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Abstract

The regular (even-aged) silvicultural system is widely used in the management of pedun-
culate oak forests to ensure their long-term sustainability and regeneration. This approach
maintains an even-aged stand structure by harvesting one tree generation and establishing
a new cohort through natural or artificial regeneration. This management simplifies culti-
vation and exploitation but can have an impact on biodiversity. Research was conducted
in the Spačva forest complex in pedunculate oak–common hornbeam stands, including
mature forest stands and stands in the seed cut and final cut stages of shelterwood regener-
ation. This study aimed to assess changes in the floristic composition between the forest
and regeneration phases of pedunculate oak stands, and to test whether these changes
are associated with shifts in microclimatic conditions, soil microbiological and chemical
properties. The study was conducted in the Spačva forest complex across four sites rep-
resenting regeneration and forest phases, using a total of 20 phytocoenological relevés
(10 per phase). Microclimatic data were collected over two years (March 2021–March 2023),
while soil chemical, microbiological, and vegetation data were analyzed to compare habitat
conditions. Differences between phases were evaluated using Student’s t-tests, and relation-
ships between diagnostic species and habitat variables were assessed using Spearman rank
correlation analysis. The regeneration phase exhibited substantially higher plant species
richness than the forest phase, with 84 recorded species compared with 44 in forest stands
(approximately a 91% increase), corresponding to mean values of 32 and 19 species per
relevé, respectively. There were 12 species with a fidelity index determined as diagnostic for
the regeneration phase. Microclimatic, pedological, chemical, and biological soil properties
were compared between regeneration and forest phases, and their relationships with the
occurrence of 12 diagnostic species were examined to identify ecological drivers relevant to
successful and sustainable forest restoration. Increased insolation resulting from canopy
opening was identified as the primary factor differentiating regeneration from forest stands,
promoting higher plant species richness by enhancing light availability and modifying soil
chemical conditions. These findings indicate that shelterwood-induced changes in habitat
structure can increase floristic diversity without adversely affecting key soil functions, high-
lighting the importance of integrating vegetation, soil, and microclimatic indicators into
adaptive management strategies for the sustainable restoration and long-term resilience of
pedunculate oak forests.
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1. Introduction
Pedunculate oak (Quercus robur L.) forests are among the most ecologically and eco-

nomically important forest ecosystems in Europe, supporting high levels of biodiversity,
providing essential ecosystem services, and supplying high-value timber while contributing
to climate resilience and sustainable forest management [1,2]. Their distribution extends
from Spain in the west to Ukraine in the east and from southern Scandinavia to the Mediter-
ranean region, with the largest areas occurring in France, Germany, and Poland [3].

Although pedunculate oak is a widespread European tree species, its regeneration is
increasingly threatened by more frequent drought events, altered hydrological regimes, and
interacting biotic stressors associated with climate change. These pressures reduce seedling
establishment and survival and may compromise the long-term resilience of oak forests,
particularly in lowland floodplain ecosystems experiencing progressive habitat drying [4–7].
Regular or even-aged management of pedunculate oak forests has proven to be the optimal
way to guide development during rotation. This approach includes the establishment of
a young forest stand, its care during its life cycle and the final regeneration in which the
old stand is removed and the space is left to the new generation. Natural regeneration in
pedunculate oak forests is commonly achieved through the shelterwood system, in which
the overstory is gradually removed over several years to facilitate the establishment of
a new tree generation while maintaining partial canopy cover. This approach not only
promotes regeneration but also creates temporal changes in light availability, microclimatic
conditions, and soil processes, thereby influencing understory vegetation dynamics and
ecosystem functioning. In pedunculate oak–common hornbeam stands under normal
structural conditions, the regeneration period typically extends from six to eight (up to ten)
years [8,9].

According to Ritter et al. [10] and Ugarković et al. [11], forest trees play a fundamental
role in shaping microclimatic conditions. Forest canopies regulate solar radiation, air move-
ment, temperature, and humidity, thereby creating stable environmental conditions that
support biodiversity and ecosystem functioning, as also highlighted by De Frenne et al. [12].
Organisms inhabiting forest ecosystems are adapted to these specific microclimatic condi-
tions, which differ markedly from those of adjacent open habitats [13,14]. However, forestry
interventions can substantially modify canopy structure and consequently alter the forest
microclimate [15,16]. Canopy density, vertical vegetation stratification, and tree species
composition directly influence light penetration and air circulation within the forest [17].
Tranquillini [18] and Denslow [19] demonstrated that increasing canopy openness enhances
solar radiation and air temperature at the forest floor, while Zellweger et al. [20] further
showed that these changes can cascade through the ecosystem by affecting understory
vegetation, soil processes, and ecosystem resilience.

The belowground environment is also regulated by microclimatic conditions. Soil
temperature and moisture strongly influence microbial activity, organic matter decomposi-
tion, and nutrient cycling, thereby affecting nutrient availability and plant establishment.
These interactions are particularly important in forest ecosystems, where plant species
differ in their requirements for light, temperature, and water availability [21]. Microclimatic
factors such as soil moisture and temperature are therefore crucial for the establishment and
growth of forest species, as demonstrated in studies on the restoration of oak–hornbeam
forests and their effects on community composition [22].
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Biological components, particularly soil microorganisms and extracellular enzymes, are
fundamental drivers of soil functioning and ecosystem resilience. Through their involvement
in organic matter decomposition, nutrient mineralization, and biogeochemical cycling, micro-
bial communities regulate soil fertility and support plant productivity, thereby contributing
to the maintenance of healthy and resilient forest ecosystems [23–25]. As emphasized by
Delgado-Baquerizo et al. [26], soil biodiversity is closely linked to ecosystem multifunctionality
and the capacity of ecosystems to sustain multiple ecological processes simultaneously.

Forest soils represent highly diverse microbial habitats dominated by bacteria and
fungi. In pedunculate oak forests, saprotrophic fungi are primarily responsible for organic
matter decomposition, while mycorrhizal fungi establish mutualistic associations with
tree roots that enhance nutrient uptake and improve plant performance under environ-
mental stress. Together with bacterial communities, these organisms play a central role in
maintaining soil health and ecosystem stability [27].

Because of their rapid response to environmental change, soil microorganisms and
enzyme activities are widely recognized as sensitive indicators of disturbances caused by
climate change, tree dieback, or forest management interventions, including shelterwood
cutting [28,29]. Their activity is regulated by interactions among climatic conditions, soil
properties, organic matter inputs, and vegetation composition [27]. Consequently, soil
microbial and enzymatic characteristics provide valuable indicators of restoration success
and long-term sustainability by reflecting the recovery of soil functions that underpin
forest regeneration and ecosystem resilience, as also highlighted by Bardgett and van
der Putten [30]. Soil enzyme activity may therefore serve not only as a predictor of site
conditions but also as an indicator of successful oak establishment and regeneration [31].

Forestry interventions that reduce canopy cover create environmental conditions that
differ markedly from those in closed-canopy stands by altering light availability, tempera-
ture, humidity, and soil moisture regimes [32]. The magnitude of these changes depends
on the intensity of canopy opening, with shelterwood treatments creating gradients of
microclimatic conditions that influence regeneration trajectories, understory vegetation dy-
namics, and soil processes. Moderate canopy retention may buffer climatic extremes while
providing sufficient light for tree regeneration, whereas more intensive canopy removal
can promote pioneer and ruderal species and alter ecosystem functioning. Consequently,
understanding how different levels of canopy disturbance affect forest microclimate and
the responses of vegetation and soil biota is essential for developing adaptive forest man-
agement and restoration strategies that maintain biodiversity, ecosystem resilience, and
long-term sustainability in pedunculate oak forests [33]. This relationship between canopy
structure and ecological responses has also been emphasized by Decocq et al. [17].

The pedunculate oak–common hornbeam forest community (Carpino betuli–Quercetum
roboris/Anić 1959/Rauš 1971) is one of the most widespread and extensively studied forest
communities in Croatia, covering approximately 110,000 ha, with its largest complexes
located in the Spačva Basin and along the Sava River and its tributaries [34]. Despite its eco-
logical and economic importance, this forest type is increasingly exposed to environmental
pressures that threaten its long-term resilience and sustainability.

Long-term vegetation studies conducted in the Spačva Basin by Škvorc et al. [6]
revealed pronounced shifts in synecological conditions over the last four decades, accom-
panied by a progressive decline in habitat moisture and changes in floristic composition
toward more drought-tolerant and climatogenic communities. The increasing occurrence
of species such as Tilia tomentosa, Cornus sanguinea and Acer tataricum, together with the
reduction in hygrophilous species, indicates ongoing habitat drying and a loss of charac-
teristic ecological conditions. Similarly, Cestarić et al. [7] demonstrated that the combined
effects of hydroamelioration and climate change have accelerated succession from wetter
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to drier forest communities, resulting in floristic homogenization, particularly within the
shrub and herb layers. These trends suggest a gradual degradation of floodplain forest
habitats and highlight the need for adaptive management strategies aimed at enhancing
ecosystem resilience and supporting the sustainable restoration of pedunculate oak forests.

Ground vegetation, which includes herbaceous plants, mosses, lichens and low shrubs,
is a key component of terrestrial ecosystems, particularly forests, grasslands and wetlands.
Due to its close relationship with soil and microclimatic conditions, ground vegetation
shows high sensitivity to changes in habitat factors and often responds more quickly and
significantly than woody vegetation [35].

The use of indicator species in assessing the effects of forest management interventions
offers important methodological and ecological advantages. Because many understory
species exhibit narrow ecological amplitudes with respect to light availability, soil moisture,
pH-value and nutrient status, changes in their occurrence and abundance provide sensitive
measures of alterations in habitat conditions caused by modifications of canopy structure,
microclimate, or soil properties [36,37]. Consequently, indicator species are widely used
in restoration monitoring as cost-effective biological indicators that integrate multiple
environmental drivers and enable the early detection of ecological change. As emphasized
by Lindenmayer and Likens [38], bioindicators are particularly valuable for assessing
ecosystem condition and evaluating the effectiveness of management actions over time.

Beyond reflecting environmental conditions, indicator species can also help identify
ecological thresholds, where relatively small changes in habitat characteristics lead to
substantial shifts in community composition or ecosystem functioning. Monitoring such
responses is essential for adaptive management, as it enables evaluation of restoration
trajectories and timely adjustment of silvicultural interventions. In addition, many indicator
species are of conservation importance, allowing simultaneous assessment of biodiversity
status and the ecological sustainability of forest management practices [39,40].

Some research has also focused on the impact of various factors, primarily manage-
ment, on the floristic composition and biodiversity of pedunculate oak forests [41]. The
results indicate a significant impact of management methods and cutting intensity on the
floristic composition and structure of these forest communities. However, there is a lack of
research on the impact of shelterwood cutting on the floristic composition of pedunculate
oak forests.

Despite the broad influence of microclimate on the responses of forest ecosystems
to global changes, our knowledge of microclimatic changes and impacts on individual
members of the forest ecosystem, and of how microclimate shapes biotic responses to
global changes, remains insufficient [42]. This is one of the reasons why this research on the
impact of shelterwood cutting on microclimatic and microbiological changes in the forest
ecosystem was conducted.

Sustainable management of pedunculate oak forests is essential for preserving their
ecological stability, biodiversity, and economic value while maintaining the ecosystem
services they provide, including carbon sequestration, nutrient cycling, water regulation,
and habitat provision, as emphasized by Pan et al. [43]. Successful management requires a
comprehensive understanding of forest ecology, particularly the interactions among stand
microclimate, microbial processes, soil chemistry, and floristic composition. Changes in
temperature, humidity, light availability, and hydrological conditions can affect tree vitality,
natural regeneration, and soil functioning, while changes in soil properties and plant
communities reflect habitat quality and ecosystem resilience. As highlighted by Bardgett
and van der Putten [30], belowground biological processes are fundamental to ecosystem
functioning and adaptive capacity. Therefore, monitoring these interconnected indicators
enables timely adjustment of management interventions and supports resilience-based
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management, climate change adaptation, and the long-term sustainability and restoration
of pedunculate oak forests.

The aim of the research is to determine floristic composition changes in the regen-
eration phase in relation to the forest phase and their connection with microclimatic,
microbiological and chemical changes.

We hypothesized that the regeneration phase, characterized by greater canopy open-
ness and increased light availability, would exhibit higher plant species richness and a
different floristic composition than the forest phase. We further hypothesized that these
differences in vegetation would be associated with corresponding changes in microclimatic
conditions and in the chemical and biological properties of the soil, reflecting shifts in
ecosystem functioning during forest regeneration.

2. Materials and Methods
2.1. Research Area

The research was conducted in the Spačva forest complex (Figure 1), the largest
contiguous pedunculate oak (Quercus robur L.) forest complex in Europe, covering ap-
proximately 51,000 ha across the border region of Croatia and Serbia. The area extends
along the basins of the Spačva and Studva rivers and comprises two main pedunculate oak
habitat types: forests on micro-elevations outside the active flood zone and forests on lower
terrain periodically influenced by floodwaters. On elevated sites, pedunculate oak forms
the association Carpino betuli–Quercetum roboris (Anić 1959) Rauš 1971, whereas flood-prone
sites are characterized by the association Genisto elatae–Quercetum roboris Horvat 1938.

Figure 1. Pedunculate oak forests in Croatia with Spačva as research area—Forest Phase: F1 (n = 5;
14 years old), F2 (n = 5; 131 years old); Regeneration Phase: R1 (n = 5; 152 years old before cutting, with
a cutting intensity of 43.66%), R2 (n = 5; 4 years old, with a cutting intensity of 51.21%). Areas colored
in light red represent larger contiguous pedunculate oak forest complexes in Croatia. Encircled
areas represent research area, Spačva as research area covered in this paper, and ongoing research at
western part of the range in Croatia (Turopolje area) marked as “a”. Photos were taken by K.P. in
June 2022.

The study was conducted exclusively in the Carpino betuli–Quercetum roboris commu-
nity located outside the active flood zone. Although these stands are not directly inundated,
the soils become seasonally water-saturated during wetter periods due to groundwater
fluctuations and restricted drainage. The soils are developed on Quaternary alluvial de-
posits and are dominated by Stagnosols, with locally occurring Luvisols, exhibiting slightly
acidic to neutral reaction. The stands occur on fresh, drained micro-elevations and ridges
that provide more favorable aeration conditions than the surrounding depressions.
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The experimental design included stands representing different developmental stages
and shelterwood regeneration phases. The forest phase consisted of young (14-year-old)
and mature (131-year-old) stands with closed canopies, whereas the regeneration phase
included stands after seed cutting (152 years old; 43.66% cutting intensity) and final
cutting (4 years old; 51.21% cutting intensity), representing substantially more open canopy
conditions. These contrasting stand structures created a gradient of light availability and
associated environmental conditions that enabled the assessment of changes in vegetation,
soil chemistry, and microbiological properties.

Common hornbeam (Carpinus betulus) is a characteristic indicator species of sites
with fluctuating groundwater levels, as it tolerates short-term flooding but is sensitive
to prolonged waterlogging and persistently high groundwater tables. In addition to
pedunculate oak, the tree layer is composed primarily of common hornbeam, field maple
(Acer campestre), small-leaved lime (Tilia cordata), and wild cherry (Prunus avium). The
shrub layer is relatively species-poor and is dominated by taxa such as Corylus avellana,
Cornus sanguinea, Euonymus europaeus, and Crataegus spp.

The herb layer reflects the mesic conditions of the oak–hornbeam community and is
dominated by shade-tolerant mesophilous forest species, accompanied by hygrophilous
plants associated with temporarily moist microsites. Together, these floristic elements indicate
the transitional ecological conditions of the habitat, characterized by well-drained micro-
elevations with seasonal soil water saturation. The pedunculate oak–common hornbeam
forest represents the terminal successional stage of lowland forest vegetation in the region,
having developed naturally from the wetter Genisto elatae–Quercetum roboris community.

Hydromelioration measures, including drainage and flood protection, have accelerated
successional processes in the Spačva forest complex by reducing the frequency and duration
of flooding and altering the natural water regime. Previous studies have documented a
long-term decline in habitat moisture and a gradual shift in vegetation composition towards
more mesophilous forest communities in this region [6,7]. Consequently, the pedunculate
oak–common hornbeam community has expanded in areas with suitable site conditions and
is currently considered one of the dominant forest types on relatively drier micro-elevations
within the Spačva basin.

The study area has a temperate continental climate characterized by pronounced
seasonal variability in both temperature and precipitation. Climate characteristics were
derived from long-term meteorological records obtained from the Croatian Meteorological
and Hydrological Service (DHMZ) [44]. The mean annual air temperature is 11.8 ◦C, with
mean monthly temperatures ranging from 0.6 ◦C in January to 22.2 ◦C in July. The mean
annual precipitation is approximately 665 mm, with lower monthly precipitation during
winter and a maximum in late spring and early summer, reaching an average of 84.6 mm
in June. This seasonal climatic pattern results in periodic fluctuations in soil moisture and
groundwater availability, which strongly influence natural regeneration processes and
understory vegetation dynamics in pedunculate oak forests. The main soil characteristics
of the study plots are presented in Table 1.

The experiment was established in four pedunculate oak stands representing the same
habitat type but different developmental and management phases (Table 1). Two stands
belonged to the forest phase (F1 and F2), whereas two represented the regeneration phase
(R1 and R2). The forest phase included a young stand (F1, 14 years old) and a mature
stand immediately preceding regeneration (F2, 131 years old), thereby covering the range
of stand development from the youngest to the oldest forest stage. The regeneration phase
comprised a stand subjected to seed cutting (R1, 152 years old before cutting, with a cutting
intensity of 43.66%) and a stand following final cutting (R2, 4 years old, with a cutting
intensity of 51.21%) (Figure 1).
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Table 1. Site description.

Forest Phase Regeneration Phase
F1 (n = 5) F2 (n = 5) R1 (n = 5) R2 (n = 5)

Coordinate (long.) 16.798◦ 19.023◦ 18.911◦ 19.018◦

Coordinate (lat.) 45.106◦ 45.020◦ 45.063◦ 45.012◦

Altitude (m) 80–81 80–81 82–84 79–81
Soil type Stagnosol Stagnosol Stagnosol Stagnosol

Age (years) 14 131 152 4
Average tree diameter (cm) 15 59 61 1–5

Average tree height (m) 12 38 35 0.6–0.7
Cut intensity (%) 0.00 0.00 43.66 51.21
Density (N ha−1) 4500 354 256 64,915

Basal Area (m2 ha−1) 10.00 32.43 28.19 26.87
Volume (m3 ha−1) 50 525 459 405

Pedunculate oak (%) 40.00 64.81 69.81 56.83
Hornbeam (%) 55.00 29.12 3.19 29.84

Narrow leaved-ash (%) 5.00 4.21 25.60 11.15

Each stand covered a relatively large area (29.19–56.02 ha), allowing the establishment
of five spatially separated sampling plots. The plots were positioned approximately 200 m
apart to capture within-stand variability while reducing spatial autocorrelation. Vegetation
surveys, microclimatic measurements, and soil sampling were conducted at all plots using
an identical sampling protocol, ensuring methodological consistency and comparability
among developmental stages.

2.2. Phytocenological Data

Phytocoenological surveys were conducted in July 2022 in both regeneration sites and
forest stands. A total of 20 relevés were recorded, comprising five relevés within each of
the four study stands. At each stand, one central plot was established and four additional
plots were positioned approximately 200 m apart to ensure representative spatial coverage.
In total, 10 relevés represented the regeneration phase and 10 represented the forest phase.

Vegetation was surveyed using the Central European phytocoenological method [45]
on 20 × 20 m (400 m2) plots. The cover and abundance of the tree (A), shrub (B), and herb
(C) layers were estimated using the seven-grade Braun–Blanquet scale (r–5), and all relevés
were stored in the TURBOVEG database [46]. Shannon’s diversity index (H′) and Simpson’s
diversity index (1 − D) were calculated using PAST version 4.03 based on the recorded
plant species data from the phytosociological relevés [47]. The Braun–Blanquet values were
used for vegetation classification and the calculation of species fidelity (phi coefficient) in
JUICE 7.0. For subsequent statistical analyses Braun-Blanquet grades r and + (coverage
less than 1%) were transformed to 1, grade 1 to 2, grade 2 to 3, grade 3 to 4, grade 4 to
5, and grade 5 to 6 (Table S1). Surveys were conducted during a single growing season,
when the majority of vascular plant species were fully developed and readily identifiable,
providing a representative snapshot of the vegetation composition at the study sites. In
order to determine the changes in the floristic composition of the regeneration phase in
relation to forest stands, the JUICE 7.0 program [48] was used. Based on the fidelity index,
the differential plant species of regeneration phase and forest stands were determined. The
nomenclature and affiliation of taxa follows the internet database Euro + Med PlantBase [49],
and habitat and socociology follow FloraVeg.EU database [50]. Although the vegetation
survey was conducted during a single sampling campaign, the timing coincided with peak
vegetation development, maximizing species detectability. Nevertheless, future studies
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incorporating repeated seasonal surveys could provide additional insights into temporal
variation in understory composition.

2.3. Microclimatic, Chemical and Microbiological Measurements

Microclimatic monitoring was conducted at each study stand using Spectrum Watch-
Dog 2800 meteorological stations (Spectrum Technologies, Inc., Aurora, IL, USA). Air
temperature (◦C), solar radiation (W m−2), soil temperature (◦C), and volumetric soil mois-
ture (%) were recorded. Air temperature sensors were installed at a height of 1.5 m above
the ground surface, whereas soil temperature and moisture sensors were positioned at a
depth of 10 cm. Volumetric soil moisture was measured using ECHO-25 probes (Spectrum
Technologies, Inc., Aurora, IL, USA).

Measurements were recorded automatically at hourly intervals from March 2021
to March 2023. The monitoring equipment was installed and maintained according to
the manufacturer’s recommendations, and recorded values were routinely checked for
consistency and obvious measurement errors before analysis. For statistical analyses,
hourly observations were aggregated to representative values for each sampling plot and
subsequently used to compare the regeneration and forest phases. Occasional missing
records due to technical interruptions represented a negligible proportion of the dataset
and were excluded from the analyses without imputation.

Composite soil samples were collected at each site in five replicates from a depth of
0–10 cm using a soil probe. Soil reaction was determined by measuring pH values in aqueous
suspension and in 0.01 mol dm−3 CaCl2 solution, in accordance with ISO 10390 (2005) [51].
Total carbon and total nitrogen were determined by dry combustion using an NC Soil Flash
112 analyzer (Thermo Scientific, Waltham, MA, USA), following ISO 10694 (1995) [52] and
ISO 13878 (1998) [53], respectively.

The concentrations of macro- and microelements were determined by inductively
coupled plasma atomic emission spectrometry (ICP-AES) after Mehlich-3 extraction [54].
Before analysis, the instrument was adjusted to stable operating conditions and externally
calibrated using a series of standard solutions prepared by dilution of a certified commercial
multielement standard. Laboratory quality assurance included the use of calibration blanks,
reagent blanks, repeated measurements of selected samples, and regular verification of
calibration stability during analytical runs. These procedures were applied to ensure
analytical reliability and consistency of the soil chemical data.

Microbiological analyses included the determination of total bacterial abundance using
the serial dilution method [55], fungal abundance according to Waksman [56], cellulolytic
bacteria and fungi following the procedures described in the *Manual for Soil and Water
Testing* [57], and ammonifying microorganisms using the Most Probable Number (MPN)
technique on microtiter plates [58]. Dehydrogenase activity was determined using the
triphenyltetrazolium chloride (TTC) reduction method [59].

All microbiological determinations were performed according to the protocols de-
scribed in the cited references, including the recommended culture media, incubation
conditions, and quantification procedures for each microbial group. Analyses were carried
out in five replicate composite soil samples collected from each study stand, and microbial
abundances were expressed according to the units specified for each analytical method.

2.4. Statistical Data Processing

Descriptive statistics (mean, standard deviation and 95% confidence interval) were
performed for all microclimatic, pedological, chemical and biological soil variables. In
order to determine the habitat differences (univariate) between the regeneration phase and
the forest. The sampling plots were treated as independent observational units because
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they were spatially separated within large forest stands and established to capture local
environmental variability under the same management phase. The difference between
microclimatic, pedological, chemical and biological soil properties was tested with Student’s
t-test and if the condition of homogeneity of variance was not met, a Satterthwaite correction
was performed. To determine parameters that cause the appearance of 12 species diagnostic
for the regeneration phase, a correlation (Spearman rank) of species presence and measured
variables was made, but only with parameters statistically significant at a significant level
of 5% as well as for “marginal” (p < 0.065: C total and C organic) in distinguishing the
regeneration and forest phase (Student’s t-test). For the graphic representation of the
correlations of species and selected parameters (variables) as well as the tested plots,
we used a biplot based on PCA analysis. All statistical analyses were performed in the
SAS9.4 statistical package [60].

3. Results
Shelterwood cutting during the regeneration phase resulted in marked changes in

habitat conditions and, consequently, in floristic composition. The synoptic table summa-
rizes the plant species recorded across the 20 phytocoenological relevés (Table 2), together
with their frequencies in the regeneration and forest phases and their fidelity indices. The
most pronounced difference between the two phases was observed in species richness. A
total of 84 plant species were recorded in the regeneration phase (mean = 32 species per
relevé), whereas only 44 species were recorded in the forest phase (mean = 19 species per
relevé), indicating a substantially richer ground vegetation following canopy opening. In
addition to the increase in species richness, several species exhibited high fidelity to the
regeneration phase, reflecting compositional shifts associated with shelterwood cutting.

Table 2. Synoptic table with percentage frequency and modified fidelity index phi coefficient for
regeneration and forest phase. Layers: A—tree layer; B—shrub layer; C—herb layer (first species of
each layer within individual sociological category is marked) Dash (-) represent that there is no value.

Regeneration Phase
(10 Relevés)

Forest Phase
(10 Relevés)

Frequency
(%)

Fidelity
Index

Frequency
(%)

Fidelity
Index

Alnion incanae
Quercus robur (A) 50 - 60 -

Fraxinus angustifolia 10 - 10 -
Ulmus minor - - 10 -
Ulmus minor (B) 50 - 80 -

Fraxinus angustifolia 50 - 50 -
Quercus robur 50 - 40 -
Populus alba 50 - - -

Genista tinctoria 10 - - -
Ulmus laevis 10 - - -

Rumex sanguineus (C) 100 - 50 -
Rubus caesius 80 - 70 -
Carex remota 50 - 70 -

Quercus robur 60 65.5 - -
Glechoma hederacea 10 - 30 -

Carex strigosa 10 - - -
Cerastium sylvaticum - - 20 -
Dryopteris carthusiana - - 10 -
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Table 2. Cont.

Regeneration Phase
(10 Relevés)

Forest Phase
(10 Relevés)

Frequency
(%)

Fidelity
Index

Frequency
(%)

Fidelity
Index

Carpino-Fagetea sylvaticae
Carpinus betulus (A) 30 - 60 -
Pyrus pyraster 10 - - -
Acer campestre - - 30 -

Carpinus betulus (B) 100 - 70 -
Acer campestre 90 - 90 -
Pyrus pyraster 10 - 10 -
Carex sylvatica (C) 50 - 100 -

Brachypodium sylvaticum 50 - 60 -
Circaea lutetiana 40 - 70 -

Scrophularia nodosa 50 - - -
Euphorbia amygdaloides 20 - - -

Carex digitata 10 - - -
Carpinus betulus 10 - - -

Hedera helix - - 50 -
Viola reichenbachiana - - 50 -
Athyrium filix-femina - - 40 -
Geranium robertianum - - 30 -

Vinca minor - - 20 -
Arum maculatum - - 20 -
Galium odoratum - - 10 -

Galeobdolon luteum - - 10 -
Mycelis muralis - - 10 -
Stachys sylvatica - - 10 -

Alnetea gltinosae
Frangula alnus (B) 10 - - -

Salix cinerea 50 - 10 -
Solanum dulcamara (C) 90 90.5 - -

Quercetalia pubescentis
Quercus cerris (A) 1 - - -
Acer tataricum (B) 90 61.2 30 -
Quercus cerris 10 - - -
Acer tataricum (C) - - 30 -

Ruscus aculeatus - - 10 -

Crataego-Prunetea
Crataegus laevigata (A) 10 - 10 -

Crataegus monogyna - - 10 -
Crataegus monogyna (B) 60 - 80 -
Crataegus laevigata 40 - 80 -
Cornus sanguinea 80 - 50 -

Euonymus europaeus 20 - 40 -
Rosa canina agg. 20 - 30 -

Rubus hirtus (C) - - 40 -
Euonymus europaeus - - 30 -
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Table 2. Cont.

Regeneration Phase
(10 Relevés)

Forest Phase
(10 Relevés)

Frequency
(%)

Fidelity
Index

Frequency
(%)

Fidelity
Index

Molinio-Arrhenatheretea
Cirsium palustre (C) 80 81.6 - -

Poa trivialis 80 81.6 - -
Ajuga reptans 10 - 30 -

Lysimachia nummularia - - 30 -
Lythrum salicaria 50 - - -

Juncus effusus 40 - - -
Plantago major 40 - - -

Prunella vulgaris 30 - - -
Hypericum tetrapterum 10 - - -

Ranunculus repens 10 - - -
Deschampsia cespitosa 10 - - -

Stachys palustris 10 - - -
Euphorbia palustris 40 - - -
Potentilla reptans 40 - - -
Dactylis glomerata 10 - - -

Artemisetea vulgaris, Epilobietea angustifolii
Erigeron annuus (C) 100 100.0 - -

Epilobium angustifolium 90 90.5 - -
Calamagrostis epigejos 90 90.5 - -

Eupatorium cannabinum 70 73.4 - -
Solidago gigantea 60 65.5 - -
Galium aparine 30 - - -
Torilis japonica 30 - - -
Arctium lappa 20 - - -

Tussilago farfara 20 - - -
Cirsium vulgare 20 - - -

Tanacetum vulgare 10 - - -

Galio-Urticetea
Geum urbanum (C) 90 - 100 -

Urtica dioica 90 70.4 20 -
Lapsana communis 90 90.5 - -

Torilis arvensis 20 - - -
Lathyrus pratensis 10 - - -
Veronica hederifolia - - 10 -

Phragmito-Magnocaricetea
Iris pseudacorus (C) 50 - - -
Galium palustre 30 - - -
Carex vulpina 20 - - -

Phragmites australis 10 - - -

Bidentetea
Persicaria hydropiper (C) 40 - - -

Bidens tripartita 30 - - -
Atriplex prostrata 30 - - -
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Table 2. Cont.

Regeneration Phase
(10 Relevés)

Forest Phase
(10 Relevés)

Frequency
(%)

Fidelity
Index

Frequency
(%)

Fidelity
Index

Other
Amorpha fruticosa (A) 10 - - -
Populus tremula - - 10 -

Amorpha fruticosa (B) 30 - - -
Populus tremula 30 - - -
Salix purpurea 20 - - -
Oxalis dillenii (C) 50 - - -

Ambrosia artemisiifolia 50 - - -
Carex divulsa 40 - 10 -

Convolvulus arvensis 10 - - -
Amorpha fruticosa 10 - - -

Erigeron canadensis 10 - - -

The regeneration and forest phases were distinguished by 12 species with high fidelity
values, all of which were associated with the regeneration phase, indicating substantial
compositional changes following shelterwood cutting (Table 2). In addition, several species
occurred exclusively in the regeneration phase despite having lower fidelity values, further
reflecting the shift in vegetation structure.

From an ecological perspective, the regeneration phase was characterized by an
increased representation of species associated with open habitats, wet forest margins,
and nutrient-rich disturbed sites. Ruderal taxa belonging to the Artemisetea vulgaris and
Epilobietea angustifolii classes, together with species typical of Molinio–Arrhenatheretea and
Bidentetea communities, were considerably more frequent than in the forest phase. The
occurrence of wetland-associated species also indicates locally wetter microsites within
regeneration areas.

Many of the species recorded exclusively in the regeneration phase were invasive alien
species, including Amorpha fruticosa, Erigeron annuus, Solidago gigantea, Ambrosia artemisiifolia,
and Erigeron canadensis. Their occurrence is likely related to the increased light availability
and habitat disturbance associated with shelterwood cutting, which create favorable con-
ditions for the establishment of opportunistic species. Although these species contribute
to the higher floristic richness observed during regeneration, their expansion may hinder
restoration sustainability by competing with native vegetation and altering successional
trajectories. Consequently, monitoring and controlling invasive species during the regenera-
tion phase should be considered an important component of sustainable pedunculate oak
forest management.

In contrast to the regeneration phase, no species exhibited a sufficiently high fidelity in-
dex to be considered diagnostic of the forest phase. Nevertheless, several species, including
Athyrium filix-femina, Galium odoratum, Hedera helix and Viola reichenbachiana, occurred more
frequently in forest stands. These taxa are characteristic of mesic deciduous forests within
the Carpino-Fagetea sylvaticae class and reflect the stable environmental conditions main-
tained under a closed canopy. Reduced light availability, moderated microclimatic fluctua-
tions, and the accumulation of organic matter create favorable conditions for shade-tolerant
forest specialists while limiting the establishment of pioneer and disturbance-adapted
species. Consequently, the forest phase supports a more homogeneous plant community
that is indicative of ecological stability and advanced successional development.
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A comparison of microclimatic, pedological, chemical and biological soil properties
between the regeneration phase and the forest is shown in Table 3. Average air and soil
temperature values did not differ significantly between the two groups (p > 0.77). Also, no
statistically significant difference was found in soil moisture (p = 0.3846). In contrast to the
above variables, insolation showed a highly significant difference between regeneration
and forest (p < 0.0001), with higher values recorded in the regeneration phase.

Table 3. Descriptive statistics and results of Student’s t test for all analyzed variables.

Regeneration (n = 10) Forest (n = 10) Student’s t Test
Mean StdDev 95% CI Mean StdDev 95% CI t Value p

Air Temperature (◦C) 11.77 4.98 8.21–15.33 11.21 4.48 8.0–14.42 0.26 0.7946
Soil Temperature (◦C) 12.06 6.07 7.72–16.41 11.27 6.16 6.86–15.68 0.29 0.7756

Soil Moisture 19.96 7.60 14.53–25.40 22.98 7.53 17.59–28.37 −0.89 0.3846
Insolation 105.60 14.29 95.42–115.87 41.41 30.98 19.25–63.57 5.95 * <0.0001

pHH2O 6.17 0.26 5.99–6.36 6.46 0.51 6.09–6.82 −1.59 * 0.1346
pHCaCl 5.35 0.31 5.13–5.57 5.69 0.57 5.29–6.11 −1.69 0.1086
Ntot (%) 0.22 0.04 0.20–0.25 0.28 0.12 0.19–0.36 −1.40 * 0.1890
Corg (%) 2.87 0.41 2.58–3.17 3.78 1.35 2.82–4.76 −2.05 * 0.0659
CorgN 12.93 1.39 2.58–3.17 13.92 1.66 12.73–15.12 −1.45 0.1647

B (mg/kg) 0.82 0.28 0.62–1.02 0.84 0.26 0.65–1.03 −0.18 0.8618
Ca (mg/kg) 4252.6 567.6 3846.53–4658.67 4500.9 745.4 3967.68–5034.12 −0.84 0.4130
Cu (mg/kg) 1.85 0.21 1.07–2.01 1.85 0.39 1.57–2.14 0.00 1.0000
Fe (mg/kg) 358.2 48.63 323.41–392.99 364.0 46.07 331.04–396.96 −0.27 0.7874
K (mg/kg) 131.6 28.53 111.19–152.01 181.9 36.78 155.59–208.21 −3.42 0.0031

Mg (mg/kg) 609.1 92.38 543.02–675.18 570.3 59.21 527.95–612.65 1.12 0.2782
Mn (mg/kg) 29.82 5.39 25.96–33.68 46.55 22.84 30.21–62.89 −2.25 * 0.0478
Na (mg/kg) 9.60 3.02 7.44–11.76 6.28 1.94 4.89–7.68 2.92 0.0091
P (mg/kg) 12.98 3.51 10.47–15.49 21.19 8.76 14.92–27.46 −2.75 * 0.0179

Zn (mg/kg) 3.12 0.52 2.75–3.49 4.29 0.62 3.85–4.73 −4.57 0.0002
Fungi (×105) 38.87 26.73 19.75–57.99 30.36 13.73 20.54–40.19 0.90 0.3862

Bacteria (×106) 272.3 347.5 23.70–520.89 153.3 69.59 103.51–203.08 1.06 * 0.3140
Amonificator (×105) 359.0 89.77 294.78–423.22 310.2 101.6 237.53–382.87 1.14 0.2699

Celulo Bakteria 47.16 16.17 35.59–58.73 51.29 18.66 37.94–64.64 −0.53 0.6034
Celulo Fungi 28.49 14.07 18.42–38.56 30.77 16.27 19.12–42.42 −0.34 0.7415

Dehydrogenase 3.09 1.67 1.90–4.29 2.63 1.51 1.55–3.71 0.66 0.5197
No. of Species 32.20 5.14 28.52–35.88 18.90 4.77 15.49–22.31 6.00 <0.0001

* Satterthwaite correction for unequal variance.

Soil reaction expressed as pH values in water and CaCl2 did not differ statistically
significantly between the phases (p > 0.10), although slightly higher mean values were
recorded in the forest. Total carbon content, organic carbon and total nitrogen was higher in
forest phase than in the regeneration phase, with borderline levels of statistical significance
(p ≈ 0.06–0.19). The Corg/N ratio did not show significant differences between phases.

Analysis of macro- and microelements indicated significantly higher concentrations of
K (p = 0.0031), Mg (p = 0.0478), P (p = 0.0179) and Zn (p = 0.0002) in the forest soil, while
sodium was significantly more prevalent in the regeneration (p = 0.0091). No significant
differences were found for the other analyzed elements (Ca, Mg, Fe, Cu and B).

Figure 2 supports Table 3’s findings, which show that insolation and Number of
species have a strong correlation and higher average values in the regeneration plots. While
the other chosen elements K, Mn, P, and Zn have higher average values in forest plots in
addition to having a positive correlation with one another, sodium likewise has a higher
average value in favor of regeneration plots. Figure 2 demonstrates the strong correlation
between K and P, as well as Mn and Zn. No. of species and insolation had a negative
correlation with every variable that was selected, with the exception of Na.
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Figure 2. The biplot showing the performance of variables that distinguish forest from regeneration
and analyzed plots.

Spearman correlation coefficients (Figure 3) indicate several statistically significant
(r > 0.63) and ecologically relevant relationships between the analyzed variables (p < 0.05).

Insolation shows a statistically significant negative correlation with the species
Erigeron annuus (r = −0.64; p = 0.048) and v3 (r = −0.65; p = 0.039), while Quercus robur
seedlings and Acer tataricum (shrub layer) also show a negative correlation that is not statis-
tically significant, indicating a decrease in these variables with increasing light availability.
The negative sign suggests an association with more closed, shady conditions.

A significant positive correlation was observed between Quercus robur seedlings and
Mn (r = 0.64; p = 0.043), while it is strongly negatively correlated with the Number of
species (r = −0.79; p = 0.006).

Species Calamagrostis epigejos shows a significant negative correlation with manganese
(r = −0.64; p = 0.043) and a very strong positive correlation with the Number of species
(r = 0.77; p = 0.006). A similar pattern is observed for Epilobium angustifolium, which is
negatively correlated with Mn (r = −0.68; p = 0.030) and strongly positively with the
number of species (r = 0.84; p = 0.001).

Species Solidago gigantea shows a strong negative correlation with Mn (r = −0.71;
p = 0.018) and a very strong positive correlation with the Number of species (r = 0.86;
p < 0.001).

Species Lapsana communis shows a significant negative correlation with phosphorus
(r = −0.65; p = 0.041) while the correlation with Zn is borderline significant (r= −0.62;
p = 0.054) and K (r = −0.60; p = 0.069).

With the corresponding plots, Figure 4 validates the findings from Figure 3. Strong connec-
tions between the Number of species and v6, v8, v11, and v12 are evident (Figures 3 and 4).
This suggests that these species exist in abundance with other species, whereas v1, v3, v4,
and v10 appear when there are few other species (highly negative correlation).
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Figure 3. Heatmap for estimated Spearman rank correlation—analyzed species and variables for
regeneration phase. Species designation: v1—Erigeron annuus, v2—Urtica dioica, v3—Solanum dulcamara,
v4—Quercus robur (seedlings), v5—Acer tataricum (shrub layer), v6—Calamagrostis epigejos, v7—Cirsium
palustre, v8—Epilobium angustifolium, v9—Eupatorium cannabinum, v10—Lapsana communis, v11—Solidago
gigantea, v12—Poa trivialis.

The positive strong correlations were between Number of species and Solidago gigantea
(r = 0.86), Epilobium angustifolium (r = 0.84), Calamagrostis epigejos (r = 0.77) and Poa trivialis
(r = 0.56; p = 0.092) which indicates the occurrence of those species but also indicates
the occurrence of a large number of other species. Also, positive and strong (statistically
significant) correlations were between Quercus robur seedling and Mn (r = 0.644), which
may indicate the importance of this element for some physiological characteristics of the
plant species and its regeneration.

https://doi.org/10.3390/su18147315

https://doi.org/10.3390/su18147315


Sustainability 2026, 18, 7315 16 of 25

 

Figure 4. The biplot showing the performance of variables that distinguish forest from regeneration, se-
lected species in regeneration phase and regeneration plots. Species designation: v1—Erigeron annuus,
v2—Urtica dioica, v3—Solanum dulcamara, v4—Quercus robur (seedlings), v5—Acer tataricum (shrub
layer), v6—Calamagrostis epigejos, v7—Cirsium palustre, v8—Epilobium angustifolium, v9—Eupatorium
cannabinum, v10—Lapsana communis, v11—Solidago gigantea, v12—Poa trivialis.

The strongest (statistically significant) negative correlations were between Quercus robur
seedlings and Number of species (r = −0.79). Quercus robur seedlings appear when there
are not many other species, it is possible that they represent a stressor or competitive
factor in the ecosystem. Similarly, the negative relationships between Erigeron annuus,
Solanum dulcamara, Lapsana communis and the Number of species are not statistically sig-
nificant. There was also a strong negative correlation between Mn and Solidago gigantea
(r = −0.71), Epilobium angustifolium (r = −0.68), and Calamagrostis epigejos (r = −0.64). The
negative correlation between Mn and these variables may suggest an inhibitory effect of
manganese on certain characteristics of plant cover or soil microbial composition. There
were also negative statistically significant correlations between Lapsana communis and Zn
(r = −0.62). For the chosen variables, Figure 4 makes it abundantly evident that v6 and v8
have nearly identical correlation profiles.

The results of the biodiversity analysis show that the regeneration phase (Regeneration)
is floristically richer and more diverse compared to the mature forest phase (Forest). A total
of 85 plant taxa were recorded in the regeneration phase, while 50 taxa were recorded in the
forest phase, indicating a significantly higher species richness in the regeneration stands.
The Shannon diversity index (H′) is also higher in the regeneration phase (4.182) than in
the forest phase (3.668), indicating a higher overall diversity and more even distribution
of species. Similarly, the Simpson diversity index (1 − D) has very high values in both
phases but is slightly higher in regeneration (0.9820) than in the forest (0.9701), confirming
greater diversity and lower dominance of individual species in the regeneration stands.
Overall, the results obtained show that the regeneration phase represents a habitat with
greater floristic richness and a higher level of plant diversity compared to the developed
forest phase.
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4. Discussion
The absence of statistically significant differences in air temperature, soil temperature,

and soil moisture between the regeneration and forest phases indicates relatively stable
microclimatic conditions at ground level despite differences in vegetation structure. Similar
results have been reported in other studies showing that microclimatic differences between
open and closed canopy stands are attenuated near the ground surface, particularly in
temperate forest ecosystems [10,61]. This buffering capacity of forest vegetation is increas-
ingly recognized as an important mechanism for reducing climatic extremes and enhancing
ecosystem resilience under changing environmental conditions [42].

In contrast, the significantly higher insolation observed in regeneration stands confirms
the expected effect of a more open canopy structure. Numerous studies have identified light
availability as one of the principal factors distinguishing early successional stages from
mature forest stands [62,63]. Increased insolation following shelterwood cutting promotes
changes in understory vegetation and facilitates natural regeneration, while the retention
of partial canopy cover may still preserve important microclimatic buffering functions that
contribute to restoration success and long-term ecosystem stability [20]. Increased light
availability in regeneration directly affects the composition and structure of the plant cover
and indirectly on pedological and biological processes.

Higher values of total and organic carbon and total nitrogen in forest soils are consis-
tent with well-established patterns of organic matter accumulation during forest succession.
Mature forest ecosystems receive continuous inputs of leaf litter and woody debris, while
relatively slower decomposition promotes the accumulation of soil organic carbon and
nitrogen pools [64,65]. Although the differences were not statistically significant in this
study, the observed trends suggest progressive improvement in soil chemical properties
with forest stand development.

Beyond their role as indicators of soil fertility, increased soil organic carbon stocks
contribute to important ecosystem services, including carbon sequestration, nutrient re-
tention, and the maintenance of soil structure and productivity. From the perspective
of restoration ecology and sustainable forest management, preserving or enhancing soil
organic matter may therefore strengthen ecosystem resilience and support the long-term
capacity of pedunculate oak forests to mitigate climate change and sustain ecological
functioning [66–68].

Significantly higher concentrations of K, P, Mn and Zn in forests confirm the role of
organic matter and microbial activity in retaining and cycling nutrients. According to
Attiwill and Adams [69], forest ecosystems allow more efficient internal nutrient cycling,
with reduced losses through leaching. P and trace elements such as Zn and Mg are
often strongly associated with the organic fraction of the soil, which explains their higher
concentrations in forest soils [70,71]. Higher Na concentrations in regeneration may be
a consequence of weaker biological binding and greater exposure to abiotic processes in
more open habitats [72].

The absence of significant differences in microbiological indicators and enzymatic
activity suggests that soil microbial communities remained relatively stable despite changes
in vegetation cover. Similar results have been reported by other authors, who emphasize
that total microbial biomass often shows greater resistance to changes in vegetation struc-
ture than to variations in substrate quality or moisture availability [73,74]. Such stability is
consistent with the concepts of microbial resistance and resilience, whereby soil microbial
communities are able to maintain or rapidly recover their functional capacity following
moderate environmental disturbances [75].

Furthermore, the relatively uniform dehydrogenase activity and abundance of func-
tional microbial groups observed in both regeneration and mature forest stands may reflect
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a degree of functional redundancy within the soil microbiome. In this context, differ-
ent microbial taxa can perform similar ecological functions, allowing key processes such
as organic matter decomposition and nutrient cycling to be maintained despite shifts
in community composition [76]. These findings suggest that shelterwood cutting, un-
der the conditions studied, does not substantially impair the functional integrity of soil
microbial communities.

Increased light availability and greater spatial heterogeneity following canopy opening
create conditions that support the coexistence of a larger number of plant species, whereas
mature forest stands with a closed canopy are typically dominated by a smaller set of
shade-tolerant taxa [77,78]. This pattern is consistent with ecological theories of succession,
in which early and intermediate successional stages provide a greater diversity of ecological
niches before competitive exclusion becomes more pronounced in later stages. It is also
broadly compatible with the Intermediate Disturbance Hypothesis, which predicts that
moderate disturbance can promote species richness by preventing competitive dominance
and increasing habitat heterogeneity.

The results of the correlation analysis further indicate that light availability represents
an important ecological gradient associated with both floristic composition and soil proper-
ties. The negative association between insolation and variables related to soil organic matter
is consistent with greater carbon accumulation in more closed-canopy stands, reflecting
the progressive build-up of litter and organic material during forest succession [64,65].
Together, these findings suggest that shelterwood cutting creates transient environmental
conditions that enhance plant diversity while maintaining ecological processes characteris-
tic of sustainable forest regeneration.

Strong negative correlations between manganese (Mn) concentrations and several
variables positively associated with species richness indicate that elevated Mn levels were
associated with differences in floristic composition. However, these relationships should be
interpreted with caution, as the observational design of the study does not permit causal
inference. The observed associations may reflect the influence of underlying environmental
gradients or interactions among multiple soil properties rather than a direct effect of Mn on
plant diversity. Although high Mn concentrations have been reported to exert toxic effects
under certain conditions, particularly in acidic soils (Kabata-Pendias [71]), the present
results should be regarded as evidence of correlation rather than proof of a limiting effect
on floristic diversity.

Extremely strong positive correlations between Artemisetea vulgaris and Epilobietea
angustifolii species (Calamagrostis epigejos, Epilobium angustifolium, Solidago gigantea) and
species abundance further confirm that more open habitats (open-compositions) with more
favorable soil chemistry support greater biodiversity. Such relationships fit well with
succession theory, according to which early and middle successional stages allow for the
coexistence of a greater number of species [79,80].

The negative association between phosphorus (P) and several plant species may
reflect differences in nutrient availability and cycling between regeneration and mature
forest stands, where closed-canopy systems are generally characterized by more efficient
internal nutrient retention [69]. Overall, the correlation analysis supports the results
of the univariate and multivariate analyses, highlighting consistent associations among
light availability, soil chemical properties, and floristic composition that differentiate the
regeneration and forest phases.

Manganese (Mn) concentrations were negatively associated with the occurrence
of Calamagrostis epigejos, Epilobium angustifolium and Solidago gigantea, whereas sodium
(Na) showed positive associations with Cirsium palustre, Epilobium angustifolium and
Lapsana communis. Similarly, organic carbon (Corg) were moderately positively associ-
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ated with Acer tataricum and Lapsana communis. These relationships should be interpreted
as statistical associations reflecting co-variation among vegetation and environmental
variables rather than as evidence of direct ecological mechanisms or causal effects. Addi-
tional experimental studies would be required to determine the processes underlying these
observed patterns.

Dobrowolska et al. [31] investigated the relationships between stand characteristics,
plant species composition, soil enzyme activity, and oak regeneration in stands dominated
by Scots pine. According to their research results, one of the most influential factors
affecting the number of oak plants was dehydrogenase activity in the humus horizon.
According to our research results, dehydrogenase activity was highest in stands with
successful regeneration of pedunculate oak.

Forest trees and plants play a key role in shaping the microclimate and have the ability
to establish a mosaic of microclimates within the ecosystem. An important example includes
the creation of different microclimate gradients by grass species and forest canopy [81].
Namely, within a forest stand, the microclimate differs from the tree layer, the shrub layer
to the ground vegetation layer. These changes can have consequences for the growth and
abundance of individual plant species.

Microclimate strongly influences soil decomposition, soil biogenicity, and the floristic
composition of the plant community [42]. The results of this study showed that the floristic
composition differs significantly between the regeneration phase and forest stands of
different ages.

Higher light intensity, temperature, and humidity in stands with intensive thinning
compared to forest stands were the cause of a greater increase in the diversity of ground
vegetation. This is confirmed by the results of the study by Swenson et al. [82].

In pedunculate oak forests, tree felling significantly affects microclimatic conditions,
especially the availability of sunlight. The highest amount of light was recorded in stands
in the regeneration phase, while forest stands with dense crowns transmitted significantly
less light. This increased light availability after felling stimulates the growth of pioneer
shrub species and ground vegetation, which is also confirmed by this study.

Changes in plant cover in forest ecosystems due to human activity provide insight into
the dynamics of changes and help in understanding vegetation changes through different
phases of shelterwood cutting. Changes in floristic composition during regeneration were
clearly observed in this study. The number of species differs significantly between different
stages of forest development, with the lowest number of species recorded in forest stands
and the highest number in the regeneration phase. This change in floristic composition
reflects the ecological adaptations of species to changed microclimatic conditions and
resource availability.

Shelterwood cutting increases the proportion of pioneer and edge-associated species,
while the higher heliophilous index reflects the greater light availability in the understory
following canopy opening. These changes create favorable conditions for the establishment
of ruderal and light-demanding species, resulting in increased floristic diversity during the
regeneration phase.

At the same time, the more open stand structure is associated with increased insola-
tion and altered microenvironmental conditions, which may facilitate the establishment of
invasive alien species. Although the present study did not directly assess their long-term
ecological impacts, the spread of invasive taxa may represent a potential challenge for
restoration by altering competitive interactions with native vegetation and influencing
successional trajectories. In some ecosystems, invasive plants have also been associated
with changes in nutrient cycling and fuel characteristics, potentially affecting ecosystem
functioning and disturbance regimes. These considerations highlight the importance of

https://doi.org/10.3390/su18147315

https://doi.org/10.3390/su18147315


Sustainability 2026, 18, 7315 20 of 25

monitoring invasive species during forest regeneration to ensure the long-term sustainabil-
ity and resilience of pedunculate oak ecosystems.

Young individuals of pedunculate oak are present in stands in the regeneration phase,
which shows that increased light in the understory is conducive to its regeneration. The
entry of a large number of light-loving, ruderal and meadow species explains why the
overall floristic diversity is highest precisely in the regeneration phase.

In forest stands with a homogeneous, closed canopy structure, a floristic composition
typical of stable, shaded and moderately humid conditions was recorded. Permanent
forest species and herbaceous species tolerant to shade dominate, as well as geophytes and
hemicryptophytes whose life cycle corresponds to relatively small seasonal oscillations in
light and temperature. Comparison with other studies shows similar patterns. Namely,
felling increases floral diversity but also creates conditions for the spread of invasive
species [83].

The increased occurrence of invasive alien species in regeneration areas illustrates
a potential trade-off between enhanced species richness and ecosystem integrity. While
canopy opening promotes floristic diversity, it may also increase the susceptibility of
restored stands to biological invasions. Therefore, sustainable restoration should combine
natural regeneration practices with regular monitoring and timely control of invasive
species to maintain native biodiversity and ecosystem resilience.

The findings of this study have broader implications for sustainable forest management
and climate adaptation strategies in pedunculate oak ecosystems. Shelterwood cutting
created conditions that promoted natural regeneration and increased floristic diversity
while maintaining relatively stable soil microbiological activity and key soil properties.
Such responses suggest that, when carefully implemented, this silvicultural system can
support ecosystem resilience by preserving essential ecological functions despite changes
in canopy structure.

From a sustainability perspective, maintaining diverse plant communities and func-
tional soil processes contributes to the long-term provision of ecosystem services, including
nutrient cycling, soil conservation, and carbon storage. Moreover, preserving microclimatic
buffering and supporting successful natural regeneration may enhance the adaptive ca-
pacity of pedunculate oak forests under increasing climatic variability. Nevertheless, the
occurrence of invasive alien species in regeneration areas highlights the need for continued
monitoring and adaptive management to ensure that restoration measures maintain both
biodiversity and ecosystem integrity over the long term.

This study showed that shelterwood cutting in pedunculate oak forests was not associ-
ated with significant changes in the measured indicators of soil chemistry, microbiological
activity, or ground-level microclimatic conditions. The observed patterns suggest that
this silvicultural practice can maintain key ecological functions while promoting natural
regeneration and increased floristic diversity.

However, the increased occurrence of ruderal and invasive alien species in regenera-
tion areas indicates that canopy opening may also create opportunities for the establishment
of disturbance-associated taxa. Therefore, although the overall results support the com-
patibility of shelterwood cutting with the principles of sustainable forest management,
long-term ecosystem stability depends on continued monitoring and adaptive manage-
ment to prevent undesirable shifts in vegetation composition and to preserve the ecological
integrity and resilience of pedunculate oak forests.

A limitation of the present study is that the phytocoenological survey was conducted
during a single sampling campaign in July 2022. Although this period corresponds to
peak vegetation development and allows reliable identification of the majority of vascular
plant species, repeated surveys across different seasons could capture additional temporal
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variability in understory composition and further improve the assessment of vegetation
dynamics during forest regeneration.

5. Conclusions
Insolation emerged as one of the principal environmental variables differentiating

regeneration and forest habitats, reflecting differences in canopy openness and associated
microclimatic conditions. Soil organic matter was consistently associated with succes-
sional stage and may serve as a useful indicator of habitat development. Manganese
concentrations were negatively associated with several vegetation variables, although the
observational nature of the study does not permit conclusions regarding causal ecological
effects. Species richness was most strongly associated with the combined influence of light
availability and soil chemical characteristics, with the regeneration phase supporting a
more diverse plant community under the conditions investigated. Given the limited sample
size and correlational design, these findings should be interpreted as indicative patterns
that warrant further investigation through long-term and experimental studies.

The observed correlation patterns were generally consistent with the results obtained
from the univariate and multivariate analyses, suggesting coherent relationships among
vegetation characteristics, soil properties, and environmental conditions. However, given
the limited sample size and observational nature of the study, these associations should be
regarded as exploratory rather than confirmatory. Nevertheless, they identify potentially
important ecological gradients that could be incorporated into future monitoring programs
and hypothesis-driven studies aimed at improving restoration assessment and ecological
modeling in pedunculate oak forests.

Soil chemical parameters, including Mn, Na, K, Zn, and soil organic components (Corg
and Ctot), were associated with the occurrence of several regeneration indicator species,
suggesting that variation in soil chemistry is linked to patterns of vegetation development.
Although these relationships should not be interpreted as causal, they indicate that soil
chemical properties may serve as useful complementary indicators of ecological change
during forest regeneration. From a sustainable forest management perspective, integrating
soil chemistry with floristic and microbiological assessments could improve the monitoring
of restoration progress and support adaptive management aimed at maintaining soil quality,
biodiversity, and long-term ecosystem functioning.

Species richness showed the strongest positive associations with Calamagrostis epigejos,
Epilobium angustifolium and Solidago gigantea, whereas a negative association was observed
with Quercus robur seedlings. These patterns reflect shifts in vegetation composition during
the regeneration phase rather than unequivocal improvements in ecological quality. Al-
though regeneration areas supported a greater number of plant species, these increases
included ruderal and invasive taxa in addition to native species. Consequently, higher
species richness should be interpreted with caution, as it does not necessarily indicate
enhanced conservation value or ecosystem integrity. Instead, both species richness and
community composition should be considered when evaluating restoration success and
sustainable forest management.

The regeneration phase showed significantly higher species richness and higher levels
of plant diversity than the forest phase, confirming that successional stages with a more
open habitat structure contribute to an increase in overall floristic diversity. Maintaining a
mosaic of different developmental stages of forest stands may therefore play an important
role in biodiversity conservation.

Soil organic matter and essential macro/micronutrients (Mn, Na, K) have significant
effects on plant/ecological variables. The integration of soil chemical, floristic, and micro-
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biological indicators provide a practical framework for assessing restoration success and
guiding adaptive, sustainable management of pedunculate oak forests.

Overall, our results indicate that the combined assessment of floristic composition,
soil chemistry, and microbiological properties provides a valuable framework for evaluat-
ing the sustainability and climate resilience of pedunculate oak forest restoration under
shelterwood management.

Supplementary Materials: The following supporting information can be downloaded at: https:
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41. Mikac, S.; Žmegač, A.; Trlin, D.; Paulić, V.; Oršanić, M.; Anić, I. Drought-induced shift in tree response to climate in floodplain
forests of Southeastern Europe. Sci. Rep. 2018, 8, 16495. [CrossRef] [PubMed]

42. De Frenne, P.; Lenoir, J.; Luoto, M.; Scheffers, B.R.; Zellweger, F.; Aalto, J.; Ashcroft, M.B.; Christiansen, D.M.; Decocq, G.; De
Pauw, K.; et al. Forest microclimates and climate change: Importance, drivers and future research agenda. Glob. Change Biol. 2021,
27, 2279–2297. [CrossRef] [PubMed]

43. Pan, Y.; Birdsey, R.A.; Fang, J.; Houghton, R.; Kauppi, P.E.; Kurz, W.A.; Phillips, O.L.; Shvidenko, A.; Lewis, S.L.; Canadell,
J.G.; et al. A Large and Persistent Carbon Sink in the World’s Forests. Science 2011, 333, 988–993. [CrossRef] [PubMed]

44. Croatian Meteorological and Hydrological Service (DHMZ). Long-Term Meteorological Records for the Study Area. Available
online: https://meteo.hr/ (accessed on 6 February 2026).

45. Braun-Blanquet, J. Pflanzensoziologie. Grundzüge der Vegetationskunde Plant Sociology. [Basic Course of Vegetation Science]; Springer:
Wien, Austria, 1964; 865p.

46. Hennekens, S.M.; Schaminée, J.H.J. TURBOVEG, a comprehensive data base management system for vegetation data. J. Veg. Sci.
2001, 12, 589–591. [CrossRef]

47. Hammer, Ø.; Harper, D.; Ryan, P. PAST: Paleontological Statistics Software Package for Education and Data Analysis. Palaeontol.
Electron. 2001, 4, 9.

48. Tichý, L. JUICE, software for vegetation classification. J. Veg. Sci. 2002, 13, 451–453. [CrossRef]
49. Euro+Med, 2006-Onwards: Euro+Med PlantBase—The Information Resource for Euro-Mediterranean Plantdiversity. Available

online: http://www.europlusmed.org (accessed on 1 February 2026).
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