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Abstract  Forest ground vegetation may serve as an 
early warning system for monitoring anthropogenic 
global-change impacts on temperate forests. Climate 
warming may induce a decline of cool-adapted spe-
cies to the benefit of more thermophilous plants. 
Nitrogen deposition has been documented to poten-
tially result in soil eutrophication or acidification, 
which can increase the proportion of species with 
higher nutrient requirements and species impover-
ishment caused by competitive exclusion. Abiotic 
forest disturbances are changing the light conditions 
in the forest understorey environment. In this resur-
vey study, we tested the magnitude and direction of 
change in alpha (species richness) and beta (within-
site dissimilarity) diversity and composition of forest 
ground vegetation in forests of different types in Slo-
venia over fifteen years. Using plant-derived charac-
teristics (Ellenberg-type indicator values) and by test-
ing a priori predictions concerning expected effects 
of environmental drivers, we show that the magnitude 
and direction of forest ground vegetation diversity 

and floristic changes varies greatly between forest 
sites. Divergent responses at different sites resulted in 
low net change of alpha and beta diversity and a weak 
overall environmental signal. The largest decrease 
in species number was observed in lowland oak-
hornbeam forests, which were also among the sites 
with the greatest compositional shifts. Changes in 
beta diversity did not show any consistent trend, and 
anticipated floristic convergence was not confirmed 
when all sites were considered. Thermophilization 
was mainly detected in montane beech sites and 
alpine spruce forests whereas eutrophication signal 
was most significant on nutrient-poor sites. Vegeta-
tion responses were strongly dependent on initial site 
conditions. Shrinkage of ecological gradients (pro-
cess of ecological homogenization) suggests that sites 
positioned at the ends of the gradients are losing their 
original ecological character and are becoming more 
similar to mid-gradient sites that generally exhibit 
smaller changes. Our results point to the importance 
of local stand dynamics and overstorey disturbances 
in explaining the temporal trends in forest ground 
vegetation. Ground vegetation in Slovenian forests 
is changing in directions also dictated by multiple 
regional and global change drivers.
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Introduction

In the era of rapid global change, resurveys of plant 
communities on permanent or semi-permanent plots 
have become common practice and a valuable tool 
in evaluating the impacts of environmental changes 
on forest biodiversity (Kapfer et  al. 2017; Knollová 
et  al. 2024). Analyses stemming from semi-perma-
nent plots might offer a longer time span (resurvey 
of historical locations where phytosociological rel-
evés were made some decades ago), but a disadvan-
tage of this approach is the potential risk of reloca-
tion, observer and timing (date of sampling) biases 
(Verheyen et al. 2018). Therefore, vegetation science 
needs permanent plots (de Bello et  al. 2020), which 
are, compared to semi-permanent plots, based on 
much more reliable repetitions of surveys and often 
supported by measured environmental data taken at 
the exact same place as vegetation inventories. On 
the other hand, long-term assessments generally use 
global / regional data to explain various processes in 
vegetation. However, these can be heavily modified 
by many specific factors operating at local scales. 
Long-term studies are beneficial for the understand-
ing of temporal dynamics in forest ground vegetation 
(hereafter abbreviated as GV) in response to global, 
regional and local environmental change. However, 
short- to medium-term measurements are particu-
larly important for the timely detection of changes in 
biotic communities and early response with appropri-
ate planning and forest management (Kutnar et  al. 
2019). This is a crucial step towards the development 
of effective strategies for the restoration and conser-
vation of forest biodiversity, especially in protected 
areas (e.g. Natura 2000 sites).

Because of climate change, vegetation is shifting 
towards a higher representation of warm-adapted 
plant species and lower relative abundance of cold-
adapted taxa (De Frenne et al. 2013; Zellweger et al. 
2020). Global warming is considered the main driver 
of vegetation thermophilization (Stevens et al. 2015; 
Brice et  al. 2019; Govaert et  al. 2021a). Another 
response to increasing temperature is evidenced in the 
migration of plant species towards higher latitudes 
and / or elevations because the climate in their current 
distribution area is becoming increasingly unsuitable 
for growth and survival (Harrison et al. 2010; Savage 
and Vellend 2015; Kermavnar et  al. 2023). Specific 
microclimatic conditions in forest stands due to the 

buffering effect of canopy closure (shading and cool-
ing) are causing delays in the biotic response to the 
progressing climate warming (De Frenne et al. 2013; 
Zellweger et al. 2020; Richard et al. 2021). However, 
intense and large-scale forest disturbances result-
ing in reduced tree layer cover will likely diminish 
such buffering effects and consequently facilitate the 
thermophilization of forest vegetation (Stevens et al. 
2015; Dietz et al. 2020). The effects of disturbances 
on forest plant composition should therefore not be 
overlooked, since the extreme weather events and 
devastating large-scale disturbances tend to intensify 
with climate change (Seidl et  al. 2017; Dietz et  al. 
2020; Kutnar et al. 2021; Patacca et al. 2022).

Local disturbances rapidly alter plant communities 
that may otherwise respond rather slowly to environ-
mental changes (Closset-Kopp et  al. 2019). Kutnar 
et  al. (2019) demonstrated that changes in understo-
rey vegetation across Slovenian forests are primarily 
driven by disturbances. Light and microclimate are 
significantly altered in more open forest areas with 
less tree cover (Kermavnar et  al. 2020) and GV is 
especially responsive to alterations in light regime 
(De Pauw et al. 2022). Increased light availability in 
canopy gaps favours the occurrence of non-forest, 
ruderal species (Eler et  al. 2018; Kermavnar et  al. 
2019). This can be referred to as ‘ruderalization’ of 
forest vegetation and could result in increased plant 
diversity. In conjunction with increasing forest dis-
turbances, the vitality of key tree species is showing 
a downward trend (e.g. Čater 2015; Ogris and Skud-
nik 2021), partly induced by an increasing frequency 
of abiotic (summer drought) and biotic (pathogens) 
agents causing widespread canopy mortality (Senf 
et al. 2021).

Atmospheric nitrogen (N) deposition has been 
recognized as one of the major threats to forest bio-
diversity (Dirnböck et  al. 2014). The consequences 
of N deposition include fertilization / eutrophication, 
soil acidification, nutrient imbalances and nitrate 
(NO3−) leaching (Bobbink et  al. 2010). It has been 
concluded that the majority of ecosystem processes, 
relevant in determining understorey communities in 
forests, respond sensitively to increased N deposi-
tion and that this response generally leads to drastic 
shifts in species composition and a decrease in biodi-
versity of forest plant communities (van Dobben and 
de Vries 2017). This includes alterations in the com-
position with nutrient-demanding species profiting at 
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the expense of more oligotrophic species that prefer 
nutrient-poor soils, a pattern consistently observed at 
the European scale (Dirnböck et  al. 2014). Changes 
in soil conditions caused by elevated N deposition 
can lead to a prevalence of nitrophilous plant spe-
cies, which are usually superior competitors with 
an acquisitive resource-use strategy (Bobbink et  al. 
2010; Walter et al. 2017). Atmospheric nitrogen dep-
osition in Europe has been declining since the late 
1980s, but it has remained 2–4 times higher than in 
1900 and with significant differences between Euro-
pean geographic regions (Schmitz et al. 2019).

Climate change, deposition of air pollutants, 
changes in forest management and the natural distur-
bance regime can lead to a decline in alpha and beta 
diversity of species assemblages, meaning taxonomic 
homogenization or floristic convergence (Rooney 
2009). This process indicates that local or regional 
communities are becoming more similar in compo-
sition over time (Rolls et  al. 2023). In the past few 
decades, compositional heterogeneity within sites has 
been decreasing at a rapid pace because of losses of 
rare habitat specialists and the expansion of common, 
competitive species (Naaf and Wulf 2010). However, 
there is a lack of knowledge concerning this issue, 
especially about the temporal trend in the spatial beta 
diversity of various temperate forest understoreys 
(Prach and Kopecký 2018). Therefore, resurvey stud-
ies should address a broad spectrum of forest types 
with differential ecological backgrounds because 
changes in GV are expected to depend on inherent 
site characteristics, for example the climate, parent 
material, forest stand and soil properties (Verstraeten 
et al. 2013; Naaf and Kolk 2016). Plant communities 
growing in sites of different types can respond differ-
ently to the same external driving factor of change 
(Wrońska-Pilarek et al. 2023).

To what extent GV in Slovenia is influenced by 
these factors remains unclear. Based on available data 
from the periodic monitoring of forest vegetation at 
sites belonging to European ICP-Forests Level II net-
work (Intensive monitoring – IM), we quantified the 
magnitude and direction of temporal changes in spe-
cies composition. In this study, we focused on testing 
the potential signal of climate change, N deposition 
and disturbances as drivers of community-level diver-
sity and ecological indicator values (EIVs). Specifi-
cally, we tested the following hypotheses: (i) In gen-
eral, we assumed that the magnitude and direction 

of changes in GV would differ between forest types 
(i.e. site-specific responses). Alpha diversity (species 
richness) and beta diversity (spatial variation in com-
position) of GV are expected to decrease over time, 
resulting in species impoverishment and taxonomic 
homogenization (floristic convergence), respectively; 
(ii) Climate change is causing climatic warming (an 
increase in air temperature) and climatic drying (a 
decrease in precipitation amount). In this context, 
we expected a shift towards higher EIV-temperature 
and lower EIV-moisture values; (iii)  Atmospheric 
nitrogen deposition induces soil eutrophication and 
acidification, and consequently higher representation 
of nitrophilous species (an increase in EIV-nitrogen 
values) and acidophilous plants (a decrease in EIV-
reaction); and (iv) An increase in forest disturbances 
opened the overstorey canopy layer and caused more 
light to reach the forest floor. At IM sites with inten-
sified natural or management disturbance events, we 
expected a shift towards higher EIV-light values.

Material and Methods

ICP‑Forests Level II Sites in Slovenia

The International Co-operative Programme on 
Assessment and Monitoring of Air Pollution Effects 
on Forests (ICP-Forests; http://​icp-​fores​ts.​net) was 
launched in 1985 under the Convention on Long-
range Transboundary Air Pollution (Air Convention, 
formerly CLRTAP) of the United Nations Economic 
Commission for Europe (de Vries et  al. 2003). This 
international monitoring network collects informa-
tion on forest condition at two monitoring intensity 
levels, namely Level  I and Level  II. Monitoring of 
Level  II plots is designed as an Intensive Monitor-
ing Programme (hereafter abbreviated as IM) in sys-
tematically selected forest ecosystems with the aim 
to clarify cause–effect relationships. In Slovenia, the 
IM started in 2004 when ten different forest types 
across Slovenia were selected. In 2009, one additional 
beech-dominated forest site on acidic (dystric) brown 
soil was selected in the Pohorje mountains. As part 
of the ICP-Forests monitoring network, Slovenian 
IM sites were systematically established in all phy-
togeographic regions to represent the mayor forest 
ecosystems and forest vegetation communities across 
the country in homogeneous closed canopy stands 

http://icp-forests.net
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lacking evidence of recent disturbances (Urbančič 
et  al. 2016; Kutnar et  al. 2019). Fagus sylvatica  L. 
is the dominant tree species at five sites, Picea 
abies (L.) H. Karst. at two sites, Quercus robur L. and 
Carpinus betulus  L. at two sites, and Pinus sylves-
tris L. and Pinus nigra J.  F. Arnold at one site each 
(Fig.  1). The selected IM forest sites cover a broad 
elevational gradient (160–1,397 m a.s.l.), and all sites 
are located in late-successional managed forests fol-
lowing close-to-nature, sustainability and multifunc-
tionality principles (Kutnar et  al. 2023). The distur-
bance regime and biotic pressure (herbivory) were 
comparable between the sites. However, forest distur-
bances intensified in the last decade across Slovenia 
(Kutnar et al. 2021). Detailed information on IM sites 
can be found in Kutnar et al. (2019) and Kermavnar 
and Kutnar (2020).

Vegetation Sampling

At each IM site, a relatively homogeneous monitoring 
area ranging from one to three hectares was selected. 
Vegetation plots of two sizes were installed and per-
manently marked with corner poles. The number of 

large plots (10 × 10  m) depended on whether part 
of the monitoring area was fenced or not (Table  1, 
Fig. 2). Large plots were placed systematically across 
the monitoring area whereas ten small plots (2 × 2 m) 
were distributed across the area to capture fine-scale 

Fig. 1   Geographical distribution of eleven sites of intensive 
monitoring across Slovenia with an elevation raster layer. Sym-
bols represent the dominant tree species: ● – Fagus sylvatica, 

▲ – Picea abies, ■ – Quercus robur & Carpinus betulus, × – 
Pinus sylvestris, + – Pinus nigra 

Table 1   Number of vegetation plots of different sizes per each 
site of intensive monitoring (IM)

IM site Fenced 10 × 10 m 
plots

2 × 2 m plots

1-KK No 4 10
2-FO Yes 8 10
3-GB No 4 10
4-BR Yes 8 10
5-BO Yes 8 10
6-KL No 4 10
8-LO Yes 8 10
9-GO No 4 10
10-KG No 4 10
11-MŠ Yes 8 10
12-TR No 4 10
Total 5 fenced, 

6 unfenced
64 110
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variation in microsite conditions. A summary of field 
methods is given by Kutnar et al. (2019).

Slovenian IM sites with permanent vegetation 
plots were sampled every five years, resulting in 668 
relevés in total. In this study, we used vegetation data 
for the first sampling period (2004 / 05) and the last 
period (2019 / 20) for 174 vegetation plots, that is, 
348 relevés in total. The sampling followed the same 
harmonized protocol according to the ICP-Forests 
manual (Canullo et  al. 2013) in all sampling cam-
paigns. Surveys were carried out during the summer, 
when GV reached peak development. Sites in low-
lands were sampled earlier than sites at higher eleva-
tions. The percentage of plant cover was visually esti-
mated for all vascular plant species recorded. Cover 
estimation was done as the vertical projection of the 
canopy per species using the Barkman scale (Bark-
man et  al. 1964) with nine abundance classes for 
large (10 × 10 m) plots and the Londo scale (Londo 
1976) with thirteen abundance classes for small (2 
× 2 m) plots. Beside recording of all vascular plants 

present, we estimated the cover of each vertical layer 
on a plot. The height threshold for the shrub layer was 
0.5 m and for the tree layer it was 5 m. The herb layer 
that was included in the analyses of this paper com-
prises all herbaceous plants and woody species (trees, 
shrubs and climbers) with a height below 0.5  m. In 
both survey periods, the vegetation sampling was 
conducted by the same observers, specifically LK in 
all surveys with JK as an assistant in the last resur-
vey. The nomenclature of vascular plants followed the 
national flora of Slovenia (Martinčič et al. 2007).

Environmental Changes

This section includes the description of data collec-
tion protocols, analysis and sources of main environ-
mental factors (climate, N deposition, forest distur-
bances) potentially affecting GV at selected IM sites 
across Slovenia. The results of these analyses with 
main interpretations are reported in Supplementary 
materials.

Climate Change

For each IM site, we used data from SLOCLIM, a 
high-resolution daily gridded precipitation and tem-
perature dataset for Slovenia (Škrk et  al. 2021). We 
calculated mean annual temperature (MAT) and 
mean annual precipitation (MAP) based on daily val-
ues for the long-term period of 1950–2018 and for 
the fifteen-years period of 2004–2018 (data in SLO-
CLIM are not available for the years 2019 and 2020), 
which coincides with the study period of vegetation 
monitoring. This split was done to demonstrate that 
the rate of climate warming has drastically increased 
in the last decades. We analysed MAT and MAP 
with respect to their linear trends (slope coefficient 
derived from a regression line equation), expressed 
as changes in °C (MAT) and % (MAP) per decade, 
respectively. The results are reported in Table S1.

Atmospheric Nitrogen Depositions

We used atmospheric nitrogen deposition data at 
four IM sites: 2-FO, 4-BR and 5-BO, and an addi-
tional site GIS Rožnik located in an urban forest in 
Ljubljana, where vegetation is not regularly sampled. 
Other IM sites are not monitored with respect to 
nitrogen deposition. The data are stored in the IMGE 

Fig. 2   Schemes of sampling design and vegetation plots for a 
– non-fenced and b – fenced study sites
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database, curated by Slovenian Forestry Institute (for 
internal use only). Based on regular field measure-
ments, we calculated the total N deposition amount 
(in kg · ha−1) for each year in the period 2005–2020, 
using data from nearby open areas in the close vicin-
ity to the forest stands. We calculated linear trends 
(regression analysis) and overall mean value across 
all IM sites. The results are reported in Fig. S1.

In addition, for each IM site we analysed soil data 
first sampled in 2007 and resampled in 2022. The 
sampling protocol was the same in both years and the 
samples were analysed in the Laboratory for Forest 
Ecology (Slovenian Forestry Institute). Total nitro-
gen (in g · kg−1) in the topsoil (organic) and subsoil 
(mineral) was calculated using values from different 
soil layers. The purpose of this analysis was to evalu-
ate temporal change in soil nitrogen status over the 
fifteen-year period and whether soils are becoming 
enriched with nitrogen due to atmospheric deposi-
tion or local point sources. The results are reported 
in Fig. S2.

Changes in Tree Layer Cover

We analysed changes in tree layer cover, used as a 
proxy for the extent of forest disturbances at IM sites. 
We estimated the tree layer cover of each sampling 
plot during the field sampling of forest vegetation. 
To depict temporal trends in canopy closure, we cal-
culated mean (± SD) values across all sites and veg-
etation plots for each sampling period (2004 / 05, 
2009 / 10, 2014 / 15 and 2019 / 20). We tested for 
differences in the tree layer cover by non-parametric 
Kruskal–Wallis one-way analysis of variance using 
site-level averages for four periods and additionally 
with a Wilcoxon test for paired data using site-level 
averages for the first (2004 / 05) and the last sampling 
period (2019 / 20). The results are reported in Fig. S3.

Data Analysis

The analyses were composed of three major parts 
aimed at describing shifts of the vegetation between 
the first survey (2004 / 05) and the last resurvey 
period (2019 / 20). First, we describe temporal 
changes in alpha (species richness) and beta diver-
sity and community-weighted means of ecological 
indicator values (EIVs). Second, we correlated EIVs 
changes to initial site conditions (including measured 

environmental variables) to infer site-specific differ-
ences. Finally, we examined shifts in individual herb-
layer species and compared increasing and decreasing 
plants with respect to their functional traits.

Because of the small sample size and non-nor-
mality of some response variables, a non-parametric 
Wilcoxon rank-sum test for paired data (Legendre 
and Legendre 1998) was used to test the differences 
between 2004 / 05 and 2019 / 20. The vegetation 
plots did not represent independent observations 
because of spatial autocorrelation (stemming from the 
nested sampling design) and were therefore regarded 
as pseudo-replicates. Valid statistical inference was 
thus possible only for site-level averages (i.e. mean 
value across all plots at a site; N = 11). A Wilcoxon 
rank-sum test for paired data was used for testing the 
changes in vegetation variables within each site sepa-
rately (comparing original and resampled plots).

Species richness was defined as the total num-
ber of vascular plant species in the herb layer (alpha 
diversity). We calculated richness for each plot size 
and survey period and then averaged the values to 
obtain site-level means. These were then subjected 
to a Wilcoxon test for paired data (N = 11), sepa-
rately for each plot size. The magnitude of temporal 
shifts was quantified with the Bray–Curtis dissimilar-
ity index (function ‘vegdist’ in the ‘vegan’ package; 
Oksanen et  al. 2022), which expresses the distance 
between first survey and last resurvey for each plot. 
These values were then averaged to obtain site-level 
means. Bray–Curtis dissimilarity was used also for 
the calculation of within-site variation in composition 
(beta diversity). All possible pairwise comparisons 
between plots were calculated for each site. Dissimi-
larity indices for within-site variation were compared 
between the periods of 2004 / 05 and 2019 / 20 using 
a Wilcoxon test for paired data. With this test we also 
tested for changes of the Bray–Curtis index sepa-
rately for each IM site. A decrease in dissimilarity 
over time may be indicative of lowered beta diversity 
(taxonomic homogenization, floristic convergence) 
whereas the opposite would suggest taxonomic 
differentiation.

Ellenberg-type ecological indicator values of plant 
species (Ellenberg et  al. 1992) are a tool frequently 
used to infer environmental changes and to meas-
ure the magnitude and direction of changes in plant 
community composition in resurvey studies, as they 
correspond fairly well with environmental factors 
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measured in the field (Diekmann 2003; Zolotova 
et al. 2023). The whole concept is based on the prem-
ise that changes in species presences / absences and 
abundances translate to community-level increases 
or decreases in EIVs and that this likely indicates 
changes in environmental conditions. We calculated 
mean EIVs per plot for light (L), temperature (T), 
soil moisture (F), soil reaction (R) and soil nitrogen / 
nutrients (N). Plot-level weighted means were calcu-
lated from species abundance data and updated data 
on EIVs reported by Tichý et al. (2022). We used the 
herb layer data, and the cover percentages of species 
were log(x + 1)-transformed prior to the calculation 
of community-weighted means. Changes in EIVs 
over the 15-year study period were expressed as rela-
tive change using the following equation:

To test how initial site conditions impacted the rel-
ative change in EIVs, we performed a linear regres-
sion analysis between variables defining average site 
conditions in the first survey period and the relative 
change in the corresponding EIVs. For all ecological 
gradients, the explanatory variable was the commu-
nity-weighted mean of the respective EIV. Then, for 
each gradient, we considered one additional measured 
variable. In the variable selection procedure, the vari-
able with higher explanatory power was retained in 
the final regression model. We opted for the following 
variables: tree layer shade-casting ability (an analogy 
to EIV-L), mean annual temperature (in °C; EIV-T), 
soil moisture (in %; EIV-F), soil pH (measured in 
CaCl2; EIV-R) and total nitrogen content in the soil 
(in g kg−1; EIV-N). Shade-casting ability (SCA) of 
the tree layer is defined as a unitless proxy for light 
availability in the forest understorey. We used shade 
production values (evaluated based on the leaf area 
index) provided by Leuschner and Meier (2018). Low 
SCA values indicate a relatively sparse canopy (e.g. 
Pinus sylvestris-dominated stands), whilst high SCA 
values denote a dense canopy casting a deep shade 
(e.g. Fagus sylvatica-dominated stands). Mean annual 
temperature values were sourced from the SLO-
CLIM database (Škrk et  al. 2021). Soils were sam-
pled according to the ICP methodology (Cools and 
De Vos 2016). Soil samples were taken for different 
layers, distinguishing between organic soil layers (Ol, 

(1)relative change[%] =
((

EIVlast resurvey∕EIVfirst survey

)

∕EIVfirst survey

)

× 100.

Of and Oh) and mineral soil layers (0–5 cm, 5–10 cm, 
10–20  cm, 20–40  cm and 40–80  cm), and analysed 
in the Laboratory for Forest Ecology (Slovenian For-
estry Institute). The values were then averaged across 
layers and sampling points to obtain single site-level 
values (Kermavnar et al. 2022).

We examined species-specific changes in the herb 
layer by means of indicator species analysis (Dufrêne 
and Legendre 1997) to identify ‘winners’ and ‘losers’, 
meaning species that increased (showing a significant 
association with the last resurvey period) or decreased 
(showing a significant association with the first survey 
period). Indicator species analysis combines the rela-
tive frequency and the relative abundance of species. 
The resulting indicator value is a product of speci-
ficity and fidelity (de Cáceres and Legendre 2009). 

Functional approaches can be indicative because 
global and local change drivers filter species with cer-
tain traits (Naaf and Wulf 2011; Closset-Kopp et al. 
2019). For example, community-level plant height 
is expected to respond positively to warming and 
increased light availability (Govaert et  al. 2021a). 
Therefore, ‘losers’ and ‘winners’ were compared for 
three plant traits: specific leaf area (SLA; mm2 mg−1), 
plant height (m) and seed (diaspore) mass (mg). We 
selected these plant traits because they are central to 
the leaf-height-seed framework of plant ecological 
strategies (Westoby 1998). The data on functional 
traits was extracted from the FloraVeg.EU database 
(https://​flora​veg.​eu). Seed mass was log-transformed 
to meet the assumption of normal residuals.

We performed the statistical analyses in R software 
version 4.1.1 (R Core Team 2021) and assessed sig-
nificance at α = 0.05 for all tests.

Results

Changes in Species Richness and Composition

Across all vegetation plots sampled, a total of 342 
different herb-layer vascular plants were recorded 
in both survey periods. According to the Wilcoxon 
test using site-level averages, mean species richness 
did not change significantly (Table  2). However, 

https://floraveg.eu
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between 2004 / 05 and 2019 / 20, species richness 
in large plots (10 × 10  m) decreased significantly 
at two IM sites in lowland oak forests (10-KG and 
11-MŠ), which experienced a species decline also in 
small plots (2 × 2 m). Species richness in small plots 
decreased significantly at site 5-BO (beech forest) and 
increased at two sites dominated by beech (9-GO and 
12-TR; Table 2).

The magnitude of temporal change in community 
composition varied greatly among the IM sites. Tem-
poral shifts in small (2 × 2 m) plots were greater than 
shifts in large plots (10 × 10 m), a pattern consistent 

across all sites (Table 3). In general, the Bray–Curtis 
index increased from 2004 / 05 to 2019 / 20 for both 
plot sizes. However, according to the Wilcoxon test 
using site-level averages, mean dissimilarity across 
all sites did not change significantly. In detail, within-
site spatial variation in GV composition (dissimilar-
ity) for large plots increased significantly at 11-MŠ 
and decreased at 12-TR. In small plots, compositional 
beta diversity increased significantly at four sites 
(5-BO, 8-LO, 9-GO and 11-MŠ) and decreased at site 
3-GB (pine forest).

Shifts in EIVs

Using site-level averages, no statistically signifi-
cant changes in EIVs were detected according to the 
Wilcoxon paired sample test. Relative changes in 
EIVs were highly site-dependent and also showed 
some differences between the plot sizes under study 
(Fig.  3). The congruence between 10 × 10  m and 
2 × 2  m plots was generally decent, but there were 
cases where changes in EIVs differed markedly. Two 
IM sites (9-GO, 11-MŠ) exhibited an increase in 
EIV-L, while sites 2-FO and 4-BR showed signifi-
cant  decrease in EIV-L. Three beech-dominated sites 
(2-FO, 8-LO and 9-GO) increased in their EIV-T, but 
at two oak-hornbeam sites (10-KG, 11-MŠ), the tem-
perature index decreased significantly (Fig. 3). In the 
case of EIV-F, many sites showed rather minor rela-
tive changes. Site 4-BR increased in the soil moisture 
index at both plot sizes whereas site 11-MŠ exhibited 
a significant decrease. Acidifying signal (decrease in 
EIV-R) was detected for four different sites (1-KK, 
2-FO, 8-LO and 11-MŠ). By contrast, site 4-BR 
exhibited an increase in EIV-R. This site also showed 
the most significant increase in indicator values for 
nutrients (EIV-N), followed by site 5-BO. The IM 
sites which changed the most in the opposite direction 
(decrease in EIV-N) were 8-LO and 11-MŠ (Fig. 3).

The changes in the distribution of EIV values 
across all vegetation plots (Fig.  4) suggested that in 
the last resurvey period, values shifted towards the 
middle of the ecological gradients. It means that plots 
with lower EIVs tend to increase their values whereas 
plots with higher EIVs tend to show a decreasing 
trend. This resulted in a prominently reduced range 
for most of the EIVs in 2019 / 20 compared to 2004 
/ 05 (Table  4). The shrinkage effect varied among 
the ecological gradients (e.g. for soil reaction, the 

Table 2   Plot-level number of plant species in the herb layer 
for eleven sites of intensive monitoring (IM) and each plot size 
(10 × 10 m and 2 × 2 m). Values are means ± SD, averaged 
across all plots within a site and are reported for two study 
periods (2004 / 05 and 2019 / 20). Significance (Sig.) is coded 
as: *** – P < 0.001, ** – P < 0.01, * – P < 0.05, n.s. – non-
significant

IM site Plot size Species rich-
ness in 2004 
/ 05

Species rich-
ness in 2019 
/ 20

Sig.

1-KK 10 × 10 m 41.5 ± 10.2 43.5 ± 10.1 n.s.
2 × 2 m 20.5 ± 4.7 19.8 ± 4.1 n.s.

2-FO 10 × 10 m 25.5 ± 5.9 24.4 ± 5.3 n.s.
2 × 2 m 10.6 ± 2.8 10.2 ± 3.0 n.s.

3-GB 10 × 10 m 21.3 ± 3.6 17.3 ± 1.5 n.s.
2 × 2 m 7.7 ± 2.9 7.6 ± 2.2 n.s.

4-BR 10 × 10 m 11.6 ± 1.8 10.9 ± 1.6 n.s.
2 × 2 m 7.3 ± 1.2 6.1 ± 1.4 n.s.

5-BO 10 × 10 m 43.8 ± 3.8 39.0 ± 3.5 n.s.
2 × 2 m 17.4 ± 3.2 12.8 ± 4.0 *

6-KL 10 × 10 m 10.5 ± 3.0 8.8 ± 2.1 n.s.
2 × 2 m 6.9 ± 1.7 6.1 ± 1.4 n.s.

8-LO 10 × 10 m 49.9 ± 3.9 52.9 ± 5.1 n.s.
2 × 2 m 26.0 ± 2.3 26.1 ± 2.7 n.s.

9-GO 10 × 10 m 54.5 ± 3.0 59.0 ± 4.2 n.s.
2 × 2 m 26.0 ± 3.4 33.1 ± 6.3 **

10-KG 10 × 10 m 42.3 ± 2.9 26.3 ± 5.6 *
2 × 2 m 23.3 ± 4.5 11.3 ± 3.4 ***

11-MŠ 10 × 10 m 29.6 ± 5.9 22.0 ± 5.6 *
2 × 2 m 17.0 ± 2.3 8.4 ± 2.4 ***

12-TR 10 × 10 m 10.3 ± 3.8 12.3 ± 3.2 n.s.
2 × 2 m 4.6 ± 2.3 6.5 ± 1.1 *

Mean ± SD 
across all 
sites

10 × 10 m 31.0 ± 16.3 28.8 ± 17.3 n.s.

2 × 2 m 15.2 ± 8.1 13.5 ± 9.0 n.s.
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interquartile range even increased) and was the 
strongest for EIV-N (32.5% decrease).

Effect of Initial Site Conditions

We found negative correlations between relative 
changes in EIVs and initial site conditions. Signifi-
cant relationships were detected for EIV-T, EIV-R 
and EIV-N (Fig. 5). Colder IM sites at higher eleva-
tions generally increased their EIV-T (thermophiliza-
tion signal) whereas warmer sites in lowlands tend 
to decrease in EIV-T. More acidic sites exhibited 
increase in EIV-R whereas the opposite was true for 
sites with initially higher EIV-R (although the relative 
change at these basiphilous sites was rather small). 
Eutrophication signal (increase in EIV-N) was the 
strongest in more nutrient-poor sites, but more nutri-
ent-rich sites experienced the opposite trend (Fig. 5).

Trends in Individual Plant Species

Indicator species analysis resulted in 43 plant species 
in the herb layer that were significantly associated 
with the first survey (‘loser species’) and 28 species 
that were significantly associated with the resur-
vey period (‘winner species’). Anemone nemorosa 
was identified as a loser species at six different sites, 

followed by Cardamine enneaphyllos (four sites) and 
Cyclamen purpurascens (three sites; Table 5). Seven 
plant species were losers at two IM sites and 33 spe-
cies at one site. Among species with an increasing 
trend, Fagus sylvatica was identified as a winner at 
four different sites, followed by seven woody and her-
baceous species as winners at two sites and the rest 
(20 species) at one site (Table 5; Table S2).

Losers and winners differed in terms of plant func-
tional traits. Loser species were on average smaller in 
plant height (herbaceous species only; mean height 
for losers: 0.28 m, mean height for winners: 0.60 m, 
Wilcoxon test: P < 0.001) and they tended to have 
higher SLA values and heavier seeds compared to 
winner species. However, the differences for SLA and 
seed mass were not significant. A substantial fraction 
of species with a declining trend (losers) was repre-
sented by early-spring flowering species (geophytes).

Discussion

Site‑Specific Trends in Ground Vegetation

By testing a priori hypotheses concerning the direc-
tion of forest vegetation change, this study aimed 
at detecting the signal of climate change, nitrogen 

Table 3   Average Bray–Curtis dissimilarities for each site of 
intensive monitoring (IM site) and plot size (10 × 10  m and 
2 × 2 m). Temporal shift denotes the magnitude of change in 
species composition (comparison of initial and resampled rel-

evés). Dissimilarity indices in 2004 / 05 and 2019 / 20 show 
spatial variability of species composition (i.e. beta diversity). 
Statistically significant changes are in bold

Large plots (10 × 10 m) Small plots (2 × 2 m)

IM site Temporal shift Dissimilarity 
2004 / 05

Dissimilarity 
2019 / 20

Temporal shift Dissimilarity 
2004 / 05

Dissimilar-
ity 2019 / 20

1-KK 0.308 0.398 0.322 0.428 0.487 0.517
2-FO 0.239 0.325 0.306 0.305 0.505 0.490
3-GB 0.207 0.306 0.356 0.247 0.434 0.321
4-BR 0.138 0.226 0.212 0.334 0.277 0.336
5-BO 0.344 0.329 0.362 0.463 0.590 0.685
6-KL 0.079 0.114 0.146 0.185 0.381 0.382
8-LO 0.374 0.392 0.409 0.439 0.575 0.606
9-GO 0.506 0.323 0.402 0.569 0.479 0.533
10-KG 0.742 0.373 0.403 0.791 0.572 0.621
11-MŠ 0.648 0.268 0.385 0.713 0.363 0.599
12-TR 0.272 0.790 0.697 0.360 0.836 0.779
Mean across all 

sites
0.351 0.349 0.364 0.439 0.500 0.509
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deposition and forest disturbances in ground vegeta-
tion (GV) of different forest types across Slovenia in 
the period from 2004 / 05 to 2019 / 20. Rather than 
observing a strong, uniform signal of environmental 
drivers, we found high variability in the magnitude 
and direction of GV changes at different sites, which 
agrees with our first hypothesis and the results from 
Wrońska-Pilarek et  al. (2023). Site-specific factors 
(e.g. soil type, stand structure, tree composition) 
may cause a differential temporal response in GV 
under comparable external pressure (Verstraeten et al. 
2013). Temporal trends in ecological indicator values 
(EIVs) were highly site-specific. This is further sup-
ported by the fact that even the same forest types (e.g. 
beech-dominated forests or lowland oak-hornbeam 
forests) exhibited divergent temporal responses in 
species diversity, composition and community eco-
logical signature. Such trends point to the importance 

of local stand dynamics in explaining the temporal 
trends in GV (Helm et al. 2017; Closset-Kopp et al. 
2019; Staubli et al. 2021).

Different forest sites with contrasting ecologi-
cal backgrounds are expected to respond differ-
ently to individual environmental drivers. Besides 
differences in site characteristics, site history (for-
mer land use or silvicultural system applied) and 
initial site conditions like soil nutrients status may 
also play an important role in shaping responses of 
temperate forest plant communities to environmen-
tal changes (Naaf and Kolk 2016). The presented 
results are in line with the assumption that signals 
of environmental drivers are likely to be more pro-
nounced at sites which are at the opposite end of the 
ecological gradients. For example, climate warming 
is expected to cause vegetation thermophilization in 
more cold-adapted communities (higher elevations) 

Fig. 3   Relative changes (%, mean ± SD) between the first sur-
vey (2004 / 05) and the resurvey period (2019 / 20) in ecologi-
cal indicator values for light (L), temperature (T), soil mois-
ture (F), soil reaction (R) and soil nutrients (N), separately for 

each study site (11 in total). Colours denote different plot sizes 
(10 × 10 m vs 2 × 2 m). Statistically significant changes are 
labelled with asterisks: ** – P < 0.01, * – P < 0.05
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compared to thermophilous forests. Similarly, 
atmospheric deposition of nitrogen is presumed to 
cause colonization by nitrophilous plants in N-lim-
ited ecosystems rather than in forests on nutrient 
well-supplied soils (Hedwall et al. 2021). Contrast-
ing directions of shifts, site-specific changes and an 
overall weak signal of environmental drivers imply 
a relatively high degree of stochasticity rather than 
deterministic (directional) changes in GV.

Our results suggest that among the forest types 
studied, lowland oak-hornbeam forest communi-
ties (sites 10-KG and 11-MŠ) experienced the larg-
est decline in herb-layer species richness and also 
showed the largest shifts in composition and in 
EIVs. On the other hand, beech-dominated sites 
changed to a lesser degree but were recognized to 
also have some common response patterns (e.g. gen-
erally increase in EIV-T). Changes in beta diversity 

Fig. 4   Density plots of 
ecological indicator values 
for light (L), temperature 
(T), moisture (F), soil reac-
tion (R) and soil nutrients/
nitrogen (N) across all IM 
sites and vegetation plots 
(N = 174 for each survey 
period). The grey area is 
for the first survey period 
(2004 / 05) and the red line 
denotes the resurvey period 
(2019 / 20)
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Table 4   Main parameters of descriptive statistics for eco-
logical indicator values (EIV), calculated for the initial sur-
vey 2004 / 05 and the last resurvey 2019 / 20: 10th percentile, 
median (50th percentile), interquartile range (IQR, the differ-

ence between the 75th and 25th percentiles) and 90th percen-
tile. The analysis included all vegetation plots studied (N = 
174)

10th percentile Median IQR 90th percentile

Ecological indicator 2004 / 05 2019 / 20 2004 / 05 2019 / 20 2004 / 05 2019 / 20 2004 / 05 2019 / 20

EIV-light 3.59 3.58 4.13 4.20 1.00 0.86 5.88 5.72
EIV-temperature 3.91 3.96 5.09 5.11 0.91 0.91 5.57 5.57
EIV-moisture 4.65 4.78 5.15 5.16 0.69 0.62 6.17 6.11
EIV-soil reaction 2.35 2.44 6.57 6.46 2.13 2.29 7.07 6.95
EIV-nutrients 2.45 2.71 5.57 5.55 2.23 1.51 6.70 6.29

Fig. 5   Relationship between the relative change (%) in eco-
logical indicator values and initial conditions. For light (L), 
soil moisture (F), soil reaction (R) and soil nutrients (N), the 
best predictor was the community-weighted mean (cwm) of 
the respective ecological gradient whereas for temperature (T), 

mean annual temperature (MAT) proved more significant than 
the vegetation-derived index. Data points represent different 
sites of intensive monitoring. Statistically significant relation-
ships (P < 0.05) are marked with a regression line
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(within-site compositional dissimilarity) were again 
highly variable and no clear trend was detected 
(both taxonomic differentiation and homogenization 
occurred). In contradiction with our hypothesis, the 
overall beta diversity increased slightly between 
2004 / 05 and 2019 / 20, and more sites exhibited 
significant increase in the Bray–Curtis dissimilarity 
index. We hypothesized that beta diversity would 
have decreased on average as a result of a spread of 
habitat generalists and a decline in habitat special-
ists (Naaf and Wulf 2010; Kutnar et  al. 2019). In 
addition, we found that patterns in alpha and beta 
diversity changes can be incongruent, suggesting 
that it is important to study multiple dimensions 
of plant diversity when evaluating temporal GV 
changes.

The Process of Ecological Homogenization

Considering the whole spectrum of IM sites in Slo-
venia, temporal trends in GV were not completely 
random. This resulted in an interesting pattern of 
ecological (functional) homogenization, which can 
be described as a decrease in the range of EIVs and 
a tendency towards intermediate conditions when 
the first survey and resurvey periods were compared. 
This process of shrinkage effect can be perceived as 
some form of homogenization and was induced by 
a divergent response of GV at different sites: Colder 
sites became warmer and warmer sites became 
colder; sites with acidic and nutrient-poor soils expe-
rienced increases in the EIV for soil reaction and soil 
nutrients whereas more basophilic and nutrient-rich 
sites tended to change in the opposite direction (i.e. 
decrease in EIV-R and EIV-N, respectively). This 
kind of opposing changes resulted in range shrinkage 
of ecological gradients across the entire spectrum of 
forest types studied. Hübler et  al. (2008) reported a 
homogenization of species composition from acid, 
wet sites and base-rich, dry sites toward more inter-
mediate conditions. We showed that the level of 
impact of these environmental changes may strongly 
depend on initial site conditions.

In the absolute terms, compositional and ecologi-
cal changes in GV between the first survey and the 
last resurvey were of small to moderate magnitude. 
The lack of directional change over time in GV spe-
cies composition can be explained by several factors. 
First, our resurvey spanned a relatively short time 
period and compared only two snapshots in time. 
Second, the response of GV to anticipated environ-
mental changes may be buffered by the tree layer can-
opy (Helm et al. 2017; Perring et al. 2018). Because 
environmental drivers act over longer time periods, 
the response of vegetation could be delayed in time. 
Such effects seem to be particularly important in 
the case of global warming (microclimate buffer-
ing) and atmospheric nitrogen deposition (canopy 
interception; however, canopies can accumulate high 
amounts of dry deposit, which is then flushed by rain-
fall). Third, majority of GV communities studied are 
composed of perennial forest plant species, which 
are known for their relatively high local persistence 
owing to clonal reproduction. All these factors con-
tribute to time lags in the response of forest plants to 
environmental change (De Pauw et al. 2022). Lastly, 

Table 5   List of ten plant species exhibiting significant asso-
ciation with the first survey 2004 / 05 (losers) and seven spe-
cies with significant association with the resurvey period 2019 
/ 20 (winners). The results were derived from indicator species 
analysis (Dufrêne and Legendre 1997). Species are ranked 
based on the number of IM sites at which they were identified 
as losers and winners, respectively. A complete list of losers 
and winners for each IM site is provided in Table S2.

Species No. of sites

Losers
  Anemone nemorosa 6
  Cardamine enneaphyllos 4
  Cyclamen purpurascens 3
  Arum maculatum 2
  Cardamine bulbifera 2
  Euphorbia amygdaloides 2
  Gagea lutea 2
  Galium aparine 2
  Ranunculus ficaria 2
  Veronica sublobata 2

Winners
  Fagus sylvatica 4
  Acer pseudoplatanus 2
  Brachypodium sylvaticum 2
  Carpinus betulus 2
  Corylus avellana 2
  Oxalis acetosella 2
  Salvia glutinosa 2
  Stachys sylvatica 2
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the fact that multiple environmental drivers are likely 
operating simultaneous might induce interactions 
between multiple drivers (Naaf and Kolk 2016; Hed-
wall et  al. 2021). For example, forest disturbances 
creating canopy gaps have been proposed to amplify 
the thermophilization of tree communities (Brice 
et al. 2019) and understorey plant communities (Ste-
vens et al. 2015; Dietz et al. 2020).

Averaged across all sites, our analysis provided 
only weak evidence of an effect of environmental 
changes on GV. A shrinking effect was evident for 
all ecological gradients. Shifts towards the middle of 
the gradients (process of ecological homogenization) 
was likely driven by the decline of ecological special-
ists and their gradual replacement by species with 
broader ecological niches (generalists) and intermedi-
ate requirements for resources. This corroborates with 
our previous study (Kutnar et al. 2019). More extreme 
forest sites (positioned at both ends of the ecological 
gradient) are thus losing their unique character and 
are becoming more similar to communities positioned 
in the middle of the ecological gradient (Kopecký 
et al. 2013). The loss of rare species can lower com-
positional variation within a site (Vanhellemont et al. 
2014) and may lead to floristic homogenization (Naaf 
and Wulf 2010; Durak and Holeksa 2015).

Signals of Thermophilization and Eutrophication

Slovenian IM sites are getting warmer with an aver-
age warming rate of 0.25°C per decade in the last ~ 
70 years, and this rate has drastically increased dur-
ing the study period (0.88°C per decade). Annual 
amount of precipitation has decreased in the period 
1950–2018 by 2.4% per decade, but it tended to 
increase during the study period (Table  S1). There-
fore, we anticipated GV to show an increase in EIV-T 
and a decrease in EIV-F. Across all vegetation plots at 
each site, the significant increase in EIV-T was con-
firmed for three sites in montane beech forests (2-FO, 
8-LO and 9-GO). A relatively large increase was also 
detected for high-elevation spruce site (1-KK). It has 
been previously observed that GV is shifting towards 
more thermophilic composition at higher altitudes 
compared to lowlands (Küchler et al. 2015). By con-
trast, two lowland oak-hornbeam forest sites (11-
MŠ and 10-KG) experienced significant decrease in 
EIV-T. Detected trends of decreasing EIV-T values 
may be explained by confounding influence of local 

stand dynamics. More open tree canopies in the upper 
tree layer due to the dieback of Quercus robur trees 
(mainly caused by lowered groundwater levels) ben-
efited juvenile tree growth (especially of Carpinus 
betulus with high lateral spread and shade-casting 
ability of the canopy) and thus increased the shad-
ing and cooling effects on understorey plants. Similar 
effects likely occurred at site 3-GB where abundant 
ingrowth of deciduous tree species (Fraxinus ornus, 
Ostrya carpinifolia) induced microclimate buffering 
and consequently a decrease in the EIV for tempera-
ture in the herb layer. The discrepancy between the 
changes in abiotic environment and observed shifts 
in plant-derived indicators can be therefore explained 
by a confounding influence of forest stand dynamics, 
which were recognized as key drivers of long-term 
changes in understorey diversity in old-growth forests 
(Nagel et al. 2019).

The shifts in EIV for soil moisture were on aver-
age the least pronounced (in terms of magnitude) 
among all ecological gradients studied. The values 
decreased at eight sites, with only one site (11-MŠ) 
exhibiting a significant decline. Lower EIV-F val-
ues can be interpreted as an influence of spring and 
summer droughts and the declining trend in EIV-F 
was likely a consequence of changes in relative abun-
dance of resident plant species or a substantial list of 
declining spring ephemerals with higher soil moisture 
demands, which could explain the observed trends. 
Site 4-BR was exceptional in the other direction, as it 
showed a prominent increase in moisture values. This 
site is a Pinus sylvestris forest with a packed under-
storey dominated by dwarf shrubs, tall grasses and 
ferns adapted to acidic, infertile soil. The composition 
shifted towards a higher dominance of graminoids 
and ferns, while ericaceous dwarf shrubs evidently 
declined.

Nitrogen deposition can induce both eutrophica-
tion and acidification of GV. The most significant 
increase in EIV-N was observed for one acidophilous 
pine forest on dystric soil (4-BR) and one montane 
beech forest (5-BO). A profound but non-significant 
increase in the nitrogen index was detected for 12-TR 
(an acidophilous beech forest) and 6-KL (an acido-
philous spruce forest). This observation is in line with 
the hypothesis that forest sites on nutrient-poor soil 
are more susceptible to nitrogen deposition (Reinecke 
et al. 2014; Roth et al. 2022) compared to more nutri-
ent-rich sites where nitrogen is not a limiting factor. 
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The site 4-BR, naturally N-limited forest dominated 
by Pinus sylvestris with a relatively open canopy 
and acidic, low-nutrient soils, is located in densely 
populated landscape where agricultural inputs (ara-
ble fields with high amounts of nitrogen fertiliza-
tion) are a potential reason for strongest eutrophica-
tion signal at this site. Previous studies also stressed 
that eutrophication of GV can be context-dependent 
(Perring et  al. 2018). The nitrogen deposition may 
not be the primary cause for shifts towards higher 
EIV-N values. Changes in tree species composition 
and canopy closure can contribute to GV being com-
posed of more nitrophilous species. Tree species with 
higher litter quality (e.g. noble broadleaves) facilitate 
faster decomposition of the litter and thus greater 
nutrients availability for herb-layer plants (Verheyen 
et al. 2012). By contrast, the accumulation of slowly 
decomposing litter in a forest floor will lead to soil 
acidification (Vanhellemont et  al. 2014; Durak and 
Holeksa 2015). Such effects could be relevant in case 
of site 5-BO, where different Acer species (with more 
nutritious litter compared to beech) are admixed in the 
tree layer. At the other side of the productivity gra-
dient, two lowland oak-hornbeam sites (11-MŠ and 
10-KG) experienced decrease in EIV for nutrients. 
According to the results of indicator species analysis, 
both sites showed the highest degree of species loss, 
with early-flowering species (geophytes) being the 
most frequent among losers (Table  S2). Geophytes 
are considered important indicators of overall natu-
ralness of forest stands (Šipek et al. 2023), and these 
taxa mostly occur on fertile soils (i.e. have higher 
EIV-N values).

Plants with early-spring phenology were fre-
quently observed among losers. Geophytes have been 
recognized as important indicator of conservation 
status of forest habitats and as a functionally distinct 
species group in understorey communities of tem-
perate deciduous forests (Durak and Durak 2021). 
They mostly occur on nutrient-rich soils and prefer 
higher soil moisture and relative humidity. The high-
est representativeness of geophytes at our sites was 
found in lowland oak-hornbeam forests and in beech-
dominated communities. One possible reason for the 
observed decline of geophytes in our study might 
reside in climate warming. It is feasible to assume 
that geophytes are now starting to develop earlier in 
the late winter / early spring compared to 15  years 
ago, due to milder winters and higher temperatures. 

Negative effects of winter and spring warming on 
the seedling emergence and overall regeneration of 
forest geophytes has been experimentally tested by 
Vangansbeke et  al. (2022). A lack of precipitation 
in this period may also contribute to their decrease. 
Further evidence of why geophytes may be particu-
larly vulnerable to climate change comes from studies 
in North America. A mismatch between understorey 
and overstorey phenology may lead to a reduction of 
understorey light levels in the early spring, which is 
a critical period when many spring-flowering forest 
herbs achieve the highest photosynthetic rates (Miller 
et  al. 2023). Such effects reduce the carbon budgets 
of geophytes under climate change (Heberling et  al. 
2019). Climate warming and summer droughts are 
predicted to negatively impact the future distribution 
of spring geophytes in Europe (Puchałka et al. 2023). 
In contrast to our results, Nagel et al. (2019) reported 
a long-term increase in geophytes in fir-beech forest 
reserves, which was likely driven by a decline of sil-
ver fir and subsequent increase in the cover of beech 
in the lower tree and shrub layer, enabling higher 
light levels at the forest floor during early spring.

Because EIV-N and EIV-R values in the Euro-
pean flora tend to be positively correlated, sites that 
showed eutrophication signal also tended to exhibit 
increased EIV-R values. Acidification of GV mainly 
happened at more nutrient-rich (oak-hornbeam for-
ests) and on calcareous IM sites. A decrease in EIV-R 
was observed for spruce forest on moraine bedrock 
(1-KK), where the topsoil acidification due to thick 
litter layer (needles) over otherwise more limestone 
bedrock is likely responsible for creating favourable 
conditions for acidic-tolerant species (e.g. Oxalis ace-
tosella and Melampyrum sylvaticum were winners). 
In addition, the Pokljuka plateau in the Julian Alps 
receives high rainfall and is continuously exposed to 
wind-induced remote transport of pollutants com-
ing from industrial and agricultural areas in north-
ern Italy (Bragazza et  al. 2005). The drop in EIV-R 
values was also recorded for two beech-dominated 
forests on limestone (2-FO) and dolomite (8-LO) par-
ent material. Both sites had two common loser spe-
cies, namely Cardamine enneaphyllos and Cyclamen 
purpurascens, which are known to prefer basophilic 
substrates. The decline of these species likely contrib-
uted to lower EIV-R values. In addition, the increase 
of acidophilous and/or decrease of basophilous 
plant species may have resulted from the long-term 
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deposition of airborne sulfur (Hübler et al. 2008). It 
is known that atmospheric N deposition can also con-
tribute to soil acidification (Huang et al. 2014).

Differences in traits between winners and losers 
reflect impacts of environmental change (Naaf and 
Wulf 2011). According to our results, loser plant 
species were significantly lower in plant height and 
had (insignificantly) higher specific leaf area (SLA) 
values compared to winners. This suggests that veg-
etation is shifting toward taller and more conserva-
tive communities. Such trends can be interpreted as 
effects of disturbances and / or thermophilization 
(Stevens et al. 2015; Govaert et al. 2021b). Drought-
tolerant species have lower SLA (Stevens et al. 2015).

Disturbances and Stand Dynamics as Local Drivers

Forest disturbances can open the overstorey layer, 
weakening the shading and cooling effects, and thus 
act as triggers for more rapid changes of forest GV 
(Helm et  al. 2017). Increasing forest disturbances 
were earlier identified as the dominant factor shaping 
the changes in GV across Slovenian IM sites (Kutnar 
et  al. 2019). Sites experiencing a higher intensity of 
disturbances also shifted more in overall GV compo-
sition. By modifying the cover of the tree layer and 
thus light availability at the forest floor, anthropo-
genic and natural disturbances play an important role 
in the context of global environmental changes, as 
they can modulate the response of GV (Hedwall et al. 
2021). Two sites experienced significant increase in 
EIV-L, namely 11-MŠ and 9-GO. Interestingly, the 
first site showed a decrease in EIV-T, contradict-
ing the assumption that more light should result in 
warmer microclimate in the understorey. On the con-
trary, microclimatic extremes and diurnal temperature 
ranges are much higher in canopy gaps compared 
to closed stands (Kermavnar et  al. 2020). Both sites 
decreased in overall overstorey canopy cover but 
not in all plots. Disturbances were mainly limited to 
smaller spatial scales due to the mortality of individ-
ual trees or local management interventions. In this 
sense, disturbances can increase environmental het-
erogeneity where closed stands are mixed with small-
scale canopy gaps. However, there was no clear direc-
tion of changes in within-site compositional variation, 
as some sites increased and some sites decreased with 
regard to the dissimilarity index (Table 3). Neverthe-
less, at the majority of sites, the canopy cover still 

remained high enough to buffer GV against macrocli-
mate warming and nitrogen deposition. In the absence 
of disturbance events, natural succession towards 
late-successional stages causes the tree layer canopy 
to become denser and light availability at the forest 
floor to decrease (see e.g. studies dealing with aban-
donment of traditional management practices such as 
coppicing; Kopecký et al. 2013).

Overall, the observed changes in GV can be attrib-
uted mainly to local changes in ecological condi-
tions. This is why the overall impacts of global and 
regional drivers has not yet come to full expression. 
Local changes (e.g. in canopy cover and composition) 
may mimic or counterbalance the effects of regional 
or global drivers (Naaf and Kolk 2016). Many studies 
have concluded that local factors (forest stand dynam-
ics) are responsible for temporal trends whereas the 
signal of global change drivers was less evident, pos-
sibly due to time lags in the response of GV. Ascrib-
ing changes in GV to environmental drivers in a relia-
ble manner is a challenging task (Staubli et al. 2021). 
Moreover, the causality of changes is not uniform and 
multiple drivers simultaneously act on plant commu-
nities in a synergistic or antagonistic way. Caution 
should be taken when relating observed changes in 
GV to presumed environmental drivers. The inclu-
sion of a broad spectrum of forest types in our study 
permitted us to improve the understanding of context 
dependency, as has been emphasized for the response 
of forest plant communities to global change (Hed-
wall et  al. 2021), especially for potential nitrogen 
deposition effects (Verheyen et al. 2012; Perring et al. 
2018).

Conclusion

Contrasting trends and mixed responses contrib-
uted to non-significant changes in EIVs. These out-
comes prevented the formation of a general conclu-
sion which would apply to all forest sites investigated. 
Whether the process of range shrinkage (ecologi-
cal homogenization) is only temporary or tends to 
intensify in expression can only be clarified through 
further resurveys. We therefore recommend the con-
tinuation of regular GV monitoring at IM sites and 
expanding the evaluation of potential effects of envi-
ronmental changes using data for other plant groups 
(e.g. bryophytes; Kutnar et  al. 2023). Given the 
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relatively high variation in response of local com-
munities (individual plots within a site), it is feasible 
to perform surveys using different plot sizes to cap-
ture full environmental heterogeneity within a forest 
stand. Specific microsites might be occupied by habi-
tat specialists that are apparently showing a decline in 
occurrence.
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