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Abstract

Karst depressions (dolines) have the potential to act as safe havens for a high diversity of valuable species. We showed that local
anthropogenic disturbances play a significant role in determining the naturalness of dolines. We compared the number of
specialist species, competitor species, generalist species and species of disturbed habitats between natural and disturbed dolines
in two Hungarian karst areas, where different types of anthropogenic disturbances have been shaping the vegetation for centuries.
We found that these disturbances have the potential to negatively influence the naturalness of dolines, reducing the number of
valuable species, thus affecting the conservation value of dolines. To maintain the naturalness of vegetation in these doline
habitats, the populations of ruderal competitors should be eliminated, and sustainable forest management should be adapted.
However, there are still open questions about the effects of different disturbances on the naturalness in dolines that need to be
answered to determine which conservation strategies will be particularly suitable for valuable species in a warming climate.

Keywords Climate change - Logging - Refugia - Threatened species - Vegetation

Introduction

Karst regions constitute about 20% of the earth’s total dry land
surface (White et al. 1995). They are composed of mainly
carbonate rocks that have undergone dissolution over time,
resulting in unique landscape elements, including caves,
disappearing streams and local depressions (dolines or
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sinkholes), to name just a few (Ford and Williams 2007).
Nowadays, karst ecosystems are highly vulnerable and are un-
dergoing degradation due to various anthropogenic activities
such as deforestation, quarrying, mineral extraction, dumping
of illegal waste to dolines and tourism in caves (Parise and
Pascali 2003). These human-induced disturbances comprise
environmental pressures leading to polluted aquifers, destroyed
caves and dolines, declining biodiversity and denuded land-
scapes (Van Beynen et al. 2012). Since dolines are the most
common and diagnostic of all karst landforms (Sauro 2003;
Ford and Williams 2007; Li et al. 2007), the evaluation of the
effects of different disturbances on their biota is crucial for
improving current and developing future conservation strate-
gies, especially in the context of global climate change.
Topographic variables (e.g., geometry, size and slope as-
pect) and related environmental conditions (e.g., air tempera-
ture, air humidity and soil moisture) are known to play a major
role in determining biodiversity patterns in dolines (Whiteman
et al. 2004; Oztiirk and Savran 2020). Their bottoms and
north-facing slopes maintain cooler, moister and more humid
environments than the surrounding plateaus (Batori et al.
2019). As a result, doline habitats may serve as refuges (for
decades) or refugia (for millennia) for vulnerable taxa, such as
endemic, montane and relict species (Vilisics et al. 2011,
Batori et al. 2012; Kemencei et al. 2014; Raschmanova et al.
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2015). Many of these species can be under threat because of
global warming (Batori et al. 2019). In addition, dolines are
considered to form a significant link between surface and un-
derground ecosystems and play a key role in the geological
and ecological processes of karst surfaces (Gams 2000).
Therefore, dolines warrant special attention from a conserva-
tion point of view (Redzi¢ et al. 2011; Batori et al. 2014).

The degradation of dolines is among the most pressing is-
sues in karst environments worldwide (Parise and Pascali 2003;
De Waele 2009; North et al. 2009; Kovacic¢ and Ravbar 2013).
Dolines have been cultivated extensively, providing sites for
various traditional activities such as arable farming, gardening,
pasturing and water extraction (Breg 2007). Serious degrada-
tion due to urbanization and disposal of a variety of waste
materials have been widely documented in the dolines of
Central and Southern Europe (Kovaci¢ and Ravbar 2013;
Breg Valjavec et al. 2018a, b). Disturbances may compromise
the capacity of dolines to act as safe havens for species during
future climate oscillations (Kiss et al. 2020) and, as a result,
may also reduce the naturalness of their habitats.

It has been recognized that plants can be used as
bioindicators and are able to indicate the naturalness of their
habitat (Ellenberg 1950). The approach of naturalness indica-
tor values is similar to that of the original Ellenberg-type in-
dicator values and has been used successfully to study distur-
bance (Erdés et al. 2017a, b). Some species indicate disturbed
sites, while others prefer less-disturbed or natural habitats. For
instance, the presence of a large number of endemic, habitat
specialist and endangered species within a habitat usually in-
dicates higher naturalness and thus higher conservation value
(Angermeier and Karr 1994; Trombulak et al. 2004).

Although recent studies have shed light on the role of cli-
mate, geometry, slope aspect and vegetation cover on the dis-
tribution of different taxa in dolines (Batori et al. 2017), data on
the effects of human activity on the naturalness of doline veg-
etation are sparse. To fill this gap, the present study seeks to
compare the naturalness of grassland (invaded by Clamagrostis
epigejos vs. non-invaded) and forested habitats (young forests
vs. old forests) in the dolines of two Hungarian karst areas using
the naturalness indicator values of plants. Specifically, the fol-
lowing question was addressed: How different types of human
activities influence the naturalness of doline habitats? Results
will improve our understanding about how human activity af-
fects the biota of these potential refugia, which is necessary to
develop appropriate management strategies.

Material and methods
Study sites

Two study sites were selected in Hungary (1: Biikk Mts, 700—
800 m a.s.l.; mean average temperature: 6.3 °C; mean average
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precipitation: 800 mm, and 2: Mecsek Mts, 300-500 m a.s.1.;
mean average temperature: 9.5 °C; mean average precipita-
tion: 750 mm) for vegetation sampling (Dovényi 2010) (Fig.
1). The study site in the Biikk Mts is covered with various
grassland types. Semi-dry grasslands, dry grasslands (south-
facing slopes) and mesic and/or wet grasslands (bottoms and
north-facing slopes) can be found within the dolines. Previous
cultivation and lime burning have led to the invasion of
Calamagrostis epigejos in many dolines (Batori et al. 2020).
Larger dolines in the Mecsek Mts are covered with oak-
hornbeam forests (upper slopes; Carpinus betulus, Fagus
sylvatica, Quercus petraea and Q. cerris are the dominant tree
species), beech forests (lower slopes; Fagus sylvatica is the
dominant tree species) and ravine forests (bottoms; Acer
campestre, A. platanoides, A. pseudoplatanus, Carpinus
betulus, Fagus sylvatica and Fraxinus excelsior are the dom-
inant tree species). Due to forestry practices, current forest
stands mainly include 40-50, 60—-80 or 90—120-year-old trees.
Forest thinning is frequent in the younger forests (< 50-year-
old).

Sampling design

We sampled six (three ‘natural’ and three ‘disturbed’) larger
(diameter: 60—85 m, depth: 7-15 m in the Biikk Mts; diameter:
55-105 m, depth: 10—16 m in the Mecsek Mts) solution dolines
in both study sites. Natural dolines in the Biikk Mts are covered
by semi-dry, dry, and wet grasslands, while disturbed dolines
can be characterized with a high cover of Calamagrostis
epigejos. Natural dolines in the Mecsek Mts are covered with
90 to 120-year-old trees, while disturbed dolines, which are
characterized by a markedly higher intensity of forest manage-
ment, are covered mostly with 40- to 50-year-old trees. We
established a transect with north to south orientation across
each doline, traversing their deepest point. Transects consisted
of 1 x 1 m plots spaced at 2 m intervals. We recorded the
presence/absence of all herbs, shrubs and tree seedlings and
saplings in each plot. Fieldwork was carried out from July to
August in the Biikk Mts and from June to August in the
Mecsek Mts, at the peak of the growing season.
Nomenclature follows ‘The Plant List” (www.theplantlist.org).

Statistical analyses

Percentage frequency of each species was determined both for
the natural and disturbed dolines. Diagnostic species analysis
was performed to identify species that prefer one specific hab-
itat type (natural or disturbed dolines). The phi coefficient (®)
was applied as an indicator of the fidelity of a species to a
certain habitat (Chytry et al. 2002). The phi coefficient varies
between — 1 and + 1, and higher phi values indicate higher
diagnostic values. In this study, species with phi values higher
than 0.2 were considered. Significant diagnostic species were
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Fig. 1 Location of the study sites
(Biikk and Mecsek Mts) in
Hungary. Thick lines indicate the
borders of the geographic

macroregions of Hungary Austria

Croatia

identified by Fisher’s exact test (p < 0.01). Analyses were per-
formed with JUICE 7.0.45 (Tichy 2002).

The differences in the vegetation composition of the two
habitat types (natural vs. disturbed dolines) were assessed by
non-metric multidimensional scaling (NMDS, Jaccard index)
ordinations and one-way analysis of similarities (ANOSIM,
Jaccard index) using 9999 permutations. The analyses were per-
formed in R (R Core Team, 2018) using the ‘metaMDS’ and
‘anosim’ functions of the vegan package (Oksanen et al. 2019).

Prior to the analysis, each species was classified according
to its social behavior type. We used the “Social Behavior
Types” (SBT) of Borhidi (1995), which are defined for the
Pannonian biogeographical region, to characterize the natural-
ness of dolines. Four main groups of species were analyzed: 1
— specialist species, 2 — competitor species, 3 — generalist
species and 4 — species of disturbed habitats (disturbance tol-
erant species, natural pioneers, weeds and ruderal competi-
tors). Generalized linear mixed models (GLMMs) with a
Poisson distribution were used to compare the social behavior
types of the habitats. In each model, the habitat type (natural
vs. disturbed) was used as a fixed factor, the number of species
with different social behavior types as a response variable,
while the sampling location (i.e. transect) as a random factor.
GLMMs were prepared in R using the ‘glmer’ function of the
Ime4 package (Bates et al. 2013; R Core Team 2018).

Results

The most frequent species of the natural dolines in the Biikk
Mts were Arrhenatherum elatius (66%), Iris sibirica (57%),
Stachys officinalis (54%), Festuca rupicola (52%) and
Brachypodium pinnatum (51%), while in the disturbed
dolines Calamagrostis epigejos (72%), Arrhenatherum
elatius (71%), Fragaria viridis (62%), Galium mollugo
(56%), Festuca rupicola (44%), Cruciata glabra (44%) and
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Veronica chamaedrys (44%) were the most frequent
(Table 1). In the Mecsek Mts, Lamium galeobdolon (88%),
Hedera helix (64%), Acer pseudoplatanus (59%), Mercurialis
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Fig. 2 Non-metric multidimensional scaling (NMDS) ordinations of the
plots in natural and disturbed dolines in (a) the Biikk and (b) the Mecsek
Mts, Hungary. Different colors indicate different habitat types (green:
natural, red: disturbed)
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Table 1 List of diagnostic species for natural (N) and disturbed (D)
dolines in the Biikk Mts (Hungary). Capital letters in parentheses (S, C,
G and D) indicate the four main groups of species, such as S: specialist
species, C: competitor species, G: generalist species and D: species of
disturbed habitats (disturbance tolerant species, natural pioneers, weeds
and ruderal competitors), bold numbers indicate fidelity values (¢ x 100),
while numbers in parentheses indicate the percentage frequency of
species

Table 2 List of diagnostic species for natural (N) and disturbed (D)
dolines in the Mecsek Mts (Hungary). Capital letters in parentheses (S,
C, G and D) indicate the four main groups of species, such as S: specialist
species, C: competitor species, G: generalist species and D: species of
disturbed habitats (disturbance tolerant species, natural pioneers, weeds
and ruderal competitors), bold numbers indicate fidelity values (¢ x 100),
while numbers in parentheses indicate the percentage frequency of
species

N D N D

Iris sibirica (S) 61.8 (57) 0) Mercurialis perennis (C) 58.3 (54) 0)
Stachys officinalis (G) ¥36H O Galium odoratum (C) 49.8 (43) )
Brachypodium pinnatum (C) 56.8 (50) 0) -
Filipendula vulgaris (G) 49.5 (41) 0) Tilia tomentosa (C) 44.0 33) )
Geranium sanguineum (C) 43.7 (34) 0) Lamium galeobdolon (G) 38.2 (88) (54)
Molinia caerulea (C) 43.7 (34) 0) .
Seseli libanotis (G) 42.0 (32) 0) R"bf” hm_”s age. (D) 37.6 30) M
Calamagrostis arundinacea (G) 41.1 31) 0) Melica uniflora (C) 34.6 (29) 3)
Euphorbia lucida (G) 39.4 (29) (0) Fraxinus excelsior (C) 32321 0)
Aconitum variegatum (S) 38.6 (28) ) .
Phleum phleoides (G) 38.6 (33) 3) Fagus ‘sylvatlc.a‘ © 31.4 (30) ©)
Potentilla erecta (D) 35.1 (41) (10) Hepatica nobilis (S) 29.6 (18) (0)
Filipendula ulmaria (G) 34.1(22) 0) Circaea lutetiana (G) 26.8 (15) 0)
Centaurea phrygia subsp. indurata (G) 33.1 (21) (0) .
Gentiana pneumonanthe (S) 32.2 (20) 0) Cara)fp ilosa (C) 25.6 37) 14
Thalictrum lucidum (G) 303 (18) (0) Carpinus betulus (C) (16) 47.0 (63)
Helictotrichon alpinum (G) 30.1 (23) 3)
Peucedanum palustre (G) 29.3 (17) 0)
Cirsium pannonicum (G) 28.2 (16) 0)
Waldsteinia geoides (G) 28.2 (16) (0) diagnostic for natural dolines (e.g., Iris sibirica, Euphorbia
Verbascum lychnitis (G) 28021 3) lucida and Peucedanum palustre) and 18 species for disturbed
Iris variegata (G) 27.2 (15) 0) doli Cal . .. C hi d Cirsi
Luzula luzuloides (C) 256 21) ) olines (e.g. Calamagrostis epigejos, Carex hirta an 1 irsium
Digitalis grandiflora (G) 25.0 (13) (0) eriophorum). In the Mecsek Mts, we found 12 diagnostic
Ve’;’”im austriaca SPbSPbde”f"’“ (&) 25.0 (13) ((1) ) species for natural dolines (e.g., Circaea lutetiana,
6;2;’2‘5’:;2;3: ngvlsofé) ) 8;) gsg EZ 4; Merc.urialis Perennis gnd Tilia tome.ntosa) and only one diag-
Euphorbia cyparissias (D) () 345(23)  nostic species for disturbed dolines (Carpinus betulus)
Carex hirta (D) () 33.4(22)  (Table 2). According to the NMDS analysis, there was a de-
g‘.)lc.h feum .aumm"ale G ©6) 326 (33) fined gradient between the plots of disturbed and natural

irsium eriophorum (D) ) 32.2 (20) . . . . .
Thymus pulegioides subsp. pannonicus (G) ) 29.0 (22) dolines in the Biikkk Mts (stress value: 0.33), while a slight
Carex pallescens (D) 15) 282 (41)  overlap of the plots was observed in the Mecsek Mts (stress
Bromus erectus (C) (0) 27.5 (15) . . . .
Ranunculus polyanthemos (G) s 27.4.29) Yalus:. 0.35) (F{g. 2). Plgts bel‘ongmg' to the two hgbltgts were
Sanguisorba minor (G) ) 265 (19) significantly different in their species composition in both
Alchemilla monticola (G) (©) 262 (14)  areas according to the similarity analysis (Blikk Mts:
Rhamnus cathartica (G) (1) 26.2 (16) — . . —
Trifolium monianum (G) ©) 258 (29) ANOSIM R=0.49, p<0.001; Mecsek Mts: ANOSIM R
Cardamine pratensis (G) 0) 24.9 (13) 0.30, p< 0.001).
Euphorbia salicifolia (D) (0) 24.9 (13) Significant differences (p <0.05) were observed in all
Ir ﬁhum al’_’es” e (@) (13) 248 34) SBT groups except for the generalist species (p =0.097)
Primula veris (G) (1) 23.5(14)

perennis (54%), Galium odoratum (43%) and Viola
reichenbachiana (43%) were the most frequent species in
the natural dolines, while Hedera helix (74%), Acer
pseudoplatanus (69%), Carpinus betulus (63%), Lamium
galeobdolon (54%) and Viola reichenbachiana (31%) were
the most frequent species in the disturbed dolines (Table 2).
In total, we could identify 43 diagnostic species in the dolines
of the Biikk Mts (Table 1). Twenty-five species were

@ Springer

in the Biikk Mts (Fig. 3). Specifically, specialist and com-
petitor species had a significantly higher (p < 0.001) prev-
alence in natural than in disturbed dolines, while the num-
ber of species of disturbed habitats was higher in disturbed
dolines (p =0.001). In addition, species of disturbed habi-
tats comprised 41% of all species in the disturbed dolines
(total number of species: 120) and 22% in the natural
dolines (total number of species: 127). However, in the
Mecsek Mts, all SBT groups of natural dolines contained
significantly higher number of species than those of dis-
turbed dolines (p < 0.05) (Fig. 3). Unexpectedly, the num-
ber of species of disturbed habitats was significantly higher
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Fig.3 Number of plant species of 21 A a 3 a
the different social behavior types I I
(SBT) in natural and disturbed
dolines in (A) the Biikk and (B) 2 1
the Mecsek Mts, Hungary. 1 b
Different letters (a and b) above
the boxes indicate significant dif- b 14
ferences, while colors indicate
different habitat types (green: -
natural, red: disturbed). S: spe- 0 0
cialist species, C: competitor spe- S C
cies, G: generalist species and D: 10 - 6 b
species of disturbed habitats (dis- a
turbance tolerant species, natural 8 - 1 a 51
pioneers, weeds and ruderal 4 a
competitors) o) 61 T
() 3 1
‘5 4l
) 2
O 2 1
(7]
Y= o 0
O G D
[
()
o)
e 2 44
s |B ]
Z 3 4 1
a
I
1 b 2
1 b
0 o ]
S C
4 - 1
a
I
3 4
a
b I
2
1 b
: : ]
G D

(p <0.05) in natural than in disturbed dolines. In addition,
species of disturbed habitats comprised 24% of all species
in the disturbed dolines (total number of species: 24) and
17% in the natural dolines (total number of species: 42).

Discussion

In this study we compared the naturalness of grassland
(invaded by Calamagrostis epigejos vs. non-invaded) and
forested habitats (young forests vs. old forests) in the
dolines of two Hungarian karst areas using the naturalness

Social behavior types

indicator values of plants. Based on our findings, high
numbers of competitors and stress tolerant species (special-
ist and generalist species) were observed in both non-
invaded grassland and old forest habitats (i.e. natural
dolines), indicating high naturalness in their vegetation.
This is in line with other studies that the high number of
certain species (e.g., endemic, habitat specialist and endan-
gered species) within a habitat may indicate higher natu-
ralness (Angermeier and Karr 1994; Trombulak et al.
2004). Our findings further support that dolines with un-
disturbed habitats have distinct species composition as
compared to disturbed dolines (Batori et al. 2020).
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Human-induced environmental changes have been shown
to influence both ecological and evolutionary processes, lead-
ing to population extinctions and biodiversity losses (Palumbi
2001; Tilman and Lehman 2001; Stockwell et al. 2003). Karst
environments can be prone to such changes. This is also true
for dolines, which are known to be highly valuable because of
their unique geomorphological feature, microclimate and hab-
itat structure. In addition, they may act as safe havens for cool-
adapted species under local and global environmental changes
(Batori et al. 2011). Our results suggest that valuable species
in dolines are threatened by different human activities, such as
the human-mediated invasion of ruderal competitor species
(e.g., the invasion of Calamagrostis epigejos) and high levels
of forest management (e.g., clear cutting and frequent log-
ging); and one possible way to evaluate the impacts of such
human activities on vegetation is the assessment of the natu-
ralness of habitats. We found that various disturbances de-
creased the number of specialist and competitor species in
dolines, thus reducing the naturalness and conservation value
of these special habitats. Also, our results suggest that the
climatically diverse habitats of karst surfaces are extremely
sensitive to anthropogenic disturbances and that their recovery
from such disturbances may be slow or may not occur at all
(Breg Valjavec et al. 2018b; Batori et al. 2020).

Interestingly, more species of disturbed habitats (e.g., distur-
bance tolerant species, natural pioneers and weeds) were ob-
served in dolines covered by old growth forests than in dolines
covered by young forests, which might be a result of natural
forest dynamic processes. The natural tree-fall gaps or canopy
openings created during the falling of old trees led to more light
penetration into the lower depths of the canopy and the herb
layer, contributing to the appearance of species of disturbed hab-
itats (e.g., some gap species) within the old forest stands (e.g.,
Galium aparine, Hypericum hirsutum and Urtica dioica in the
Mecsek Mts). Similarly, previous studies showed that light con-
ditions strongly affect different plant groups thriving in the un-
derstory (Tinya et al. 2009). Furthermore, small-scale distur-
bances (resulting in single or multiple tree-fall gaps) may also
play an important role in driving natural stand dynamics in tem-
perate forests (Pickett and White 1985; Paillet et al. 2010). Plant
species that predominantly or exclusively occur in forest gaps are
often described as shade-intolerant species, which are typical in
non-forested habitats (Goldblum 1997; Anderson and Leopold
2002). If the number of these species is not too high in an old
forest, their presence may indicate natural processes and contrib-
utes to the maintenance of biodiversity in forested landscapes.

Our findings support that dolines covered by natural vege-
tation consistently harbor many valuable plant species and
indicate high naturalness. However, various types of human
disturbances have the potential to affect the degree of natural-
ness in dolines and alter the capacity of dolines to support
valuable species. To increase the naturalness of these doline
habitats, the populations of dominant grassland competitors
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should be suppressed through controlled grazing and/or mow-
ing. The adaptation of sustainable forest management by
prohibiting logging or reducing intensity of forestry activities
in dolines may contribute to the survival of certain species in a
warming climate.
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