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harbouring rich biodiversity and holding considerable eco-
nomic value (Leuschner and Ellenberg 2017; Mölder et al. 
2019). Due to their higher drought tolerance, oak species 
are likely to become increasingly important components 
of mixed-species forest stands under future climatic condi-
tions (Leuschner 2020; Kasper et al. 2021). To better cope 
with predicted drier and warmer climates, not only mixed 
stands of species with contrasting ecological traits and vary-
ing drought resistance are preferred, but also the use of 
natural regeneration as part of nature-oriented management 
approaches, such as close-to-nature forestry (Brang et al. 
2014; Schütz et al. 2012). Ensuring the natural regeneration 
of the dominant tree species is a fundamental requirement 
for the successful implementation of such management 
strategies (Tinya et al. 2020). However, close-to-nature 
management, which typically avoids the creation of large 
canopy gaps, can disadvantage light-demanding species like 

Introduction

Besides European beech (Fagus sylvatica L.), oak spe-
cies—particularly sessile oak (Quercus petraea [Matt.] 
Liebl.) and pedunculate oak (Quercus robur L.)—are 
among the most widespread and ecologically important 
broadleaved tree species in European temperate forests, 
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Abstract
Understanding the regeneration dynamics of sessile oak (Quercus petraea) under unmanaged forest conditions is crucial 
for sustaining oak-dominated ecosystems, particularly in the context of close-to-nature silviculture and climate change. In 
this study, we assessed the natural regeneration of sessile oak in a well–preserved old-growth forest reserve in Western 
Romania. Detailed inventories of seedlings and saplings across 27 canopy gaps of varying sizes revealed that while oak 
regeneration is currently abundant—accounting for 48% of total regeneration density–seedlings are predominantly con-
fined to first regeneration development stage, with fewer individuals reaching sapling size. Principal component analysis 
and multiple regression modelling based on Boruta feature selection, identified light availability, browsing pressure, com-
petition from European beech (Fagus sylvatica), and ground vegetation cover as critical factors influencing regeneration 
success, with their importance varying by development stage. Light was the principal driver for advanced regeneration 
stages (R2 = 0.14), whereas seedling density was primarily shaped by browsing intensity and overstory oak composition 
(R2 = 0.28). Despite the successful establishment of seedlings, the transition to larger size classes remains constrained by 
suboptimal light conditions and biotic competition, suggesting a bottleneck in sessile oak recruitment under the current 
disturbance regime. These findings highlight the need for targeted management interventions—such as promoting canopy 
openness, managing competing vegetation, and mitigating browsing pressure to support oak regeneration and ensure long-
term stand sustainability.
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oaks and favor the regeneration of more shade-tolerant spe-
cies (Bauhus et al. 2013; Petrovska et al. 2023).

These regeneration challenges are not only of ecologi-
cal importance but also carry broader implications for forest 
policy and sustainable management. The importance of sus-
taining natural regeneration processes in native forest eco-
systems has been increasingly recognized at the European 
level. Strategies such as the New EU Forest Strategy for 
2030 and the EU Biodiversity Strategy for 2030 emphasize 
the critical role of resilient, biodiversity-rich forests in cli-
mate adaptation, carbon sequestration, and the preservation 
of ecosystem services. Moreover, achieving the Sustainable 
Development Goals (SDG 15—Life on Land; SDG 13—
Climate Action) requires the maintenance and restoration 
of natural forest dynamics, including regeneration under 
natural disturbance regimes. In this context, understanding 
the factors that enable or constrain the regeneration of key 
native species, such as sessile oak, is essential for informing 
both conservation strategies and sustainable forest manage-
ment practices across Europe.

Despite these growing policy efforts, scientific knowledge 
regarding oak regeneration mechanisms in unmanaged old-
growth forests remains fragmented. While studies of natu-
ral regeneration in old-growth forests have demonstrated 
the ability of shade-tolerant trees, such as beech and silver 
fir, to regenerate successfully under gap canopy conditions 
(Diaci et al. 2012; Feldmann et al. 2020; Orman et al. 2021; 
Petrovska et al. 2023), information about oak regeneration 
under similar conditions is still limited (Diaci et al. 2008; 
Bobiec et al. 2011; Petritan et al. 2013; Jaloviar et al. 2020), 
mainly due to the rarity of such forests in Europe. Similar 
to observations in North America, the failure of oak regen-
eration and the replacement by more shade-tolerant species 
have also been frequently observed in European unmanaged 
oak forests (Feist et al. 2004; Bobiec et al. 2011; Saniga et 
al. 2014). In mixed oak old-growth forests, European beech 
and European hornbeam often outcompete oak regenera-
tion (Bobiec et al. 2011; Petritan et al. 2013; Brzeziecki et 
al. 2016). In multi-species beech-oak forests, such as the 
Sitno Reserve in Slovakia, sessile oak has failed to regener-
ate despite an intermediate disturbance regime, with species 
such as Acer spp. and Fraxinus excelsior (L.) increasingly 
dominating the regeneration layer (Jaloviar et al. 2020). 
Similarly, difficulties for oaks to naturally regenerate have 
also been observed in managed oak stands (Van Couwen-
berghe et al. 2013; Tinya et al. 2020, 2025).

Natural regeneration success is the result of several suc-
cessive processes—establishment, survival, and growth—
which depend not only on light availability through canopy 
gaps but also on factors such as acorn production, acorn 
germination, seedling survival, water and nutrient availabil-
ity, competition from herbaceous and woody vegetation, 

pathogen pressures, and browsing (Ligot et al. 2013; Anni-
ghöfer et al. 2015; Kohler et al. 2020; Modrow et al. 2020; 
Demeter et al. 2021; Axer et al. 2021). In a comprehen-
sive review, Kohler et al. (2020) emphasized the limited 
explanatory power of existing studies and called for further 
research on oak regeneration processes. They also high-
lighted that management recommendations advocating 
small canopy openings—as promoted under close-to-nature 
approaches—should be critically evaluated, given the lack 
of a robust scientific foundation.

Gap dynamics in mixed oak old-growth forests remain 
relatively understudied in Europe (Diaci et al. 2008; Petritan 
et al. 2013; Jaloviar et al. 2020; Dobrowolska et al. 2022), 
resulting in a fragmented understanding of oak regeneration 
under natural disturbance regimes. In one of the best-pre-
served sessile oak-dominated old-growth forests in Europe 
(Petritan et al. 2012), a comprehensive survey found that 
canopy disturbance is predominantly small-scale, with 60% 
of canopy gaps smaller than 100 m2 and only a few larger 
gaps (Petritan et al. 2013). Despite sessile oak being the 
dominant canopy species, it was poorly represented in the 
advanced regeneration layers, suggesting that current gap 
dynamics may not support successful oak recruitment under 
natural conditions.

In order to determine whether sessile oak is indeed 
regenerating in this old-growth forest, particularly during 
the early stages of regeneration, we conducted a detailed 
survey of all seedlings and saplings taller than 4 cm in 27 
gaps of varying sizes, including the largest ones.

This study aims to investigate the regeneration dynam-
ics of sessile oak within an unmanaged old-growth forest 
ecosystem. We hypothesize that sessile oak regeneration 
successfully initiates under canopy gap conditions but is 
constrained in its advancement by limited light availabil-
ity, competition from shade-tolerant species, and herbivory 
pressure. By analyzing regeneration patterns across multiple 
developmental stages, we seek to disentangle the relative 
importance of biotic, abiotic, and structural drivers influenc-
ing oak recruitment success. Understanding these dynamics 
is crucial for informing adaptive management strategies in 
oak-dominated forest ecosystems under changing climatic 
and disturbance regimes. To test this hypothesis, we address 
the following research questions: (1) Is sessile oak effec-
tively regenerating under old-growth forest conditions, and 
to what extent is its scarcity in later developmental stages 
indicative of recruitment bottlenecks? (2) How do light 
availability, biotic interactions (competition and browsing), 
and stand structure interact to shape sessile oak regeneration 
at different ontogenetic stages?
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Materials and methods

Study site

The study was carried out in the best-preserved part 
(22.1276E 46.1722N) of the old-growth forest reserve 
Runcu-Grosi, in the Zarand Mountains, Western Romania, 
dominated by the sessile oak forests. The area investigated 
accounted 32.3 ha and had a south-westerly aspect, being 
situated between 442 and 680 m a.s.l., with an average ter-
rain inclination of 16° (Petritan et al. 2013) (Fig.  1). The 
region is situated at the transition of the Central European 
to sub-Mediterranean temperate bioclimate (Heinrichs et 
al. 2016). Average annual precipitation is about 687  mm 
and the mean annual temperature about 9.8 °C (Monoros-
tia, 150 m a.s.l., the closest hydrometric station). Luvisols 
and cambisols, with medium to high storage for water and 
nutrient, have developed on crystalline schists as bedrock. 
Beside the sessile oak, the other main tree species is Euro-
pean beech (Fagus sylvatica), but also other species as tur-
key oak (Quercus cerris), hornbeam (Carpinus betulus), 
Norway maple (Acer platanoides), sycamore (Acer pseudo-
platanus) cherry (Prunus avium), silver lime (Tilia tomen-
tosa) and wild service tree (Sorbus torminalis) may rarely 
occur (Petritan et al. 2012).

Field sampling

From the 321 canopy gaps identified and mapped in the 
study area (Petrițan et al. 2013), we selected 27 expanded 
gaps for a detailed regeneration survey (Fig.  1). The 
expanded gap was defined as the area delimited by the posi-
tions of the trunks of the surrounding trees that formed the 
canopy opening (Runkle 1992). In 2013, in each of these 
gaps, all seedlings and saplings taller than 4  cm (exclud-
ing current-year seedlings) and smaller than 7 cm in DBH 
were recorded. Previous studies have shown that sessile 
oak, a mid- to light-demanding species, can establish in 
small gaps, but requires better light conditions for optimal 
development (Dobrowolska 2006, 2022; Tinya et al. 2020). 
Therefore, we randomly selected the largest seven expanded 
gaps (> 800 m2) identified in the study area, as they were 
assumed to provide the most favorable light conditions for 
oak regeneration (Petrițan et al. 2013). To ensure a balanced 
experimental design, we additionally selected 9 medium-
sized gaps (400–800 m2) and 11 small gaps (< 400  m2). 
These medium and small gaps were randomly selected, 
with a selection probability proportional to their relative 
frequency within each 100 m2 size class.

Nine circular plots were established within each selected 
expanded gap: one in centre of the gap, four halfway from 
the centre to the gap edge and four at the edge of the gap 
along the cardinal directions. The area of the circular 

Fig. 1  Location of the study area in Romania with the expanded gaps within the study site Sources of left panel: Esri, DigitalGlobe, GeoEye, 
i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN,IGP, swisstopo, and the GIS User Community. (Color figure online)
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site factor (DSF) (relative amount of incident direct radia-
tion which penetrates below canopy), the total site factor 
(TSF) (relative amount of total (diffuse and direct) incident 
radiation which penetrates below canopy), and the canopy 
openness (openness) are calculated by processing the hemi-
spherical photos with the WinScanopy Pro b software pack-
age (Regents Instruments Inc. and Sainte-Foy 2012).

The ground vegetation and the deadwood cover were 
visually assessed in each plot and recorded as a percent-
age of the sampled plot area. All overstory surrounding trees 
bordering the expanded gaps were recorded by species and 
their DBH was measured. The DBH of all gap-fillers (young 
trees with a DBH greater than 7 cm but less than 20 m in 
height) in each expanded gap was measured and their basal 
area per hectare was calculated.

Data analysis

The oak regeneration was analyzed for seedlings/sapling 
density per total (oak), per different development stages 
(oak1, oak2, oak3, oak4) and for estimated cumulative bio-
mass (biomass_oak) per ground area (m2), a roughly mea-
sure, which combine information on plant density and height 
in a single number (Feldmann et al. 2020). Similarly, to 
Anninghöfer et al. (2015), the oak regeneration was grouped 
into four development stages according to their height: 
oak1—small seedlings with a height of 4–20 cm, oak2—tall 
seedlings with a height of 21–50 cm, oak3—small saplings 
with a height of 51–130 cm and oak4—tall saplings with a 
height of more than 130 cm and a DBH of less than 7 cm 
(see Table S1). The biomass of oak regeneration, as well as 
the biomass of the seedlings/saplings of beech and of the 
other species together was estimated using the allometric 
equation proposed by Annighöfer et al. (2016).

Different explanatory variables were calculated, grouped 
as: (i) stand parameters (number or basal area of the sur-
rounding overstory trees, basal area of the gap-fillers); (ii) 
neighborhood at regeneration level (the density and biomass 
of beech, the other main tree species in regeneration, and of 
the other species considered together (due to their low pro-
portion in the regeneration), some diversity indices (species 
richness and Shannon index), the percentage of browsed 
saplings and the cover of the ground vegetation, respec-
tively of the Rubus spp.), percentage of deadwood in the 
sampled plot and (iii) environmental factors (light condi-
tions and, slope, elevation) (Table 1).

To reveal general patterns in dependence of all recorded 
variables, a principal component analysis (PCA) was con-
ducted. However, due to the limited range of variation in 
altitude and in slope, both environmental variables were 
excluded from the analysis. Also plot position along the 
cardinal directions and the distance of each plot from the 

sampling plots varied according to the three expanded gaps 
size categories: 5 m2 for the small, 10 m2 for medium and 
20 m2 for the large gaps. In gaps, where the distance from 
centre to edge was too small and did not allow the plots to 
be independent on a cardinal direction, the plot located at 
the edge of the extended gap was not more considered. All 
tree seedlings/saplings in the sample plots were recorded as 
species and their height was measured. Each seedling/sap-
ling are classified as browsed (browsed on main shoot, on 
side shoots, or both) or no-damaged.

The light conditions were quantified in the centre of each 
sample plot by taking a hemispherical photo at 1.3 m above 
the forest floor with a Canon EOS Rebel T3i professional 
camera, equipped with a CMOS sensor of 13 megapixels, 
a Super Fish Eye lens objective 5.6 mm and a self-level-
ling function. The indirect site factor (ISF) (percentage of 
above canopy light based on diffuse radiation), the direct 

Table 1  Explanatory variables for the oak regeneration
Explanatory variables Abrevations Unit Mean 

(min–max)
Stand parameters
% of oak in the number of 
surrounding overstory trees

No_OAK % 42 (0–86)

% of beech in the number of 
surrounding overstory trees

No_BEECH % 56 
(14–100)

% of oak in the basal area of 
surrounding overstory trees

BA_OAK % 44 (0–95)

% of beech in the basal area 
of surrounding overstory 
trees

BA_OAK % 54 (4–100)

Basal area of the gap-fillers BA_Gapfillers m2 
ha−1

4.7 
(0.4–11.2)

Neigborhood at regeneration level
Beech density Beech No. 

m−2
0.6 
(0–10.8)

Beech biomass biomass_beech g m−2 72.9 
(0–872.5)

Other species density Other No. 
m−2

0.1 (0–2.4)

Other species biomass biomass_other g m−2 6.2 
(0–196.7

Species richness Richness No. 
m−2

0.2 
(0.1–0.6)

Shannon index Shannon 0.4 (0–1.5)
Percentage of browsed 
saplings

Browsing % 10 (0–73)

Ground vegetation cover Vegetation % 42 (0–100)
Rubus sp. Cover Rubus % 18 (0–100)
Percentage of deadwood Deadwood % 7 (0–90)
Environmental factors
Total site factor TSF % 21 (2–68)
Canopy openness Openness % 12 (3–29)
Slope Slope o 16 (3–24)
Elevation Elevation m 569 

(446–680)
Species in the regeneration were written with the lower case letters
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factors, BA_OAK and BA_BEECH, as well as the com-
bined regeneration density and biomass of beech and other 
species, were excluded from the subsequent analyses.

Before to start the regression analysis, in order to reduce 
the number of explanatory variables, a Boruta analysis was 
performed to identify the most important variables for oak 
regeneration (R package “Boruta”, version 8.0.0). All con-
sidered variables were classified as relevant, tentative and 
irrelevant variables based on comparison of each variable’s 
importance value assessed by the random forest algorithm 
(mean importance, Table 2) with that of a shadow variable 
created by 100 randomly permutating the variable’s values 
(Kursa and Rudnicki 2010). Variables with an importance 
value greater than the highest shadow values were catego-
rized as relevant variables and were ranked based on the 
proportion of random forest iterations in which the variable 
was more important than the most important shadow vari-
able (Norm hits, Table 2). Boruta analysis was performed 
separately for the total regeneration density of oak (oak) 
and of each development stage (oak1-oak4), as well as 
for its total biomass (biomass_oak). In the case when the 
number of relevant variables was greater than 5, the five 
most important variables were kept for the linear regression 
analysis. If Boruta algorithm found fewer than 5 relevant 
variables, all these variables were included in the regression 
analysis. Prior to apply the multiple regression analysis, the 
Shapiro–Wilk test was performed to check the normality of 
the response variables data. In order to normalize them, the 
response variables were transformed logarithmically. All 
combinations of full potentially models (containing all rele-
vant predictor variables indicated by Boruta and their inter-
actions) were simplified using the function “selMod” from 
“pgirmess” R package, version 2.0.3 and the best model 
was selected based on corrected AIC values from the mod-
els with deltAICc < 3. In the final analysis’s step, the best 
model found for each response variable was further simpli-
fied by removing the non-significant variables and interac-
tions according to their p-values applying stepwise deletion 
(backward selection). It should be mentioned out that for the 
best model for each response variable, the variance inflation 
factor (VIF) was calculated to check the collinearity among 
the variables included in model and thus to assess how 
much the variance of a regression coefficient in model is 
inflated by the multicollinearity. When was meet a VIF > 3, 
an additionally simplification of the model by removing the 
variable or interaction that generated such high VIF values 
was conducted.

All statistical analyses were performed in R Statisti-
cal Software (v 4.1.2, R Core Team 2024) using R Studio 
2024.04.2.

gap’s centre (gap centre, gap edge and intermediate posi-
tion within each gap) were removed from PCA because the 
large variation of gap size and the pronounced irregularity 
of gap’s shape conducted to a reduction in the importance of 
such environmental factors in explaining tree regeneration 
patterns.

The Spearman’s rank correlations or Pearson coefficients 
for linear correlations were used to identify the highly cor-
related variables (r ≥ 0.85). Highly correlated variables 
included: total site factor with direct site factor (r = 0.99, 
p < 0.05) and indirect site factor (r = 0.87, p < 0.05); beech 
regeneration density with the regeneration density of beech 
and other species combined (r = 0.97, p < 0.05); beech regen-
eration biomass with the combined regeneration biomass of 
beech and other species (r = 0.98, p < 0.05), due to the very 
small proportion of other species; No_OAK with BA_OAK 
(r = 0.91, p < 0.05) and No_BEECH with BA_BEECH 
(r = 0.86, p < 0.05). Therefore, the indirect and direct site 

Table  2  Variables detected as important by Boruta analysis for pre-
dicting the density of the total oak regeneration (oak) and of each 
development stage (oak1-oak4), as well as the total biomass of oak 
regeneration (biomass_oak)
Regeneration 
development 
stage

Identified variables Mean 
importance

Norm 
hits

Oak
(total)

Browsing 10.84 1.00
No_OAK 7.01 0.98
No_BEECH 6.85 0.98
Richness 4.09 0.93
Biomass_beech 3.64 0.87

Oak1
(4–20 cm in 
height)

Browsing 10.77 1.00
Biomass_beech 9.08 0.99
Vegetation 7.60 0.98
Beech 7.34 0.97
No_OAK 6.71 0.94

Oak2
(21–50 cm in 
height)

Browsing 8.26 0.99
No_OAK 6.61 0.98
No_BEECH 5.79 0.96
Richness 3.69 0.93
TSF 2.45 0.65

Oak3 Openness 2.12 0.57
(51–130 cm in 
height)

Richness 1.71 0.55

oak4 Openness 5.35 0.98
(0.1–6.9 cm in 
DBH)

TSF 5.12 0.97

Biom_oak
(total)

TSF 3.83 0.88
Openness 3.51 0.85
Shannon 2.89 0.74
No_OAK 2.93 0.73
Browsing 1.96 0.50

Their mean importance value (Mean Importance) and their percent-
age of random forest iterations (Norm Hits) in which their impor-
tance was greater than that of the most important shadow variable 
are presented
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rate observed in the second development stage oak2 (24%), 
followed by oak1 (17%) and oak3 (16%).

The PCA of the all-recorded variables explained only 
42.3% of the variance (Fig. 3). The oak density in the first 
development stage (oak1) was very closely related to the 
percentage of browsing (browsing), the proportion of oak 
in the overstory trees surrounding the gap (No_OAK), and 
the basal area of oak in the same layer (BA_OAK). It was 
negatively related to the density and biomass of beech in 
the regeneration layer (beech, biomass_beech), as well as 
to the number and basal area of beech in the gap surround-
ing overstory trees (No_BEECH, BA_BEECH). Also, the 
Rubus spp. cover percentage (Rubus) and Shannon diversity 
index of regeneration (Shannon) were negatively related to 
oak1. Oak total abundance (oak) and oak2 keep the brows-
ing percentage as explanatory variables.

Regarding the total oak regeneration density, Boruta 
analysis indicated that the percentage of browsing, the pro-
portion of oak and beech among gap surrounding overstory 
trees, the species richness in the regeneration layer and the 
biomass of beech regeneration, were all closely associated 
with oak regeneration density (Table 2).

When focusing on the four development stages, the 
importance of explanatory variables differed substantially 
among them. For the first stage (oak1), browsing percent-
age, biomass of beech regeneration (biomass_beech), veg-
etation cover, the density of beech regeneration (beech) 
and the proportion of oak among surrounding overstory 
trees (No_OAK) were identified as important variables for 
the abundance of oak regeneration. For the second stage 
(oak2), browsing percentage (browsing), the proportion of 
oak (No_OAK) and beech (No_BEECH) in the surrounding 

Results

On the 204 surveyed plots, with a total area of 2255 m2, 3738 
seedlings and saplings were recorded. Regeneration was 
found on 91% of the plots, with oak regeneration present 
on a total of 139 plots (68%). Of the total oak regeneration, 
about half of the seedlings belongs to the first regeneration 
development stage—oak1 (48%), 40% belongs to the sec-
ond regeneration development stage (oak2), 11% to oak3 
and only 1% to oak4.

However, the sessile oak was the species with the high-
est density in the regeneration, with an average of 1.0 indi-
vidual m−2. In comparison, the other main species in the 
regeneration, European beech, was presented with a lower 
density (0.6 individuals m−2), while all other species com-
bined accounted only 0.07 individuals per m2 (Fig. 2a). On 
average, sessile oak accounted for 48% of the total regen-
eration density at the plot level, followed by beech with 
41%. A contrasting pattern in regeneration biomass was 
observed, with the highest average biomass found for beech 
(72.9 g m−2), followed by oak (9.3 g m−2) and other spe-
cies (6.2 g m−2) (Fig. 2b). The average proportion of each 
species in the total plot regeneration biomass was 55% for 
beech, 34% for sessile oak, and 11% for other species.

The average browsing rate at the regeneration level was 
approximately 12%. However, sessile oak was dispropor-
tionately affected, accounting for 88% of the all-browsed 
individuals within regeneration layer. The percentage of 
browsed all seedlings and saplings was highly correlated 
with the proportion of browsed oak individuals (r = 0.88,  p 
< 0.0001). Among oak regeneration, about 20% of seedlings 
and saplings were affected by browsing, with the highest 

Fig. 2  The average regeneration density and biomass by species per 
total and by the for developmental stages (small seedlings: 4–20 cm 
height, tall seedlings: 21–50  cm height, small saplings: 51–130  cm 

height and tall saplings: > 130 cm in height and a DBH < 7 cm (0.1–
6.9  cm DBH). Mean; Box: Mean ± SE; Whisker: Mean ± 0.95 Conf. 
Interval. (Color figure online)
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regeneration (Shannon), the browsing percentage (brows-
ing) and the percentage of oak (No_OAK) in the number of 
surrounding overstory trees (Table 2).

The multiple linear regression models revealed higher 
adjusted R2 values for oak1, oak 2 and oak than for oak3 
and oak4 (Table 3). The removing of non-significant vari-
ables and interactions led to models with only one explana-
tory variable in the case of oak3 and oak4. For oak1, the 
percentage of browsed seedlings and the percentage of oak 
in the number of surrounding overstory trees (No_OAK) 

overstory trees, the richness of the regeneration layer (rich-
ness) and the total site factor (TSF) were detected as the 
most five important variables.

For oak 3, the canopy openness and the regeneration 
richness were important, whereas for oak4, only the light 
variables (canopy openness and total site factor) remained 
as important variables. For the total oak regeneration bio-
mass (biomass_oak), the most important five explanatory 
variables indicated by Boruta algorithm were the total site 
factor (TSF), canopy openness (openness), diversity of 

Fig. 3  Principal component analysis (PCA) for the 204 plots. The total regeneration biomass of oak is labed as biomass_oak, the total density as 
oak and of each development stages as oak1, oak2, oak3 and oak4, the explanatory variables were labbed as in Table 1
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Discussion

Regeneration is a key process in forest stand dynamics, 
often acting as a bottleneck to the successful establishment 
of tree species in mixed forests (Nakashizuka 2001). In this 
context, the present study primarily aimed to assess whether 
sessile oak is truly regenerating in one of Europe’s best-pre-
served old-growth forest dominated by this species, given 
its near absence in the gap-fillers layer (Petritan et al. 2013).

Our detailed inventory revealed that sessile oak is indeed 
regenerating and currently represents the dominant spe-
cies in the regeneration layer, with an average density of 
1.0 individuals per m2 and an average relative share of 
48%. However, the majority of oak regeneration (88%) was 
concentrated in the early regeneration development stages 
(oak1 and oak2), with nearly half of individuals less than 
20 cm in height (oak1). A similar pattern was observed in a 
large-scale study of managed oak stands in Germany (Anni-
ghöfer et al. 2015), where oak regeneration also occurred 
predominantly in the early stages. Despite the investigated 
stands are managed to promote oak regeneration, the aver-
age density of oak seedlings and saplings in those stands 
was only slightly higher (1.6 individuals m−2), and the dis-
tribution across development stages closely mirrored our 
findings, with 61% classified as oak1, 28% as oak2, 9% as 
oak3, and only 1% reaching oak4. In contrast, oak regenera-
tion in the unmanaged forests of Białowieża National Park 
was significantly lower, with densities ranging from 0.01 to 
0.04 individuals per m2, and slightly higher values (up to 0.1 
individuals per m2) recorded only in large gaps (Bobiec et 

showed a significant positive effect on oak abundance 
(Fig.  3a), whereas the biomass of beech in regeneration 
(biomass_beech) and the percent of vegetation cover (veg-
etation) indicated a significant negative effect (Fig. 4b, c). 
The p-values of the explanatory variables of oak2 kept in 
the best model only the interactions of the number of sur-
rounding overstory trees (No_OAK) (Fig. 4d) with brows-
ing percentage, regeneration richness and total site factor 
(TSF) but also interaction between light parameter (TSF) 
and richness as positive significant effect on the response 
variables, showing a higher effect of mature oak trees as 
the higher TSF and the species diversity of regeneration are. 
However, the light conditions were not significant alone for 
oak2. For the two latest regeneration stages, only the light 
variables are found as significant explanatory variables for 
oak regeneration abundance: canopy openness (openness) 
in oak 3 (Fig. 4e), respectively total site factor in oak4.

The browsing percentage, the number of surround-
ing overstory trees (No_OAK) and the species richness of 
regeneration were significant for the total oak abundance. 
The total oak regeneration biomass (biomass_oak) presented 
the light parameter (TSF) as single significant explanatory 
variable, light having a significant positive effect on oak 
biomass (Fig. 4f, Table 3).

Table 3  Best model fit using multiple linear regression (estimated coefficients, standard error, t-value and p-values of the regression models) for 
regeneration density in each development stages (oak1 –oak4) and for total oak regeneration density (oak) (n m−2)
Model Variable Estimated coefficient Std. error t-value p-value Adjusted R2

Log (oak1) (Intercept) 1.821 × 10–1 3.460 × 10–2 5.263  < 0.001 0.281
Browsing 1.817 × 10–3 8.140 × 10–4 2.233 0.027
No_OAK 1.615 × 10–3 5.418 × 10–4 2.980 0.003
Biomass_beech − 2.456 × 10–4 8.589 × 10–5 − 2.859 0.005
Vegetation − 1.834 × 10–3 3.479 × 10–4 − 5.272  < 0.001

Log (oak2) (Intercept) − 2.811 × 10–2 1.817 × 10–2 − 1.547 0.123 0.301
Browsing: No_OAK 3.108 × 10–5 9.720 × 10–5 3.197 0.001
No_OAK: richness 3.096 × 10–3 1.268 × 10–3 2.442 0.015
No_OAK: TSF 5.193 × 10–5 1.650 × 10–5 3.131 0.002
Richness: TSF 1.075 × 10–2 3.730 × 10–3 2.881 0.004

Log (oak3) (Intercept) − 2.881 × 10–2 1.143 × 10–2 − 2.518 0.012 0.181
Openness 3.798 × 10–3 8.779 × 10–4 4.327  < 0.001

Log (oak4) (Intercept) − 3.139 × 10–3 1.588 × 10–3 − 2.015 0.045 0.138
TSF 2.405 × 10–4 6.258 × 10–5 3.843  < 0.001

Log (oak) (Intercept) − 4.139 × 10–2 4.247 × 10–2 − 0.975 0.331 0.254
Browsing 3.582 × 10–3 1.012 × 10–3 3.539  < 0.001
No_OAK 3.244 × 10–3 6.443 × 10–4 5.036  < 0.001
Richness 4.714 × 10–1 1.311 × 10–1 3.596  < 0.001

Biomass_oak (Intercept) − 5.816 4.813 − 1.208 0.228 0.154
TSF 7.212 × 10–1 1.933 × 10–1 3.731  < 0.001
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Fig. 4  The most important variables explaining sessile oak regenera-
tion density in various development stages (oak1—4a, 4b, 4c, oak2—
4d, oak3—4e) and total sessile oak regeneration biomass (4f). Each 
graph shows the significant regression line (p < 0.05), with the 95% 

confidence interval. The regression line indicates the partial effect of 
significant predictor while holding other variables constant. The entire 
model based on multiple linear regression is showed in Table 3
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light levels become essential for continued growth and sur-
vival (Tinya et al. 2020).

Empirical studies have attempted to quantify these light 
thresholds, providing insight into the minimum and optimal 
conditions for oak regeneration success. According to von 
Lüpke (1998) and Röhrig et al. (2006), oak regeneration 
can persist in shaded forest understories at light levels as 
low as 15% of above canopy light for several years. How-
ever, continuous height growth typically requires levels 
exceeding 20% of open-field conditions (Röhrig et al. 2006; 
Ligot et al. 2013). Light levels above 50% are considered 
particularly favorable for the growth and successful estab-
lishment of oak regeneration (Kuehne et al. 2020; Modrow 
et al. 2020), which was generally not the case in our study 
(Table 1; Fig. 4).

Nevertheless, in their comprehensive review, Kohler et 
al. (2020) emphasized that there is still a lack of long-term 
studies covering a broad gradient of light conditions. As a 
result, our understanding of how light requirements shift 
throughout the ontogeny of young oaks remains incomplete. 
Further research is needed to clarify the dynamic relation-
ship between developmental stage and light demand over 
time.

High initial seedling densities appear to be a crucial fac-
tor for successful oak regeneration (Wallraf and Wagner 
2019; Kuehne et al. 2020). In our study, a high density of 
initial oak seedlings (oak1) was closely associated with 
a high proportion of oak in the overstory (No_OAK), as 
shown by our explanatory models (Table 3; Fig. 4) as well 
as with a high proportion of the sessile oak in the basal area 
of gap surrounding trees (BA_OAK, Fig. 4). This finding 
supports the idea that a sufficient number of mature, seed-
producing trees (i.e. mother trees) is necessary to initiate 
regeneration, in agreement with observations by Tinya et al. 
(2019). Previous studies have likewise demonstrated a posi-
tive relationship between oak basal area of overstory trees 
and regeneration density (Annighöfer et al. 2015; Axer et 
al. 2023), with the highest regeneration densities occurred 
when oak basal area exceeded 25–30 m2 ha−1.

Beyond overstory composition, the competition from 
ground vegetation (Mölder et al. 2019) or other woody spe-
cies, particularly the shade-tolerant European beech can hin-
der the oak regeneration success (Ammer and Dingel 1997; 
Collet et al. 1996; Ligot et al. 2013; Mölder et al. 2019; 
Jaloviar et al. 2020; Tinya et al. 2025). Our study found 
significant negative effects of both ground vegetation cover 
(veg) and beech biomass in the regeneration layer (biom-
beech) on the density of small seedlings (oak1), confirming 
these interactions.

Browsing pressure also emerged as crucial factor influ-
encing regeneration dynamics (Harmer and Morgan 2007). 
In our study, browsing rate was found as a significant 

al. 2011). Similarly, Dobrowolska et al. (2022) found in the 
Polish part of Białowieża forest very low number of the oak 
trees in the regeneration, varied from 0.05 individuals per m2 
in the small gaps to 0.09. Even within the largest gaps, taller 
oak saplings (oak4, higher than 1.3 m) accounted lower than 
5% of total oak regeneration (Bobiec et al. 2011), Dobro-
wolska et al. 2022). An even more pronounced regeneration 
failure was reported in one of the few remaining old-growth 
multi-species beech-oak forests, the Sitno Reserve, in Slo-
vakia. There, despite sessile oak contributing 9.2% of the 
basal area and 3.4% of the tree number in the main canopy 
tree layer, it was nearly absent in regeneration, with only 25 
saplings per hectare recorded in canopy gaps.

The regeneration pattern observed in our study sug-
gests that the mature oak trees are producing viable acorns, 
which germinates successfully and establish as seedlings. 
Therefore, the initial phases of the regeneration process—
seed production, dispersal, germination, and early seedling 
establishment (Clark et al. 1999)– appear to be functioning 
effectively in this old-growth forest. However, the subse-
quent stages, growth and recruitment, which are essential 
for successful regeneration, appear to be limited.

Our analysis confirmed that the performance of oak natu-
ral regeneration is governed by multiple interacting factors, 
which vary depending on the developmental stage of regen-
eration cohort (Annighöfer et al. 2015; Mölder et al. 2019; 
Axer et al. 2023). Among these, light availability emerges 
as a critical factor. Increased canopy openness has consis-
tently been associated with improved relative height growth 
and survival of oak regeneration (i.e. Diaci et al. 2008; Ligot 
et al. 2013; Annighöfer et al. 2015; Kuehne et al. 2020; 
Petersson et al. 2020; Dobrowolska et al. 2022; Tinya et al. 
2025). This was confirmed by our study, in which variables 
describing light availability are significant predictors of oak 
biomass, composite metric integrating both regeneration 
density and height (Feldmann et al. 2020). In contrast to 
Dobrowolska (2006), light conditions did not significantly 
influence the overall density of oak regeneration (oak) and 
the abundance of the small seedlings (oak1). However, light 
availability became a significant factor for the abundance of 
taller seedlings (oak2), and especially of saplings (oak3 and 
oak4). The findings derived from the old-growth forest con-
ditions, align closely with results from managed oak stands 
reported by Annighöfer et al. (2015).

The light requirements of young deciduous trees typically 
increase with plant size (Valladares and Niinemets 2008). 
This is particularly true for oak seedlings, which exhibit a 
relatively high degree of shade tolerance during their initial 
years (Valladares et al. 2002). This early-stage tolerance is 
partly attributed to the substantial nutrient reserves stored 
in the acorn (Grime 1966; Ziegenhagen and Kausch 1995). 
However, once these seed reserves are exhausted, adequate 
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mast years, seedling survival variability across growing sea-
sons, or long-term recruitment trends under climate change.

These limitations underscore the need for future stud-
ies to incorporate broader spatial replication, additional 
environmental variables, and temporal data to improve the 
mechanistic understanding of sessile oak regeneration in 
natural and managed systems.

Conclusion and practical implications

Our study provides clear evidence that sessile oak retains 
the capacity to naturally regenerate in the studied old-
growth forest. High densities of seedlings confirm that 
key early processes–seed production, dispersal, and initial 
establishment–are functioning effectively. However, the 
sharp decline of oak individuals at later developmental 
stages highlights a critical bottleneck, where limited light 
availability, competition from shade-tolerant species such 
as European beech, and high browsing pressure collectively 
constrain recruitment into the taller saplings layer.

Light availability emerged as a principal driver of oak 
regeneration success, particularly in the transition from 
seedling to sapling stages, underscoring the importance 
of canopy openness for oak recruitment. Instead, ground 
vegetation competition, beech regeneration biomass, and 
selective browsing disproportionately affected smaller oak 
individuals, increasing mortality risks during early growth. 
In the absence of sufficient natural disturbance creating ade-
quate canopy openings, sessile oak regeneration is unlikely 
to sustain its dominance, threatening the future resilience 
and biodiversity of these forest systems.

These findings carry important practical and policy 
implications. They align closely with the goals of the New 
EU Forest Strategy for 2030, which emphasizes promoting 
resilient forest ecosystems through natural regeneration and 
biodiversity enhancement, and the EU Biodiversity Strategy 
for 2030, which calls for the restoration of dynamic, self-
sustaining forest ecosystems.

From a practical perspective, ensuring a sufficient number 
of seed-bearing oak trees is a foundational step for initiating 
regeneration. Management interventions should maintain or 
enhance the reproductive oaks, particularly around regener-
ation gaps. However, this must be complemented by canopy 
interventions that increase light availability, particularly in 
later regeneration development stages. Moreover, effective 
control of competing vegetation—especially beech—and 
strategies to mitigate browsing pressure (e.g. temporary 
fencing, population management of ungulates) are essential. 
Given the increasing challenges facing oak-dominated for-
ests under changing climate, active monitoring and adaptive 
management will be crucial for maintaining their ecological 

explanatory variable for oak density in both first and sec-
ond development stages (Table 3). Similarly, browsing was 
identified as one of the most influential variables affect-
ing the presence of short saplings in the Białowieża Forest 
(Dobrowolska et al. 2022) and in managed forests in Ger-
many (Annighöfer et al. 2015). Interestingly, the relation-
ship between the percentage of the browsed tree species in 
regeneration and oak seedlings/saplings density was posi-
tive similar to findings by Annighöfer et al. (2015) in man-
aged oak stands. This counterintuitive result may be due to 
the high browsing preference for sessile oak, which repre-
sented 88% of all browsed individuals and to the highly cor-
relation between the percentage of browsed oak individuals 
and the overall browsing rate (browsing). As oak density 
increases, so too does the number of browsed individuals.

However, this does not imply that browsing has no nega-
tive effect. In some stands, oak regeneration may have 
been entirely absent due to repeated browsing, with seed-
lings eliminated before establishing or not even reached 
the sapling stage (Reimoser and Gossow 1996; Harmer and 
Morgan 2007; Borderieux et al. 2021). Our findings sup-
port the view that sessile oak is more palatable to deer than 
other species (Berquist et al. 2009; Borkowski et al. 2017) 
included European beech, which is less frequently browsed 
and can survive repeated herbivory without significant mor-
tality (Rozenbergar and Diaci 2014; Petritan et al. 2015). 
This differential palatability may further disadvantage oak 
in contribute to its failure in the late developmental stages of 
the regeneration. Harmer (1999) found that the combination 
of shading and browsing had a greater negative impact on 
oak seedling biomass than on beech or other competing spe-
cies. To better isolate browsing effects from other variables, 
paired fenced and unfenced plots will be helpful.

Although these findings offer valuable insights into the 
drivers of oak regeneration, several limitations should be 
acknowledged, as they affect the interpretation of our results 
and their broader applicability. First, our study is based on a 
single old-growth forest site, and while it captures detailed 
local dynamics, caution must be exercised in generalizing 
the patterns observed. Other factors such as microclimatic 
variation or soil traits (e.g., soil pH and iron content—see 
Annighöfer et al. 2015) may influence regeneration suc-
cess across different forest types or regions. Furthermore, 
some of the models presented, particularly those explaining 
advanced regeneration stages (e.g., oak3 and oak4), showed 
relatively low explanatory power (R2 values), mainly due to 
the few oaks reached these late developmental stages. This 
suggests that other unmeasured ecological factors—such 
as soil nutrient availability, moisture conditions, or biotic 
interactions—may play critical roles in shaping outcomes. 
The cross-sectional nature of our study also prevents us 
from capturing temporal dynamics, such as the influence of 
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and silvicultural value. By integrating these actions, forest 
managers and conservation planners can support the natural 
resilience of oak-dominated ecosystems while contributing 
to the broader European and global efforts toward sustain-
able forest management and biodiversity conservation.
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