; Bujoczek, L. An Example of Uneven-Aged Forest Management for Sustainable Timber Harvesting. Sustainability

2018, 10, 3305. [CrossRef]
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