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Abstract

Key message Dolines may provide important safe havens for many plant species and play a key role in maintaining
biodiversity. The combined effects of forest age and topographic position influence the biodiversity patterns of these
unique habitats. Forest managers, conservationists, and researchers need to work together in order to maintain the
species richness and composition of these habitats under environmental changes.

Context Dolines are the most prominent geomorphological features in many karst landscapes that may provide
important microhabitats for many species.

Aims We aim to contribute to a better understanding of how forest age and topographic position influence the plant
species richness and composition of vascular plants within doline habitats.

Methods We studied the effects of forest age (four age classes: from 5- to 10-year-old stands to more than 90-year-
old stands), topographic position (south-facing slope, bottom, and north-facing slope), and their interaction on the
distribution of vascular plants and mean Ellenberg indicator values in dolines using detrended correspondence
analysis and mixed-effects models. Diagnostic species for the forest age classes and topographic positions were also
determined.

Results Different groups of vascular plant species usually showed significant preferences for certain topographic
positions and/or forest age classes in dolines. In general, the number of species in all studied groups of plants
increased after a few years of canopy removal. The number of plant species in almost all groups was lowest in dolines
covered with 40-45-year-old forests. The moist and nutrient-rich doline bottoms covered with 90-120-year-old forests
harboured many climate change vulnerable plant species.

Conclusions Forest age and topographic position considerably influence the species richness and composition of
vascular plants in dolines; therefore, forest managers and conservationists need to consider their potential impacts
when evaluating the effects of climate warming on karst landscapes.
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1 Introduction

Topographically complex landscapes — such as karst
landscapes — may create habitats that remain environ-
mentally more stable through time, supporting the main-
tenance of species diversity (Bétori et al. 2017; Lenoir
et al. 2017). For instance, dolines (sinkholes) — small- to
large-sized depressions of karst landscapes with a funnel-
shaped geomorphology (Ford and Williams 2007) — can
be considered such safe havens as their microhabitats
may protect species from becoming extinct at local or
regional scales (Batori et al. 2022a). Therefore, they are
considered important potential microrefugia under cli-
mate changes (Keppel et al. 2012; Batori et al. 2017).
Microrefugia are small areas that support populations
during periods of unfavourable environmental changes,
such as abrupt climate oscillations (Rull 2009; Dobrowski
2011; Keppel et al. 2012; Keppel and Wardell-Johnson
2015). In addition to topographic complexity, vegetation
cover may also play an important role in mitigating the
effects of climate changes. For instance, microclimate in
forests contrasts strongly with the climate outside for-
ests, and forest canopy cover supports the maintenance
of distinct below-canopy microclimatic conditions, in
which many organisms can survive during macroclimatic
changes (Grimmond et al. 2000; De Frenne et al. 2021).

A number of studies have indicated that cool and humid
topographic positions (i.e. air temperature is lower, while
relative air humidity and soil moisture are higher in bot-
toms and on north-facing slopes than on the plateau) in
dolines (Barany-Kevei 1999; Whiteman et al. 2004; Bétori
et al. 2022a) have the capacity to maintain the popula-
tions of plant species vulnerable to climate change, such
as climate relicts (i.e. species from colder periods), mon-
tane, wet woodland, and marshland species (Egli 1991;
Yannitsaros et al. 1996; Dakskobler et al., 2008; Batori
et al. 2012). For instance, dolines in northern Hungary
provide suitable microhabitats for the northern drag-
onhead (Dracocephalum ruyschiana L.), stone bramble
(Rubus saxatilis L.), and alpine currant (Ribes alpinum
L.) (Lazarevi¢ et al. 2009; Kiraly 2009), while dolines in
southern Hungary maintain the populations of the hard
shield-fern (Polystichum aculeatum (L.) Roth ex Mert.),
scaly male fern (Dryopteris affinis (Lowe) Fraser-Jenk.),
and alpine woundwort (Stachys alpina L.) (Batori et al.
2012). Similar examples can be found for other taxa, such
as arthropods (Marcin et al. 2021; Bétori et al. 2022a) and
land snails (Kemencei et al. 2014). More recently, some
studies have been published showing that dolines and
their climate change vulnerable plant species are also
sensitive to anthropogenic disturbances (Breg Valjavec
et al. 2018; Jian et al. 2018; Bétori et al. 2020). Examples
include overgrazing (Brullo and Giusso del Galdo 2001)
and commercial forest management (Kermavnar et al.
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2020; Batori et al. 2021). Therefore, assessing the poten-
tial of dolines to support the populations of climate
change vulnerable species requires a deep understanding
of the effects of different anthropogenic disturbances (cf.
Keppel and Wardell-Johnson 2015; Lenoir et al. 2017; Su
et al. 2017), such as changes in forest cover.

The climatic debt of understory plant communities is
greater in forest stands with higher basal areas or older
trees that may provide more time for plant species to
locally adapt (Richard et al. 2021). However, commercial
forest management affects the main environmental fac-
tors within forests, and therefore, it may change the cli-
matic debt and refugial capacity of forest microhabitats
(De Frenne et al.,, 2013, Zellweger et al., 2020). Intensive
logging may cause severe and long-lasting effects in the
microclimatic (e.g. light penetration, daily temperature,
and vapour pressure) and soil factors (e.g. soil moisture
and soil organic carbon content) and may lead to signifi-
cant changes in species composition, species—environ-
ment relationships, and species interactions (Brown and
Gurevitch 2004; Dean et al. 2016; Kovacs et al. 2018),
accelerating the thermophilisation rates and reducing the
climatic debt of understory plant communities (Stevens
et al. 2015; Richard et al. 2021). The survival of species
in such landscapes depends on the geomorphologic fea-
tures (e.g. slope characteristics), the level of disturbance,
and the species’ attributes (Johst and Drechsler 2003).
For instance, the presence of poleward-facing slopes
within a disturbed area may buffer the negative effects
of disturbances on the distribution of some cool-adapted
species (Olivero and Hix 1998). In a previous study, we
have found that plant species on the north-facing slopes
in forested dolines indicated a similar mean temperature
after some years of logging to that which existed before
the logging, while species on the south-facing slopes
indicated an appreciable temperature increase (Batori
et al. 2021). We also found that some cool-adapted fern
species have colonised the north-facing slopes shortly
after logging. Disturbances may have far-reaching con-
sequences for the biota (Brice et al. 2019; Richard et al.
2021). Although some ecosystems may return to their
pre-disturbance state within a short period of time, some
will never recover fully (Similé et al. 2002). As previous
studies have demonstrated, the relationships between
forest age and species composition may act as impor-
tant indicators for the regeneration potential of forest
habitats (Richard et al. 2021). For instance, Dunn (2004)
found that the species richness of animal taxa in second-
ary tropical forests may resemble that of mature forests
roughly 20—40 years after land abandonment; however,
recovery of species composition may be considerably
longer than recovery of species richness. Olivero and Hix
(1998) identified 21 plant species as potential indicators
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of forest age when comparing 70-90-year-old and more
than 150-year-old forests in Ohio (USA). Although the
need to integrate the effects of anthropogenic distur-
bances in the identification of refugia has been strongly
emphasised by recent studies (Serra-Diaz et al. 2015;
Bétori et al. 2020), there is little information about the
effects of forest management on the species richness,
species composition, and refugial capacity of micro-
habitats (see Richard et al. 2021). As climate change has
already affected and will continue to affect many forest
ecosystems worldwide (Hisano et al. 2017; Tewari et al.
2017; Devi et al. 2020), understanding the synergistic
effects of topography, environmental changes, and forest
management practices is likely to become increasingly
important when planning future conservation strategies
(Keenan 2015).

In our previous study, we found that forest age can
be a good indicator for the number of cool- and moist-
adapted species in doline habitats (Batori et al. 2020).
However, this study considered only three forest age
classes and did not consider the potential effects of top-
ographic position and the possible interaction between
forest age and topographic position. In this paper, we
aim to contribute to a better understanding of how for-
est age (four different age classes) and topographic posi-
tion (south-facing slope, bottom, and north-facing slope)
influence the plant species richness and species com-
position within dolines, which may help us to predict
changes in the refugial capacity of these special habi-
tats under anthropogenic climate change. Therefore, we
test the respective effects of forest age and topographic
position on the understory vegetation of dolines and
compare them to determine their influence on plant
communities. We hypothesised that (1) canopy removal
and subsequent forest regeneration processes may alter
the environmental conditions, species richness, and spe-
cies composition of vascular plants in dolines, and that
(2) forest age, topographic position, and their interaction
exert a strong influence on the distribution of different
ecological groups of plant species in dolines, contributing
to the rise of species associated with more open and/or
disturbed habitats in early successional stages and their
fall with long-term forest recovery. In addition, we expect
the accumulation of climate change vulnerable species in
later successional stages on cooler topographic positions,
such as doline bottoms.

2 Material and methods

2.1 Study area

The study was carried out in a limestone karst land-
scape of the Mecsek Mountains (southern Hungary)
(Fig. 1), where more than 2000 dolines occur at an alti-
tude between 250 and 500 m (Hoyk 1999). In this study,
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we investigated larger solution dolines that are bowl- or
funnel-shaped depressions formed by the dissolution of
rock at the bedrock-soil interface (Ford and Williams
2007). The climate is continental with strong sub-Med-
iterranean influences. The mean annual temperature is
about 8.8 °C, and the mean annual precipitation is 740
mm (D6vényi 2010).

Commercial logging has shaped the karst landscape
in the Mecsek Mts for decades. Current forest stands
mainly include 40-50, 60—80, or 90—120-year-old trees
both on the plateau and in dolines (canopy cover on the
slopes: 75-90%) (Fig. 1), but the proportion of cut areas
has significantly increased in the last 10 years (Batori
et al. 2020). As a result of these forestry activities, can-
opy cover within some dolines has decreased to approxi-
mately 20-50% of its original extent, and only smaller
patches of mature trees have survived (where timber
harvesting is not feasible). These dolines are dominated
by 5-10-year-old saplings [the detailed description
of these forestry activities is provided in Batori et al.
(2021)]. Common hornbeam (Carpinus betulus L.),
European beech (Fagus sylvatica L.), and oak species
(Quercus cerris L. and Quercus petraea (Matt.) Liebl.)
are dominant on the plateau and the upper slopes of
dolines, while common hornbeam, European ash (Fraxi-
nus excelsior), and European beech and maples (Acer
campestre L., Acer platanoides L., Acer pseudoplatanus
L.) are the dominant tree species on the bottoms and
lower slopes of larger dolines (Batori et al. 2012). The
shrub and herb layers are rich in sub-Mediterranean
species, such as bastard-agrimony (Aremonia agrimo-
noides (L.) DC.), black bryony (Dioscorea communis (L.)
Caddick & Wilkin), butcher’s-broom (Ruscus aculeatus
L.), and fragrant hellebore (Helleborus odorus Waldst. &
Kit. ex Willd.). Doline bottoms are cooler and moister
and retain more nutrient-rich soils than slopes and the
surrounding plateau; therefore, they may provide impor-
tant safe havens for a number of plant species (Batori
et al., 2014a).

2.2 Sampling design

We studied dolines covered with forests of one of four
different age classes (class 1: 5-10-year-old forest stands
with mature forest patches, class 2: 40—45-year-old for-
ests, class 3: 60—65-year-old forests, and class 4: more
than 90-year-old forests). Tree density (excluding sap-
lings) was 753 & 42 (mean £ SD) trees/ha in age class 2,
460 + 53 trees/ha in age class 3, and 280 =+ 20 trees/ha
in age class 4. Only smaller patches of mature trees were
found in age class 1. Three dolines from each age class
were sampled during vegetation sampling (12 dolines in
total). The morphological features (diameter and depth)
of dolines were similar across the forest age classes; each
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Fig. 1 Study area, sampling design, and dolines. a Location of the study area in Hungary. b Position of transects within dolines. ¢ Doline dominated
by 5-10-year-old forests. d Doline covered with 40-45-year-old forests. e Doline covered with 60-65-year-old forests. f Doline covered with more

than 90-year-old forests (photos: Gabor Li and Zoltan Batori)

contained one large (diameter: 80-100 m, depth: 13-15
m) and two medium-sized (diameter: 60—-80 m and
depth: 10-13 m) dolines.

As our previous studies showed that the greatest dif-
ferences in plant species composition occur between
the north- and south-facing slopes within dolines
(Batori et al. 2012), we established a transect with north
to south orientation across each doline, traversing their
deepest point (Fig. 1). Transects began and ended on
doline rims and consisted of 1 m x 1 m plots spaced at

2-m intervals (94, 89, 90, and 99 plots in the different
forest age classes, respectively; 372 plots in total). We
recorded the presence/absence data of all vascular plant
species (tree saplings — up to 1 m in height, shrubs,
and herbs) in each plot (saplings were excluded before
analyses) (Batori et al. 2022b). Fieldwork was carried
out between 2007 and 2019 from June to August, at
the peak of the growing season (i.e. one flora survey).
Nomenclature follows the “World Flora Online’ (http://
www.worldfloraonline.org/) database.
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2.3 Species classification

We classified all plant species according to their habi-
tat preferences following the system of Soé (1980). We
used the following three groups of plant species dur-
ing analyses: (1) species primarily associated with beech
forests within the study area (order Fagetalia sylvaticae
— beech forest species hereafter), (2) species primarily
associated with oak forests within the study area (class
Querco-Fagetea — oak forest species hereafter), and (3)
species primarily associated with disturbed forests within
the study area (e.g. adventives, cosmopolites, and weeds
— species of disturbed forests hereafter). Beech for-
est species were considered as the main target group, as
temperature increase and the duration and severity of cli-
mate change-related droughts threaten their populations
in many hilly and mountainous areas of Europe (cf. Saltré
et al. 2015; Kasper et al. 2021; Satoh et al. 2022).

2.4 Statistical analyses

Based on previous observations, we defined topographic
positions as follows: south-facing slope — upper two-
third of plots along the south-facing slope (age class 1: 37
plots, age class 2: 26 plots, age class 3: 31 plots, and age
class 4: 31 plots); bottom — lower third of plots along the
slopes (age class 1: 29 plots, age class 2: 30 plots, age class
3: 28 plots, and age class 4: 35 plots); and north-facing
slope — upper two-third of plots along the north-facing
slope (age class 1: 28 plots, age class 2: 33 plots, age class
3: 31 plots, and age class 4: 33 plots).

Diagnostic species for the forest age classes (classes
1-4), diagnostic species for the topographic positions
(south-facing slope, bottom, and north-facing slope), and
diagnostic species for the different topographic positions
in the different forest age classes were determined by
calculating the phi (®) value of species, using the JUICE
programme (Tichy 2002). Species with @ x 100 > 14.0
were considered diagnostic species (Fisher’s exact test, p
< 0.05) (Tichy and Chytry 2006). In the rare case when a
species appeared to be diagnostic for more than one for-
est age class or topographic position, only the occurrence
with the higher phi value was considered.

Unweighted mean Ellenberg indicator values (EIVs
hereafter) for light availability (L), temperature (T), soil
moisture (W), soil reaction (R), and nutrient availabil-
ity (N) were calculated for each plot using the system of
Borhidi (1995). A number of studies have demonstrated
that, despite the ordinal nature of EIVs, mean EIVs pro-
vide reliable estimates of the environmental conditions
of an area (Lengyel et al., 2012; Tolgyesi et al., 2014);
therefore, they are useful for monitoring environmental
changes. We used one-way analysis of similarities (ANO-
SIM) to compare the species composition of plots among
the forest age classes, applying the Jaccard dissimilarity

Page 5 of 20

and 9999 permutations. We applied a Bonferroni cor-
rection to give a corrected p-value in pairwise com-
parisons. We used detrended correspondence analysis
(DCA) to illustrate compositional differences in dolines
(detrending with 26 segments). As compositional dif-
ferences between the plots of age class 2 and the plots
of the other age classes were rather large — resulting in
considerable overlap of the plots of age classes 1, 3, and
4 in the ordination space — an additional DCA was per-
formed excluding the plots of age class 2. ANOSIM and
DCA were calculated in R (R Core Team 2019) using the
anosim and the decorana functions of the ‘vegan’ package
(Oksanen et al., 2019).

We used generalised linear mixed-effects models
(GLMMs) with a Poisson distribution and linear mixed-
effects models (LMMs) to reveal the effect of forest age
(classes 1-4) and topographic position (south-facing
slope, bottom, and north-facing slope) on species rich-
ness and mean EIVs in dolines. Topographic position,
forest age class, and their interaction term were treated
as fixed factors, while doline (i.e. dolines 1-12) was
included as a random factor (random intercept term).
Four GLMMs were built for the richness variables, for the
number of (1) all plant species, (2) beech forest species,
(3) oak forest species, and (4) species of disturbed forests
in the plots, while five LMMs were built for the mean EIV
variables, for the mean L, T, W, R, and N indicator val-
ues in the plots. Bonferroni post hoc tests were used for
the comparison of the different levels of the fixed factors,
for (1) forest age class, for (2) topographic position, and
for (3) the interaction term of forest age and topographic
position. Mixed-effects models were performed in R
using the glmer and Imer functions of the ‘lme4’ pack-
age. The significance of the fixed factors was estimated
using the Anova function of the ‘car’ package (Fox and
Weisberg 2019). Post hoc tests were performed using the
Ismeans function of the ‘Ismeans’ package (Lenth 2016),
while the rsquaredGLMM function of the ‘MuMIn’ pack-
age was also used for calculating conditional and mar-
ginal R* for the models (R Core Team 2019; Bates et al.
2021; Bartoni 2022).

3 Results

3.1 Diagnostic species

Altogether, 92 vascular plant species (herbs and shrubs)
was found in the plots. Age class 1 had 29 diagnostic spe-
cies (13 beech forest species — proportion: 45%; seven
oak forest species — 24%; and nine species of disturbed
forests — 31%), while age classes 2—4 had five (four beech
forest species — 80% and one species of disturbed forests
— 20%), two (one beech forest species — 50%, and one
species of disturbed forests — 50%), and six (beech forest
species — 100%) diagnostic species, respectively (Table 1).
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Table 1 List of diagnostic species for the forest age classes (class 1: 5-10-year-old forest stands with mature forest patches, class 2:
40-45-year-old forests, class 3: 60-65-year-old forests, and class 4: more than 90-year-old forests) in dolines. Within blocks, species are
listed by decreasing values of the phi (®) coefficient. Fidelity values (O x 100) of beech forest species, oak forest species, and species of
disturbed forests are indicated with superscripts b, o, and d, respectively. Non-diagnostic species were excluded with Fisher’s exact test
(p < 0.05)

Forest age
5-10 years 40-45 years 60-65 years > 90 years
Urtica dioica® 49.1
Rubus hirtus agg.? 418
Calamagrostis epigejosd 41.1
Hypericum hirsutum® 341
Vinca minor® 34.1
Mycelis muralis® 30.1
Stenactis annua® 30.1
Erechtites hieracifolia® 255
Galium odoratum?® 252
Hepatica nobilis® 249
Carex sylvatica® 248
Fragaria vesca® 24.2
Dactylis glomerata® 239
Melica uniflora® 239
Euphorbia amygdaloides® 229
Salix caprea® 221
Viola reichenbachiana® 221
Veronica chamaedrys® 206
Hordelymus europaeus® 20.1
Scrophularia nodosa® 20.1
Dryopteris filix-mas” 194
Milium effusum® 19.1
Athyrium flix-femina® 18.7
Pulmonaria officinalis® 187
Brachypodium sylvaticum® 18.0
Taraxacum campylodes® 18.0
Torilis japonica® 180
Festuca drymeja® 17.5
Stachys sylvatica® 155
Veronica montana® 30.5
Veronica hederifolia® 273
Hedera helix® 221
Paris quadrifolia® 20.0
Cardamine bulbifera” 160
Carex pilosa® 16.6
Sambucus nigra® 148
Mercurialis perennisb 255
Lamium maculatum® 235
Oxalis acetosella® 185
Circaea lutetiana® 17.8
Lamium galeobdolon s.1° 149

Dryopteris carthusiana® 144
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South-facing slopes, bottoms, and north-facing slopes
had 19 (eight beech forest species — proportion: 42%,
eight oak forest species — 42%, and three species of
disturbed forests — 16%), five (beech forest species —
100%), and two (beech forest species — 100%) diagnostic
species, respectively (Table 2).

South-facing slopes, bottoms, and north-facing slopes
in age class 1 had 24, four, and six diagnostic species,
respectively (Table 3). Only seven diagnostic species
were found in age class 2, four for the south-facing
slopes, two for the bottoms, and one for the north-
facing slopes. South-facing slopes in age class 3 had
five diagnostic species, while bottoms had one diag-
nostic species. No diagnostic species were found for

Table 2 List of diagnostic species for topographic positions (S:
south-facing slope, B: bottom, and N: N-facing slope) in dolines.
Within blocks, species are listed by decreasing values of the phi
(@) coefficient. Fidelity values (O x 100) of beech forest species,
oak forest species, and species of disturbed forests are indicated
with superscripts b, o, and d, respectively. Non-diagnostic species
were excluded with Fisher's exact test (p < 0.05)

Topographic position

S B N

Melica uniflora® 479

Carex pilosa® 414

Veronica chamaedrys® 364

Euphorbia amygdaloides® 281

Fragaria vesca® 279

Vinca minor® 279

Carex sylvatica® 240

Milium effusum® 22.2

Hypericum hirsutum® 218

Calamagrostis epigejos® 20.9

Dactylis polygama® 209

Dactylis glomerata® 19.5

Festuca drymeja® 193

Ajuga reptans® 17.2

Viola alba® 169

Symphytum tuberosum® 164

Carex digitata® 14.7

Rumex scmgu/'neusb 14.7

Torilis japonica® 147

Athyrium flix-femina® 330

Circaea lutetiana® 24.7

Dryopteris filix-mas® 20.1

Lamium maculatum® 19.7

Veronica montana® 154

Hedera helix" 246
Lamium galeobdolon s.1° 18.1
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the north-facing slopes. Eleven diagnostic species were
found for age class 4, two for the south-facing slopes,
eight for the bottoms, and one for the north-facing
slopes. The proportion of beech forest species was high-
est (100%) on the north-facing slopes in age class 2 and
on the bottoms and north-facing slopes in age class 4
(Fig. 2).

3.2 Vegetation patterns

Although the first DCA showed that the plots of the dif-
ferent forest age classes — except age class 2 — over-
lapped considerably in the ordination space (Fig. 3a),
differences in species composition were statistically
significant (ANOSIM R: 0.2, p < 0.001; pairwise com-
parisons: R: 0.05-0.41, p < 0.005, Appendix Table 4).
Eigenvalues for the first two DCA axes were 0.523 and
0.425, respectively. Plots of the south-facing slopes,
north-facing slopes, and bottoms arranged along the
first DCA axis (from left to right), revealing clear envi-
ronmental gradients in the ordination space. The second
DCA (eigenvalues for the first two axes: 0.521 and 0.349,
respectively) showed that plots of the south-facing slopes
in age class 1 differed markedly from the plots of the
other topographic positions (Fig. 3b).

3.3 Different groups of plant species

Forest age, topographic position, and their interaction
term had significant effects on the total number of spe-
cies (full model: Rzmarginalz 0.53, R?, ditional: 0-57) (Appen-
dix Table 5). Age and the interaction term of age and
topographic position affected the number of beech forest
species (full model: Rzmarginalz 0.30, R, ditional: 0-37). Age
and topographic position had significant effects on the
number of oak forest species (full model: Rzmarginal: 0.56,
R*, nditional: 0-63). Age also had a significant effect on the
number of species of disturbed forests (full model: R
ginalz 0.97, chonditionaI: 098)

Both the total number of plant species and the num-
ber of beech forest species were highest in age class 1 and
lowest in age class 2 (Fig. 4). Across age classes 2—4, the
total number of species and the number of beech forest
species showed an increasing trend. The number of oak
forest species and species of disturbed forests was high-
est in age class 1, while the number of species of dis-
turbed forests was lowest in age class 2.

The total number of species was highest on south-
facing slopes and did not differ between bottoms and
north-facing slopes (Fig. 5). The number of oak forest
species was highest on south-facing slopes and lowest in
bottoms.

In general, the different groups of plant species showed
significant preferences for certain topographic positions

mar-
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Table 3 List of diagnostic species for topographic positions (S: south-facing slope, B: bottom, and N: N-facing slope) in the forest age
classes (class 1: 5-10-year-old forest stands with mature forest patches, class 2: 40-45-year-old forests, class 3: 60-65-year-old forests,
and class 4: more than 90-year-old forests) in dolines. Within blocks, species are listed by decreasing values of the phi (O) coefficient.
Fidelity values (O x 100) of beech forest species, oak forest species, and species of disturbed forests are indicated with superscripts b,
0, and d, respectively. Non-diagnostic species were excluded with Fisher's exact test (p < 0.05)

Forest age and topographic position

5-10years 40-45 years 60-65 years > 90 years
S B N S B N S B N S B N

Vinca minor® 59.8

Calamagrostis epigejos® 50.1

Hypericum hirsutum® 493

Fragaria vesca® 447

Euphorbia amygdaloides® 435

Dactylis glomerata® 420

Veronica chamaedrys® 387

Milium effusum® 352

Carex sylvatica® 347

Festuca drymeja® 34.1

Torilis japonica® 316

Stenactis annua® 298

Hordelymus europaeus® 266

Scrophularia nodosa® 26.6

Erechtites hieracifolia® 246

Mycelis muralis® 243

Deschampsia cespifosab 223

Rumex sanguineus® 22.3

Brachypodium sylvaticum® 219

Taraxacum campylodes® 219

Viola alba® 19.0

Stellaria holostea® 16.2

Salix caprea® 15.9

Helleborus odorus® 147

Urtica dioica® 496

Rubus hirtus agg.? 323

Athyrium flix-femina® 318

Stachys sylvatica® 195

Galium odoratum?® 329

Viola reichenbachiana® 279

Hepatica nobilis® 267

Geranium robertianum® 257

Mercurialis perenn/‘sb 24.2 24.2

Atropa belladonna® 209

Hedera helix® 257

Cardamine bulbifera® 218

Ruscus aculeatus® 184

Moehringia trinervia® 16.8

Veronica hederifolia® 355

Paris quadrifolia® 218

Veronica montana® 289

Melica uniflora® 342

Carex digitata® 25.1
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Table 3 (continued)

Forest age and topographic position

5-10 years 40-45 years 60-65 years > 90 years

S B N S N S B N S B N
Lathyrus venetus® 244
Dactylis polygama® 223 223
Symphytum tuberosum® 20.8
Sambucus nigra® 23.7
Carex pilosa® 392
Lamium maculatum® 432
Circaea lutetiana® 294
Dryopteris carthusiana® 276
Pulmonaria officinalis® 260
Chrysosplenium alternifolium® 229
Dryopteris filix-mas® 229
Lamium galeobdolon s.1° 221
Oxalis acetosella® 16.8

within the forest age classes, except in age class 2 (Fig. 6).
The greatest difference between the topographic posi-
tions was observed in age class 1. Bottoms had the low-
est, and south-facing slopes had the highest number of
species in this age class. This is also true for age class 3.
Conversely, the bottoms in age class 4 had higher number
of species and beech forest species than the other topo-
graphic positions, although these differences were not
always statistically significant. If we compare the same
topographic positions among the forest age classes, the
total number of species and the number of beech forest
species were highest on the south-facing slopes in age
class 1. The bottoms in age class 4 had more beech forest
species than the bottoms in the other forest age classes.
The number of beech forest species was highest on the
north-facing slopes in age class 1.

3.4 Environmental characteristics

Forest age, topographic position, and their interaction
term had significant effects on the mean L indicator val-
ues (full model: Rzmarginal: 0.22, R%, ditionat: 0-31), while
topographic position had significant effects on the mean
T indicator values (full model: RzmarginaI: 0.07, R*., . ditional’
0.12) (Appendix Table 6). Topographic position and the
interaction term of age and topographic position had
significant effects on the mean W indicator values (full
model: Rzmarginal: 0.28, R*. ditional: 0-29). Similarly, topo-
graphic position and the interaction term of age and top-
ographic position had significant effects on the mean R
indicator values (Rzmarginal: 0.13, R*., ditional: 0-23), while
forest age and topographic position affected the mean N

indicator values (full model: Rzmarginal: 0.37, R?
0.43).

Species in age class 1 indicated higher intensity of light
than species in age class 4, and species in age class 3 indi-
cated less nutrients than species in age class 1 (Appendix
Figure 8).

Light intensity was higher on south-facing slopes and
bottoms than on north-facing slopes (Appendix Fig-
ure 9). Species in bottoms indicated colder conditions
than on south-facing slopes. Bottoms had the highest,
and south-facing slopes had the lowest moisture content,
while moisture availability was intermediate on north-
facing slopes. All topographic positions differed from
each other with regard to soil reaction values. Bottoms
showed the highest, and south-facing slopes showed the
lowest soil reaction values. Nutrient availability was high-
est in bottoms and lowest on south-facing slopes, while it
was intermediate on north-facing slopes.

Light intensity was lowest on north-facing slopes in
age classes 1 and 4, and moisture availability was highest
in the bottoms in age classes 1, 3, and 4, while soil reac-
tion values were highest in the bottoms in age class 3 and
on the north-facing slopes in age class 4 (Appendix Fig-
ure 10). If we compare the same topographic positions
among the forest age classes, moisture availability was
lowest in the bottoms of age class 2.

conditional®

4 Discussion

Forest age and topographic position play an important
role in determining the species composition, species rich-
ness, and environmental characteristics of karstic habi-
tats and jointly shape the vegetation patterns in dolines.
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5-10 years 40-45 years 60-65 years > 90 years
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Fig. 2 Number (in red) and proportion of diagnostic species (beech forest species, oak forest species, and species of disturbed forests) in the
plots of topographic positions in dolines (south-facing slope, bottom, and north-facing slope) covered with different forest age classes (class
1: 5-10-year-old forest stands with mature forest patches, class 2: 40-45-year-old forests, class 3: 60-65-year-old forests, and class 4: more than

90-year-old forests) (see Table 3)

In general, the number of diagnostic species and the
number of species in all studied groups of vascular plants
(beech forest species, oak forest species, and species of
disturbed forests) increased after a few years of canopy
removal within dolines. However, the number of plant
species in almost all groups was lower in dolines covered
with 40-45-year-old forests than in the other forest age
classes. We also demonstrated the accumulation of beech
forest species in the moist and nutrient-rich doline bot-
toms covered with more than 90-year-old forests. To our
knowledge, this is the first study to illustrate how forest
age, topography, and their interaction shape the species
richness and composition of vascular plants in potential
future microrefugia in karst landscapes.

Forest age may determine several abiotic and biotic
factors, such as light availability, microclimate, soil
characteristics, species composition, and community

composition in forest ecosystems (Brunet et al. 2010;
Batori et al. 2020; Richard et al. 2021; Zema et al. 2021).
The degree of canopy removal during forestry operations
may range from low levels to complete canopy removal
(Roberts and Gilliam 1995), resulting in various changes
in the forest environment. In a previous study, we dem-
onstrated that vascular plant species in dolines indicated
significant changes in temperature and light availabil-
ity after a few years of partial (50-80%) canopy removal
(Batori et al. 2021) and opened up niches for a number
of plant species associated with warmer temperatures.
Similar results were reported by Richard et al. (2021),
who found that changes in canopy cover may reshuf-
fle understory communities towards less cold-adapted
but more warm-adapted species (i.e. thermophilisa-
tion). In the current study, we found that forest age —
comparing four different age classes — is an important
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Fig. 4 Number of vascular plant species (all plant species, beech forest species, oak forest species, and species of disturbed forests) in the plots

of dolines covered with different forest age classes (class

1: 5-10-year-old forest stands with mature forest patches, class 2: 40-45-year-old forests,

class 3: 60-65-year-old forests, and class 4: more than 90-year-old forests) (mean =+ SE). Significant differences (p < 0.05, based on the GLMMs with

Bonferroni post hoc tests), are indicated by different lower case (a—d) letters

predictor of species compositional changes and com-
munity reorganisation within dolines and influences the
environmental characteristics, such as light and nutrient
availability, not only in dolines after canopy removal but
also in different successional stages (Figs. 4 and Appen-
dix Figure 8, Table 1). The number of diagnostic species,
the total number of species, and the number of species

All plant Oak forest
species species
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Topographic position
Fig. 5 Number of vascular plant species (all plant species and oak
forest species) in the plots of topographic positions in dolines (S:
south-facing slope, B: bottom, and N: north-facing slope) (mean
=+ SE). Significant differences (p < 0.05, based on the GLMMs with
Bonferroni post hoc tests) are indicated by different lower case (a—c)
letters

in all studied groups of plants (beech forest species, oak
forest species, and species of disturbed forests) were
higher after a few years of canopy removal than in the
other forest age classes. Kermavnar et al. (2021) also
found increases in plot-level species richness and over-
all enrichment of the species pool in dolines in Slove-
nia over a 6-year period after canopy removal. This also
suggests that the environmental changes experienced
in these habitats were not detrimental to the survival of
most forest-related species within a short period of time
(Kermavnar et al. 2019), even though the cover of some
climate-change sensitive functional groups may decrease
(Kiss et al. 2020). However, the species diversity of for-
ests usually shows a rise in early successional stages and a
fall with long-term forest recovery in relation to the dis-
tribution of pioneer, early-, and late-successional species
(Sheil and Bongers 2020).

We also found that most plant species may disap-
pear from dolines between 10 and 40 years after canopy
removal, as both the total number of species and the
number of species in almost all studied groups of plants
were lowest in dolines dominated by 40—45-year-old for-
ests (Figs. 4 and 6). The competitive effect of the dense
and shady thickets of young trees upon understory herbs
and shrubs during this successional stage may be respon-
sible for the significant decrease in species richness of
dolines (cf. Allen et al. 2002; Gilliam 2007; Role¢ek and
Repka 2020). Different forest management activities, such
as forest thinning and the creation of small artificial gaps,
may create more favourable conditions for a number of
forest floor species and facilitate the recolonisation of
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letters, respectively

many climate change vulnerable species (e.g. beech forest
species) (cf. Govaert et al., 2020; Li et al. 2020; Richard
et al. 2021). The above patterns are also strongly related
to the high topographic complexity within dolines.
Topographic complexity (e.g. various topographic
positions and rockiness) can create microhabitats
with unique microclimates [i.e. high thermal variabil-
ity over short distances, Lenoir et al. (2013)] that may
allow species to survive changes in their environment
by migrating short distances between microhabitats
(Burnett et al. 1998; Dedk et al. 2020, 2021). Differ-
ences in the microclimate of opposing slope aspects
(e.g. north-facing vs. south-facing) are usually larger
in grasslands than in forested habitats. For instance,
Batori et al. (2019) found that the mean daytime tem-
peratures on south-facing slopes in grassland dolines
can be more than 8 °C higher than on north-facing
slopes, while climatic differences in forested dolines are
much less pronounced (Bdtori et al. 2014b). However,
intensive logging may cause significant changes in the
habitat characteristics of forest stands, increasing dif-
ferences in temperature, moisture, soil, and light con-
ditions among microhabitats (Dean et al. 2016; Kovdcs
et al. 2018; Batori et al. 2021; Richard et al. 2021) and
resulting in shifts in the distribution and abundance of
forest floor species. We found that the studied groups
of vascular plants often showed significant preferences

for certain topographic positions (south-facing slope,
bottom, and north-facing slope) and indicated various
environmental conditions within the forest age classes
in dolines, except in dolines covered with 40—45-year-
old forests (Figs. 5, 6, and Appendix Figure 10). We also
found that logging may cause significant changes in the
environmental conditions of topographic positions. For
instance, plants indicated slightly lower soil moistures
in doline bottoms covered with 40—45-year-old forests
than in the other age classes. This is presumably due
to the change in forest structure (i.e. tree density and
canopy closure) during the succession of these forests.
The dense forest canopy in this successional stage can
intercept a substantial fraction of rainfall (reducing the
amount of water reaching the soil), contributing to a
decrease in soil moisture content (Tolgyesi et al. 2020;
Bétori et al. 2021). These patterns show that intensive
logging may lead to community changes and a reduc-
tion in the species richness of forest floor species and
may influence changes in the length of local environ-
mental gradients (e.g. light availability and soil mois-
ture, Appendix Figure 10) within 40 years after canopy
removal in dolines, similar to other human-mediated
disturbances such as overgrazing and intensive agricul-
tural use (Ren et al. 2015; Buhk et al. 2017). Differences
in species richness were often larger between the bot-
toms and slopes than between the slopes, suggesting
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that bottoms provide a unique niche within dolines with
cool air pooling and high moisture retention capacity
(Raschmanova et al. 2018; Marcin et al. 2021). Results
of the current study and previous studies showed that
doline bottoms with high refugial capacity (i.e. lower
temperature, higher relative air humidity, and deeper
and more fertile soil with high water retention capac-
ity) may provide microhabitats for a number of climate
change vulnerable species (i.e. diagnostic species), such
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as narrow buckler-fern [Dryopteris carthusiana (Vill.)
H. P. Fuchs] and alternate-leaved golden-saxifrage
(Chrysosplenium alternifolium L.) in the Mecsek Mts
(Hungary) (cf. Table 3) and alpine foxtail (Alopecurus
alpinus Vill.) in Serra del Prete (Italy) (Gargano et al.
2010), which are rare or absent from the surrounding
plateau. Our results also showed that the number and/
or proportion of climate change vulnerable species sig-
nificantly decreased after a few years of canopy removal

high number of
climate change vulnerable species
(doline bottoms)

12.0
o 8.0 N
AB 'iL'
Z 40 B
0.0
regeneration cutting
12.0 )
% o0 dolines = 50 A A
4.0 4.0 5

improvement

uoljeloLIajep

regeneration

J

regeneration

40-45 years

lowest number of
species

Fig. 7 Effects of forest management on the vegetation in dolines in the Mecsek Mts, Hungary. The total number of species and the number of
climate change vulnerable plant species (i.e. beech forest species) may change due to intensive logging. Doline bottoms covered with more than
90-year-old forests may provide important microhabitats for many beech forest species (see bar charts and Fig. 6). The number of these species may
decrease at doline bottoms and increase on the slopes after 5-10 years of logging. The competitive effect of the dense and shady thickets of young
trees upon understory herbs and shrubs during the forest regeneration phase may be responsible for the significant decrease in species richness of
dolines. Most plant species associated with the oldest forest stands may re-establish within 90-120 years after a regeneration felling. Abbreviation:

NB, number of beech forest species in the plots
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in doline bottoms (Fig. 7), indicating rapid changes in
their conservation value. As the climate is changing
rapidly, there is an increasing need to understand how
the biota of these dolines will respond to these changes
during the succession of these forests.

Global warming poses one of the biggest challenges
that ecosystems are facing in recent times (Bartholy et al.
2007; Gilman et al. 2010). Studies examining the effects
of global warming on European ecosystems revealed a
consistent pattern of change; the response to tempera-
ture increase and precipitation variations by species
distributional shifts is well documented (Gallé 2017;
Casado-Amezua et al. 2019; Lenoir et al. 2020). Although
the increasing atmospheric CO, content and warmer
temperatures may increase forest growth and wood pro-
duction in northern and western Europe, adverse effects
are expected in southern and eastern Europe due to
increasing drought and disturbance risks (Lindner et al.
2010). As forest age and topography may jointly influ-
ence the species richness and composition of vascular
plants as well as the number of climate change vulner-
able plant species, conservationists and forest managers
need to consider their potential impacts when evaluat-
ing the effects of climate warming on the biota of karst
landscapes.

5 Conclusions

Dolines may provide important microhabitats for a
number of vascular plant species for which a given habi-
tat becomes environmentally unsuitable due to climate
warming. However, anthropogenic disturbances may
alter the environmental characteristics and species com-
position of these habitats. The main result of our study
is that there is a strong relationship between topographic
complexity, forest management, and the distribution of
different groups of vascular plant species in karstic habi-
tats. We found that topographic position plays an impor-
tant role in structuring plant communities in dolines,
and that the current management practices may change
the environmental conditions and vegetation patterns in
these unique habitats. Although the investigation of dif-
ferent forest age classes within dolines shows that most
plant species associated with the oldest forest stands in
our study area have re-established within 90-120 years
after a regeneration felling, there is an urgent need to
develop guidelines for local forest managers so that they
also facilitate the maintenance of such safe havens in a
warming climate.
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Appendix

Table 4 Comparisons of plant species composition between the
forest age classes (class 1: 5-10-year-old forest stands with mature
forest patches, class 2: 40-45-year-old forests, class 3: 60-65-year-
old forests, and class 4: more than 90-year-old forests) with one-
way analysis of similarities (ANOSIM) in the dolines of the Mecsek
Mts (Hungary)

R »p
class 1 —class 2 041 <0.001
class 1 —class 3 0.15 <0.001
class 1 —class 4 0.09 <0.001
class 2 — class 3 0.27 <0.001
class 2 — class 4 023 <0.001
class 3 - class 4 0.05 <0.005

The p values in pairwise comparisons were Bonferroni corrected. Significant
differences (p < 0.005) are indicated by bold p values

Table 5 Results of the generalized linear mixed-effects models
for the number of species

Forestage Topographic position Interaction

Fvalue
All plant species 25.23***  19,79%** 10.08*
Beech forest species 9.48* NS 7.05*
Oak forest species 21.29*%%  57.89%** NS
Species of disturbed 16.24** NS NS

forests

Asterisks indicate statistically significant differences (*: p < 0.05, **: p < 0.01, and
***: p <0.001)

Abbreviation: NS not significant

Table 6 Results of the linear mixed-effects models for the mean
Ellenberg indicator values (L: light availability, T: temperature, W:
soil moisture, R: soil reaction, and N: nutrient availability)

Forest age Topographic position Interaction
F value
L 4,23%* 15.01%%* 3.05**
T NS 5.94%* NS
W NS 48.08*** 4.27%**
R NS 10.92%** 5.30%**
N 6.48%** 70.15%** NS

Asterisks indicate statistically significant differences (**: p < 0.01, and ***: p <
0.001)

Abbreviation: NS not significant
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Fig. 8 Mean Ellenberg indicator values (L: light availability, and N: nutrient availability) in the plots of dolines covered with different forest age classes
(class 1: 5-10-year-old forest stands with mature forest patches, class 2: 40-45-year-old forests, class 3: 60-65-year-old forests, and class 4: more than
90-year-old forests) (mean = SE). Significant differences (p < 0.05, based on the LMMs with Bonferroni post hoc tests) are indicated by different lower
case (a and b) letters

L T w R N
values values values values values
n
Q
3 50 6.0 6.0 b 7.0 6.0 b
©
> a b
ab c c

s a a b a a a [o]
© b
S 40 50 50 6.0 5.0
S
£
s
o 3.0 4.0 4.0 5.0 4.0
= S B N S B N S B N S B N S B N

Topographic position

Fig. 9 Mean Ellenberg indicator values (L: light availability, T: temperature, W: soil moisture, R: soil reaction, and N: nutrient availability) in the plots of
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