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Abstract

Dolines are depressions in karst landscapes that are of high value for conservation, provid-
ing habitats and supporting species not found in the surrounding landscape. This is due to
their high microhabitat diversity and ability to decouple microclimate from regional cli-
mate changes, making them potential refugia for biodiversity. Nevertheless, local anthro-
pogenic disturbances have had considerable impact on the species composition and vegeta-
tion structure of many dolines. Here we investigate the conservation value of dolines in
three European karst areas, where different levels and types of anthropogenic disturbances
have been shaping the vegetation for centuries, using the number of plant species that are
cool-adapted, moist-adapted and of high conservation importance (i.e. vulnerable species)
as indicators. We found that anthropogenic disturbances generally have a negative impact,
reducing the number of vulnerable species supported by dolines. However, more cool-
adapted and moist-adapted species were found in some dolines planted with non-native
Picea abies than in less disturbed dolines, indicating that anthropogenic disturbances can
also have positive consequences for biodiversity. We conclude that anthropogenic distur-
bances alter the capacity of dolines to support vulnerable species, and that this will impact
survival of species in landscapes under global warming. In this context, the effects of
various disturbances on species composition and diversity need to carefully considered to
determine the best conservation and/or management options.
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Introduction

The complex topography of karst systems provides various habitats where species can
survive during local and regional environmental changes (Antoni¢ et al. 2001; Wezel
2007; Batori et al. 2014a). Enclosed depressions in karst landscapes (dolines) have
several characteristics that make them primary candidates for such safe havens, which
may offer the best hope for in situ persistence of vulnerable species (Horvat 1953;
Dobrowski 2010; Bétori et al. 2017). Dolines provide steep gradients of environmental
conditions (e.g., soil moisture and temperature) within very short distances (Whiteman
et al. 2004; Chauchard et al. 2007; Su et al. 2017), enabling them to facilitate the per-
sistence of various functional groups of species in various phyla (Razicka et al. 2016;
Breg Valjavec et al. 2018a; Batori et al. 2019). As a result, they are characterised by
high genetic (Egli 1991; Su et al. 2017), taxonomic (Béatori et al. 2014b; Kemencei et al.
2014; Raschmanové et al. 2015; RazZi¢ka et al. 2016; Battisti et al. 2017) and micro-
habitat diversity (Ozkan et al. 2010; Bétori et al. 2019) and may offer the best chances
of survival for cool-adapted species and/or species retreating from global warming (i.e.
trailing edge and stabilized relict populations) (Hampe and Petit 2005; Bauer 2018;
Batori et al. 2019). Because of their significant impact on a region’s biodiversity, they
are particularly important for conservation planning.

Considerable progress has been made in identifying and understanding locations
with high resistance to environmental changes (Ashcroft 2010; Batori et al. 2017,
Maclean et al. 2017; Meineri and Hylander 2017). It has also been recognized that
such locations, also known as refugia, differ in their capacity to facilitate the persis-
tence of biodiversity (Keppel et al. 2015; Keppel and Wardell-Johnson 2015). However,
anthropogenic disturbances may greatly affect vegetation structure, species composi-
tion and habitat diversity (Mishra et al. 2004; Serra-Diaz et al. 2015), but have hardly
been considered when discussing refugia. In general, changes in vegetation structure
can affect the surface albedo, air temperature, wind pattern, soil moisture and nutrient
content (Saikh et al. 1998; Guariguata and Ostertag 2001; Berbet and Costa 2003; Gre-
iser et al. 2018; Stanci¢ and Repe 2018), which in turn, are bound to affect the buffering
and decoupling capacity of habitats (cf. Lenoir et al. 2017). Variations in these environ-
mental factors in response to disturbance may cause local extinctions (Gibb et al. 2018)
and provide specific niches in which fast-growing disturbance-tolerant species have an
advantage over other species (Somodi et al. 2008). Responses to such disturbance will
depend on how well resident species recover from disturbance and compete with new-
comers (Serra-Diaz et al. 2015). Therefore, the effects of various disturbances need to
be considered for reliable predictive species distribution modelling (Guisan and Wil-
fried 2005; Syphard and Franklin 2010) and when identifying potential refugia under
climate change (Keppel et al. 2015; Morelli et al. 2016).

Dolines and their unique biota are particularly vulnerable to anthropogenic distur-
bances (De Waele 2009; Breg Valjavec et al. 2018b; Jian et al. 2018). For instance,
road construction, overgrazing and nutrient addition by sheep have seriously threatened
plants endemic to dolines in the Greek Archipelago biodiversity hotspot (Egli 1991;
Brullo and Giusso del Galdo 2001; Iatrod and Fournaraki 2006). Furthermore, many
dolines in Europe are used as dumping grounds or have been filled with construction
waste (in order to create new lands for highways, industrial facilities and residential
areas), while others have been transformed into agricultural fields or gardens (Parise
and Pascali 2003; Kovaci¢ and Ravbar 2013; Breg Valjavec 2014; Breg Valjavec et al.
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2018a). Such disturbances would have reduced or eliminated the capacity of these
dolines to be safe havens for biodiversity. Therefore, assessing the capacity of refugia to
support biodiversity under anthropogenic climate change requires an understanding of
the effects of anthropogenic disturbances.

In this study we investigate the impact of anthropogenic disturbances on the conser-
vation value of dolines in three European karst areas, where different levels and types of
anthropogenic disturbances have been shaping the landscape for hundreds of years. We
use the presence of plant species that are cool-adapted, moist-adapted (and hence indicate
the retention of cooler and moister microhabitats) or considered to have high conservation
importance inside and outside of dolines as indicators of conservation value. Specifically,
the following questions were addressed: (i) Are there any differences between the number
of cool-adapted, moist-adapted and high-conservation-importance plant species between
dolines and surrounding plateaus? (ii) Do different levels and types of anthropogenic dis-
turbances influence the distribution patterns of such species in dolines?

Methods
Study sites

Three karst regions were selected in Slovenia and Hungary, where the current vegeta-
tion in dolines has developed under varied disturbances. One study site was located in the
Kras Plateau (near the town of Divaca, southwest Slovenia, 45°40'10” N, 13°58'37" E),
one in the Mecsek Mountains (near the villages of Abaliget and Orfii, southwest Hungary,
46°0725" N, 18°08'43" E), and two sites (forested and non-forested) in the Biikk Moun-
tains (Biikk plateau, north Hungary, 48°03'36" N, 20°26'54" E and 48°04'34" N, 20°29'49"
E) (Fig. la).

The study site in Kras (440 m asl; T,: 11.4 °C; P,: 1250 mm; www.en.climate-data.org)
was almost totally treeless over centuries, and grasslands were heavily grazed by sheep
(Kaligaric¢ et al. 2006). Many dolines were transformed by removing stones from their bot-
toms and adding soil to increase suitability for agriculture (Kovaci¢ and Ravbar 2013; Breg
Valjavec et al. 2018a). These dolines (also known as ‘cultural’ dolines) have relatively
steep slopes and flat bottoms, and are encircled by stone walls. However, the majority of
these small agricultural lands have been abandoned in the last decades. Due to natural and
artificial afforestation in Kras, forest cover increased significantly over the last 40-50 years
(Zorn et al. 2015). Currently, semi-dry forests (with Acer monspessulanum, Fraxinus
ornus, Ostrya carpinifolia and Quercus pubescens trees) and Pinus nigra plantations cover
the plateaus between dolines, while mesic forests (with Acer campestre, Carpinus betulus
and Tilia cordata trees) or non-native Picea abies plantations cover the bottoms of larger
dolines (Fig. 1c, d).

Extensive commercial clear-cut logging has shaped the landscape of the study site in
Mecsek (300-500 m asl; T,: 9.5 °C; P,: 750 mm, Dévényi 2010) for decades. Current for-
est stands mainly include 40-50, 60-80 or 90-120 year-old trees (Fig. le, f). Carpinus
betulus, Fagus sylvatica, Quercus cerris and Q. petraea are the dominant tree species on
the plateaus and upper slopes of dolines, while Acer campestre, A. platanoides, A. pseu-
doplatanus, Carpinus betulus, Fagus sylvatica and Fraxinus excelsior are dominant on the
bottoms and lower slopes of larger dolines (Batori et al. 2012, 2014b).
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Fig. 1 Study regions, sampling design and study sites. a Location of the study regions in Slovenia and Hun-
gary. b Sampling design. ¢ Stone wall in a cultural doline in Kras (Slovenia). d Norway spruce plantation
in a cultural doline in Kras. e Old beech forest (>90 years) on the edge of a doline in Mecsek (Hungary).
f Young ravine forest (<50 years) in a doline in Mecsek. g Wet and semi-dry grasslands in a non-forested
doline in Biikk (Hungary). h Invasion of Calamagrostis epigejos in a non-forested doline in Biikk
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The two study sites (forested and non-forested) in Biikk are located in the montane
beech forest zone (700-900 m asl; T,: 6.3 °C; P,: 800 mm, Dovényi 2010). Fagus sylvatica
is the dominant tree species in the dolines and on the surrounding plateaus at the forested
site. Non-native Picea abies plantations also occur in some larger dolines. Extensive forest
areas were cut in the 19th century to convert forests to pastures and hay meadows, and to
produce timber. The bottom of many dolines was used as lime kilns over decades. Cur-
rently, dolines and plateaus at the non-forested site maintain diverse grassland communities
(Vojtko6 2001). Semi-dry and dry grasslands cover the south-facing slopes of dolines, while
mesic and wet grasslands can be found on the bottoms and north-facing slopes (Fig. 1g).
Previous cultivation has led to the invasion of a tall grass species, Calamagrostis epigejos,
in many dolines (Fig. 1h).

Sampling design

Prior to sampling, we classified dolines and adjacent plateaus at each site into ‘disturbance
classes’ (little, medium and high disturbance) based on the effects of previous and current
human activities (Table 1). We considered all activity types that may have had a signifi-
cant effect on current plant species composition, similarly to the method described by Van
Beynen and Townsend (2005). We classified disturbance within sites at three levels; the
vegetation of ‘dolines with little disturbance’ (class D1) has developed under the lowest
disturbance levels; while the vegetation of ‘dolines with high disturbance’ (class D3) has

Table 1 Types of disturbances and disturbance classes (doline: D1: little, D2: medium and D3: high distur-
bance; plateau: DIR: little disturbance) in the dolines and on the plateaus in Slovenia (Kras) and Hungary
(Mecsek, Biikk)

Study sites  Types of disturbances Distur- Number of plots
bance
classes

Kras (f) a.f. <50 years D1 60
a.f. <50 years; previous land filling D2 56
a.f. <50 years; previous land filling; non-native plantation D3 71

(Picea abies)

Kras (fp) a.f. <50 years DIR 90

Mecsek (f)  a.f.>90 years D1 100
a.f. 60-70 years; forest thinning (infrequent) D2 94
a.f. <50 years; forest thinning (regular) D3 89

Mecsek (fp) a.f.>90 years DIR 90

Biikk (f) a.f.>90 years D1 90
a.f.> 90 years; non-native plantation (Picea abies) D2 89

Biikk (fp)  a.f.>90 years DIR 90

Biikk (g) Previous grazing/mowing D1 94
Previous grazing/mowing; previous lime kiln D2 81
Previous grazing/mowing; previous lime kiln; plant invasion D3 79

(Calamagrostis epigejos)
Biikk (gp)  Previous grazing/mowing DIR 90
Total - - 1263

fforested dolines, g non-forested dolines, fp forests on plateaus, gp grasslands on plateaus, a.f. age of forest
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developed under the highest disturbance levels (see Table 1). ‘Dolines with medium dis-
turbance’ (class D2) represent intermediate disturbance levels. Although we used the same
disturbance classes across the sites, disturbances were site specific and therefore compari-
sons of disturbance classes across sites were not possible.

Since the number of non-forested dolines was very limited within the study sites in Kras
and Mecsek, only forested dolines were considered, while in Biikk both forested and non-
forested dolines were investigated. We selected three larger dolines from each disturbance
class (D1, D2 and D3) at each site for vegetation sampling, except at the forested site in
Biikk, where only two groups (D1 and D2) could be distinguished. For reference, we also
selected three plateaus with little disturbance (D1R) at each site. The morphological fea-
tures (diameter and depth) of dolines were similar within a study site (Table E1 in Supple-
mentary materials). A total of 33 dolines (24 forested and 9 non-forested) and 12 plateaus
(9 forested and 3 non-forested) were sampled.

Because the greatest differences in species composition were expected between the
north- and south-facing doline slopes (Bétori et al. 2012, 2014b), we established a transect
with north to south orientation across each doline, traversing their deepest point (Fig. 1b).
Transects began and ended on doline rims, their length varied between 37 and 127 m. For
reference, a 89-m-long transect was established on each plateau. Transects consisted of
1x1 m plots spaced at 2 m intervals (1263 plots in total: 903 in dolines and 360 on pla-
teaus). We recorded the presence/absence of all shrubs and herbs in each plot. Fieldwork
was carried out in May in Kras, in June to August in Mecsek, and in July and August in
Biikk, at the peak of the growing season. Nomenclature follows ‘The Plant List’ (www.
theplantlist.org).

Species grouping

Although Ellenberg indicator values for temperature are frequently used to compare the
temperature characteristics of different habitats in a larger biogeographical scale, they
often fail to capture local-scale changes in habitats (Borhidi 1995). Therefore, we used the
habitat preferences of plant species instead of their temperature indicator values to define
cool-adapted species and to compare the number of these species among the different dis-
turbance classes. We classified all plant species according to their habitat preferences fol-
lowing the system of Sod (1980) for Hungary and the system of Mucina et al. (2016) for
Slovenia. Cool-adapted species were defined for each study site separately. In this study
we used the term ‘cool-adapted plant’ for plants that usually occur in habitats where the
climate is cooler than that in the habitats of the plateaus between dolines. The group of
cool-adapted species includes species of mesic deciduous, beech and ravine forests in Kras,
species of beech and ravine forests in Mecsek, species of montane beech, ravine and conif-
erous forests at the forested site in Biikk, and species of fens, montane grasslands, ravine
and montane beech forests at the non-forested site in Biikk (Table E2 in Supplementary
materials). Moist-adapted species were defined using the Ellenberg indicator values for
moisture [Borhidi (1995) for Hungary and Pignatti (2005) for Slovenia], which are often
applied to characterise habitats at various biogeographical scales. In this study we used the
term ‘moist-adapted plant’ for plants that have an indicator value of 6, 7 or 8 for moisture
in Kras and Mecsek, and 7, 8 or 9 in Biikk (i.e. the three highest indicator values for mois-
ture within a site) (Table E3 in Supplementary materials). Species of high conservation
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importance (i.e. protected and/or red-listed species) were defined according to regional lists
(Slovenia: www.pisrs.si; Hungary: Kiraly 2007) (Table E4 in Supplementary materials).

Statistical analyses

We tested for differences between habitats, i.e., little disturbed dolines (D1) versus little dis-
turbed plateau (D1R), and differences among disturbance classes (D1, D2 and D3) for each
site separately. Diagnostic species for the different habitats and disturbance classes were
determined by calculating the fidelity measure phi (@), a coefficient of association between
species and habitat, using the JUICE program (Tichy 2002). Species with @x100>20.0
were considered diagnostic (Fisher’s exact test, p <0.001) (Tichy and Chytry 2006).

We used one-way analysis of similarities (ANOSIM) to compare the species composi-
tion between habitats and among disturbance classes. We used the raw presence/absence
data of species for each sampling plot in the source matrices. We applied the Jaccard dis-
similarity and performed 9999 permutations. ANOSIMSs were calculated in R (R Core
Team 2018) using the anosim function of the ‘vegan’ package (Oksanen 2018). The p val-
ues in pairwise comparisons were Bonferroni corrected. We used principal coordinates
analyses (PCoA, Jaccard index) to illustrate any compositional differences.

We used bar charts to illustrate the number of cool-adapted, moist-adapted and high-
conservation-importance species in different habitats and disturbance classes. To test
if these differences were significant we used generalized linear mixed-effects models
(GLMMs). Six models were built for each site to compare the number of cool-adapted,
moist-adapted and high-conservation-importance species for both habitats (D1 and DIR)
and disturbance classes (D1, D2 and D3). The number of cool-adapted, moist-adapted or
high-conservation-importance species was the response variable, the habitat or disturbance
class was treated as a fixed factor, and the transect surveyed was included as a random
factor. We used Poisson or, if overdispersion was detected, negative binomial error term.
Since the number of species of high conservation importance was one or zero in most plots
of Mecsek (leading to zero inflation of the data), we transformed the data of species to
binary scale (presence/absence) and used binomial error term. GLMMs were prepared in R
using the glmer function of the ‘lme4’ package (Bates et al. 2013). Full models were tested
for significance with analysis of variance, using the Anova function of the ‘car’ package
(Fox and Weisberg 2011). Pairwise comparisons of the factor levels were assisted with the
relevel function and the FDR method (p.adjust function) was used to correct the p values
for multiple comparisons.

Results

A total of 383 plant species were recorded in the 1263 plots; 119 were found in Kras (61 in
D1, 75 in D2, 70 in D3, and 51 in DIR), 78 in Mecsek (42 in D1, 49 in D2, 24 in D3, and
49 in D1R), 126 at the forested site in Biikk (36 in D1, 105 in D2, and 61 in DIR) and 229
at the non-forested site in Biikk (127 in D1, 145 in D2, 120 in D3, and 143 in D1R). The
average number of species (N+SE) found per plot was 8.5+0.4 in D1, 8.1+0.4 in D2,
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7.840.4 in D3 and 6.0+0.2 in DIR in Kras, 5.6+0.3 in D1, 3.9+0.2 in D2, 2.2+0.2 in
D3 and 5.8 +0.2 in DIR in Mecsek, 5.7+0.3in D1, 12.3+0.5in D2 and 7.3+0.3 in DIR
at the forested site in Biikk, and 15.8+0.7 in D1, 20.2+0.5 in D2, 14.0+0.7 in D3 and
20.1+0.5 in DIR at the non-forested site in Biikk.

Fifteen diagnostic species differentiated between little disturbed habitats in dolines
(D1) and on the plateau (D1R) in Kras, 9 in Mecsek, 9 at the forested site in Biikk and
32 at the non-forested site in Biikk. For disturbance classes (D1, D2 and D3), 6 diag-
nostic species were identified in Kras, 10 in Mecsek, 21 at the forested site in Biikk
and 54 at the non-forested site in Biikk (Tables 2, 3, 4, 5). All diagnostic species of
the dolines in Kras were cool- and/or moist-adapted species or had high conservation
importance, but these three groups of species were absent from the plateau (D1R). In
Mecsek, all diagnostic species of D1 were cool- and/or moist-adapted species, but only
one cool-adapted species was identified for DIR and D2. D3 had only one diagnostic
species. More diagnostic species were identified for D1 than for D1R at the forested site
in Biikk. However, D2 had more diagnostic species than D1. A relatively high number

Table2 List of diagnostic species for little disturbed dolines (D1) and the plateau (D1R) and for the dif-
ferent disturbance classes of dolines (D1: little, D2: medium and D3: high disturbance) in Kras (Slovenia)

D1 DIR
Asarum europaeum 68.1 -
Lactuca muralis 434 -
Moehringia muscosa 39.2 -
Primula vulgaris 39.2 -
Viola reichenbachiana 39.2 -
Symphytum tuberosum 36.7 -
Hepatica nobilis 333 -
Campanula trachelium 31.8 -
Corylus avellana 27.3 -
Carex digitata 26.7 -
Geranium robertianum 26.7 -
Brachypodium pinnatum - 63.8
Dictamnus albus - 36.3
Prunus spinosa - 29.1
Sesleria autumnalis - 29.0

D1 D2 D3

Carex digitata 30.5 - -
Symphytum tuberosum 29.8 - -
Moehringia muscosa 26.9 - -
Convallaria majalis" - - 34.6
Hedera helix - - 34.0
Veronica chamaedrys - - 25.2

Within blocks, species are listed by decreasing values of the phi (@) coefficient of association between spe-
cies and habitat. Fidelity values (@ x100) of cool- and/or moist-adapted species are indicated with boldface.
Non-diagnostic species were excluded with Fisher’s exact test (p <0.001)

he species of high conservation importance
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Table 3 List of diagnostic species for little disturbed dolines (D1) and the plateau (D1R) and for the differ-
ent disturbance classes of dolines (D1: little, D2: medium and D3: high disturbance) in Mecsek (Hungary)

D1 DIR

Lamium galeobdolon s.1. 52.3 -
Mercurialis perennis 48.0 -
Pulmonaria officinalis 27.8 -
Veronica montana 26.8 -
Melica uniflora - 67.9
Stellaria holostea - 45.5
Carex pilosa - 36.6
Dactylis glomerata - 34.5
Alliaria petiolata - 23.6

D1 D2 D3

Mercurialis perennis 66.0 - -
Hepatica nobilis" 35.5 - -
Galium odoratum 34.0 - -
Lamium galeobdolon s.1. 319 - -
Pulmonaria officinalis 229 - -
Chrysosplenium alternifolium 21.7 -
Rubus proiectus agg. - 349 -
Carex pilosa - 21.9 -

Melica uniflora - 21.4 -

Hedera helix - - 22.9

Within blocks, species are listed by decreasing values of the phi (@) coefficient of association between spe-
cies and habitat. Fidelity values (& x100) of cool- and/or moist-adapted species are indicated with boldface.
Non-diagnostic species were excluded with Fisher’s exact test (p <0.001)

he species of high conservation importance

of diagnostic species of D1 and D2 were cool- and/or moist-adapted species or had high
conservation importance. Although more diagnostic species were identified for DIR
than for D1 at the non-forested site in Biikk, none of them were cool- or moist-adapted
species or species with high conservation importance. The number of such diagnostic
species was the highest in D1. D3 had the lowest number of diagnostic species.

The plots from little disturbed dolines (D1) and the plateau (D1R) were separated based
on species composition along the PCoA axis 1 for all sites (Fig. 2), and plots belonging
to these two habitats were significantly different (ANOSIM, 0.23 <R <0.45, p<0.001)
(Table E5 in Supplementary materials). Dolines with different disturbance classes (D1, D2
and D3) also differed (0.08 <R <0.52, p<0.001) in their species composition (Fig. 2), but
not between D2 and D3 in Kras (R=0.02, p=0.22).

The number of cool-adapted species was significantly higher for little disturbed
dolines (D1) than the plateau (D1R) for all sites (—6.60 <z<-2.39, p<0.05), except
for the forested site in Biikk (z=0.05, p=0.960) (Fig. 3). Overall, no consistent dif-
ferences for the number of cool-adapted species were observed among the different
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Table 4 List of diagnostic species for little disturbed dolines (D1) and the plateau (D1R) and for the dif-
ferent disturbance classes of dolines (D1: little and D2: medium disturbance) at the forested site in Biikk
(Hungary)

D1 DIR
Impatiens noli-tangere 50.9 -
Urtica dioica 33.1 -
Circaea lutetiana 27.3 -
Lunaria rediviva™ 27.1 -
Anthriscus nitida™ 26.1 -
Viola reichenbachiana - 433
Oxalis acetosella - 43.2
Stellaria holostea - 42.6
Lactuca muralis - 36.8

D1 D2
Sanicula europaea 35.4 -
Galium odoratum 35.1 -
Circaea lutetiana 32.8 -
Lunaria rediviva™ 29.1 -
Anthriscus nitida" 26.2 -
Lamium galeobdolon s.1. 25.5 -
Milium effusum - 62.9
Oxalis acetosella - 45.7
Rubus idaeus - 44.0
Lonicera xylosteum - 39.6
Ajuga reptans - 35.5
Elymus caninus - 33.2
Dryopteris carthusiana™ - 32.8
Senecio ovatus - 32.2
Fragaria vesca - 31.0
Asarum europaeum - 30.6
Cruciata glabra - 29.3
Stellaria holostea - 29.0
Lactuca muralis - 26.9
Ribes uva-crispa - 25.0
Chrysosplenium alternifolium - 24.6

Within blocks, species are listed by decreasing values of the phi (@) coefficient of association between spe-
cies and habitat. Fidelity values (@ x100) of cool- and/or moist-adapted species are indicated with boldface.
Non-diagnostic species were excluded with Fisher’s exact test (p <0.001)

he species of high conservation importance

disturbance classes (Fig. 3; Table E6 in Supplementary materials). However, in Mecsek,
D1 contained significantly more cool-adapted species than D2 (z=-3.38, p <0.001)
and D3 (z=-6.90, p <0.001), and differences between D2 and D3 were also significant
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Table 5 List of diagnostic species for little disturbed dolines (D1) and the plateau (D1R) and for the differ-
ent disturbance classes of dolines (D1: little, D2: medium and D3: high disturbance) at the non-forested site
in Biikk (Hungary)

D1 DIR
Iris sibirica™ 52.7 -
Molinia caerulea 41.0 -
Calamagrostis arundinacea 40.2 -
Aconitum variegatum™ 39.7 -
Filipendula ulmaria 35.1 -
Luzula luzuloides 31.7 -
Peucedanum palustre™ 30.2 -
Waldsteinia geoides 29.2 -
Euphorbia lucida 28.7 -
Sedum maximum 25.2 -
Geranium palustre™ 24.7 -
Potentilla erecta 24.6 -
Carex filiformis - 59.0
Hypericum perforatum - 46.1
Galium verum - 45.1
Veronica chamaedrys - 38.3
Fragaria viridis - 37.8
Briza media - 37.0
Primula veris - 35.7
Festuca rubra - 329
Helictotrichon pubescens - 31.5
Helianthemum ovatum - 30.8
Koeleria pyramidata - 29.9
Festuca rupicola - 29.5
Poa pratensis s.1. - 28.4
Viola hirta - 27.6
Dactylis glomerata - 27.5
Thymus pulegioides subsp. pannonicus - 27.1
Pimpinella saxifraga - 26.3
Trifolium medium - 25.3
Asperula cynanchica - 24.9
Carex hirta - 24.0

D1 D2 D3

Iris sibirica™ 68.5 - -
Brachypodium pinnatum 51.3 - -
Calamagrostis arundinacea 47.6 - -
Geranium sanguineum 46.9 - -
Seseli libanotis 45.0 - -
Molinia caerulea 43.8 - -
Stachys officinalis 43.2 - -
Aconitum variegatum™ 42.9 - -
Filipendula ulmaria 39.8 - -
Centaurea phrygia subsp. indurata 38.8 - -
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Table 5 (continued)

D1 D2 D3
Filipendula vulgaris 333 - -
Waldsteinia geoides 333 - -
Iris variegata™ 32.1 - -
Peucedanum palustre™ 32.0 - -
Euphorbia lucida 31.6 - -
Luzula luzuloides 29.7 - -
Stellaria graminea 28.4 - -
Helictotrichon alpinum 27.4 - -
Anemone sylvestris" 26.9 - -
Primula elatior™ 25.5 - -
Cirsium pannonicum 24.6 - -
Carex divulsa 24.4 - -
Geranium palustre™ 233 - -
Centaurea scabiosa subsp. sadleriana™ 22.8 - -
Succisa pratensis 22.4 - -
Sedum maximum 21.7 - -
Pimpinella saxifraga - 55.5 -
Hypericum perforatum - 48.1 -
Allium scorodoprasum - 44.8 -
Poa pratensis s.1. - 39.1 -
Vicia sepium - 38.4 -
Dactylis glomerata - 37.2 -
Achillea collina - 352 -
Carex pallescens - 31.5 -
Festuca pratensis - 29.6 -
Carex filiformis - 29.4 -
Alchemilla monticola™ - 28.4 -
Rumex acetosa - 28.2 -
Trifolium medium - 27.5 -
Convolvulus arvensis - 26.5 -
Ranunculus polyanthemos - 25.0 -
Galium boreale - 24.2 -
Hypochaeris maculata - 24.2 -
Potentilla erecta - 23.9 -
Galium verum - 23.1 -
Cirsium eriophorum - 23.0 -
Lotus corniculatus - 222 -
Calamagrostis epigejos - - 72.1
Bromus erectus - - 324
Rhamnus cathartica - - 31.8
Cardamine pratensis - - 29.5
Euphorbia salicifolia - - 29.5
Sanguisorba minor - - 27.5
Vicia sativa subsp. nigra - - 26.2

Within blocks, species are listed by decreasing values of the phi (@) coefficient of association between spe-
cies and habitat. Fidelity values (@ x100) of cool- and/or moist-adapted species are indicated with boldface.
Non-diagnostic species were excluded with Fisher’s exact test (p <0.001)

he species of high conservation importance
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Fig.2 Principal coordinates analysis (PCoA) for the plots in Kras (a, b), Mecsek (¢, d), forested site in
Biikk (e, f) and non-forested site in Biikk (g, h). Colours indicate the disturbance classes of dolines (green:
DI, little disturbance; grey: D2, medium disturbance, and red: D3, high disturbance) and plateaus (white:
DIR, little disturbance). Crosses indicate centroid of each class. The first two eigenvalues explained 22.1%
(a) and 15.2% (b) of the variance in the data set in Kras, 29.1% (c) and 25.4% (d) in Mecsek, 17.2% (e) and
20.2% (f) at the forested site in Biikk, and 19.6% (g) and 16.5% (h) at the non-forested site in Biikk
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Fig.3 Occurrences of cool-adapted (a—d) and moist-adapted (e-h) plant species (mean + SE) in the plots of
dolines (D1: little, D2: medium and D3: high disturbance) and plateaus (D1R: little disturbance) in Kras (a,
e), Mecsek (b, f), at the forested site in Biikk (¢, g) and non-forested site in Biikk (d, h). Significant differ-
ences (between D1R and D1, and between D1, D2 and D3) detected using mixed-effect models (see Tables
E6 and E7 in Supplementary materials) are indicated by asterisks (*p <0.05, **p <0.01; and ***p <0.001)
and different lower case letters (a—c, p <0.05), respectively. n.s. non-significant

(z=-3.68, p<0.001). At the forested site in Biikk, D2 had significantly more cool-
adapted species than D1 (z=—2.35, p <0.05). At the non-forested site in Biikk, D1 and
D2 contained more cool-adapted species than D3 (z=-2.89, p<0.01, and z=-2.35,
p <0.05, respectively). Although the sets of cool- and moist-adapted species differed
considerably (Tables E2 and E3 in Supplementary materials), these two sets displayed
very similar patterns of species richness with regard to disturbance classes (Fig. 3)—
the key difference being that there was a significantly higher number of species in D1
than in DIR (z=-3.01, p<0.01) for moist-adapted species at the forested site in Biikk
(Table E7 in Supplementary materials).

Little disturbed dolines (D1) on average had more species of high conservation impor-
tance than the plateau (DIR) for all sites (Fig. 4; Table E8 in Supplementary materi-
als). However, these differences were only significant for the non-forested site in Biikk
(z=-2.99, p<0.01). This site was also the only site to display significant differences
between disturbance classes, with D1 having significantly more species of high conserva-
tion importance than D2 (z=-1.95, p=0.05) and D3 (z=-4.03, p<0.001), and D2 hav-
ing significantly more species than D3 (z=-2.13, p <0.05).

Discussion

Dolines have the capacity to maintain the populations of vulnerable plant species and thus
may function as safe havens or microrefugia during environmental changes, highlighting
their importance for conservation. We further demonstrated that anthropogenic distur-
bances play a significant role in determining the composition and diversity of plant species
in dolines. While anthropogenic disturbance generally reduced the number of cool-adapted,
moist-adapted and high-conservation-importance species, we documented that one type of
human disturbance, the planting of Picea abies (in Biikk), increased the number of cool-
adapted and moist-adapted species supported in dolines. This highlights that management
for conservation needs to consider the different impacts of various disturbances. Below we
further elaborate on the implications of these key findings.

Our findings lend further support to dolines providing unique habitats in karst land-
scapes that have distinct species composition compared to the surrounding plateau (Batori
et al. 2009, 2017). A number of studies indicate that dolines have the capacity to act as safe
havens for plants with high conservation value (e.g., species listed in the IUCN regional
and/or global Red Lists). Notable examples include Biebersteinia orphanidis (Greece,
Yannitsaros and Constantinidis 1996), Cerastium dinaricum (Slovenia, Wraber 1995),
Dracocephalum ruyschiana (Hungary and Serbia, Lazarevi¢ et al. 2009) and Horstris-
sea dolinicola (Greece, Egli et al. 1990). We found that little disturbed dolines (D1) may
contain more plants of high conservation importance than the surrounding plateau (D1R),
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Fig.4 Occurrences of plant species of high conservation importance (mean=+SE) in the plots of dolines
(D1: little, D2: medium and D3: high disturbance) and plateaus (D1R: little disturbance) in Kras (a), Mec-
sek (b), at the forested site in Biikk (c¢) and non-forested site in Biikk (d). Significant differences (between
DIR and DI, and between D1, D2 and D3) detected using mixed-effect models (see Table E8 in Supple-
mentary materials) are indicated by asterisks (**p<0.01) and different lower case letters (a—c, p <0.05),
respectively. n.s. non-significant

especially in grassland ecosystems (Fig. 4; Table 5). This is likely due to dolines providing
diverse microhabitats (e.g., south- and north-facing slopes) with little spatial separation
(Ozkan et al. 2010).

Of particular importance in the face of global warming is that dolines have the capac-
ity to support cool-adapted species that cannot be sustained on the surrounding plateau,
lending support to their role as microrefugia (Batori et al. 2017). The ability to support
peripheral and relict populations of cool-adapted species (most of these species are red-
listed and/or protected; Vojtké 2001; Ruzicka et al. 2016; Batori et al. 2017) is likely
related to shaded, cooler north-facing slopes and shaded doline bottoms with cool air pool-
ing (Bardny-Kevei 1999; Batori et al. 2019), habitat types that have been demonstrated to
experience less changes in temperature under global warming (Suggitt et al. 2011; Maclean
et al. 2017; Greiser et al. 2018). Other studies also reported that higher microhabitat diver-
sity can support a higher diversity of species of high conservation value, such as endemic
and relict plants (Wezel 2007; Keppel et al. 2017; Suggit et al. 2018; Filibeck et al. 2019).

Macroclimate, topography and vegetation cover are significant predictors of the
diversity of cool-adapted plants in dolines (Favretto and Poldini 1985; Batori et al.
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2014a, 2017; Vojtké et al. 2018). At warmer sites, the distribution of these plants is
usually restricted to the deeper parts of dolines (where the microclimate is cooler), and
non-forested dolines usually contain more cool-adapted plants than the neighbouring
forested ones (Batori et al. 2012, 2017). We found that at the warmest site (Kras) lit-
tle disturbed dolines (D1) contained about 4 times more cool-adapted plants than sur-
rounding plateaus (D1R), while at the coldest site (forested site in Biikk) the differ-
ence between D1 and D1R was negligible (Fig. 3). This difference was intermediate in
Mecsek and at the non-forested site in Biikk, with about 1.5 and 2.5 times more cool-
adapted plants in D1 than in DIR. Our results correspond well with those for Europe in
general, where decoupling from regional environmental factors (e.g., temperature, mois-
ture and soil) provided by local depressions plays a key role in the maintenance of trail-
ing edge populations (Tan et al. 1997; Antoni¢ et al. 2001; RdZzicka et al. 2016; Batori
et al. 2017; Bauer 2018). They also highlight the importance of other microhabitats,
such as ravines, valleys and north-facing slopes, where topographic features create year-
round stable microclimatic conditions (Ashcroft et al. 2008; Dobrowski 2010; Lenoir
et al. 2017).

Historic anthropogenic disturbances had considerable impacts on the species compo-
sition and the amount of vulnerable species in dolines (Figs. 2, 3, 4). Generally, distur-
bances reduced the number of species that are cool-adapted, moist-adapted and of high
conservation importance, reducing the conservation value of dolines. Several other studies
have highlighted that climatically diverse habitats are extremely sensitive to anthropogenic
disturbances and that their recovery from such disturbances may be slow or incomplete
(Stylinski and Allen 1999; Lindenmayer et al. 2017; Breg Valjavec et al. 2018b). We found
that stronger disturbances that have a significant effect on the vegetation structure, such as
intensive logging and invasion by Calamagrostis epigejos, can lead to significant declines
of cool-adapted, moist-adapted and high-conservation importance plant species in dolines
(Figs. 2, 3, 4; Tables 3 and 5). Therefore, these disturbances seem to decrease the capacity
of dolines to support vulnerable species and their potential to function as long-term micro-
refugia. This reduction in the conservation value of the dolines could be caused by changes
to biotic (e.g., reduced species diversity and altered ecological interactions) and abiotic
(e.g., altered light availability, moisture and temperature) characteristics (cf. Somodi et al.
2008; Hézi et al. 2011; Kovacs et al. 2017; Hu et al. 2018).

However, a detrimental impact on species that are cool-adapted, moist-adapted and of
high conservation importance was not always observed (Figs. 3, 4). In Kras, we did not
find any differences in the number of cool-adapted and moist-adapted species among the
different disturbance classes (D1, D2 and D3), possibly because the addition of soil to the
bottom of these dolines (D2 and D3) provides more favourable sites with much deeper and
moister soils than on the plateaus (Kovaci¢ and Ravbar 2013; Breg Valjavec et al. 2018a),
resulting in rapid (<50 years) recovery from disturbance for both cool-adapted and moist-
adapted species.

In Biikk, dolines with old Norway spruce plantations (D2) had a higher number of cool-
adapted and moist-adapted species than sites with little disturbance (D1) (Fig. 3). Norway
spruce formed a dense, evergreen canopy in these dolines, likely creating unique microcli-
mates. In addition, spruce produces more acidic litter and forest floors (Binkley and Val-
entine 1991; Cruz-Paredes et al. 2019), contributing to the persistence of some acidophilic
plant species (e.g., Dryopteris dilatata and Moneses uniflora) that usually occur at higher
elevations than Biikk. These results are in line with other studies that demonstrated the
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potential of plantation forests to maintain the populations of valuable species (Sutton 1999;
Brockerhoff et al. 2008). They also highlighted that there is an urgent need to improve our
understanding about the effects of disturbance and ecosystem characteristics (e.g., duration
and intensity of disturbance, resilience and resistance of ecosystem functions, and recovery
time) on the local and regional species composition and diversity (O’Brien et al. 2018; van
de Leemput et al. 2018; Kermavnar et al. 2019).

Diversity patterns for species of high conservation importance mostly mirrored those
for cool-adapted species between the two different habitats (D1 and D1R) and among the
different disturbance classes (D1, D2 and D3). This is due to considerable overlap between
the two groups of species, with more than 63% of all taxa of high conservation importance
also being cool-adapted species (see Tables 2, 3, 4, 5; Tables E2 and E4 in Supplemen-
tary materials). This is not surprising given that many of the species in the study region
are threatened due to continuously warming climates since the last glacial maximum (cf.
Vojtké 2001; Kiraly 2009; Bétori et al. 2017). However, we obtained less significant results
for species of high conservation importance than for cool-adapted and moist-adapted spe-
cies, partially because the number of species of high conservation importance was gener-
ally low (Figs. 3, 4).

Global warming is predicted to continue driving range shifts of the main vegetation
zones in Europe, with many cool-adapted and moist-adapted species likely to disappear
from lower elevations (Walther et al. 2002; Chen et al. 2011; Lamprecht et al. 2018).
Based on their past and current ability to facilitate persistence, dolines are likely to provide
important microrefugia, where these species can persist for a longer time than in the sur-
rounding landscape (Batori et al. 2017; Raschmanov4 et al. 2018). However, changes to the
physical environment (e.g., microclimate, light availability and topography) by anthropo-
genic disturbances will alter the capacity of dolines to support vulnerable species by affect-
ing recolonization, germination and growth of plant species (Zenner and Berger 2008). Our
study shows that many disturbances, such as intensive logging, will reduce the capacity
of dolines to facilitate the persistence of vulnerable species. Such disturbances should be
reduced to increase the conservation value of dolines. However, other potential manage-
ment practices intended to reverse past disturbances, such as the removal of planted Nor-
way spruce from dolines, could adversely affect the value of dolines.

Therefore, careful consideration of the impacts of the various disturbances that have
altered dolines in karst formations is required to maximise the resilience of these land-
scapes to future global warming. An integrated approach is required to provide solutions
for adequate landscape management that ensures the retention of sufficient habitat for
vulnerable species. For instance, the maintenance of mature forests and continuous forest
cover in and around dolines and the suppression of undesirable species (e.g., Calamagros-
tis epigejos and Cirsium arvense) are expected to facilitate the long-term survival of cool-
adapted and moist-adapted species in a warming climate (cf. Frey et al. 2016). Our results
also support the view that there is an urgent need to integrate disturbance responses and
non-deterministic successional pathways into climate change modelling of species distribu-
tions (Syphard and Franklin 2010; Serra-Diaz et al. 2015).

Our study has illustrated that dolines have the capacity to function as habitat islands
that facilitate the persistence of a high diversity of cool-adapted, moist-adapted and high-
conservation-importance plant species and that this capacity is strongly influenced by
local anthropogenic disturbances (Fig. 5). Although anthropogenic disturbances generally
decrease the conservation value of dolines, they can also increase the capacity of dolines
to function as microrefugia for cool-adapted and moist-adapted species under global warm-
ing. Therefore, thorough understanding of the relationships between disturbances and
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Fig.5 Environmental conditions, local disturbances and environmental changes affect the species composi-
tion of current and potential microrefugia in multiple ways. Determining the combined effects of these fac-
tors on the species composition of these microhabitats allows their protection and the selection of the most
appropriate conservation strategies

species composition is necessary to successfully manage landscapes for the persistence of
vulnerable species under global warming.
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