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Abstract

In addition to being influenced by global drivers, forest herb-layer communities are also
shaped by various local factors, such as topography, stand characteristics and soil properties.
The responses of ground vegetation were studied in the ravine forests of a Natura 2000 site
in eastern Slovenia. A high species richness of 218 plant species was observed in the
herb layer, including some woody species. On average, 52.8 different plant species were
recorded per plot. Species richness was significantly associated with topographic and forest
stand factors, rather than soil characteristics. It was positively associated with altitude and
the amount of deadwood and negatively associated with tree height. However, the main
predictors for the species composition of the ground vegetation were tree layer cover and
soil pH. Among the studied ravine forests, Tilia-dominated stands are characterised by
the highest species diversity and the lowest herb-layer cover, indicating a composition of
less competitive, site-specific species inhabiting sites with high resource heterogeneity and
diverse microhabitats. To preserve the high level of biodiversity of heterogeneous ravine
forests and to maintain their favourable conservation status, it is crucial to sustain the
natural state of forest soils and stands by implementing appropriate management measures.
Such measures may include close-to-nature forest management, which is already being
implemented in the studied ravine forests.

Keywords: ravine forests; ground vegetation; herb layer; forest stands; topography; soil;
Tilio–Acerion; Slovenia

1. Introduction
The diversity and composition of forest plant communities are shaped by ecological

determinants operating across multiple spatial scales, influencing different facets of species
organisation [1,2]. These determinants do not act uniformly across vegetation properties;
rather, their effects differ between taxonomic and functional levels, and their relative
importance varies among individual vegetation parameters [3].

At broad spatial scales, climate is widely recognised as a primary driver of forest plant
community diversity [4]. At finer, local scales, however, vegetation patterns are increasingly
shaped by interactions between abiotic and biotic factors. Among these, forest stand
characteristics, such as tree layer composition and diversity, play an important role [5,6],
alongside the physical and chemical properties of the soil [7]. In addition, topographic
features, including aspect and slope [8,9], together with associated microclimatic conditions
such as air temperature and humidity [10,11], can be decisive in shaping forest vegetation
diversity and composition.
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Forest ecosystems consist of different layers of vegetation that interact in complex
ways. This means that the herb-layer vegetation is influenced by ecological factors acting
from above, such as light availability, and from below, such as soil texture, moisture
and nutrient availability. The forest understorey, which includes tree regeneration and
herbaceous plants, is strongly influenced by local factors, such as the composition and
structure of the tree canopy above it. By modifying the availability and spatial heterogeneity
of essential resources, such as light, water and soil nutrients, the overstorey tree layer plays
the main role in shaping understorey conditions [5,12]. In addition, the characteristics
of the litter layer are largely determined by the overstorey tree species [13,14], which
also have different allelopathic effects. Through the filtering of resources, the overstorey
canopy directly affects herb-layer diversity. Closed-canopy mature stands dominated by
late-successional tree species create low-light understorey environments that restrict the
establishment of more light-demanding species [15]. More generally, light availability at the
forest floor is regulated by canopy characteristics [16]. The effects of these environmental
drivers on herb-layer assemblages are often tightly interrelated [12], which obscures the
assessment of the individual contribution of each factor to understorey diversity. For
example, forest soil properties are jointly influenced by the dominant tree species [17] and
macroclimatic conditions [7].

Even small-scale habitats can exhibit high ecological heterogeneity, with environmental
conditions varying across multiple gradients. These conditions are influenced by both
global factors, such as climate, and local factors, such as topography, forest stands and soil
conditions. This results in high vegetation diversity and variation in species composition.
Therefore, maintaining diverse local drivers is important for supporting diverse flora and
fauna, as well as contributing to ecosystem services and the quality of forest habitats.
Habitat quality is often associated with stand density, species diversity and composition,
and the presence of old trees and deadwood [18].

Local factors have been shown to have a significant impact on the ground vegeta-
tion and total biodiversity of small-scale forest ecosystems, such as ravine forests. These
small-scale ravine forests, designated as a European priority forest habitat type within the
Tilio–Acerion forests of slopes, screes and ravines (Code 9180*), are extensively distributed
across the mountainous regions of temperate Europe [19,20], ranging from Boreal to North-
ern Europe, through Central Europe, to the Iberian Peninsula, Southeastern Europe and
Eastern Europe [21]. This habitat type has been recorded in 21 EU Member States and
identified in 2323 designated Natura 2000 sites across Europe [20,21]. It is noteworthy
that a significant number of Natura sites containing habitat type 9180* are in Germany
(753 sites), France (294), Italy (222), Slovakia (133), Sweden (120), the Czech Republic (108)
and Spain (102) [20]. Ecological characteristics, including soil characteristics, as well as
forest vegetation and stand characteristics, are central to identifying ravine forests be-
longing to the syntaxonomical alliance Tilio platyphylli–Acerion pseudoplatani (shortened to
Tilio–Acerion) [22].

To illustrate the impact of topography, forest stands and soil conditions on the bio-
diversity of ground vegetation in ravine forests, a case study was selected from a Natura
2000 site in eastern Slovenia. This site is notable for its high representation of ravine forests
and the wide range of ecological conditions found within it, as documented in previous
studies [21,23]. Based on these studies, a representative set of close-to-nature-managed
ravine forests was selected to assess the main local driving factors of ground vegetation
diversity and composition. The study had two main aims: (i) to evaluate the impacts of
topographic, stand structure and soil factors on the species richness of the herb layer in
the selected ravine forests, and (ii) to assess how these factors shape species composition,
combining both spring and summer aspects of vegetation.
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2. Materials and Methods
2.1. Study Area

The study area is located in a forested landscape in eastern Slovenia. The site is desig-
nated within the Natura 2000 network as Boč-Haloze-Donačka gora (site code SI3000118;
herein referred to as the BHD site) (Figure 1). The total area of the BHD site is 10,882
hectares, of which 853 hectares are assigned to the ravine forests of the priority habitat
type of Tilio–Acerion forests (9180*). The most prevalent forest habitats are Illyrian beech
forests (91K0) and Luzulo–Fagetum beech forests (9110) [21]. The topographical variations
within the site range from 240 to 978 m, and the presence of a mosaic of forest vegetation
types is indicative of the area’s diverse relief and geological conditions. The predominant
topographic features are peaks, ridges, slopes and small plains. Due to the prevalence
of carbonate bedrock, the area lacks a developed surface river network, as water quickly
percolates into the karst subsurface. This geological and topographical diversity is reflected
in the variety of soil types. Brown calcareous soils, rendzinas and rankers occur in alternat-
ing patterns depending on the slope and the type of bedrock. Further details about soil
conditions and climate can be found in ref. [21]. The soil and climatic heterogeneity in the
study area support floristic elements from Central Europe, the Illyrian and steppe regions,
as well as the Mediterranean and Alpine regions [24].

 

Figure 1. Location of the Boč-Haloze-Donačka gora (Natura 2000 site) study area in the eastern part
of Slovenia (Sub-Pannonian region).

2.2. Description of the Studied Ravine Forests

A categorisation based on ecological and tree species composition reveals that there are
two distinct groups of ravine forests belonging to the alliance Tilio–Acerion. The first is char-
acterised by wetter and cooler sites, dominated by sycamore maple (Acer pseudoplatanus),
classified within the Lunario–Acerenion sub-alliance. The second category is characterised
by drier and warmer sites dominated by limes (Tilia platyphyllos Scop. and Tilia cordata
Mill.) and thermophilous broadleaves. These sites are classified within the Tilio–Acerenion
sub-alliance [19,25].

Although small in size, these ravine forests have been identified in a variety of sites
and ecological conditions. Ravine forests are usually found in small patches in stony or
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rocky gullies, dolines, ravines, torrential fans, gravelly slopes, moist rock formations and
sun-exposed ridges. These forests are found at altitudes ranging from the colline to the
altimontane vegetation belt [26]. The soils in these forests are primarily colluvial–deluvial,
with rare rendzina and brown calcareous soil formations. Dystric brown soils and ranker
or eutric brown soils have also been documented. Some stands are found on very steep or
rocky terrain [26].

The tree layer consists of noble broadleaf trees, which improve soil quality and provide
high-value timber. The most dominant tree species are sycamore (Acer pseudoplatanus L.),
Norway maple (Acer platanoides L.), wych elm (Ulmus glabra Huds.), European ash
(Fraxinus excelsior L.), large-leaved lime (Tilia platyphyllos) and small-leaved lime (Tilia
cordata). In terms of floristic composition, these communities share similarities with beech
forests, but they contain a greater abundance of hygrophilous and nitrophilous species. The
understorey vegetation usually comprises mesophilous, tall herbs and ferns that require
high levels of nutrients, soil moisture and air humidity. Acer pseudoplatanus-dominated
forests occur on colder, wetter sites, while Tilia forests, which are slightly more ther-
mophilous, are found on warmer, drier sites [26].

Ravine forests in Slovenia occur across a wide range of site and stand conditions,
spanning a broad ecological amplitude and a wide array of forest associations [26]. The
studied ravine forests (habitat type 9180*) are diverse, with subtypes also having been
identified [23]. These forests have high conservation value and often provide habitat for
rare and protected species [26]. However, due to their small size, occurrence in smaller
fragments and exposure to various pressures and threats, they are more vulnerable than
larger forest types [21,26,27].

2.3. Data Collection

The selection of plots for the present study was undertaken using a multi-phase
approach. In the initial phase of the study, a comprehensive mapping and analysis of all
ravine forests within the BHD site were conducted [21,23]. In this study, 30 plots were
selected from the ravine forests of the BHD site. These were selected based on the findings
of previous studies, with the aim of identifying the impacts of local factors on vegetation
diversity and composition, such as topography, forest stands and soils [28]. This selection
process was designed to ensure that the study area was covered in a representative manner,
with the aim of capturing as much ecological and geographical variation as possible within
the ravine forests of the BHD site. We selected plots with homogeneous stands, with as few
large gaps and other inconsistencies as possible, and with evenly distributed larger pieces
of deadwood across the entire plot area. Of all selected plots, 18 plots were dominated by
Acer pseudoplatanus, 8 by Fraxinus excelsior and 4 by Tilia species (Figures 2–4).

All of the study plots were circular with a radius of 25.23 m and an area of 2000 m2.
Within these plots, smaller, identical subplots were installed at the same centre point. The
area and radius of these subplots varied according to the employed methodology and
specific parameters. Vegetation, soil and common site characteristics were evaluated in
400 m2 subplots [29], while forest stand structure and tree characteristics were evaluated in
subplots ranging from 200 to 2000 m2 [30,31].

Between 2021 and 2023, field assessments of all parameters were carried out as part of
the LIFE Integrated Project for Enhanced Management of Natura 2000 in Slovenia. Different
datasets were collected at each study plot to test the effects of soils and forest stands on
ground vegetation [29].
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Figure 2. Plot dominated by Acer pseudoplatanus (Photo: L. Kutnar).

 

Figure 3. Plot dominated by Fraxinus excelsior (Photo: L. Kutnar).

 

Figure 4. Plot dominated by Tilia species (Photo: L. Kutnar).
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2.3.1. Vegetation Survey

The size of the sampling area was 400 m2 in all plots [29]. The outer parts of the
study plots (2000 m2) represent a buffer zone for the vegetation plots and also have an
important impact on the herb layer of the vegetation plots by modifying light, nutri-
ent supply, moisture, etc. All vascular plant species in the herb layer (all herbaceous
species and woody individuals lower than 0.5 m) were recorded twice, in springtime
(April 2022) and summer (June–August 2021 and 2022). The herb layer contains herbaceous
(forbs, graminoids, ferns) and woody species [29]. The abundance of encountered species
in the herb layer was visually estimated using a modified Barkman scale [32]. Species
nomenclature followed [33–39]. During the vegetation survey, the overall cover (%) of
each vegetation layer was also estimated: tree layer (woody individuals taller than 5 m),
shrub layer (woody individuals from 0.5 to 5 m tall), herb layer (woody individuals up to
0.5 m and herbaceous plants) and moss layer (bryophytes on different substrates, including
ground, rock, deadwood and living wood).

2.3.2. Topographic and Stand Variable Measurements

On each plot, the cover (%) of outcropping rock and rock fragments was recorded.
Other topographic and site information was also recorded, such as altitude (m above sea
level), aspect (azimuth degrees) and slope (vertical degrees). The heat load index (HLI)
or potential annual direct incident radiation was calculated using the formula published
in [40] based on aspect, slope and latitude (i.e., Equation (1) in ref. [40]).

The location, diameter at breast height (DBH) and height of living trees, as well as the
amount of dead biomass on each plot, were measured following the methodology of the
Slovenian National Forest Inventory [21,30,31]. Living trees and shrubs with a DBH of at
least 10 cm were measured on circular plots of 200 m2, and those with a DBH of at least
30 cm on 600 m2 plots. For each tree, the azimuth and horizontal distance from the plot
centre were recorded. The heights of at least five trees in each plot were measured (if more
than one tree species was present, more than five tree heights were measured). Deadwood
biomass (standing dead trees, lying dead trees, stumps, snags and coarse woody debris)
was also measured (see also ref. [21]). Deadwood biomass with a DBH (standing dead trees,
lying dead trees) or diameter (stumps, snags and coarse woody debris) of at least 10 cm
was recorded on circular plots of 200 m2, and that with a DBH or diameter of at least 30 cm
on 2000 m2 plots. The variables calculated from the inventory measurements of living trees
and dead biomass are described in more detail in Table 1.

2.3.3. Soil Sampling and Analysis

Plots for soil sampling were the same as those used for the vegetation analysis. We
sampled the organic (Ol, Of + Oh) layers and the mineral soil up to a depth of 20 cm
at two depth intervals: 0–10 cm and 10–20 cm. On each plot, we systematically took
sub-samples at three sampling points, which were evenly located 6 m from the centre of
the plot. We combined the sub-samples from each horizon and depth into one composite
sample. At each subsampling point in the mineral soil, soil samples were also taken with
Kopecky cylinders, with which we measured the bulk density. The following variables
were measured and calculated for soil samples: pH (CaCl2), total nitrogen content (g/kg),
soil texture, soil organic carbon (g/kg), moisture content (%), cation exchange capacity
(cmol/kg), exchangeable calcium (cmol/kg), bulk density (kg/m3), extractable phosphorus
(mg/kg), texture, exchangeable cations (Ca2+, Mg2+, K+, Na+, etc.), sum of bases and
sum of acids. Soil analyses were carried out in accordance with standard procedures and
protocols [41–47]. Since our complete dataset included several different soil variables, we
investigated the correlations between them to identify those containing similar information
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(see also ref. [3]). The organic and upper mineral soil layers were included in the analyses
because topsoil conditions are considered the most important for plant species in the herb
layer [14].

Table 1. Description of explanatory variables used in the analyses.

Variable Description of Variables Group of Variables

Altitude Height above sea level (in m) Topographic/site

Rockiness Cover of outcropping rock and rock fragments (in % of plot surface) Topographic/site

HLI Heat load index (HLI) calculated with Equation (1) published in ref. [40] Topographic/site

T_COVER Tree layer cover (%) [29] Forest stand

Tree_N Number of different tree species in the overstorey [31,48] Forest stand

Height Mean height of overstorey trees (m) [49] Forest stand

DBH Mean diameter at breast height (cm) of the five largest trees [50] Forest stand

GS Total growing stock (volume) of all trees (m3/ha) [31] Forest stand

Acer Total growing stock (volume) of Acer pseudoplatanus and
Acer platanoides (m3/ha) [31] Forest stand

Fraxinus Growing stock (volume) of Fraxinus excelsior (m3/ha) [31] Forest stand

Tilia Total growing stock (volume) of Tilia cordata and Tilia platyphyllos (m3/ha) [31] Forest stand

Ulmus Growing stock (volume) of Ulmus glabra (m3/ha) [31] Forest stand

Castanea Growing stock (volume) of Castanea sativa (m3/ha) [31] Forest stand

Ostrya Growing stock (volume) of Ostrya carpinifolia (m3/ha) [31] Forest stand

Carpinus Growing stock (volume) of Carpinus betulus (m3/ha) [31] Forest stand

Tot_N Total number of living trees per hectare [51] Forest stand

CE

Clark and Evans aggregation index was calculated as follows: CE = rA
rE

,

where rA =
∑n

i=1 HDistij
n and rE = 1

2

√
A
N where HDisti is the Euclidean

distance between the i-th tree and its nearest neighbour, A is the plot area and
N is the number of trees on the plot [52]

Forest stand

DWD_V Total volume of deadwood biomass (m3/ha) Forest stand

DLR Dead-to-living tree growing stock volume ratio [48] Forest stand

pH Soil reaction (pH) measured in 0.01 M CaCl2 in the 0–10 cm mineral soil layer Soil

C/N Ratio between carbon (C) and total nitrogen content (N) in the 0–10 cm
mineral soil layer Soil

CEC Cation exchange capacity (cmol(+)/kg) in the 0–10 cm mineral soil layer Soil

BS
Base saturation (%) is calculated as follows:
BS = (sum of exchangeable base cations/CEC) × 100 in the 0–10 cm mineral
soil layer

Soil

2.4. Data Analysis

A set of 68 explanatory variables related to topographic features and stand charac-
teristics was measured in the field. Additionally, 40 soil variables were measured in soil
samples in the laboratory. Based on collinearity tests between all the measured explanatory
variables in the field and laboratory, and on a preliminary screening assessment of the
explanatory power of these variables, the initial set of 108 variables was reduced to a subset
of 23 predictors (Table 1) [28], which was used for statistical analyses.
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Statistical analyses were computed with R software, version 4.3.0 [53]. For the analysis
of the vegetation data, spring and summer relevés were merged by choosing the higher
cover values of both relevés. Species richness (total number of vascular plant species in
the herb layer) was modelled by fitting a series of 23 univariate generalised linear models.
We assumed a Poisson error distribution, which is generally recommended for count data,
and a logarithmic link function was used in model specifications. Based on all significant
predictors derived from univariate analysis, we carried out multivariate regression. To
avoid violations of the underlying assumptions, we followed the recommendations of
ref. [54]. The values of the predictors were standardised by subtracting the sample mean
from the individual values and dividing the results by the sample standard deviation. We
used the performance package [55] to examine multicollinearity between the predictors by
calculating the variance inflation factor. The minimal adequate model was calculated with
forward stepwise selection based on the Akaike information criterion [56], as implemented
in the MASS package [57]. The fit of the final model was validated by plotting the residuals
and the dispersion was tested using the DHARMa package [58]. Because we detected a
slight overdispersion, we finally adopted a negative binomial distribution, which improved
our model. The relative importance of each explanatory variable included in the final
model was assessed via dominance analysis [59].

To analyse the impact of the environmental variables on herb-layer species composi-
tion [28], transformation-based redundancy analysis (RDA) was used as implemented in
the vegan package [60]. The suitability of the RDA method was supported by the results of
detrended correspondence analysis, which produced a length of the first axis gradient of
3.3 standard units. Prior to analysis, species abundance values were transformed with the
Hellinger transformation [61]. This approach has several benefits, such as mitigating the
double-zero problem, reducing the influence of dominant species and improving suitability
for linear methods like RDA. Using the final subset of 23 environmental predictors, a
forward selection procedure was applied to create the most parsimonious set of variables
that significantly contributed to the explained variation. For this purpose, the function
“forward.sel” from the adespatial package [62] was used based on scaled predictors and a
permutation test.

3. Results
3.1. Species Richness

A total of 218 plant species were recorded in the herb layer of the selected ravine
forests at the BHD site. These records were based on surveys conducted during the spring
and summer periods. On average, 52.8 different plant species were recorded per plot.
The highest number of species recorded in the herb layer was 80 and the lowest was 20.
Among the three groups of plots dominated by different key tree species, the lowest mean
number of species (47.2, range 20–69) was identified in plots where Acer pseudoplatanus was
the dominant species in the tree layer (n = 18). This was followed by plots dominated by
Fraxinus excelsior (n = 8), with a mean species number of 60.0 (range 43–80 species). The
small group of four plots dominated by Tilia species in the tree layer had the highest mean
species richness in the herb layer (63.8, range 47–75 species). The most frequently occurring
species in the herb layer of the studied plots were Cardamine bulbifera (L.) Crantz (present
in all plots), Dryopteris filix-mas (L.) Schott (present in 97% of plots), Galeobdolon flavidum
(F. Herm.) Holub (97%), Polystichum setiferum (Forssk.) Woyn. (93%), Arum maculatum L.
(87%), Circaea lutetiana L. (87%), Galium odoratum (L.) Scop. (87%), Mercurialis perennis L.
(80%), Paris quadrifolia L. (80%) and Salvia glutinosa L. (80%). Young trees and shrubs were
also common in this layer, including Acer pseudoplatanus (97%), Ulmus glabra (87%), Fagus
sylvatica L. (80%), and Sambucus nigra L. (80%).
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A univariate generalised linear regression model was employed to assess the relation-
ship between herb-layer species richness and each of the selected explanatory variables
related to topography, stand and soil characteristics (n = 23; see Tables 1 and 2). This
resulted in 13 significant variables (see Table 2). Species richness in the studied ravine
forests was highly correlated with eight variables (p < 0.001). The following variables were
positively associated with species richness (Table 2): total volume of deadwood biomass
(DWD_V; pseudo-R2 = 30.7%), altitude (23.5%), dead-to-living volume ratio (DLR; 18.7%),
growing stock of Tilia species (Tilia; 13.7%) and Ostrya carpinifolia Scop. (Ostrya; 10.7%).
However, species richness was negatively associated with the following variables (Table 2):
tree layer cover (T_COVER; pseudo-R2 = 23.5%), mean overstorey tree height (Height;
19.4%) and growing stock of Acer species (Acer; 15.0%). In the studied ravine forests,
species richness was also negatively associated with the mean DBH of the five largest trees
(DBH; 9.8%, p < 0.01) and growing stock of Castanea sativa Mill. (Castanea; 4.3%, p < 0.05)
and Ulmus glabra (Ulmus; 4.0%, p < 0.05). Species richness was positively associated with
the total number of living trees per hectare (Tot_N; 6.5%, p < 0.01) and cation exchange
capacity (CEC; 5.7%, p < 0.05).

Table 2. Relationship between plant species richness in the herb layer and each of the selected
explanatory variables related to topographic, stand and soil characteristics (n = 23) derived from
univariate regression models. Predictors are ranked according to the pseudo-R2. Significance levels
are indicated with asterisks: *** p < 0.001, ** p < 0.01, * p < 0.05, ns—not significant.

Variable Z-Value Pseudo R2 (%) Sig.

DWD_V 5.702 30.7 ***
T_COVER −4.987 23.5 ***
Altitude 4.825 23.5 ***
Height −4.430 19.4 ***

DLR 4.568 18.7 ***
Acer −3.850 15.0 ***
Tilia 3.868 13.7 ***

Ostrya 3.388 10.7 ***
DBH −3.160 9.8 **

Tot_N 2.596 6.5 **
CEC 2.425 5.7 *

Castanea −2.008 4.3 *
Ulmus −1.968 4.0 *

GS −1.126 1.3 ns
Rock 1.110 1.2 ns
pH −1.075 1.1 ns

Tree_N −0.941 0.9 ns
HLI −0.816 0.7 ns
CE −0.728 0.5 ns

Fraxinus 0.446 0.2 ns
BS 0.287 0.1 ns

Carpinus −0.246 0.1 ns
C/N −0.235 0.1 ns

However, the multivariate regression model, which considered 23 explanatory vari-
ables related to topographic, stand and soil characteristics (Tables 1 and 2), identified only
three significant predictors (Table 3). There was a positive association between species
richness and total deadwood biomass volume (DWD_V; relative importance = 34.0%,
p < 0.001) and altitude (9.5%, p < 0.05). According to the final multivariate model (Table 3),
species richness was negatively associated with the mean height of overstorey trees (Height;
12.5%, p < 0.05). The pseudo R2 of the final model was 52.7% and the AIC value was 228.9.
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Table 3. Results from the final multivariate regression model for species richness. Predictors are
ranked according to the relative importance obtained via dominance analysis. Significance levels are
indicated with asterisks: *** p < 0.001, * p < 0.05.

Variable Estimate (Coefficient) Relative Importance (%) p-Value

DWD_V 0.04957 34.0 ***
Height −0.10857 12.5 *

Altitude 0.12254 9.5 *

3.2. Species Composition

The species composition of the herb layer in the studied ravine forests was significantly
correlated with seven of the initial 23 explanatory variables used in the stepwise selection for
RDA. The most explanatory and highly significant variables (p < 0.001) were the following
(Table 4): growing stock of Tilia species (Tilia; 11.2%), soil reaction (pH; 8.8%) and tree layer
cover (T_COVER; 8.5%). Additionally, the growing stock of Castanea sativa (Castanea, 6.7%)
and the Clark and Evans aggregation index (CE; 5.0%) also significantly contributed to
explaining the species composition of the studied forests (p < 0.01). The following variables
contributed slightly less to the compositional variability (p < 0.05): growing stock of Ulmus
glabra (Ulmus; 4.5%) and altitude (4.4%). The RDA model, which included seven factors,
explained 49.1% of the variability in species composition.

Table 4. Predictors for species composition. Significance levels are indicated with asterisks: *** p < 0.001,
** p < 0.01, * p < 0.05.

Variable Contribution (R2) in % p-Value

Tilia 11.2 ***
pH 8.8 **

T_COVER 8.5 ***
Castanea 6.7 **

CE 5.0 **
Ulmus 4.5 *

Altitude 4.4 *

tb-RDA revealed significant gradients in species composition within the studied
ravine forests, relating to seven explanatory variables (from the final model) associated
with topographic, stand and soil characteristics (Figure 5). Plots dominated by Tilia species
(including Tilia cordata and T. platyphyllos) were clearly separated from those dominated by
Acer species and Fraxinus excelsior. Tilia plots are at the top of Figure 5, with low values on
the first RDA axis and high values on the second. Most plots dominated by Fraxinus have
low values on both axes, while plots with Acer species have low values on the second axis
(Figure 5). Plots with stands dominated by Acer species have the greatest ecological range
and are located along the entire first RDA axis.

The vector of T_COVER is opposite to the vector of altitude, which indicates that tree
layer cover was on average higher at lower altitudes. The vector of the Castanea sativa
growing stock also indicates a higher proportion of this species in Acer-dominated stands at
lower altitudes. These stands, which are admixed with Castanea sativa, grow in more acidic
soils (lower pH). However, other Acer stands admixed with different broadleaves are found
at higher altitudes and in soils with a higher pH (less acidic) on carbonate bedrock. Among
the early spring ephemeral herbs, Corydalis cava (L.) Schweigg. & Körte and Leucojum
vernum L. are indicative of Acer forests at lower altitudes. Cardamine enneaphyllos (L.) Crantz
is a more characteristic species of forests at higher altitudes, while Allium ursinum L. is more
abundant in Fraxinus and Acer plots on the left side of the RDA biplot (at higher altitudes).
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The Clark and Evans aggregation index (CE) indicates differences between Tilia stands,
where tree individuals are more clustered, and other stands, where trees are distributed
more randomly or regularly within the plots.

 

Figure 5. Transformation-based redundancy analysis (tb-RDA) biplot based on the final model includ-
ing seven variables with a significant contribution to the explained variation in species composition
of the herb layer across 30 plots. Outlined are four early spring ephemeral herbs (geophytes) with
an exceptional position along the first or second RDA axis compared with other species, which are
clustered in the central part of the diagram. Plots are coloured and symbolised according to the
dominant tree species in the stand.

4. Discussion
4.1. Factors Associated with Species Richness

The plant species richness of the understorey in the ravine forests studied in the BHD
Natura 2000 site was very high. The mean species richness per plot was almost 53, which is
much higher than the 44 plant species identified in plots of the same size in other forests in
Slovenia [3] that are also managed according to close-to-nature principles.

Our study revealed that species richness in the herb layer of ravine forests responded
differently to topographic, stand and soil factors. Among these factors, the total volume of
deadwood biomass was most strongly positively associated with species richness. Dittrich
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et al. [63] concluded that modern silviculture has led to a reduction in deadwood, partic-
ularly of large diameter, resulting in the loss of an important habitat niche in European
forests. By contrast, the ravine forests in our study harbour large amounts of standing and
downed deadwood (average of 33.6 m3/ha per plot), which is significantly higher than
the mean deadwood volume in Slovenian forests (14.8 m3/ha) [64]. This is also a result of
close-to-nature forest management in ravine forests, which maintains higher volumes of
deadwood. The presence of deadwood is a key factor supporting high species richness and
diverse composition, particularly among bryophytes [65–67]. However, deadwood also
promotes the colonisation of vascular plants [68,69] and tree seedlings [70,71]. Moreover,
lying deadwood also promotes functional diversity in the understorey [72]. Vascular plants
colonise deadwood of all decay classes, including freshly fallen logs [69]. The density of
colonisers increases with the decomposition rate of the deadwood and is higher when the
deadwood is exposed to light. Species that prefer deadwood to soil are typically early suc-
cessional species, while those that prefer soil are often hygrophytes or typical understorey
species [69].

In the ravine forests studied at the BHD site, the most diverse stands dominated by
Tilia species had the highest mean amount of deadwood (62.2 m3/ha), with values reaching
up to 115.0 m3/ha. These Tilia stands are located in rocky areas (with an average of more
than 76% of the surface covered by rocks and stones), which are steep and remote. The
high volumes of deadwood are mainly due to the absence or limited management of these
forests, which are located in more extreme and less accessible areas [21].

High volumes of deadwood were also observed in Fraxinus excelsior-dominated stands,
with an average measurement of 56.0 m3/ha. While deadwood can offer potential ecological
benefits in the future, the current high levels are the result of the degradation and high
mortality of Fraxinus excelsior stands, which have been affected by the invasive fungal
disease ash dieback (Hymenoscyphus fraxineus, Anamorph Chalara fraxinea) [73,74]. The
increased mortality of key tree species in the studied ravine forests, particularly Fraxinus
excelsior, resulted in the opening of canopy crowns and increased light availability at
ground level. It was revealed that species richness decreased significantly with tree-layer
cover, which was much lower in Fraxinus stands (59.4%) than in all plots (81.5%). This
was reflected in a higher number of plant species in the herb layer and increased herb
layer cover. A post-disturbance response in the forest herb layer is characterised by an
increase in the diversity of resident species combined with colonisation of early successional
species [75]. This is consistent with the findings of ref. [76], who revealed that plant species
richness in the understorey of temperate forests increased with light availability.

Overall, deadwood in the studied ravine forests is only partly a primary driver of
species richness. It is more likely to be a proxy for less intensive management on the one
hand and for disturbances on the other. In the first case, deadwood in the progressive
decaying phases directly promotes species richness in Tilia and mature Acer stands, where
different microhabitats enable the colonisation of specific vascular plant species and their
functional groups [72]. However, in Fraxinus stands with ash dieback, which causes
disturbances and creates more open stands, a high level of deadwood does not directly
support high species richness. Here, deadwood correlates with species richness not because
plants grow on lying logs in the initial decaying phase, but because a high level of deadwood
indicates open canopies (i.e., disturbance) or complex habitat structures that promote the
coexistence of different species.

However, species richness in the herb layer is negatively associated with tree height.
Above-average values were observed for both tree height (27.0 m vs. 25.0 m for all plots) and
tree layer cover (91.2% vs. 81.5% for all plots) in stands dominated by Acer pseudoplatanus,
well-preserved forests with favourable conservation status [21]. The lower species richness

https://doi.org/10.3390/f17030370

https://doi.org/10.3390/f17030370


Forests 2026, 17, 370 13 of 18

in these Acer-dominated stands with dense canopy cover is also due to the absence of early
successional and non-forest species that are closely associated with forest disturbances.
It appears that height may act as a proxy for canopy closure in dense Acer stands rather
than influencing species richness directly. Conversely, species composition was found to
be positively associated with the growing stock of Tilia species, including T. platyphyllos
and T. cordata. These are the characteristic tree species of ravine forests on very steep and
rocky terrain, with an admixture of Ostrya carpinifolia and other thermophilic broadleaves.
This variable was not found to be a direct driving factor of species composition; rather, it
indicates well-preserved forests in extreme and less accessible areas. These Tilia-dominated
stands are managed at a low intensity in accordance with the close-to-nature approach,
which promotes various microhabitats on rocky surfaces and maintains a high amount of
deadwood. Furthermore, the contrasting richness values between Acer- and Tilia-dominated
stands appear to be a consequence of the distinct ecological niches that these stands occupy
rather than a direct effect of the tree species themselves. Tilia stands are confined to
higher altitudes and extremely rocky terrain, conditions which suppress the dominance of
competitive understorey species (hence the low cover of the herb layer) and allow diverse,
specialised flora to coexist.

Altitude was one of the most influential factors for species richness in the studied
ravine forests. The species richness of the herb layer also increased with altitude in Central
European beech forests [77]. However, an inverse unimodal species richness–altitude
pattern was observed, with a minimum at intermediate altitudes. In the altitudinal range of
the studied plots between 336 m and 949 m above sea level, most of the ravine-forest stands
with an above-average species richness (52.8 species per plot) were located at an altitude
above 700 m. These stands at higher elevations are mixed with beech-dominated forests
and interact with them, sharing some common species. Furthermore, light-demanding
noble broadleaves often occur as pioneer species on primarily beech sites [26]. Different
floristic elements from the Alps, Central Europe and other regions contribute to the higher
species richness of stands at higher elevations [24]. Additionally, the floristic composition
of the studied ravine forests is enriched by the presence of some relict and endemic Illyrian
species that survived the Quaternary glaciations in southern European refugia, including
some typical forest herbs [22].

4.2. Factors Associated with Species Composition

Tilia stands with the highest species richness had the lowest herb layer cover, which
averaged 36.3% compared with the mean of 77.9% across all plots. This is somewhat
consistent with the findings of ref. [78], who demonstrated that plant species richness
and composition respond significantly differently to local, landscape and biogeographical
variables, and that species composition can reveal more about the ecological processes
affecting plant communities than species richness alone. However, both species richness
and composition revealed significant driving processes in the studied ravine forests.

In the Tilia stands, in addition to the common species of ravine forest, the composition
of the herb layer also encompassed some less competitive species (e.g., different stress-
tolerators) that have adapted to extreme, steep and rocky sites. This results in the highest
level of species richness. In rocky Tilia stands under extreme and exposed site conditions,
the ability of mesic and hygrophilous plant species to spread and develop larger cover
is restricted.

In contrast to ref. [79], who reported a lack of tree clusters in managed ravine forests,
the field data from the present study revealed a high frequency of tree clusters with multiple
stems, particularly in Tilia-dominated stands. This was indicated by a higher degree of tree
clustering, as evidenced by the low values of the Clark and Evans aggregation index [52]
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in Tilia stands (0.64 vs. 0.81 for all plots). Unlike previous studies of ravine forests [21],
these stand structural indicators effectively explained the differences in vertical structure
between Tilia stands, where the trees are more clustered, and Acer and Fraxinus stands,
where the trees are more randomly or regularly distributed within the plots.

In the present analysis, the pH of the mineral soil layer was the only one of the 40 soil
variables that significantly indicated a gradient in species composition in ravine forests.
Despite heterogeneous soil conditions ranging from less to extremely rocky sites, and
different soil horizon depths, this suggests relatively comparable soil conditions across all
types of stands and sites. Along the pH gradient, which varied between 4.1 and 6.9, species
composition responded to this variable. In terms of soil reaction, forests dominated by Acer
tree species are heterogeneous, as they grow on different soil types (e.g., colluvial–deluvial
soils, rendzinas and brown calcareous soils, eutric to dystric brown soils and rankers),
and both extreme pH values were measured in different Acer forests. It was revealed that
soil acidity largely accounts for the floristic composition of the herb-layer vegetation, but
canopy cover, an important factor in the present study of ravine forests, may greatly modify
the effect of soil reaction on species composition [80].

As with species richness, altitude was shown to be an important factor influencing the
species composition of the herb layer in the studied ravine forests. The gradient of altitude,
together with the vectors of pH, tree layer cover and Castanea growing stock, indicated
substantial changes in species composition between Acer forests at lower altitudes and Acer
forests at higher altitudes.

These variables, which explained the high gradient in species composition, also in-
dicated heterogeneity in the ravine forests studied in the BHD Natura 2000 site. This
shows that small-scale ravine forests, such as the Tilio–Acerion forests of slopes, screes and
ravines (9180*), may exhibit a high degree of heterogeneity. Alongside global changes and
disturbances [81], local topography, stand and site characteristics should also be considered
in forest management aimed at supporting natural processes and structures as much as
possible. The most appropriate way to consider the heterogeneous vegetation, ecological
and stand conditions in ravine forests is to apply an approach that favours less intensive
management, such as close-to-nature forest management.

5. Conclusions
The high level of plant diversity found in the herb layer of ravine forests, which

are designated as an EU priority habitat, highlights their important role as biodiversity
hotspots within forest ecosystems, emphasising their conservation value within the Natura
2000 network. The results suggest that the structural characteristics of forest stands and
topographic heterogeneity are important factors associated with plant diversity, which is
an important consideration for conservation efforts. Stands dominated by Tilia species
demonstrated that high species richness can be obtained in structurally diverse forests
despite relatively low herb-layer cover. This indicates that forest management practices
should focus primarily on maintaining the structural complexity of forest stands and
the heterogeneity of site conditions. Preserving diverse stand structures and retaining
deadwood appear particularly important for sustaining the microhabitats that support
forest plant specialists. Therefore, conservation strategies should utilise close-to-nature
and similar forest management approaches to maintain the natural disturbance dynamics,
structural variability and continuity of forest habitats, ensuring the long-term stability and
biodiversity of ravine forest ecosystems.

https://doi.org/10.3390/f17030370

https://doi.org/10.3390/f17030370


Forests 2026, 17, 370 15 of 18

Author Contributions: Conceptualisation, L.K., J.K., A.M.P. and A.M.; Data curation, J.K., A.M.P., L.K.
and A.M.; Formal analysis, J.K., L.K. and A.M.P.; Methodology, L.K., J.K., A.M.P. and A.M.; Resources,
L.K.; Visualisation, J.K.; Writing—original draft, L.K., J.K., A.M.P. and A.M.; Writing—review &
editing, L.K., J.K., A.M.P. and A.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was funded by the EU LIFE Integrated Project for Enhanced Management of
Natura 2000 in Slovenia (LIFE17 IPE/SI/000011) and by the Slovenian Research and Innovation
Agency (ARIS), Research Program P4-0107.

Data Availability Statement: Research data are available at: https://doi.org/10.20315/Data.0016
(accessed on 10 March 2026).

Acknowledgments: We thank Valerija Babij (Slovenia Forest Service) and Erika Kozamernik, Marko
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Tilio–Acerion Forests (Boč, Slovenia); Gozdarski inštitut Slovenije: Ljubljana, Slovenia, 2026. [CrossRef]

29. Canullo, R.; Starlinger, F.; Granke, O.; Fischer, R.; Aamlid, D.; Neville, P. ICP Forests Manual on Methods and Criteria for Harmonized
Sampling, Assessment, Monitoring and Analysis of the Effects of Air Pollution on Forests; Part VII.1: Assessment of Ground Vegetation;
UNECE ICP Forests Programme Coordinating Centre: Hamburg, Germany, 2016; p. 19.

30. Skudnik, M.; Grah, A.; Guček, M.; Kovač, M.; Kušar, G.; Pintar, A.M.; Pisek, R.; Poljanec, A.; Žlogar, J. Nacionalna Gozdna Inventura:
Interna Navodila za Terensko Delo (2020–2024): (Ver. 02/2022); Gozdarski inštitut Slovenije: Ljubljana, Slovenia, 2022; 76p.

31. Pintar, A.; Ferreira, A.; Krajnc, L.; Kušar, G.; Skudnik, M. Pestrost in pojavljanje domačih in tujerodnih drevesnih in grmovnih
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69. Unar, P.; Daněk, P.; Adam, D.; Paločková, L.; Holík, J. Can deadwood be preferred to soil? Vascular plants on decaying logs in
different forest types in Central Europe. Eur. J. For. Res. 2024, 143, 379–391. [CrossRef]
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