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FIRST RECORDS OF THREE Epipactis TAXA
(Orchidaceae) IN THE VOJVODINA PROVINCE

ABSTRACT: In recent decades, many new species of the genus Epipactis have been
described across Europe. Many of these species were initially thought to be narrowly local-
ized with small ranges. However, intensified research, particularly in well-preserved forests,
has revealed these taxa in new and often distant locations from where they were initially
described. Similarly, over the last 15 years, several new Epipactis taxa have been discovered
in Serbia, primarily in the western regions of Central Serbia. Since 2018, our floristic research
has recorded three Epipactis taxa, previously known only from Central Serbia, in the Vo-
jvodina Province on Fruska Gora Mt. Epipactis helleborine subsp. distans was found at two,
E. leptochila subsp. neglecta at one, and E. purpurata at two sites. These findings span three
different UTM squares (10x10 km), with all three taxa occurring only in square 34TDRO0.
They were recorded in deciduous forests or their edges, primarily in beech-linden habitats.
At these sites, negative habitat changes, primarily caused by the cutting of older trees, have
been noted, resulting in shifts in community structure between 2018 and 2025. Considering
the ongoing discovery of new Epipactis taxa in Serbia and its neighboring countries, it is
likely that Fruska Gora Mt. still harbors overlooked species.

KEYWORDS: Epipactis helleborine subsp. distans; Epipactis leptochila subsp. ne-
glecta; Epipactis purpurata; Fruska Gora Mt.; Serbia; Srem

INTRODUCTION

The genus Epipactis Zinn belongs to the subfamily Epidendroideae Lindl.
within the family Orchidaceae Juss. (Wood, 2005). It exhibits a predomi-
nantly Eurasian distribution, primarily confined to temperate and sub-Medi-
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terranean zones, with extensions into the tropical and subtropical regions of
Southeast Asia and East Africa (Delforge, 2006; Kiihn et al., 2019).

High morphological plasticity, influenced by habitat conditions, along
with frequent obligate or facultative autogamy and cleistogamy, has led to the
description of numerous taxa with limited ranges and small populations in
recent decades. This emergence occurs alongside the well-established taxa that are
characterized primarily by relatively large distribution areas (Delforge, 2006).
It is now considered that autogamous species, which tend to be spatially local-
ized, evolved from ancestral widely distributed allogamous species (Tsiftsis
& Antonopoulos, 2017).

The number of species within the genus varies significantly due to the
aforementioned reasons. According to the Plants of the World Online database
(POWO, 2025), 54 accepted species, including 12 subspecies, are recognized
across the entire range of the genus. Other authors (Kiihn et al., 2019) report 16
species and 11 subspecies for Europe and the Mediterranean region, whereas
Delforge (2006) identifies as many as 59 species for a similar geographic area.
According to Delforge, the genus can be divided into two sections — Arthro-
chilium (Irmisch) Beck, which comprises only two species, and section Euepi-
pactis Irmisch, which contains seven species groups: E. phyllanthes, E. lep-
tochila, E. purpurata, E. helleborine, E. atrorubens, E. tremolsii, and E. albensis.

Species of the genus Epipactis predominantly inhabit various forest eco-
systems, including forest margins and glades, as well as shrublands, grasslands,
dune slacks, road verges, swampy meadows, fens, bogs, and riparian zones
(Kiihn et al., 2019). In Europe, their presence is closely associated with relict
deciduous forests, particularly those dominated by beech (Delforge, 2006).

Within the territory of Serbia, 11 taxa of the genus Epipactis have been
documented to date: E. atrorubens (Hoffm.) Besser, E. exilis P. Delforge, E.
helleborine (L.) Crantz subsp. helleborine, E. helleborine subsp. distans (Arv.-Touv.)
R. Engel & P. Quentin, E. leptochila (Godfery) Godfery subsp. neglecta Kiimpel,
E. microphylla (Ehrh.) Sw., E. muelleri Godfery subsp. muelleri, E. palustris (L.)
Crantz, E. pontica Taubenheim, E. purpurata Sm. and E. tallosii A. Molnar &
Robatsch (Dikli¢, 1976; Djordjevic et al., 2018, 2023; Siiveges et al., 2019).

This study presents the first confirmed records of three Epipactis taxa
— E. helleborine subsp. distans, E. leptochila subsp. neglecta, and E. purpurata,
from Fruska Gora Mt., simultaneously representing their first documented
presence in northern Serbia (Srem region, Vojvodina Province). The objectives
of this research were: (i) to present the distribution of the newly recorded taxa
in Vojvodina Province and analyze their geographic positions relative to previ-
ously known localities of these taxa in Central Serbia; (i1) to describe the
ecological preferences and habitat conditions of the newly recorded taxa on
Fruska Gora Mt. and critically compare the obtained data with existing infor-
mation on their habitats in other parts of Serbia and Europe; (iii) to determine
the population size by counting the actual number of ramets of each taxon in the
study area; and (iv) to identify potential threats to the survival of populations
of the newly recorded taxa on Fruska Gora Mt. Taken together, these objectives
also have practical relevance for conservation planning, as the updated eco-
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logical and distributional data can support management of these taxa and in-
form future assessments for The red data book of flora of Serbia.

MATERIALS AND METHODS

Floristic field surveys targeting representatives of the Orchidaceae fam-
ily were conducted within the broader area of Fruska Gora Mt. (Srem region,
Vojvodina Province) over the period from 2018 to 2025. The surveys encom-
passed all vegetation seasons and a wide variety of natural habitat types, in-
cluding grasslands, shrublands, and forests, as well as habitats subject to var-
ying degrees of anthropogemc degradatlon Furthermore, a revision of the
Orchidaceae herbarium specimens at the BUNS Herbarium (Thlers 2025) was
performed.

Taxonomic identification was carried out following relevant literature
sources (Buttler, 1996; Delforge, 2006; Kiihn et al., 2019; Tsiftsis & Antono-
poulos, 2017; VIcko, 2023). Nomenclature generally adheres to the Plants of
the World Online database (POWO, 2025), except E. helleborine subsp. distans,
for which a broader taxonomic consensus is lacking; its nomenclature was
therefore established based on the aforementioned references. For each taxon,
one voucher specimen comprising the above-ground plant parts was collected
and deposited in the BUNS Herbarium.

Geographical coordinates and altitudinal data were recorded using a handheld
GPS device. The spatial distribution of the recorded taxa within Vojvodina Prov-
ince was mapped utilizing a 10x10 km UTM grid system (Lampinen, 2001).
Habitat classification followed the national habitat typology guidelines (Anon-
ymous, 2010). Geological substrates were identified based on the 1:100.000-scale
geological map of Serbia (Ciculi¢-Trifunovi¢ & Raki¢, 1976), while the soil
cover was assessed according to the 1:50.000-scale pedological map of Vojvo-
dina (Nejgebauer et al., 1971). Population censuses of the newly recorded orchid
taxa were conducted in situ, employing ramets as the unit of enumeration
(Jacquemyn & Hutchings, 2010). Documented conservation threats observed
during fieldwork are detailed for each taxon.

RESULTS AND DISCUSSION

During floristic field surveys conducted from 2018 to 2020, supplemented
by additional fieldwork up to 2025 in the Fruska Gora Mt. wider area, the
presence of three orchid taxa was confirmed: E. helleborine subsp. distans, E.
leptochila subsp. neglecta, and E. purpurata (Figure 1). These taxa represent
new records for this mountain, as well as for the Srem region and the entire
Vojvodina Province. For each taxon, comprehensive data are presented regard-
ing their distribution, habitat characteristics, ecological preferences, population
sizes, flowering phenology, and potential threats impacting their persistence
within the study area.



Figure 1. Distribution of newly registered orchid taxa in Vojvodina Province

Epipactis helleborine (L.) Crantz subsp. distans (Arv.-Touv.)
R. Engel & P. Quentin, Orchidophile (Asnieres) 124: 205 (1996)

Synonyms: E. distans Arv.-Touv., E. helleborine var. orbicularis (K. Richt.)
Verm., E. helleborine subsp. orbicularis (K. Richt.) E. Klein

General distribution

The range of E. helleborine subsp. distans extends from northeastern
Spain through southern France and northern Italy to Central Europe, and east-
wards to Crimea. The southernmost distribution limit is in the mountainous
regions of northern Greece on the Balkan Peninsula, while isolated populations
occur in northern Europe, including northern Germany, Poland, the Baltic
states, and southern Sweden (AHO, 2018; Dolinar, 2015; Kreutz & Fateryga,
2012; Tsiftsis & Antonopoulos, 2017).

Within the Balkan Peninsula, this taxon has been recorded in Slovenia
(Dolinar, 2015), Croatia (AHO, 2018), Bosnia and Herzegovina (Sabanovi¢ et al.,
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2021), Serbia (Djordjevic et al., 2016), Montenegro (Radak et al., 2025), Romania
(Pauca & Morariu, 1972), Bulgaria (CtosnoB, 1964), and Greece (Tsiftsis &
Antonopoulos, 2017).

Distribution in Vojvodina Province

Fruska Gora Mt., Popovica, N45 10.928, E19 49.896, UTM 34TDRO00, 301
m a.s.l., 04 July 2020, coll. B. Radak, A. Vlku, J. Peskanov, det. B. Radak
(BUNS 25688); Fruska Gora Mt., Letenka, N45 08.173, E19 41.020, UTM
34TCQ99, 436 m a.s.l., 09 July 2020, coll. et det. B. Radak & J. Peskanov (BUNS
25689)(Figure 2); Fruska Gora Mt., Letenka, N45 08.172, E19 41.014, UTM
34TCQ99, 437 m a.s.l., 19 August 2025, B. Radak & J. Peskanov (field obs.).

Figure 2. Epipactis helleborine subsp. distans
Photograph by B. Radak (09 July 2020, Serbia, Fruska Gora Mt., Letenka)
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Previously, this taxon had been reported in Serbia only within two 10x10 km
UTM grid squares in Southwestern Serbia (Pordevi¢, 2021). The findings from
Fruska Gora Mt. constitute the first records for the Srem region and Vojvo-
dina Province, marking the northernmost known occurrences of this taxon in
Serbia. The nearest known Serbian localities, Jabuka and Kamena Gora (Porde-
vi¢, 2021), are approximately 200 km distant from FruSka Gora Mt.

Habitat and ecology

Epipactis helleborine subsp. distans was first recorded on Fruska Gora
Mt. on 4 July 2020, in the vicinity of Popovica, at the forest edge of the beech
and silver linden community 7ilio-Fagetum submontanum (M. Jankovi¢ &
Misi¢ 1960, Misi¢ 1972; Code A3.228 of the national habitat classification),
near a forest path. At the site where ramets of this taxon developed, herbaceous
vegetation and forest litter were absent. The geological substrate consists of
conglomerates, sandstones, limestones, clays, and tuffs, while the soil is clas-
sified as gray-brown podzolic. The ramets developed under semi-shaded con-
ditions at an elevation of 301 m a.s.1.

A few days later, the same taxon was observed at an additional site close
to the road near Letenka on FruSka Gora Mt. The ramets were found between
the margin of a mixed deciduous forest (Hypoglosso-Querco-Carpinetum
serbicum M. Jank. 1980; Code A2.61 of the national habitat classification) and
an asphalt road. All ramets were situated one to three meters from the road.
The upper tree layer consisted of Quercus petraea (Matt.) Liebl. and three Tilia
L. species: T. cordata Mill., T. platyphyllos Scop., and T. tomentosa Moench.
The shrub layer included Acer campestre L., A. platanoides L., Carpinus bet-
ulus L., Crataegus monogyna Jacq., Fraxinus ornus L., and Staphylea pin-
nata L. The forest litter was well-developed, whereas the herbaceous layer had
low coverage and was composed of species such as Campanula persicifolia L.,
C. trachelium L., Euphorbia amygdaloides L., Geum urbanum L., Hedera
helix L., Helleborus odorus Waldst. & Kit. ex Willd., Lapsana communis L.,
Pulmonaria officinalis L., Ruscus hypoglossum L., Stellaria holostea L., as
well as seedlings of woody plants. The geological substrate here consists of
sericitic and albite-chlorite schists, sericitic quartzites, and phyllites. The ped-
ological substrate is gray-brown podzolic soil. Ramets at this site developed
under semi-shade conditions at 436 m a.s.l. A follow-up field survey con-
ducted on 19 August 2025 at the same site revealed significant habitat degrada-
tion resulting from anthropogenic impacts. Extensive logging of tall trees re-
sulted in increased light penetration, transforming the habitat from semi-shade
to highly illuminated conditions, with many areas losing continuous forest
canopy cover. This led to the colonization of non-forest species, such as Cli-
nopodium vulgare L., Erigeron annuus (L.). Desf., Hypericum perforatum L.,
Urtica dioica L., and Verbena officinalis L. The herbaceous layer, formerly
sparse, now covers nearly the entire ground surface. Additionally, a single
ramet of E. helleborine subsp. distans was recorded on the opposite side of the
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road along the edge of the beech-linden forest, which was also affected by
degradation processes. The spread of this taxon to the edge of the beech-linden
forest is likely due to increased light availability.

The habitat conditions of E. helleborine subsp. distans observed on Fruska
Gora Mt. correspond to those reported in the literature. This taxon develops
from full sun to semi-shade environments, including sunny forest clearings
(Dolinar, 2015), shrubby slopes (G.I.R.O.S., 2009), thermophilic pine forests
(Delforge, 2006; Kreutz & Fateryga, 2012; Tsiftsis & Antonopoulos, 2017;
VIcko et al., 2003), and open habitats within spruce zones (Radak et al., 2025;
Tomovi¢ et al., 2021), ranging from lowland to 2200 m a.s.l. (Delforge, 2006;
Dolinar, 2015). This orchid primarily prefers thermophilic habitats and, when
present in cooler forests, it typically occurs at the forest margins. Such a situ-
ation was documented on Fruska Gora Mt., where one subpopulation was found
at the edge of a light mixed oak-linden-hornbeam forest and another along a
forest path in a light area at the margin of a beech-linden forest. Epipactis hel-
leborine subsp. distans generally develops on calcareous soils (Dolinar, 2015;
VIcko et al., 2003). The geological substrate at the Popovica site includes lime-
stone, which aligns with the general ecological preferences of this taxon. How-
ever, E. helleborine subsp. distans has also been recorded on transitional geo-
logical substrates and those characterized by silicates, such as cherts (Tomovi¢
et al., 2021) and marly soils (Delforge, 2006). Therefore, the second Fruska
Gora Mt. record (Letenka), found on a predominantly silicate geological sub-
strate, corresponds with its ecological preferences.

In Serbia, E. helleborine subsp. distans has previously been documented
only in meadow communities and at the margins of spruce forests on limestone
at altitudes between 1196 m and 1246 m (Pordevi¢, 2021). Thus, the commu-
nities and geological substrates where it was recorded on Fruska Gora Mt.,
provide novel data on the ecological and habitat preferences of this taxon
within Serbia. Furthermore, these Fruska Gora Mt. localities occur at consid-
erably lower altitudes (301 and 436 m) than previous Serbian records. The
substantial difference in recorded altitudes on Fruska Gora Mt., combined with
the distinct habitat types compared to previously known localities in Serbia,
which are also separated by a considerable distance (approximately 200 km),
suggests that this taxon may have a much wider distribution within the coun-
try, and that additional occurrences can be expected.

Population size and flowering time

At the Popovica locality, five ramets of E. helleborine subsp. distans were
recorded in just 2 m? with three being in bud and two not forming buds at all
during the field survey on 4 July 2020. During the first visit to Letenka local-
ity (9 July 2020), 13 ramets of this taxon were recorded, growing in eight
separate groups over an area of 84 m? At that time, the plants were in the
early stages of flowering. These data correspond with the recorded flowering
period of this taxon throughout its range (Delforge, 2006; Dolinar, 2015; Vicko
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et al., 2003), as well as with observations from southwestern Serbia, where it
was found to flower from early to late July (Pordevi¢, 2021). During the second
visit to Letenka locality (19 August 2025), a decline in population size was
observed compared to the 2020 record. At that time, eight ramets were recorded,
growing in five separate groups. Moreover, a noticeable spatial expansion of
the population was noted, as one ramet was found at the edge of the neighbor-
ing beech-linden forest, where this orchid was not present five years earlier,
increasing the area occupied by the ramets of this taxon to 120 m?%

Conservation status

This taxon is protected under the Convention on International Trade in
Endangered Species of Wild Fauna and Flora (CITES, 2025) and is listed in
Appendix II. Epipactis helleborine subsp. distans is considered Endangered in
Slovakia (VI€ko et al., 2003) and the Czech Republic (Grulich, 2017). In Serbia,
E. helleborine subsp. distans is not legally protected, and its conservation status
has been assessed as Critically Endangered (Djordjevi¢ et al., 2016). At the
Letenka locality, there is a potential risk of population destruction due to its
proximity to an asphalt road, which raises the possibility of plants being picked
during flowering, as well as risks from road maintenance works. During the
latest road renovation, large amounts of stones, soil, and other materials were
dumped directly next to the plants. Additionally, intensive logging of larger
trees was observed at the site. This does not necessarily have to lead to the
destruction of this taxon population, as increased light availability and habitat
illumination are preferred by it; however, the immediate danger comes from
the physical destruction of plants due to machinery access and tree felling.

Epipactis leptochila (Godfery) Godfery subsp. neglecta Kiimpel,
Mitt. Arbeitskreises Heimische Orchideen 11: 30 (1982)

Synonyms: E. leptochila var. neglecta (Kiimpel) Gévaudan, E. neglecta
(Kiimpel) Kiimpel

General distribution

Epipactis leptochila subsp. neglecta is primarily distributed across Cen-
tral Europe, ranging from France in the west to Romania in the east, and from
Germany in the north to northeastern Italy and the mountains of northern
Greece in the south (Kiihn et al., 2019; POWO, 2025).

Within the Balkan Peninsula and the southern part of the Pannonian plain,
E. leptochila subsp. neglecta has been recorded in Hungary (Molnar, 2011), Slo-
venia (Dolinar, 2015), Croatia (Nikoli¢ et al., 2025), Serbia (Djordjevi¢ et al., 2016),
Montenegro (Radak et al., 2025), Greece (Antonopoulos & Tsiftsis, 2012), and
Romania (Ardelean et al., 2018).
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Figure 3. Epipactis leptochila subsp. neglecta
Photograph by B. Radak (22 July 2020, Serbia, Fruska Gora Mt., Popovica)

Distribution in Vojvodina Province

Fruska Gora Mt., Popovica, N45 10.909, E19 49.700, UTM 34TDRO00, 343
m a.s.l., 13 July 2018, coll. et det. B. Radak (BUNS 25686); Fruska Gora Mt.,
Popovica, N45 10.917, E19 49.678, UTM 34TDRO00, 343 m a.s.l., 04 July 2020,
B. Radak, A. Viku, J. Peskanov (field obs.); Fruska Gora Mt., Popovica, N45
10.929, E19 49.639, UTM 34TDRO00, 340 m a.s.1., 22 July 2020, coll. et det. B.
Radak, A. Viku, J. Peskanov (BUNS 25687)(Figure 3).

Epipactis leptochila subsp. neglecta was first documented in Serbia in
2016, with occurrences recorded on Golija Mt., in the vicinity of Ivanjica, on
Pobijenik Mt., near Priboj, and in the area surrounding Nova Varos. Subsequent
observations have confirmed its presence on Tara Mt., Zvijezda Mt., and
Jadovnik Mt. (Pordevi¢, 2021). To date, all known records of this taxon with-
in Serbia have been restricted to the Western and Southwestern regions of the
country. The recent discovery of E. leptochila subsp. neglecta in the area near
Popovica on Fruska Gora Mt. represents the first confirmed record for the Srem
region and the Vojvodina Province. This finding also constitutes the northern-
most documented occurrence of this taxon in Serbia, situated approximately
130 km north of its closest known localities in Western Serbia.
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Habitat and ecology

Epipactis leptochila subsp. neglecta was recorded at a single locality on
Fruska Gora Mt., specifically in the area near Popovica. The population of this
taxon developed within a beech-linden forest (Code A3.228 of the national
habitat classification), belonging to the Tilio-Fagetum submontanum (M. Janko-
vi¢ & Misi¢, 1960) Misi¢ 1972 community. The upper tree layer consisted of
only two species: Fagus moesiaca (K. Maly) Czeczott and 7. fomentosa, while
the understory layer of small trees and shrubs included, in addition to these
two species, A. campestre, A. platanoides, C. betulus, F. ornus, and S. pinnata.
During the initial recording year, the upper tree layer was composed approxi-
mately equally of beech and silver linden. However, in subsequent years, due
to logging activities, primarily targeting large beech trees, this community
underwent significant structural changes, resulting in nearly pure stands of
silver linden in some parts of the area. Depending on the specific microhabitat
where ramets of E. leptochila subsp. neglecta were observed, the herbaceous
layer cover ranged from very sparse to almost absent. The recorded herbaceous
species included Asarum europaeum L., Galium odoratum (L.) Scop., R. hypo-
glossum, H. helix, Mercurialis perennis L., as well as another orchid species
recently recorded for Fruska Gora Mt., E. purpurata. The preference of E.
leptochila subsp. neglecta for sites with poorly developed herbaceous layers
has also been confirmed in other parts of its distribution range (Ardelean et al.,
2018; Molnar, 2011; Petrova & Venkova, 2006). The geological substrate of the
locality consists of conglomerates, sandstones, limestones, clay, and tuffs,
while the soil type is classified as gray-brown podzolic. At the time of flower-
ing, the substrate was moderately moist with a thick layer of forest litter, and
the ramets grew under deep shade at an elevation of 340—343 meters a.s.l.

In Europe, E. leptochila subsp. neglecta develops in medium to deep shade
within beech and oak-hornbeam woodlands, thermophilous oak-hornbeam
forests, and other mesophilous deciduous or coniferous forests on dry to moist
calcareous soils, up to an altitude of 1500 m (Delforge, 2006; Kiihn et al., 2019;
Tsiftsis & Antonopoulos, 2017; VIcko et al., 2003). The habitat of this taxon
on Fruska Gora Mt., beech-linden forest, deep shade, and moderately moist
substrate, almost completely corresponds to its habitat preferences throughout
the rest of its range. The only deviation concerns the geological substrate, which
other authors report as exclusively calcareous, whereas at the Popovica local-
ity, a mixture of carbonate and silicate rocks was recorded. Such a situation
has already been documented in Western and Southwestern Serbia, where this
taxon grows on limestone-dolomite, ophiolitic mélange, Carboniferous and
Permian sandstones, Quaternary sediments, and schists-gneisses-phyllites
(Pordevi¢, 2021). In the mentioned regions of Serbia, this orchid has been
recorded in beech and spruce forests, as well as mixed beech and fir forests,
beech and spruce, and beech, fir, and spruce forests, at elevations ranging from
762 to 1404 m a.s.l. (Pordevi¢, 2021). Considering these data, the ecological
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range of E. leptochila subsp. neglecta in Serbia is significantly expanded by
the findings from FruSka Gora Mt., where it was found at altitudes approxi-
mately half as high and within a community where it had not previously been
recorded.

Population size and flowering time

This taxon was first recorded in the Fruska Gora Mt. area on 13 July 2018,
when only three ramets were registered within an area of 56 m? all in the ini-
tial flowering stage. Upon a subsequent field visit (04 July 2020), 20 ramets
were found, at which time the flower buds were formed, but flowering had not
yet commenced. A later field survey (22 July 2020) included an adjacent forest
area not covered during the previous visit, during which 21 flowering ramets
and four in bud were recorded. Considering the two surveyed areas in July
2020, the total recorded population of E. leptochila subsp. neglecta amounted
to 45 ramets over an area of 7597 m2 The observed increase in population size,
from three ramets in 2018 to 45 in 2020, is primarily attributable to the larger
survey area in the latter year. As only a small subset of the surveyed area was
investigated in 2018, it cannot be concluded whether the population truly in-
creased during this period.

Across the entire range of E. leptochila subsp. neglecta, flowering occurs
from June to early August (Delforge, 2006; Kiihn et al., 2019), while in Serbia
it has been recorded to flower from early July to early August (Pordevi¢, 2021),
which is consistent with the flowering period observed on Fruska Gora Mt.

Conservation status

This taxon is protected under the Convention on International Trade in
Endangered Species of Wild Fauna and Flora (CITES, 2025) and is listed in
Appendix 1. Epipactis leptochila subsp. neglecta is considered Endangered
in Slovakia (VI¢ko et al., 2003), Critically Endangered in the Czech Republic
(Grulich, 2017), and Near Threatened in Hungary (Molnar, 2011). In Serbia, it
is not legally protected, and its conservation status has been assessed as En-
dangered (Djordjevic et al., 2016).

In the Fruska Gora Mt., this orchid develops more deeply within the for-
est, away from forest trails frequently used by tourists and hikers, thus reduc-
ing the risk of collection. However, in recent years, intensive logging of large
trees, primarily beech, has been observed in the Popovica area, which has
already led to changes in the community structure, resulting in increasingly
light-exposed habitats. These conditions are not favorable by this taxon. Sim-
ilar negative impacts of inadequate forestry practices on the decline of its
populations have also been reported in Slovakia (Vicko et al., 2003).
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Epipactis purpurata Sm., Engl. FI. 4: 41 (1828), nom. cons.

Synonyms: E. latifolia var. bracteis-longioribus Lindl., E. latifolia var.
purpurata (Sm.) Nyman, E. latifolia subsp. purpurata (Sm.) K. Richt., Helle-
borine purpurata (Sm.) Druce

General distribution

The range of the species broadly encompasses the temperate zone of
Western and Central Europe, whereas it is rare in the Atlantic region. To the
west, it occurs from southern England and France, extending eastward to
Ukraine and Moldova. The northernmost limits of its distribution are found in
Denmark and Lithuania. To the south, its range descends to northern Spain
(Pyrenees Mts.), southern Italy (Pollino Mt.), and northwestern Greece (Gram-
mos Mt. and loannina) (AHO, 2018; Buttler, 1996; Delforge, 2006; Kiihn et al.,
2019; Tsiftsis & Antonopoulos, 2017).

On the Balkan Peninsula, as well as in the southern parts of the Pannonian
plain, this taxon is present in Hungary (Molnar, 2011), Slovenia (Dolinar, 2015),
Croatia (Nikolié et al., 2025), Bosnia and Herzegovina (Sabanovi¢ et al., 2021),
North Macedonia (Teoﬁlovskl 2023), Greece (Tsiftsis & Antonopoulos, 2017),
Romania (Sarbu et al., 2021), and Bulgaria (Petrova, 2011).

Distribution in Vojvodina Province

Fruska Gora Mt., Mackovac, N45 09.315, E19 33.947, UTM 34TCRS0,
329 m a.s.l., 02 July 2018, coll. B. Radak, A. Vlku, M. Prodanovi¢, det. B.
Radak (BUNS 25691); Fruska Gora Mt., Popovica, N45 10.907, E19 49.7009,
UTM 34TDRO00, 344 m a.s.1., 13 July 2018, coll. et det. B. Radak (BUNS 25692)
(Figure 4); Fruska Gora Mt., Popovica, N45 10.907, E19 49.709, UTM 34TDRO0,
344 a.s.l., 22 July 2020, B. Radak, A. Vlku, J. Peskanov (field obs.).

The first record of E. purpurata in Serbia was on Maljen Mt. (Djordjevic¢
et al., 2010) in Western Serbia. This species was later documented at numerous
localities in Northwestern, Western, and Southwestern Serbia (Pordevi¢, 2021).
Subsequently, it was also recorded on Radan ML. (Sabovljevi¢ et al., 2021) and
Kopaonik Mt. and Zeljin Mt. (Sabovljevi¢ et al., 2023) in Central Serbia, as
well as on Miro¢ Mt. (Sabovljevi¢ et al., 2024) in Northeastern Serbia. The
findings from the Mackovac and Popovica sites represent the first records for
the Srem region and Vojvodina Province, where this taxon has been docu-
mented in two different UTM 10x10 km squares. Additionally, these are the
northernmost distribution points of E. purpurata in Serbia, located approxi-
mately 115 km from Jablanik Mt., the closest known locality of this taxon
within the country (Pordevi¢, 2021).
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Figure 4. Epipactis purpurata
Photograph by B. Radak (13 July 2018, Serbia, Fruska Gora Mt., Popovica)

Habitat and ecology

Epipactis purpurata was recorded for the first time in the Vojvodina
Province at the Mackovac site on Fruska Gora Mt. Here, it develops in an al-
most pure stand of 7. tomentosa. Near this locality, other species, such as C.
betulus and Robinia pseudoacacia L., were recorded. At a somewhat greater
distance, communities with F. moesiaca and Quercus spp. were noted. Con-
sidering that pure stands of linden on Fruska Gora Mt. are of secondary origin,
the community in which E. purpurata was recorded probably originated as a
result of degradation, i.e., the cutting of beech-linden or mixed forests of linden,
beech, sessile oak, and hornbeam (Jankovi¢ & Misi¢, 1980). The stand where
the orchid was found was floristically very poor; the shrub layer was almost
undeveloped, and in the herbaceous layer only H. helix was present. Addition-
ally, forest litter was absent. The geological substrate consists of conglomerates,
sandstones, clays, and coal, while the pedological substrate was brown forest
soil. Ramets of E. purpurata developed under conditions of complete shade at
an altitude of 329 m a.s.l. This taxon was also recorded at the Popovica local-
ity, where it developed within the Tilio-Fagetum submontanum community,
under identical conditions as E. leptochila subsp. neglecta, for which this
habitat was initially described. The only difference appears at the microhabitat
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level, where ramets of E. purpurata consistently developed in areas without
any herbaceous vegetation, but with a thick layer of forest litter.

This taxon most commonly inhabits shady deciduous beech and hornbeam
forests, often their barest parts, as well as mixed or rarely coniferous forests
(e.g., Pinus nigra J. F. Arnold subsp. nigra), from sea level up to 1600 m a.s.1.
(Antonopoulos & Tsiftsis, 2012; Buttler, 1996; Delforge, 2006; Kiihn et al., 2019).
It develops mainly on deep, heavy, moist to moderately moist, acidic to neutral
substrates, primarily on clay and chalk (Buttler, 1996; Delforge, 2006; Dolinar,
2015; Kiihn et al., 2019; Vicko et al., 2003), but also on serpentine substrates
(Antonopoulos & Tsiftsis, 2012), as well as on sands and gravels, though par-
ticularly associated with clays (Harrap, 2016). The habitats in which E. purpu-
rata was found on Fruska Gora Mt., beech-linden forests and degraded linden
forests on a geological substrate composed of both carbonate and silicate and
metamorphic rocks, in deep shade, fully correspond to the habitat preferences
of this species throughout its range.

Epipactis purpurata has so far been recorded in Serbia in beech forests,
mixed forests of beech and fir, spruce forests, mixed forests of spruce, beech,
and fir, as well as oak forests, at altitudes ranging from 516 to 1413 m a.s.l.
(Pordevi¢, 2021). It has been found on very diverse geological substrates —
limestones, dolomites, and ophiolitic mélange (diabases, spilites, and dolerites;
gabbros; sandstones, clays, marls, and hornfels from the Jurassic period), flysch
(sandstones, siltstones, and marls), and harzburgites (Pordevi¢, 2021; Sabo-
vljevi¢ et al., 2023). Considering these data, E. purpurata was recorded for the
first time in Serbia on Fruska Gora Mt. within the Tilio-Fagetum submontanum
community, as well as in pure communities of silver linden forests of second-
ary origin. Furthermore, the altitudes recorded on Fruska Gora Mt. (329 and
344 m), where this taxon occurs, are the lowest measured so far in Serbia.

Population size and flowering time

Among the three newly recorded taxa for the region of Vojvodina and
Fruska Gora Mt., E. purpurata exhibits the smallest population. This taxon
was first recorded in the mentioned area on 2 July 2018 at the Mackovac local-
ity, where two ramets in the budding stage were found. Considering that they
grew only 20 cm apart, they likely belong to the same individual. At the second
locality (Popovica) during both field visits on 13 July 2018 and 22 July 2020,
two flowering ramets were recorded each time, spaced two to three meters
apart, suggesting that they may belong to two different plants (genets).

E. purpurata primarily flowers from July to September (Buttler, 1996;
Delforge, 2006; Dolinar, 2015; Kiihn et al., 2019), thus the flowering period of
this taxon in the Fruska Gora Mt. region aligns with that of the rest of its range.
In rare cases, in the United Kingdom, flowering has been recorded as early as late
June and as late as late September (Harrap, 2016), whereas in Greece, flowering
is limited to August (Tsiftsis & Antonopoulos, 2017).
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Conservation status

Epipactis purpurata is protected under the Convention on International
Trade in Endangered Species of Wild Fauna and Flora (CITES, 2025) and is
listed in Appendix II. Its conservation status on the global IUCN Red List is
assessed as Least Threatened (Rankou, 2011). In Bulgaria, it is classified as
Endangered (Petrova, 2011); in Slovakia, as Vulnerable (VIcko et al., 2003);
and in the Czech Republic and Hungary, as Near Threatened (Grulich, 2017;
Molnar, 2011). In Serbia, it is not legally protected, and its conservation status
is assessed as Critically Endangered (Djordjevic et al., 2010). Across its range,
the species is primarily threatened by negative forestry practices, logging, and
forest management (Molnar, 2011; VIcko et al., 2003), which in some countries
have led to drastic declines in population size or occupied area (Harrap, 2016).

In recent years, at the Popovica locality on Fruska Gora Mt., older trees,
mainly beech, have been cut, altering the character of the community. The
ground layer has also been physically disturbed due to timber extraction.

CONCLUSION

This paper presents the first confirmed records of three taxa of the genus
Epipactis (E. helleborine subsp. distans, E. leptochila subsp. neglecta, and E.
purpurata) on the Fruska Gora Mt., thereby expanding their known range to
the northern part of Serbia, specifically the Srem region, Vojvodina Province.
It was determined that these taxa occur in specific types of forest communities,
primarily beech-linden and mixed sessile oak forests, which is consistent with
their known preferences in other parts of their range. However, new habitat
types and geological substrates where these orchids occur have also been re-
corded in this part of Serbia. During the study period, a negative change in
habitat quality was observed due to the logging of older trees. This empha-
sizes the importance of conducting further detailed research and continuously
protecting natural habitats in this area to preserve floristic diversity and achieve
a more comprehensive understanding of the region’s biodiversity. Although
this study focused on Fruska Gora Mt., these Epipactis taxa may also occur in
other forested areas of Vojvodina, including the VrSac Mts. Future surveys in
these regions are needed to verify their presence and better understand their
distribution and habitat preferences across the Vojvodina Province.
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OPUTMHAJIHU YJIAHAK
TIpumiben: 15. 10. 2025.
ITpuxsahen: 24. 11. 2025.

I[MIPBU HAJIA3U TPU TAKCOHA POJA Epipactis (Orchidaceace)
3A BOJBOAUHY

bopuc B. PAIIAK, Josan M. ITEHLIKAHOB,
Anexca 3. BJIKY, I'opan T. AHAUKOB

VYuusepsuret y HoBom Cany
[TpuponHo-mareMaTHuku (GaKyJITeT
JlenaptmaHn 3a OMOJIOTH]y U €KOJIOTHjY
Tpr Hocureja O6panosuha 2, Hosu Cax 21000, Cpouja

PE3MME: Tokom nocnenmwux JerieHuja, 3Hadajad Opoj HoBUX BpcTa pona Epipactis
ommcaH je mupoM EBpornie. MHOre 01 THX BpcTa MO3HATE CY MO YCKOM apeairy pacipo-
cTpamerma. MehyTum, ca MHTEH3MBUPAKEM UCTPAKUBAA, IIPE CBETa y T00po ouyBa-
HUM IIyMaMa, OBH TAKCOHU Cy MPOHAJIAXCHU Ha HOBUM JIOKQJIUTETHMa, Y4ECTO BEOMa
yIaJbCHUM OJ] MECTA Ca KOjUX Cy IPBOOUTHO OTKPHUBEHH. Y TIOC/ICABHX [IETHACCT FOMHA,
MIPUCYCTBO HEKOJIIMKO HOBHX TaKCOHA poja Epipactis 3abenexeno je n'y Cpouju, npe
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cBera y 3amaJHoM Jeny neHtpaine CpOuje. OBaj paJ mpeacTaBiba MpBe Halla3e TPH
tTakcoHa pona Epipactis: E. helleborine subsp. distans, E. leptochila subsp. neglecta n
E. purpurata ca @py1ike rope, Y4uMe je 1o MpBYU IIyT HOTBP)EHO BUXOBO IPUCYCTBO
y ceBepHOj Cpouju (AyroHomHa [lokpajuna BojBoauna). Y pany je mprkaszaHa TUCTpH-
Oy11ja OBUX HOBOOTKPUBEHHX TaKCOHA y BOJBOIMHM, FEUXOBE €KOJIOLIKE M CTAHUIITHE
npedepeHuyje, Kao u ynopejHa aHaIu3a y OJHOCY Ha IIOCTOojehe eKOMIOIIKe MofaTKe
u3 1pyrux aenosa Cpouje. Takohe je nprKkasaHa BeIMYHHA BUXOBHX IOIyJIalnja Ha
®py1iKkoj ropu U NOTCHUMjAIHH YAKTOPH YrpoxKaBamba Koju OM MOINIM yTHLATH Ha
BIXOB OIICTaHaK Y TOM MoApyyYjy. TepeHcka HCTpakuBama, C UJbEM Malupamba Ipe-
craBHuKa nopoauue Orchidaceae, cipoBenieHa cy Ha mupeM noapydjy Opyuike rope
(Cpem, Bojonuna) y nepuoy o 2018. 1o 2025. rogune, o0yxBarajyhu cBe Bereranu-
OHE CE30HE W CBE THUIIOBE CTAHWIITA. M neHTH(HKAII]a HOBOOTKPUBEHNX TaKCOHA M3-
BpIIICHA je KOpUIIhemeM pelieBaHTHE JINTepaType, a 10 jejaH Bayuep MpUMepaKk CBaAKOT
TaKCOHa JICTIOHOBaH je y XepOapujymy BUNS-a. CBu TakcoHHU Cy 3a0€IIeKEHH Y YKYITHO
Tpu paznuuuta Y TM kBanpata Benuuune 10x10 km, npu yemy cy 3aje1HO PUCYTHH
jenuno y kBajapary 34TDROO. Epipactis helleborine subsp. distans je peructpoBaHa
Ha nokanuteTnma [lonmoBuna u Jletenka, rae pacte y3 uBHIle OyKOBO-THIIOBHX ITyMa
¥ MEUIOBUTHUX IIyMa KUTHaKa ca rpaboM | JIMIIOM, PeCIIeKTUBHO. Epipactis leptochila
subsp. neglecta 3abenexeHa je NCKIbYUnBO y Onr3uau [lorosuiie, yHyTap OyKOBO-JIH-
noBe nryme. OBaj TakCcOH MMa HajBehy nmomynanunjy meljy HOBOOTKpHBEHHMa, ca 45 11Be-
tajyhux m3ganaka abenexxenux 2020. romune. Tpehu Takcon, E. purpurata, peructpoBan
je Ha J1Ba JokayiuTeTa — Ha MaukoBity 1 y 6nusunu [lonosuie. OBa BpcTa HMa HajMarby
nonyJanujy Mel)y HoBOOTKpUBEHUM TaKCOHHMMA, ca CaMo YeTHpH 1BeTajyha u3ganka
3abenexxena 2018. roquHe Ha [Ba pa3IHUHNTa JoKaauTeTa. Bpera je mponahena y Gyko-
BO-JIUTIOBUM IlIyMama, Kao My YHCTHM JIMTIOBUM cacTojuHama. Exomnormike npedepen-
L[je CBUX HOBOOTKPUBEHUX TAKCOHA OII0OBAPajy OHMMa U3 IPYTUX JEJ0Ba HbUXOBUX
apeaia, naxo cy y nopehemy ca ocrarkom CpOuje 3a0erekeH! HOBH THIIOBH 3aje/IHU-
11a, FeoJIOKKX MOUIOra UM HaIMOPCKHX BHCHHA Ha KojuMa ce jaBibajy. Ha cBum
MCTPaXXMBAaHUM JIOKaIUTeTHMa puMelieHa je Aerpajaluja CTaHUIITa, IIPBCHCTBCHO
M3a3BaHa CEYOM CTapHjUX cTadala, ITo je JOBEJO 10 IPOMEHa Y KapaKTepy HOjeANHUX
OMJBHUX 3ajeHHIIA Y TIEPHOLY O] 2018. 10 2025. ronuHe, Kajaa cy UCTpaKMBamba CIpo-
BeneHa. C 003MpoOM Ha TO Ja ce HOBH TAaKCOHM pofia Epipactis, ka0 M HOBH JIOKAIUTETH
Beh mo3HaTux, u 1ajbe OTKpUBajy mupom CpOuje n OKOIHUX 3eMajba, OIPaBIaHo je
npeTnocTaBuTH Aa Opyiika ropa u Aajbe CKpUBa lUXOBE HOBE JIOKAJIUTETE.

KIBYUHE PEYU: Epipactis helleborine subsp. distans; Epipactis leptochila subsp.
neglecta; Epipactis purpurata; ®pymka ropa; Cpouja; Cpem
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FLORA AND VEGETATION OF DELIBLATO SANDS
(SERBIA): A REVIEW OF FLORISTIC AND VEGETATION
RESEARCH THROUGH THE CENTURIES

ABSTRACT: Due to its unique natural characteristics, Deliblato Sands (Deliblatska
pescara) has always attracted numerous researchers who study its flora and vegetation. The
first written data on the botanical study of this area date back to 1800 and contains valuable
information about the flora. In a 225-year-long tradition, researchers and inspiration have
not disappeared until today. 365 publications have been published on the topic of studying
some aspects of the flora or vegetation of the Deliblato Sands. Most of the publications
presented some specific taxa or group of taxa in the Deliblato Sands as a part of the wider
research area (159). Most of the first finds of plant taxa were recorded in the research period
1951-2025. In the same period the highest number of publications analyzing the flora or

* Corresponding author. E-mail: mirjana.cuk.rs@gmail.com
https://orcid.org/0000-0002-8261-414X

27



vegetation of the Deliblato Sands were published 253 in total. Most productive author con-
tributing with floristic data of the Deliblato Sands was Melanija Obradovi¢ (and collabora-
tors) with 19 publications. The largest number of publications or researchers were from
Serbia, more precisely the former republic of Yugoslavia (238). Researchers from Hungary,
Austria and the Czech Republic have contributed throughout history, also. This review in-
dicates that the Special Nature Reserve “Deliblatska pescara” continues to be an inexhaust-
ible source of inspiration for science, given that the number of publications is growing by
years, both by national and international researchers.

KEYWORDS: Banat; Banater Sandwiiste; Banatska pescara; Belo Brdo; Bielobrdo;
Deliblati-homokpuszta; Deliblatska pescara; historical overview; Vojvodina

INTRODUCTION

Due to their exceptionality, the Pannonian sandy areas have always at-
tracted the attention of geographers, as well as biologists. Sand dunes in Pan-
nonian plain are oases of biodiversity, especially considering that they are
inhabited by special organisms adapted to specific conditions. Successive
stages of vegetation on inland sand dunes change rapidly and they are usually
under the strong influence of human activities (Chytry, 2007; Cuk et al., 2023).

As a unique phenomenon in Europe and one of the largest contmental
deposits of sand, the Deliblato Sands was attractive for fundamental and ex-
perimental research. This is evidenced by the fact that over 600 different pub-
lications have been published about this area (Butorac & Habijan-Mikes, 1997).

Deliblato Sands is a unique geomorphological phenomenon located in the
south-eastern Banat (Figure 1), in the Northern Serbian province of Vojvodina.
The Sandy area spreads over 34,829 ha and extends in southeast and northwest
direction. It is characterized by specific geological structure — thick layers of
silica-carbonate sand originating from Pleistocene. The wind KoSava has
shaped expressive dune relief, ranglng between 70 and 200 meters a.s.l. (Cuk,
2019). The interplay of the region’s distinctive relief and mobile soils, a mod-
erately continental climate, the absence of surface waters, and the combined
effects of natural processes and human activities has shaped the development
of unique sand, steppe, steppe-forest, forest, and meadow plant communities.

Deliblato Sands is an example of a large and long-term human commitment
to overcoming natural processes. This commitment is reflected in the actions
of preventing the movement of sand mass from Deliblato Sands to the fertile
agricultural soils of the Pannonian Basin-by afforestation (Cuk et al., 2023;
Milenkovi¢ et al., 2018).

Over the past 200 years, the Deliblato Sandhills have undergone intensive
afforestation. The stabilization of formerly active sand areas was most suc-
cessful with black locust (Robznza pseudoacacia L.) (Cuk et al., 2023). How-
ever, the use of this invasive species has transformed much of the landscape
into forest (Cuk, 2019). Consequently, the expansion of forest vegetation frag-
ments grassland, steppe, and sandy habitats, which, without active protection,
are at risk of collapse (Janssen et al., 2016).
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Figure 1. Position of Serbia (red) in Europe (left) and the Deliblato Sands (red)
in Serbia (right)

HISTORY OF FLORISTIC RESEARCH
Early floristic surveys and first records of species

In the period of 225 years (1800-2025), the area of Deliblato Sands at-
tracted numerous researchers with its uniqueness. During this period, a total
of 365 scientific publications were published on the flora of the Deliblato Sands.
The first botanical data from this area were published by Waldstein and Kitaibel
in their overview of rare plants of Hungary (Descriptiones et icones plantarum
rariorum Hungariae, published in periods 1799-1802 and 1803-1805, Figure
2a). Their publication includes descriptions of approximately fifteen species from
the Deliblato Sands, collected during an excursion in May 1800. These data
represent the first published records of the flora of the Deliblato Sands. Part
of the results of the research by Waldstein and Kitaibel (142 species) was pub-
lished later, by Gombocz (Gombocz, 1945).

Anton Rochel carried out his field research in the area of Deliblato Sands
in 1815 and 1835 and published the results in 1828 and 1838. He points to spe-
cies that are present in Deliblato Sands, and at the same time are unique to the
Pannonian Plain. Rochel’s colleague and disciple physician Johann Heuffel
continued his work for 30 years (1827-1857). Heuffel (1858) gives the first
overview of the flora of the wider area (Banat), without using the toponym
“Deliblatska pescara”, but with general locality names according to the parts
of the then active Banat military border that covered military regiments: Ger-
man (teutonico), Serbian (illyrico) and Romanian (valachico). Records of taxa
related to the area of Deliblato Sands are mostly marked with “illyrico”, often
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specified with the expression “in arena mobili”, i.e. on mobile sands. Heuffel
summarized all botanical data and take into account publications and results
of Wierzbicki (1840; 1842a; 1842b; 1845).

b

Frrm 8 fiiete Sopers S

Figure 2. a) Rindera umbellata (Waldst. & Kit.) Bunge — new species for science described
on Deliblato Sands by Waldstein and Kitaibel in 1805;

b) Fritillaria degeniana Wagner was first described in 1906 by Wagner from Deliblato
Sands as a new species for science, now considered as synonym for F. montana Hoppe
ex W. D. J. Koch

Intensive floristic research began with the intensive afforestation process
in 1818. This period lasted throughout the second half of the 19th and the be-
ginning of the 20" century (Cuk et al., 2023). The study of the flora of the area
and the techniques of afforestation was initiated by Bachofen (in 1833 — Krendl,
2003) and Wessely (1873). Illes (1884) and Mahr (1891) discuss the techniques
of successful afforestation of the Deliblato Sands, but they also discuss the
plant species that should be used in this process. Ajtay (1902; 1907; 1912; 1917a;
1917b; 1931), Kiss (1913) and many others also dealt with a similar topic — af-
forestation and binding of the sand, with special attention to selection of spe-
cies, taxonomy and hybridization of used plant material (Appendix 1).

Many botanists visited and surveyed the area of Deliblato Sands, where
they recorded new taxa for the area. Josif Panci¢ visited the Deliblato Sands
in 1867 and included discovered flora in his publication from 1868; Borbas
was one of the most productive scientists when it comes to the flora of the
Deliblato Sands — since 1876 he published 17 different scientific articles with
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results from this area (see Appendix 1). He worked under Alexander Braun in
Berlin and Anton Kerner von Marilaun in Innsbruck, whose guidance had a
lasting impact on his taxonomic and phytogeographical work. Kerner’s influ-
ence was particularly significant in shaping his understanding of the ecology
and vegetation of the sands of the Pannonian Plain. Borbas’ works primarily
focus on individual species or species groups, often documenting them as
previously unrecorded for the area, while frequently also describing processes
of sand stabilization. Other botanist who published results about flora of the
Deliblato Sands were: Janka (1867); Sonklar (1870); Simkovics (1878); Degen
(his results are mentioned in: Domin, 1907; Polatschek, 2013; Szujko-Lacza,
1981; Szabo, 1910a); Fiek and Wetschky (Fiek, 1895); Bernatsky (1902; 1904;
1908) Javorka, Lengyel, Magocsy Simonkai and Thaisz (their results mentioned
in Szujko-Lacza, 1981); Murr (1912); Tuzson (1915); Pevalek (LAkos, 1988);
Rummelspacher (1965).

Wagner visited this area in the period 1894—1903 and published results in
1898, 1906, 1913 and 1914. He gave a significant and perhaps the first detailed
overview of the complete flora of the Deliblato Sands, as well as the vegetation.
According to Wagner, the flora of Deliblato Sands is so diverse that “no one
can find an area larger than half a cadastral area with the same uniform flora”.
In his overview, Wagner classified flora according to origin and habitats.

Spanovi¢ (1936) presents detailed observations on the floristic composi-
tion and distribution of plant communities and also addresses the issues of
afforestation and sand stabilization, but in his publication, he relies signifi-
cantly on the work of Wagner (Wagner, 1898; 1906; 1913; 1914).

In the period between the two World Wars, the research activity was less
pronounced, because it was considered that the sand was under control.

Overviews of the flora

After Wagner (1914), and Broz (1953a), one of the more detailed analyzes
of the flora of the Deliblato Sands was carried out between 1955 and 1980 by
Sigunov (1961; 1962; 1970; 1976; 1979), who mentioned in his publications about
651 taxa. Sigunov (1976) states that the list of flora consists of a total of 759
taxa. He believes that some previously recorded species have disappeared or
are currently retreating (Viola x neményana Wagner 1913, V. ajtayana Wagner
1913, Aconitum lycoctonum L., Atropa bella-donna L.).

Panjkovi¢ (1977) published an overview of the phytogeographical char-
acteristics of the flora of the Deliblato Sands based on previous literature data
and own research.

Obradovi¢ & Panjkovi¢ (1980) published the prodromus of ferns and other
plants of Deliblato Sands.

Gaji¢ et al., in 1983, gave a comprehensive overview of the flora of this
area, with 891 taxa. ) )

After such a detailed list, next review of the flora was given by Cuk (Cuk,
2019). In this dissertation, 1072 taxa are presented within the flora of the Deli-
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blato Sands, which represents almost 1/3 of the plant diversity of the Republic
of Serbia (Figure 3).

Deliblato sands

Vojvodina

Serbia

o

500 1000 1500 2000 2500 3000 3500 4000

Number of present plant taxa

Figure 3. Numerical ratio of the total diversity of the flora of Deliblatska pescara,
Vojvodina and Serbia (Cuk, 2019)

A common feature of all detailed surveys of the flora of the Deliblato
Sands is the inclusion of all species recorded previously, including those with
limited populations or questionable taxonomic status since their first discovery
in the area. This approach has generated a large volume of repeated data, often
without a critical assessment or verification of the taxa’s actual presence in the
field. In order to analyze the publications about the flora of the Deliblato Sands
throughout history, all references are divided into four groups, in relation to
the period from which they originate:

* Group I — the first findings of plant taxa originating from the period

1800—1850;

* Group II — the first findings of plant taxa originating from the period

1851-1900;

* Group III — the first findings of plant taxa originating from the period

1901-1950;

* Group IV — the first findings of plant taxa originating from the period

1951-2025.

If all research periods are compared (Figure 4), the largest number of plant
species living on Deliblato Sands was mentioned for the first time in the in-
terval 1951-2025. The largest number of new finds in the flora of the Delib-
lato Sands was recorded until 1983. In the last 40 years, only 8 new taxa have
been recorded for this area.

During the floristic research of Deliblato Sands, a notable challenge arose
due to the lack of access to original data for the taxa gathered in the past (her-

32



barium material is missing, or localities are described too widely). However, that
did not prevent the repetition of data in each subsequent review of the flora.
This suggests that once floristic data debut in literature, they remain static
throughout the research periods, posing a significant obstacle in delineating
the temporal fluctuations in the Deliblato Sands flora.

378

381

48
65

1851-1

Figure 4. Overview of the first findings of plant taxa for four research periods in the last
225 years

Research in sense of conservation of the area

Intensive research of the flora of the Deliblato Sands in sense of conser-
vation lasted from 1951 to 1995, when this area was completely protected for
the first time. Grozdani¢ (1956) and Coli¢ & Broz (1969) worked on the first
proposals for the protection of the reserve. An overview of the condition and
protection of the sandy habitats of the entire country, including the Deliblato
Sands, was given by Butorac & Habijan-Mikes (1997), Habijan-Mikes (1998),
Butorac et al. (2002) and Butorac & Panjkovi¢ (2013).

Within the rich history of studying the flora and vegetation of the Delib-
lato Sands, many researchers have published results providing arguments for
improving or planning the protection of the area (Kuzmanovi¢, 1994; Stojsi¢
etal., 1995; Stevanovic et al., 1999; Medarevic et al., 2004; Tomovic et al., 2007,
Grdovic et al., 2012; Lazarevi¢ et al., 2012; AndraSev et al., 2014; Dordevic et al.,
2017; Puzovi¢ & Panjkovi¢, 2015; Amizic¢ et al., 2017; Cavlovi¢ et al., 2017; Sed-
lak, 2019; Ivajnsi¢ & Devetak, 2020; Jakovljevi¢ et al., 2020; Jenackovi¢ et al.,
2020; Kalini¢ et al., 2020; Ho et al., 2025; Novakovi¢ et al., 2025).
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Various thematic research that supplemented the knowledge of flora

After World War II, some thematic research also included the area of the
Deliblato Sands. Non-native and invasive species in Vojvodina or Serbia, in-
cluding in the area of Deliblato Sands were analyzed by Petrovi¢ (1951),
Radulovi¢ (1952), Sajinovié¢ & Koljadzinski (1978), Ivkovi¢ et al. (1980), Ivkovié
& Capakovi¢ (1981), Panjkovi¢ et al. (2006), Anackov et al. (2013) and many
others (Tucovi¢ et al., 2004; Andragev et al., 2014; Popov et al., 2016; Cuk,
2019; Kalini¢ et al., 2020 Andelovic et al., 2016 2022; Avramov etal. 2024)
The study of medicinal plants on Deliblato Sands was the research focus of
Tucakov (Tucakov, 1953; 1958; Sajinovi¢ & Mihajlov, 1979), Sljivovacki (1966),
Zivanovi¢ (1979), Obradov1c et al. (1984), Popovic¢ et al. (2012; 2014). Particu-
larly significant are the recent publications that include chemical profiling of
medicinal plants from the Deliblato Sands area and explore the possibilities of
their practical application (Chalchat et al., 2004; Pejin et al., 2012; Rajcevi¢ et
al., 2016; Nadpal et al., 2018; Krstic¢ et al., 2019 2021 and 2025 Cutovié et al.,
2022 Jadranin et al., 2023 Todorovié et al, 2023 Batini¢ et al. 2024 Jovanovié
et al., 2024).

Mo. of species

Year of research

Figure 5. Findings of plant taxa recorded on the Deliblato Sands in the period 18002025

blue — finds of all taxa

green — taxa recorded for the first time for the area of Deliblatska peséara; On the x-axis,
the years of publication are shown, while the y-axis represents the number of recorded/
mentioned taxa.

In addition, individual results from certain localities or researches con-
cerning individual taxa were published also: Obradovi¢ — who gave the highest
number of publications with data about some aspects of flora of Deliblato Sands
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(see Appendix 1: 1962; 1975; 1979a; 1979b; 1981), Obradovi¢ & Panjkovi¢
(1980; 1988), Obradovi¢ & Budak (1980a; 1980b), Obradovi¢ & Boza (1981),
Obradovi¢ et al. (1982; 1983; 1984; 1986; 1988; 1989; 1990), Ehrendorfer (1964),
Dikli¢ (1967), Dikli¢ & Nikoli¢ (1974; 1980), Dikli¢ & Obratov-Petkovic (2002),
Stevanovi¢ (1972), Borisavljevi¢ (1974; 1976), Gaji¢ (1975; 1982), Ivkovi¢ (1978;
1981; 1982), Gaji¢ et al. (1981), Gaji¢ & Olda (1982), Popovi¢ et al. (1983a;
1983b) Igi¢ (1986), Stevanovi¢ (1999), Vukov et al. (2000), Dini¢ et al. (2002),
Tomovié et al. (2003; 2007), Curié et al. (2010), Vuleta et al. (2010; 2011),
Spaniel et al. (2011), Lazarevi¢ & Stojanovi¢ (2012), Polatschek (2013) and
many other (see the Appendix 1). The taxa that have received the most attention
in individual studies are Iris pumila L. (a total of 20 publications) and Paeonia
tenuifolia L. and Paeonia officinalis L. (a total of 10 studies).

A substantial number of publications build upon previously published
floristic data, integrating them with new findings and thus providing compre-
hensive overviews of the floristic diversity of the Deliblato Sands (Figure 5,
blue dots), while most botanical studies focus on specific, smaller groups of
species or on individual taxa. However, noteworthy share of publications has
revealed the floristic diversity of the Deliblato Sands for the first time in sci-
entific literature (Figure 5, green dots). (Appendix 1).

Herbarium collections

In addition to scientific publications, a substantial number of plant mate-
rial collections also include representatives of the flora of the Deliblato Sands.
Among these, herbarium collections are by far the most numerous. Specimens
from this unique area are preserved in national herbaria of the Republic of
Serbia, including the Herbarium of the University of Novi Sad (BUNS), the
Herbarium of the Institute for Nature Conservation of Vojvodina Province
(PZZP), the Natural History Museum — Herbarium in Belgrade (BEO), and the
Herbarium of the Institute of Botany and Botanical Garden “Jevremovac” and
others. Moreover, herbarium specimens originating from the Deliblato Sands
are also housed in numerous European collections, such as the Herbarium
Kitaibelianum of the Hungarian Natural History Museum in Budapest, the
Botanischer Garten und Botanisches Museum Berlin, and the Naturhistorisches
Museum Wien, as well as in historical collections in Paris, London, and sev-
eral other major herbaria across Europe. Today, with the existence of global
aggregation databases such as GBIF, JSTOR Global Plants, and JACQ, many
specimens from Serbia, including localities in the Deliblato Sands, are easily
accessible, as they are indexed in these databases. This also confirms the wide
distribution of herbarium material from Deliblato, with numerous duplicates
preserved in various European and international collections.

However, there are also smaller, local collections specifically dedicated
to representing the flora of the Deliblato Sands. Notable examples include the
collections of the National Museum in VrSac and the Teodor Soska collection.
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The oldest significant collection of the flora of Deliblato Sands in Serbia
is stored in the natural history department of the National Museum in Vrsac
(Sucevi¢, 1954). The botanical collection from the area of Deliblato Sands was
collected from 1910 to 1911 and contains altogether 313 specimens with 171
taxa. The creator of the collection was Bernatsky (1873—1945), assistant profes-
sor at the University of Budapest, who was born in VrSac. The herbarium was
partly damaged, both by the war in Serbia and by the ravages of time, and in
1952 it was restored for the first time. It consists of 29 volumes. The material
comes from five localities, some of them outside of the Deliblato Sands and
outside of Serbia: VrSac Mountains, Marila, Oravica (Romania). From Delib-
lato Sands, main localities were: Dupljaja (46 species), Susara (55 species). This
collection is significant because it represents one of the oldest collections of
plant taxa from the Deliblato Sands.

Teodor Soska collected 380 taxa from Deliblato Sands in his herbarium
in 1943 and 1944. The localities where specimens were collected include: Fla-
munda, RoSijana, Kajtasovo, Kravan, Vrelo, Grebenac, Korn, Coka, Devojacki
bunar, Keja Lakuluj, Susara. The majority of specimens are from Flamunda
because at that time it was considered that this was the central part of Delib-
lato Sands, with the most typical climatic characteristics. Soska collected
mosses and lichens from this area (Broz, 1951). The list of flora based on this
collection was published after his death (Broz, 1951) and includes, in addition to
the vascular flora, 19 species of mosses and 12 species of lichens. After work-
ing on the results of Teodor Soska’s research, Broz (1953a) gave an overview
of the complete flora of this area.

HISTORY OF VEGETATION RESEARCH

Publications on the vegetation of the Deliblato Sands remain relatively scarce.
Only five papers provide a comprehensive overview of all vegetation types in
the Deliblato Sands region (Wagner, 1914; Stjepanovi¢-Veselic¢i¢, 1953; 1979;
Parabuéski, 1980; Cuk, 2019). Three additional studies focus on spemflc veg-
etation types within the area or its surroundings (Poli¢, 2008; Cuk, 2019a; Jova-
novi¢, 1986). Sixteen publications examine particular aspects of certain veg-
etation types, without covering the overall diversity, while 19 place vegetation
data from the Deliblato Sands in a broader context, considering sandy habitats
or regional and national scales (Appendix 1). For a vegetation research period
of about 160 years, there are four publications before the development of clas-
sical phytocoenology (Braun-Blanquet, 1928; 1964; Horvat et al., 1950) that
analyze the plant communities of this area. After the development of classical
phytocoenology, five more publications were published with an overview of
the present plant communities on the Deliblato Sands.
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Vegetation research of the Deliblato Sands before Braun-Blanquet

In the period before Braun-Blanquet approach, the study of vegetation
was based on the descriptive observations of the authors. This was first given
by Kerner (1863, in Conrad, 1951), who described the vegetation of the sands
between the Danube and the Tisa/Tisza based on dominant species and defined
three formations: Chrysopogon gryllus (L.) Trin. formation — on humus sand;
formation of Stipa pennata L. — Stipa capillata L. — transition phase and for-
mation of annual plants (Bromus L., Bassia All., Corispermum L.).

Vegetation research of the sands of Serbia was carried out by Adamovié¢
(1904). He provides an extensive ecological study of the flora and vegetation
of sands in eastern Serbia, which he says has many similarities with Deliblato
Sands, not only in origin, but also in the biology and ecology of the species.
In his research, Adamovi¢ divided the vegetation into formations (and them
into facies), based on physiognomic-ecological characteristics, and often also
the seasonal dynamics of the vegetation. He listed characteristic species for
each of the formations and facies, accompanying those which occur sporadi-
cally, as well as rarely. Adamovi¢ divides plant species according to origin into
Pontic, Eurasian, Mediterranean, American and cosmopolitan. He selected out
typical psammophytes from Serbian sands, but also other psammophilic and
indifferent species. Main formations of vegetation by Adamovi¢ (1904) are:
flying sand dunes formation, formation of sandy steppes or puszta, formation
of willows on the sand, formation of sand meadows, formation of thickets,
forest formation, formation of riparian forests and cultivated areas, with rud-
eral and segetal vegetation.

Tuzson (1915) and Wagner (1913) divides the plant cover of the Deliblato
Sands in a similar way, based on physiognomy, but also on the type of habitat.
Main formations by Wagner (1913) are: vegetation of loose sand and blown
surfaces (pioneer formations), deserts (multiple subtypes, based on dominant
species), meadows with different types (untouched, uniform (with Festuca
wagneri (Degen, Thaisz & Flatt) Krajina)) or colorful (with several species);
pastures; rites), then aquatic vegetation, vegetation of low trees and bushes,
park-type forests, forests, weeds of arable land and ruderal plants.

Period of classical phytocoenology

The first overview of the vegetation diversity of the Pannonian Basin
sands, and consequently of the Deliblato Sands, following the then-new, and
still highly significant, Braun-Blanquet methodology, was provided by Reszo
So6 (S0, 1940; 1957). His research provides a division of the vegetation of the
Pannonian Basin sands, based on previous botanical research, and singles out
the following associations:

1) Communities of herbaceous plants: Brometum tectorum So6 1938,
Festucetum vaginatae (Rapaics ex So6 1929) Borhidi 1996, Festucetum sul-
catae So6 1938, Festuca pseudovina-Potentilla arenaria community. At the
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same time, each of the associations has four geographical variants danubiale
(located between the Tisza and the Danube), tibescense (in the Nyirség region),
arrabonicum (in the Raab area) and deliblaticum (on the Deliblato Sands).

2) Forest communities — initial or degradation stages (with Juniperus
communis and Populus alba) and forests (Quercetum roboris festucetosum
So06 1940 and Quercetum roboris convallarietosum So6 1934).

The pioneering and first comprehensive phytocoenological study of the
Deliblato Sands vegetation was conducted by Stjepanovi¢-Veseli¢i¢ (1953),
with a monographic edition published in 1979, marking a foundational contri-
bution to the understanding of this unique vegetation types. Stjepanovic-
Veselici¢ published the first phytocoenological overview of the area, with
collected relevés according to the Braun-Blanquet method, as part of her doc-
toral dissertation. Vegetation data from the sands of Serbia were collected in
1948, 1949, 1952 and 1953. Stjepanovi¢-Veselici¢ described the most important
types of natural vegetation on Serbian sands and determined the direction of
vegetation succession. On Deliblato Sands, Stjepanovi¢-Veseli¢i¢ describes
sand-dune vegetation (with two described associations), the sand-steppe veg-
etation (three associations), the sand-swamp vegetation (two associations) and
the forest vegetation on the sand (one association). She mentioned some types
of ruderal vegetation and fragments of natural poplar forests also.

Panjkovi¢ & Butorac (2013) provide a theoretical overview of the sand-
dune vegetation of Vojvodina and Deliblato Sands, from the class Festucetea
vaginatae So0 1968.

As a part of her doctoral dissertation, Cuk (2019; 2019a) provided an
overview of the vegetation of the Deliblato Sands at the level of associations
and subassociations. This work included a revision of the phytocoenology based
on contemporary phytocoenological studies, while also presenting newly re-
corded associations. It represents the most recent published overview of the
vegetation of the area. Cuk sampled natural vegetation — pioneer sand dune
vegetation, steppe vegetation, shrubs, forests, but also planted forests (black
locust and pine forests). According to Cuk (2019 2019a), the vegetation of the
Deliblato Sands can be classified into six classes and orders, seven alliances
and 13 associations: Bassio laniflorae-Brometum tectorum (Soé, 1938) Borhi-
di 1996, Alysso gmelini-Festucetum vaginatae Stjepanovi¢-Veseli€i¢ (1953)
1956, Koelerio macranthae-Festucetum wagnerii Stjepanovic¢-Veseli¢i¢ 1953,
Adonido vernalis-Chrysopogonetum grylli (Stjepanovic¢-Veselici¢, 1953) Ac¢i¢
et al., 2014; Festuco-Potentilletum arenariae Stjepanovic¢-Veseli¢i¢ 1953; Mo-
linietum coeruleae Koch 1926; Salicetum rosmarinifoliae Stjepanovi¢-Veseli€i¢
1953; Holochoeno-Calamagrostietum epigejos Popescu et Sanda 1978; Pruno
spinosae-Cratagetum (S06, 1927) Hueck 1931; Querco-Tilietum tomentosae
Stjepanovic¢-VeseliCi¢ 1953; Junipero-Populetum albae (Z6lyomi ex So0, 1950)
Szodfridt 1969, Bromo sterilis-Robinietum pseudoacaciae Pocs 1954 and pines
plantations.
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ANALYSES OF PUBLISHED RESEARCH ABOUT FLORA
AND VEGETATION OF DELIBLATO SANDS

Analyzing the publication history on the flora and vegetation of the Deli-
blato Sands reveals a gradual increase in the number of studies over time.
During the most recent research period (1951-2025), the highest number of
publications focusing on the flora or vegetation of the Deliblato Sands was
recorded, totaling 253 (Figure 6).

25; 105

B8; 19% 1799-1850
1851-1900
= 1901-1950

® 1951-2025

253; 69%

Figure 6. Overview of publication periods on the flora and vegetation of the Deliblato
Sands in the last 224 years

Most of the studies published for the area of Deliblato Sands and analysed
in this paper dealt with a broader analysis of the flora (at regional, national or
international level) where data from the Deliblato Sands are also presented
(159). Furthermore, there are many different surveys analysing some specific
taxa from Deliblato Sands (morphological, genetical, physiological or other
studies: 74). From the field of forestry and afforestation of sand using different
methods and plant species so far, 45 scientific papers were published (Figure 7).

The largest number of publications or researchers analysed in this paper
orginating from the former republic of Yugoslavia (65%). Then the most nu-
merous publications are from Hungary (26%), especially for the period up to
1950. Researchers from Austria and the Czech Republic have contributed
throughout history, also (Figure 8).
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Figure 7. Different types of flora or vegetation survey of Deliblato Sands: A — Overview
of the flora of Deliblato Sands; B — Overview of the vegetation of Deliblato Sands; C —
Discovery of new taxa (or group of taxa) on Deliblato Sands; D — Discovery and descrip-
tion of new syntaxa in the area of Deliblato Sands; E — Various botanical studies that
include individual taxa from Deliblato Sands; F — Analyses of characteristics of vegetation
types on Deliblato sands; G — Various researches in the field of forestry; H — A broader
analysis of the flora (regional or national level) where data from the Deliblato Sands are
also presented; I — A broader analysis of the vegetation (regional or national level) where
data from the Deliblato Sands are also presented

2%

BYU EHU ®mAT ©CZ

Figure 8. Origin of the publications: YU — former republic Yugoslavia; HU — Hungary;
AT — Austria; CZ — Czech Republic
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Figure 9. Languages of the publications about flora and vegetation of Deliblato Sands

According to this (Figure 9), the highest number of the publications are
written in Serbian language (150), and also in English (98) and Hungarian (82).
The latest publications are written in English.

From 365 publications about flora and vegetation of Deliblato Sands, 303
of them are articles or short reports in scientific journals. All these publications
are published in 82 different scientific journals (Appendix 2). The highest
number of articles is published in Matica Srpska Journal for Natural Sciences
(Zbornik Matice srpske za prirodne nauke) — 26.

CONCLUSION

As a site of interest, Deliblato Sands were explored by many scientists,
especially in the area of floristical and taxonomical research. Many researchers
gave comprehensive overviews of present flora, and some of them gave details
about specific taxa or group of taxa. Vegetation analyses were less published than
surveys of flora or some aspects of plant taxa from Deliblato Sands. Despite
the numerous floristic and several vegetation surveys on Deliblato Sands, there
are still many unanswered questions and there is room for the contribution of
future researchers.

In this sense, it is very important to resolve the status of taxa and syntaxa
that have questionable presence or syn/taxonomical status.

It is especially important to direct the future research focus to the needs of
protection of certain syntaxons, i.e. habitat types, and consider specific proposals
for their preservation.
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Appendix I: The list of publications of the flora and vegetation of Deliblato Sands, ac-
cording different types of survey: A — Overview of the flora of Deliblato Sands; B —
Overview of vegetation of Deliblato Sands; C — Discovery of some taxa on Deliblato
Sands; D — Description of some syntaxa in the area of Deliblato Sands; E — Various bo-
tanical studies that include individual taxa from Deliblato Sands; F — Analyses of char-
acteristicis of some vegetation types on Deliblato Sands; G — Various researches in the
field of forestry; H — A broader analysis of the flora (regional or inter/national level) where
data from the Deliblato Sands are also presented; I — A broader analysis of the vegetation
(regional or inter/national level) where data from the Deliblato Sands are also presented
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Acta biologica Iugoslavica, serija D — Ekologija 3
2. Acta Biologica Szeged 1
3. Acta bi_ologica. Acta litgrarum ac spientarum regiae_ universitatis hungaricae Francisco- 1

Josephinae, sectio A) biologica scientarum naturalium
4. Acta Botanica Croatica 1
5. Acta Botanica Hungarica 2
6. Acta Botanica Scientiarum Hungaricae 1
7. Acta Herbologica 2
8. Acta Veterinaria Beograd 1
9. Advanced Technologies 1
10. Allelopathy 2
11. Allgemeine Botanische Zeitschrift fiir Systematik, Floristik, Pflanzengeographie 2
12. Annalen des Naturhistorischen Museums in Wien 2
13. Annales Musei Nationalis Hungarici ~ Természetrajzi Flizetek 11
14. Applied Ecology and Environmental Research 2
15. Aquatic invasions

86



16.

Arhiv bioloskih nauka ~ Archives of Biological Sciences

17

17.

Biologica Nyssana

18.

Botanica Serbica

19.

Botanikai kozlemények ~ Novénytani kozlemények

20.

Bulletin of the Natural History Museum in Belgrade ~ Glasnik Prirodnjackog muzeja

u Beogradu, serija B — Bioloske nauke

21.

Central European Journal of Biology

22.

Cryptogamie, Bryologie

23.

Czech Journal of Animal Science

24.

Deliblatski pesak. Zbornik radova 1-6.

25.

Diversity

26.

Ecography

27.

Erdészeti Lapok

28.

Feddes Repertorium

29.

Flora oder allgemeine botanische Zeitung (Regensburg)

30.

Folia Geobotanica

31.

Food Chemistry

32.

Forests

33.

Genetika

34.

Georgikon for Agriculture

35.

Glasnik Instituta za botaniku i Botanic¢ke baste Univerziteta u Beogradu

36.

Glasnik Prirodnjackog muzeja u Beogradu, serija C — Sumarstvo i lov

37.

Glasnik Republickog zavoda za zastitu prirode i prirodnjackog muzeja u Titogradu

— o= == =wn]|—~

38.

Glasnik Sumarskog fakulteta

J—,
W

39.

Global Ecology and Conservation

40.

Hemijska Industrija

41.

Horticulturae

42.

Indian Journal of Traditional Knowledge

43.

Journal of Essential Oil Research

44.

Journal of Forest Science

45.

Journal of Plant Ecology

46.

Journal of the Serbian Chemical Society

47.

Journal of Vegetation Science

48.

Land

— = = = == =] =] =

49.

Magyar Botanikai Lapok

—_
(o)}

50.

Magyar Novénytani Lapok

[\S]

51.

Mathematikai és Természettudomanyi kozlemények

[
()}

52.

Mollecules

Ju—

53.

Neobiota
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54.

Nova Acta Leopoldina

55.

Osterreichische botanische Zeitschrift

56.

Pharmaceuticals

57.

Phytologia Balcanica

58.

Plant, Cell & Environment

59.

Plant Systematics and Evolution

60.

Plants

61.

Saudi Pharmaceutical Society Journal

62.

Scientific Reports

63.

Selekcija i semenarstvo

64.

Studia botanica hungarica

65.

Sumarski glasnik

66.

Sumarski list

JF NG (RS I NG NS U JUERS IO S [ (S NCN Y NG e

67.

Sumarstvo

68.

Természettudomanyi k6zlony; Potfiizetek a Természettudomanyi kdzlonyhdz

69.

Thaiszia Journal of Botany

70.

Tiszia

71.

Topola

72.

Tuexenia

73.

Unija bioloskih nauénih drustava Jugoslavije, serija G — Biosistematika

74.

Univerzitet u Novom Sadu, Zbornik radova Prirodno-matematic¢kog fakulteta, serija za
biologiju.

75.

Verhandlungen des zoologisch-botanischen Vereins in Wien

76.

Willdenowia

71.

Waulfenia

78.

Zastita bilja

79.

Zastita prirode

80.

Zbornik Matice srpske za prirodne nauke

81.

Zbornik radova Instituta za Sumarstvo i drvnu industriju

82.

Zootaxa
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OPUTMHAJIHU YJIAHAK
TIpumiben: 23. 4. 2025.
[Mpuxsahen: 29. 10. 2025.

HNCTOPUIAT ®JIOPUCTUUYKHNX N BETETAIITUICKUX UCTPAXKMBABA
JEJIMBIIATCKE I[NEIIYAPE

Mupjana P. AYK"?, Panko JI. IIEPUR’,
Angppax JI. YAPHU*S, Munom M. WIWR',
Tujana C. IIIUKYJbAK', AHKI/IHaM MI/IJ'IOBAHOBI/ITl1
HNyman . UTUR®, Jiparana M. BYKOB!

"Vuusepsurer y Hosom Cany, [Ipupoano-matematuuku pakyiret, JlenapTMan 3a
OWOIIOTH]jY U €KOJIOTH]Y
Tpr Hocuteja O6pamosuha 2, HoBu Cax 21102, Cpbuja
2MacapukoB yHUBEp3UTET, [IpHpoIHO-MaTeMaTHIKH q)aKynTeT [Henaptman 3a
00TaHUKY U 300JI0TH]Y
Kotnapcka 2, bpro 61137, Yemnika
3 TIokpajuHCKHM 3aBOI 3 3aIITHTY MIPHPOTIE
Pagunuka 20A, Hosu Cax 21101, CpOuja
*Ycrpaxupauky rentap CIOBEHAUKe aKaeMUje HAyKa U yMETHOCTH
WuctutyT 3a Ouosnorujy ,,Joan Xayu”
Hogwu tpr 2, Jby6ssana 1000, CiioBenuja
> Vuusepsutet y HoBoj Fopmm [ITxona 3a BUHOIPaJapcTBO U BUHAPCTBO
JBoparn .HaHTXI/IepI/I I'maBuu tpr 8, Bumasa 5271, CnoBenuja
611 ,,BQ]BO,I[I/IH&H.IYMG
[Ipepanosuhena 2, [TerpoBapamun 21132, Cpouja

PE3MME: 360r cBojuX jeAMHCTBEHUX NPUPOJHHUX KapakTepucTuka, Jleanbnar-
CKa [e14apa je o1y BeK NpuBiadnia OpojHe UCTpaXKuBaye Koju ce 6aBe IpoyvaBambeM
(pirope u Bererauuje. [Ippy nucanu nozgauu 0 60TaHUYKOM POy YaBakby OBOI IIOAPYYja
narupajy u3 1800. rogune u caapike BpeaHe nojgatke o ¢uiopu. Y Tpaauluju 1yroj 225
TOAMHA, MHCIIMpAIlHja U UCTPaXKUBAYN HUCY HecTanu j1o naHac. O0jaBibeHo je 365 my-
OnmuKalyja Ha TeMY IMPOyYaBama HEKOT acrekTa (uope win Beretaiuje Jenndnarcke
nemryape. Behuna myOnukanuja npeacTaBiba HeKe Crieln(pUIHE TAKCOHE HIIH I'pyTe
tTakcoHa y Jlenu0OiaTckoj memyapy Kao Je0 HIUper UCTPaKuBavkor nojapy4ja (159).
Behunna npBux Hanasza OMJbHUX BPCTa 3a0eNekKeHa je y IEPUOly UCTpakuBama 1951—
2025. Y uctom nepruoay 00jaBJbEHO je HajBUILE MyOIUKalrja Koje ce 0aBe aHalTu30M
(iiope unu Beretaumje Jlenubnarcke neurdape, Kao yxker noapyd4ja (ykymso 253). Haj-
IPOYKTHBHU]H ayTOP Ca HaJBEhUM 1ONPUHOCOM y (HIOPUCTHIKHM Hozaunma Jlemnu-
baarcke newrdape je Menanuja O6paznosuh, koja je ca capagHuunma objasuia 19
ny0mukauuja o uopu oor noxpydja. Hajsehu 6poj mybiankanuja i ucrpaxknsada
6uo je u3 Cpbuje, Taunuje Gustue peryonuke Jyrociasuje (238). Kpos ucropujy cy no-
IPUHENN ¥ UCTPaXknBayun u3 Mabapcke, Ayctpuje u I{emKe OBgaj paz ykasyje na Cre-
LIMjaJIHU pe3epBaT Ipupoze ,,JdenudnaTcka nemryapa’” HacTaBsba Aa Oyae HenpecylaH
W3BOp MHCTIMpaInje 3a 00TaHWYKE HayKe, ¢ 003upoM ja Opoj myOauKanmja pacte u3
TOJIMHE Y TOMHY, KaKo ToMahX TaKo M CTPAHUX HCTPaKMBaYa.

KJbYUYHE PEYU: Banat; Banater Sandwiiste; banarcka nemruapa; beno 0p/o;
buenoopno; Deliblati-homokpuszta; JlenubnaTcka nemnrgapa; HCTOPU]CKH MPETIICT;
Bojsonuna
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EFFECTS OF TOURISM ON LITTORAL PLANTS
OF LAKE PROVALA AND BEGECKA JAMA

ABSTRACT: Wetlands are characterized by a unique combination of ecological fac-
tors and are currently facing significant threats, particularly to plant diversity. In 2023, the
influence of sports and recreational tourism on plant diversity in the littoral zones of Lake
Provala and the Nature Park Begecka Jama was investigated. The diversity of plant species
and physical and chemical characteristics of water were analyzed. The results revealed that
at sites under pressure, a smaller number of plant species was recorded compared to the
control site. According to the PERMANOVA analysis, there is no statistically significant
difference between pressured and non-pressured locations. Since sports and recreational
tourism is permitted in the studied areas, the findings confirm that they do not have a sig-
nificant impact on plant diversity.

KEYWORDS: diversity; macrophytes; permanova, recreational tourism; sports tourism;
wetlands

INTRODUCTION

In the history of ecological research, biodiversity loss has been identified
as a major problem, primarily resulting from the modification of natural hab-
itats due to anthropogenic influences (Sodhy et al., 2006). The International
Union for Conservation of Nature (IUCN) has emphasized the importance of
ephemeral and small water basins, recognizing them as priority habitats in
wetland protection and management systems due to the unique communities
of aquatic organisms they support (Radulovi¢ and Teodorovi¢, 2011).

* Corresponding author. E-mail: dubravka.milic@dbe.uns.ac.rs; https:/orcid.org/0000-0002-
8828-1489
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Wetlands are characterized by a unique combination of ecological factors,
including hydrological, pedological, microclimatic and mesoclimatic influ-
ences, as well as distinctive vegetation (Valk, 2006). These ecosystems rank
first in the value of their services among all ecosystems, contributing 47% of
the global ecosystem service value, making them one of the most important
and productive ecosystems on Earth (Ting Xu et al., 2019).

However, wetlands face significant threats, particularly to plant diversity,
which is globally endangered. Rare and threatened species are at high risk of
extinction if these threats are not addressed. As 21% of native plant species are
specialist in aquatic habitats, the loss of natural wetland ecosystems could have
severe consequences for vascular plant diversity (Richardson et al., 2015).
Contemporary freshwater ecosystems can be characterized as biodiversity
hotspots (Haase et al., 2023), essential for biodiversity conservation. Without
enhanced protection, many endangered aquatic species may vanish before the
century’s end (Williams and Dodd, 1978). Wetlands also provide critical eco-
system services, including climate regulation, flood prevention, soil erosion
control, nutrient recycling, biomass production and opportunities for recreation
and tourism. These services highlight the vital role wetlands play in maintain-
ing ecological balance and supporting human well-being (Keddy et al., 2009).

The flora of wetlands is essential for numerous reasons. Beyond its role
in the food chain, wetland phytocoenoses exhibit high levels of primary pro-
duction and provide critical habitats for various groups, including periphyton,
epiphytic bacteria, macroinvertebrates, fish, and birds (Cronk et al., 2001).
Aquatic macrophytes function as bioaccumulators, absorbing nutrients, heavy
metals and pesticides from the water. Additionally, they serve as bioindicators,
reflecting the state and quality of the environment (Santos et al., 2022).

Wetland flora is threatened by the same factors that endanger ecosystems
globally, such as anthropogenic activities including desiccation, degradation, pol-
lution, changes in hydrological regimes, invasive species and tourism development.
Sports tourism encompasses recreational activities like sport fishing, boating,
swimming and diving (Liddie et al., 1980). Fishing tourism is particularly prom-
inent in these areas due to their favorable fish habitats (Lazi¢ et al., 2008). In
addition, lake recreational activities cause physical alterations of the shoreline
zone leading to endangerment of natural habitats and littoral communities.

The impact of sports and recreational tourism on freshwater ecosystems
is evident in the decline of biodiversity, degradation of flora caused by boat
propellers, discharge of wastewater and introduction of non-native species.
Therefore, the objective of this study is to examine the effects of sports and
recreational tourism on plant diversity in the littoral zones of lakes.

MATERIALS AND METHODS

Field research was carried out in May and June 2023 at two locations, at
Lake Provala and Begecka Jama Nature Park. Both researched areas are natu-
ral ecosystems, with the exception that Provala Lake is not the protected area,
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while Begecka Jama was declared as Nature park — a protected area of the third
category (Galambos, 2011).

Study area

The first research site, Lake Provala, is located on the left bank of the
Danube River in the Vojvodina province, southwestern Backa region, approx-
imately 2 km southwest of Vajska and 2.5 km northwest of Bodani, within the
Vajstansko-Bodanski Rit (Figure 1). Lake Provala was formed during a major
flood in May 1924, when the water level of the Danube River reached an ex-
ceptionally high level. This lake represents a macrophytic type of ecosystem,
with a flora comprising 65 plant species that primarily develop in the narrow
coastal zone. The plant species are widely distributed, reflecting the relatively
uniform conditions typical of aquatic ecosystems (Nikolic’, 2005).

m
1000 1500 2000

Figure 1. Locations of study area (based on LS, OS, NMA, Geodatastyrelsen, GSA,
GSI, OpenStreetMap contributors, and the GIS User Community)
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The second research site is the Begecka Jama Nature Park, also situated
in the Vojvodina province, southern Backa region, on the left bank of the
Danube River, about 20 km west of Novi Sad. Within the boundaries of the
Begecka Jama Nature Park, 125 taxa of higher plants have been recorded, many
of which hold national and international significance. For instance, Nymphaea
alba L. and Potamogeton nodosus Poir. are classified as strictly protected spe-
cies, while Acorus calamus L., Carex acuta L., Crataegus nigra Waldst. &
Kit., Eleocharis acicularis (L.) Roem. & Schult. and Trapa natans L. are list-
ed as protected species (Anonymous, 2016).

Study design

In the littoral zones of each investigated area, two sites were selected: one
experiencing pressure from sports and recreational tourism and a control site
without such pressure (Figures 2—5). The sites under the pressure at both lakes
were exposed to beach-related human activities, involving intensive trampling
and sediment disturbance. Although the samples were taken at the beginning
of the summer season, the impact of sports and recreational activities was
already evident. At each site, the percentage cover of each plant species was
determined by analyzing five plots (2 X 2 m), resulting in a total of 20 plots
across all sites.

Figure 2. Lake Provala — locality with the influence of sports and recreational tourism
(Photo D. Blagojevi¢)
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Additionally, the physical and chemical parameters of the water were
measured during field research using specialized instruments. Temperature,
oxygen saturation and dissolved oxygen levels were measured with a field
oximeter, while pH values were determined using a portable pH meter.

Figure 3. Lake Provala — control locality (Photo D. Blagojevic)

Figure 4. Begecka Jama Nature Park — locality with the influence of sports
and recreational tourism
(Photo D. Blagojevic)
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Figure 5. BegeCka Jama Nature Park-control locality (Photo D. Blagojevic)

Data analysis

The Shannon-Weaver index was used to calculate species diversity across
all study sites. To quantify dissimilarities in community composition between
different sites, Permutational Multivariate Analysis of Variance (PERMANO-
VA) was employed, using the Bray-Curtis dissimilarity measure with 9999
permutations to test significance. Non-metric Multidimensional Scaling
(NMDS) was applied to visualize patterns in community composition and
assess the spatial relationships between sites. Additionally, Indicator Species
Analysis was conducted to identify species significantly associated with spe-
cific sites. All analyses were performed in R version 4.2.2 (R Core Team, 2022),
using the packages “vegan” (Oksanen et al., 2022), “ggplot2” (Wickham, 2016),
and “indicspecies” (De Caceres and Legendre, 2009). These methods pro-
vided valuable insights into ecological variations among the studied sites,
highlighting key patterns in biodiversity and habitat specificity.
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RESULTS

The mean values of dissolved oxygen, saturation and pH were highest at
Lake Provala (Table 1). The average water temperature was also highest at Lake
Provala, particularly in the area under pressure from sports and recreational
tourism. However, the highest levels of dissolved oxygen and saturation were
recorded at Lake Provala’s control site. At Begecka Jama, the site under pres-
sure exhibited a higher mean temperature compared to its control area. Despite
these variations, no significant differences were observed in the physical and
chemical characteristics of the water between the control and influenced sites.

Table 1. Physical-chemical characteristics of the investigated localities with mean values
of physical-chemical water parameters

Provala Lake Begecka Jama Nature Park

Measured parameters

of the water Locality with  Control locality —Locality with  Control locality

the pressure the pressure
Temperature (°C) 25.8 254 25.1 24.6
Dissolved oxygen (mg/l) 10.11 10.62 10.02 9.18
Saturation oxygen (%) 120.88 129.8 120.0 114.0
pH 8.8 8.8 8.3 8.2

At sites under influence, a smaller number of plant species was recorded,
including Nymphoides peltata (S. G. Gmel.) Kuntze, Spirodela polyrhiza (L.)
Schleid., Potamogeton crispus L., Ceratophyllum demersum L. and Stuckenia
pectinata (L.) Borner (Tab. 2). In the control area, in addition to these five
species, the following were also detected: Lemna minor L., Nuphar lutea (L.)
Sm., Salvinia natans (L.) All., Rorippa amphibia (L.) Besser and Persicaria
amphibia (L.) Delarbre.

Table 2. Recorded species on control and influence sites

Presence of the recorded plant species on the localities

Plant species Locality with the pressure Control locality

Nymphoides peltata +

Spirodela polyrrhiza

Ceratophyllum demersum

+
Potamogeton crispus +
+
+

Stuckenia pectinata

Lemna minor -

Nuphar lutea

Salvinia natans -

Rorripa amphibia —

|+ |||+ ]+

Persicaria amphibia -
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The two-dimensional configuration of Non-metric Multidimensional Scal-
ing (NMDS) provided a good representation of the community data, with a
stress value of 0.07364 after 9999 iterations. This low stress value indicates
that the NMDS ordination captured the main patterns of community composi-
tion well. The analysis of species composition using PERMANOVA revealed
that there was no significant difference in plant structure across different site
levels (Pseudo-F=1.8374, p=0.131), suggesting that plant composition did not
differ significantly between the sampled sites (Figure 6). According to the
Indicator Species Analysis, only one indicator species, Lemna minor, was
identified for the control sites (p = 0.0108).
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1 0 1
NMDS1

Figure 6. Graphic representation localities with and without influence

DISCUSSION

The presence of aquatic plants in ecosystems positively affects both the
living organisms and the properties of water and sediment. They play a crucial
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role in providing habitats for macroinvertebrates, fish and birds. Aquatic mac-
rophytes act as bioaccumulators, absorbing various harmful substances and
metabolically breaking them down through biodetoxification. For example, E.
canadensis, T. natans, and C. demersum are known to accumulate elements such
as Mn, Ni, Mo, Cu, Sr and Ba, while C. demersum also stores significant amounts
of nitrogen. By accumulating and transforming harmful substances, aquatic mac-
rophytes improve the physical, chemical and biological conditions of aquatic
ecosystems, making them valuable for phytoremediation. Emergent vegetation
also plays a vital role in biologically protecting shorelines from erosive processes.
Furthermore, macrophytes contribute significantly to organic production (bio-
mass), the formation of vegetation cover and the process of photosynthesis,
which directly supports the functioning of the biosphere (Nikoli¢, 2005).

The research was conducted in the littoral zones of the lakes, as these are
the most productive areas for aquatic plants. While the physical and chemical
characteristics of the water showed no significant differences between the
investigated sites, plant diversity was notably higher in the control areas (10
species) compared to the sites influenced by sports and recreational tourism
(5 species). This suggests that anthropogenic impacts, such as vegetation re-
moval, play a significant role in reducing plant diversity.

In the coastal areas under pressure, vegetation removal often leads to
ecosystem degradation and conversion into arable or urban land. Sports and
recreational tourism activities, such as commercial and recreational fishing,
frequently involve biological, chemical and mechanical (physical) control of
aquatic vegetation to increase fish stocks. For example, herbicides are used to
create open spaces for fishermen, while mechanical removal of plants is con-
ducted for various purposes (https://www.fao.org/4/X7580E/X7580E13.htm).

Based on the PERMANOVA method for the plant communities in the
area of Lake Provala and Begecka Jama, there are no statistically significant
differences between sites with pressure and sites without pressure, as confirmed
by the p values. Furthermore, only one indicator species, L. minor, was identi-
fied for the control sites. This species typically occupies the early stages of
habitat succession and is considered a natural habitat pioneer (Borhidi, 1995).
This finding suggests that the control sites may also be impaired.

The research established that sports and recreational tourism did not affect
plant diversity. This may be attributed to the fact that fishing is limited and
strictly regulated, particularly in Begecka Jama, which is a protected area. Wet-
lands and aquatic plants serve as critical habitats for fish spawning and shelter.
Additionally, coastal and inland wetlands provide essential breeding, nesting,
migratory and non-breeding habitats for numerous species of waterfowl, wading
birds, shorebirds, mammals, reptiles and amphibians (Nyman, 2011).

CONCLUSION

In this research, the impact of sports and recreational tourism on the diver-
sity of plants in the littoral zones of Lake Provala and Begecka Jama was analyzed.
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Greater plant diversity was recorded in the control areas of any investigated
locality. Statistical analyses revealed no significant differences in plant diver-
sity between locations exposed to anthropogenic pressure and those without such
pressure. Given that sports-recreational tourism is permitted in the studied
areas, the findings confirm that it has no significant impact on plant diversity.
Recognizing the global importance of aquatic ecosystems is a vital step toward
developing strategies for their conservation.
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YTULIAJ TYPU3MA HA BUJBHE BPCTE ITPUOBAJIHUX T1IO/IPYYJA
JE3EPA ITPOBAJIA U BET'EHKA JAMA

Hparuna M. BJIATOJEBUR, bojana C. BOKW'h, Tamapa XK. JYPIIA,
Hparana M. BYKOB, /ly6paska M. MUJIMh

VYuusepsurer y Hoom Cany, [IpuponHo-mMaremMaTtnyku GpaxyiaTeT,
Jenaprman 3a OMOJIOTH]y U €KOJIOTH]Y,
Tpr Hocureja O6panosuha 2, Hosu Cax 21101, Cpouja

PE3MME: Bnaxna cTaHMIITa AaHAC MIPEICTaBIbajy jeAHE Ol HAjyTPOKECHUJUX
TUIIOBA CTAHUIITA, HAPOYUTO AKO C€ IMOCMaTpa JUBEP3UTET OMJbaka. Y OBOM paay
TPHKa3aH je yTULEj CIIOPTCKO-PEKPEaTHBHOr TYPU3Ma Ha AUBEP3UTET OMJbaka y Jiu-
TOpasHoj 30HHU jesepa [Iposaina u bereuka jama. McrpaxuBata cy BpLICHa y HEPHOIY
o1 Maja 1o jyna 2023. roqune. Ha cBakoMm JiokainuTeTy, ogabpaHa cy MecTa Ijie OCTOj!
yTHIIA] CIOPTCKO-PEKPEaTUBHOI TypU3Ma U MECTa II€ HeMa (KOHTPOJIa) U Ha BbUMa Cy
nonucaHe OuJpHE BpcTa U yTBpheHa je HOKPOBHOCT OMJBHOT MoKpuBaya. Takohe, Ha
JaTuM MecTuMa onipeleHe cy pu3nuKo-xeMujcKe KapakTepucTHke Bojie. Hamm pesyi-
TaTH Cy MOKa3aJH Ja KOHTPOJIHA MecTa nmajy Behu Opoj ousbauX BpcTa (10) y mo-
pehemy ca mectuMma rue mocroju npuTHcak (5). CTaTUCTUYKHY 3HAYajHE Pa3JInKe HUCY
KOHCTAaTOBaHE y (PH3MIKO-XEMHJCKE KAPAKTEPUCTUKE BOAE M3MeDy MeCTa ca IPUTHCKOM
u 0e3 mera. Takohe, npumenom PERMANOVA ananu3e notrBpheHo je aa He mocToje
CTAaTUCTUYKHU 3HAUAJHE PA3IUKE Y CTPYKTYPHU OUJbHUX 3ajeHuIa n3Mel)y KOHTpoJe U
MecTa oz npuTuckoM. Hamra nuctpakuBama cy nokasasna Jia CliopTCKO-peKpeaTHBHH
TypH3aM HeMa YTHIaja Ha JUBEP3UTET OMJBbHUX BPCTA y JIUTOPAJIHO] 30HH OBA J1Ba
BIIa)KHA €KOCUCTEMA.

KJbYYUYHE PEYU: nuBepsutet; MakpoduTe; nepMyTamnoHa MyJITHBapHjaHTHA
aHanuza Bapujance (PERMANOVA); pexpeaTuBHU TypuU3aM; CIIOPTCKHU TypHU3aM;
BIIa)KHA IOZIpyYja
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CADMIUM EFFECTS ON HIGHER PLANTS

ABSTRACT: Cadmium (Cd) is a heavy metal widely distributed in the biosphere.
Environmental pollution with Cd is widespread throughout the world. At higher concentra-
tions, it is very toxic to living organisms. Plants absorb Cd from the soil solution rather
casily, and it enters the food chain mostly through them. The availability of Cd for plants
depends primarily on the chemical properties of the soil. During the uptake of Cd, interac-
tion with ions of other elements may occur. Plant species differ in the intensity of absorption
and thus accumulation of Cd, which is absorbed in the form of ions or chelates. Cadmium
mostly accumulates in the roots and may then be transported by xylem and phloem. Toxic
concentrations of Cd can cause a variety of unfavorable changes in the anatomical and
morphological features of plants, affect physiological and biochemical processes, their min-
eral composition and reduce growth. Cadmium may inhibit germination by hindering water
uptake and mobilization of seed reserves. The effect of Cd on photosynthesis was studied
in the most detail. Higher concentrations of Cd adversely affect the synthesis of chloroplast
pigments, photosynthetic electron transport and the Calvin cycle more than other processes.
Some substances can be used to mitigate the phytotoxic effect of Cd, such as silicon, boron
and biochar etc. Cadmium-hyperaccumulating plant species possess specific mechanisms
by which they can mitigate the toxicity of higher Cd concentrations.

KEYWORDS: accumulation; heavy metal; Cadmium (Cd); distribution; growth; plants;
photosynthesis; seed germination; toxicity

INTRODUCTION

Cadmium is a soft silver-white metal, belonging to the group of heavy metals
(HM). Together with zinc and mercury, it is included in the II B group of the
periodic table. Cadmium was discovered by Sreomeyer in 1817. The atomic
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number of Cd is 48, atomic weight is 112.41 g/mol. It is found in nature but in
the form of salts. The most famous salt is CdSO, and it is also found in the
form of CdS, CdCl, and Cd(NOs),. In the air, it quickly turns into CdO. Heavy
metals are among the biggest environmental pollutants (Karahan et al., 2020).
They can pollute soil, air, water and plants. They are very toxic to all living
organisms, microorganisms, plants, animals and humans. Cadmium can cause
toxic effects in living organisms even at low concentrations. It is one of the most
toxic heavy metals due to its high solubility in water and non-degradability. It
can enter the human body primarily through ingestion and partly through the
respiratory tract. It concentrates in bones, kidneys and liver, causing numerous
serious diseases (Altio and Tritscher, 2004). Therefore, significant attention is
paid to this element both from a health and ecological point of view. According
to the World Health Organization (WHO), the weekly tolerable exposure to Cd
is 0.007 mg/kg of body mass (WHO, 2000). Terrestrial plants mostly absorb
Cd from the soil and the concentration of Cd in the Earth’s crust is on average
0.15 to 0.20 mg/kg. The average concentration of Cd in the surface layer of soil,
based on a large amount of data in different soil types and countries, ranges from
0.06 to 1.1 ppm in dry matter (Kabata-Pendias and Pendias, 2000). Numerous
human activities lead to environmental pollution with Cd: mining and metal
refining, municipal sewage sludge, animal manure, compost, mineral fertilizers,
pesticides, atmospheric fall-out, coal fly ash, cement factories, natural mobi-
lization of Cd by weathering of rocks and volcanic activity, etc. (Bogdanovi¢
et al., 1997; Kabbata-Pendias and Pandias, 2000; Rizwan et al., 2017). Cadmium
is a harmful non-essential element for plants, humans and animals. Owing to
its good solubility in water and high mobility in the soil, plants absorb Cd easily
and more intensively compared to some other HMs. It can affect numerous
physiological, biochemical and metabolic processes of plants. Owing to its
chemical similarity with some other divalent cations (like Ca®" and Mg*"), Cd
can substitute them in the active part of the molecule of some proteins and thus
cause a disturbance in their function. The phytotoxicity of Cd is based, among
other things, on its ability to bind to histidyl, thiol and carboxyl groups of
enzymes and structural proteins, thus preventing their original physiological
and biochemical action (Huybrechts et al., 2019). For the above and other rea-
sons, excessive accumulation of Cd in plants can cause numerous morpho-
logical, physiological and biochemical disorders, the ultimate effect of which
is reduced production of organic matter or even death. Cadmium-stress ad-
versely affects photosynthesis and reduces chlorophyll content (Zhou et al.,
2024), negatively affects seed germination (Chanpiwat and Numprasanthai,
2024), causes oxidative stress, production of superoxide free radicals resulting
in DNA damage and lipid peroxidation of the cell membrane system (Hossain
et al., 2012; Haider et al., 2021) and affects leaf structure and root anatomy
(Kovacevi¢ et al., 1999; Maksimovi¢ et al., 2007). Considering the numerous
environmental pollutants containing Cd and its toxicity at higher concentra-
tions for living organisms, it is understandable that there is a great interest in
this element.
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Uptake, transfer and accumulation of cadmium

Plants can absorb Cd through the roots and leaves, stems and seeds. The
sources of Cd can be soil, air and water habitats. The most significant is its
absorption from the soil, where it is found in different forms, primarily in
soluble and exchangeable form. Bioavailability of Cd depends on numerous
chemical and physical properties of the soil, pH value, capacity of cation ex-
change, organic matter content, presence of ions of other elements, temperature,
humidity and soil texture (Wei et al., 2023; Huang et al., 2021). The pH value
of the soil is of particular importance for the bioavailability of Cd, since it
decreases significantly in an alkaline environment. Acidic soils enhance Cd
solubility, whereas liming immobilizes Cd. Soil organic matter binds Cd but
can also form soluble complexes that increase mobility. Microbial activity
modifies Cd bioavailability through siderophore production, root exudates, and
mycorrhizal associations. Biochar and phosphate amendments have shown
promise in reducing bioavailable Cd pools (Guan et al., 2025).

Cadmium enters roots via multiple transporter families: ZIP (ZRT/IRT-like
proteins), NRAMPs, HMAs (heavy metal ATPases), and Ca®* channels. The
high-affinity Fe’" transporter, IRT1, is a major Cd entry route in Arabidopsis
(Tao et al., 2022). Once inside the root symplast, Cd is either bound by phyto-
chelatins or exported into xylem vessels by HMA2/HMAA4. Vacuolar seques-
tration is mediated by ABC transporters and HMA3. Transpiration stream
largely drives Cd accumulation in leaves, whereas phloem mobility is rela-
tively restricted, though grains of rice and wheat still accumulate Cd to toxic
levels (Yu et al., 2024).

Due to the chemical similarity and charge characteristics between Cd and
Ca, Fe(Il), Zn and Mn, there is competition for their uptake and translocation
in plants (McLaughlin et al., 2021). Cadmium toxicity affects N metabolism;
the activity of some enzymes of N metabolism decreases, while the content of
nitrates in plants increases (Kastori and Petrovi¢, 1995). Optimal N supply
decreases the stress induced by Cd in young sunflower (Pankovi¢ et al., 2000).
The Si alleviates uptake and accumulation of Cd in peanut and pea (Shi et al.,
2010, Rahman et al., 2017). Reduction in rhizotoxicity and absorption of Cd
by soybean and wheat roots were seen upon the application of Ca and K (Yang
and Juang, 2015). Individual plant species and genotypes can differ signifi-
cantly in intensity of uptake and accumulation of Cd (Petrovi¢ et al., 2003; Ai
et al., 2022). Cadmium is absorbed by plants in the form of Cd** ions or in the
form of chelating compounds. In the soil solution, Cd*" ions reach the root
surface by mass flow or diffusion. On the root surface, Cd adsorption occurs
from the surface of rhizodermal cells through exchange with H' ions, after
which Cd reaches the cortex through the apoplast (Sasaki et al., 2012). There
is an opinion that the transport of Cd ions is carried out by the same transmem-
brane carriers that participate in the uptake of some other cations. After enter-
ing the root hairs, Cd is transported through symplast and apoplast pathways
to the xylem (Shaari et al., 2024). In long-distance transport, xylem plays a key
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role. The driving forces of xylem transport are transpiration and root pressure.
Phloem transport plays an important role in the redistribution of Cd in aerial
organs (Tanaka et al., 2007). In general, it can be said that Cd is well mobile
in plants, where transporter proteins play an important role (Hao et al., 2022;
Zhang et al., 2024). Cadmium can also enter cells through the plasma mem-
brane via Ca channels (Perfus-Barbeoch et al., 2002). Most of the absorbed Cd
is retained in the roots, which can be considered as one of the protective mech-
anisms of above-ground organs against the toxic effects of Cd. In the case of
beans, from the total Cd taken up, only 2% is transported to the aerial part. In
the root, it is predominantly found in the apoplast or vacuole (Ouariti et al., 1997).
In some plants, the cell wall plays a pivotal role in the accumulation of Cd
(Peng et al., 2017). The presence of Cd in human and animal food is unaccep-
table; therefore, special attention is paid to the distribution of Cd in consum-
able parts of plants. The intensity of Cd accumulation in plants primarily de-
pends on its concentration in the nutrient medium and it rises with its presence.
(Logan et al., 1997; Dias et al., 2012). Cadmium also affects the accumulation
of some micro- and macronutrients in plants. According to Dias et al. (2012),
in the roots of young Lactuca sativa plants, Mn uptake was significantly de-
creased at 10 and 50 uM Cd, while in the leaves, Fe uptake significantly de-
creased. Plant species differ significantly in Cd accumulation. In soil enriched
with 10 ppm Cd by sewage sludge, the concentration of Cd in the above-ground
part among the 19 examined species, primarily cultivated, was the lowest in
rice and the highest in turnip, 162.0 pg/g of dry matter. Significant differ-
ences between wheat genotypes in their response to different Cd concentrations
were found in vitro (Kondi¢-Spika et al., 2005). Wheat cultivars originating
from different parts of the world and then grown in the same ecological condi-
tions differed only slightly in the accumulation of Cd in the grain. The con-
centration of Cd in the grain in the eight tested wheat genotypes was much
higher in humid years (0.0423 mg/kg of dry weight) and was significantly
lower in dry years (0.020 mg/kg) from the allowed maximum concentration
(0.5 mg/kg) (0.3 mg/kg) (Maksimovic et al., 2016). The World Health Organi-
zation (WHO) does not provide one single maximum permissible concentration
(MPC) for cadmium in all plants (Commission Regulation (EU) 2023/915 of
25 April 2023). Worls Health Organization (WHO) and Food and Agriculture
Organization (FAO) guideline suggests a maximum level of 0.2 mg/kg for leafy
vegetables. However, other sources indicate different maximums, and some
national limits are even higher for specific vegetables. For root vegetables,
other organizations have set a maximum level of 0.3 mg/kg; for medicinal
plants WHO have set a limit of 10 ppm (10 mg/kg); for rice, the allowable
limit is often set at 0.2 or 0.4 mg/kg. There are plant species that are character-
ized by higher accumulation of Cd, so-called hyperaccumulators, such as ber-
muda grass, vetiver grass, bulrush, and turnip. They are characterized by a
higher bioconcentration and translocation factor for Cd (Shanying et al., 2017).
Owing to that, some of them can be used for phytoremediation of Cd-contam-
inated soils.
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Effects of cadmium on seed germination

Seed germination is one of the most important events in the life cycle of
plants. It can be influenced by numerous exogenous and endogenous factors,
including the presence of Cd (Carvalho et al., 2023; Jabri et al., 2024; Chanpi-
wat and Numprasanthal, 2024). The first step towards germination is absorp-
tion of water, since it is essential for activation of hydrolytic enzymes and for
hydrolysis of organic compounds stored in the endosperm. This initiates met-
abolic processes, including respiration and various anabolic pathways necessary
for the growth and development of the embryo. Higher concentrations of Cd
can weaken water absorption and thus limit the availability of water for the
development of embryos and seedlings (Kuriakose and Prasad, 2008). The
absorption of water depends on the structure of the seed coat as well as on the
presence of osmotically active substances in the seed. Their presence, how-
ever, depends on the activity of hydrolytic enzymes, which is affected by Cd.
Kalai et al. (2016) reported a reduction of alpha-amylase activity in germinat-
ing barley seed influenced by Cd stress, resulting in a decrease in starch release
from cotyledons. A decrease in the activity of hydrolytic enzymes such as
alpha-amylase, acid phosphatase and proteases in Sorghum bicolor led to a
decrease in the mobilization of the seed nutrient reserves (Kuriakose and Pras-
ad, 2008). Cadmium can affect the production of reactive oxygen species (ROS)
and tangle the antioxidant system, which can affect numerous processes in
plants, including seed germination (Senevirante et al., 2019). Elevated ROS
(O;7, H,0O,, HO¢®) causes lipid peroxidation (e.g., increased MDA), protein
oxidation and DNA damage. Cadmium does not directly generate reactive
oxygen species (ROS), but it interferes with electron transport chains in chlo-
roplasts and mitochondria, leading to ROS overproduction. Reactive Oxygen
Species (ROS) such as H,O, and O, — cause lipid peroxidation, protein oxida-
tion, and DNA damage. Plants respond with enzymatic antioxidants (SOD,
CAT, APX, GR) and non-enzymatic antioxidants (ascorbate, glutathione, fla-
vonoids). The balance between ROS production and scavenging capacity deter-
mines tolerance (Seregin & Kozhenkov, 2023).

According to Han et al. (2023), the antioxidant enzymes of wheat seeds and
seedlings decreased under Cd pollution. Cadmium also affects phytohormones,
which play a significant role in the processes of decomposition of organic mat-
ter accumulated in the endosperm during seed germination (Huybrechts et al.,
2019). Seeds intensively absorb Cd dissolved in water, especially at higher
concentrations. Higher concentrations of Cd adversely affect germination,
seedling vigor and increase the percentage of atypical seedlings (Kastori et al.,
2019). Based on a large number of literature data, Senevirante et al. (2019), and
Carvalho et al. (2023) state that Cd does not always have a negative effect on
germination and seedling vigor, but may have a neutral or even positive effect
depending on the dose of Cd, properties of the medium, plant species and
genotype, the state of plant and organ development.
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Effect of cadmium on photosynthesis

Photosynthesis is of vital importance for higher plants, since in this process,
organic matter is synthesized from CO, and water, using solar energy. There-
fore, numerous researchers have recently studied the influence of Cd on photo-
synthesis (Chu et al., 2018; Song et al., 2019; Chen et al., 2022; Zhou et al., 2024).
According to Chen et al. (2022), application of 20 umol/L CdCl, to lettuce
significantly reduced the chlorophyll (Chl) content in lettuce leaves. It was
observed that important enzymes in the synthesis of chlorophyll, such as POR,
DVR and HemB are less active under Cd-induced stress, which leads to a
decrease in the content of Chl a, b and their total amount. At the same time,
the degradation of carotenoids was stimulated and thus their content decreased.
The ratio of Chl and carotenoids decreased, while the ratio of Chl a to Chl b
increased. In Oenanthe javanica, 100 mg Cd/L reduced the content of Chl a
and b, while the proportion of carotenoids was very little affected. Chlorophyll
b showed greater sensitivity to Cd than Chl a. (Zhou et al., 2024). A significant
decrease in Chl a and b content was also found in purslane plants when 100
mg Cd/L was applied (Takabayashi et al., 2011). Cadmium is thought to in-
hibit the phototransformation of protochlorophyllide to chlorophyll, as well as
to promote the enzymatic degradation of chlorophyll by activating chlorophyl-
lase. The possibility of replacing Mg in the chlorophyll molecule with ions of
divalent metals Cd, Hg, Zn, Ni, Pb was published by Kiipper et al. (1996). Heavy
metal porphyrins have been known in vitro for a long time. The test results
showed that Mg in the chlorophyll molecule was replaced by heavy metals in
in vivo conditions, which made it impossible for photosynthesis to take place.
It has been shown that there is an almost regular relationship between the
toxicity of heavy metals and the tendency of their ions to bind in the center of
the chlorophyll molecule. The replacement of Mg with heavy metals makes it
impossible for the changed chlorophyll molecules to absorb light energy and
thus the transfer of electrons is disabled, resulting in the interruption of pho-
tosynthesis. Light intensity has a great influence on Mg substitution reactions.
In addition to the mentioned elements, Mg in the chlorophyll molecule can also
be replaced by some rare earth elements, like La or Ce.

Higher concentrations of Cd affect not only the amount of chlorophyll but
also the overall activity of the photosynthetic apparatus and hence, the decrease in
the amount of chlorophyll under Cd stress results in a decrease in photosynthesis
(Song et al., 2019). According to Dias et al. (2012), 10 and 50 uM Cd in lettuce
leads to a significant reduction in the photochemical efficiency of PSII and a
reduction of the net CO, assimilation rate. Cadmium can reduce or interrupt the
photosynthetic electron flow (Voigt and Nagel, 2002; Song et al., 2019). Zhou et
al. (2024) also report the influence of Cd stress on photosynthetic electron trans-
port by influencing the amount of active PSII and PSI. Pankovi¢ et al. (2000)
mention that Cd stress affected the ribulose-1,5-bisphosphate regeneration
capacity of the Calvin cycle more than other processes. According to Chen et al.
(2022), Cd stress inhibited the synthesis of photosynthesis-related proteins or sub-
units and directly affected the protective mechanism of the photosynthetic system.
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Growth responses to cadmium toxicity

In conditions of Cd stress, the reduction of plant growth and mass is close-
ly related to its negative impact on photosynthesis. Even low Cd concentration
(1 uM) induced reduction of lettuce growth (Dias et al., 2012). Cadmium ex-
posure leads to significant alterations in plant anatomy. Root cortical cells
exhibit wall thickening and increased suberin deposition, limiting Cd transport.
In leaves, chloroplasts become swollen with disrupted grana. Mitochondria
display condensed matrices and broken cristae. Scanning electron microscopy
shows alterations in stomatal density and aperture control. Such changes com-
promise overall metabolic efficiency (Mushtaq et al., 2025).

Cadmium affected cell division and differentiation. Higher Cd concentra-
tions decreased root dry mass and length while increasing root diameter in
tomato (Gratao et al., 2009). In Cd-treated maize seedlings, the fresh root bio-
mass, total root length and primary seminal root length were significantly lower
than in the control and had thicker cortex and thicker parenchyma cells (Maksi-
movi¢ et al., 2007; Rahman et al., 2017). Cadmium changes leaf structure in
young wheat plants and reduces leaf dry mass, mesophyll thickness, the num-
ber and size of vascular bundles and vessel diameter. Thinner chlorenchyma
after Cd treatment is possibly due to its negative effect on cell division and
elongation (Kovacevi¢ et al., 1999). The increases in Cd concentration from
0.5 to 5.0 uM CdCl, reduced plant height, leaf area, and fresh mass of leaves
in young sunflower plants (Pankovi¢ et al., 2000). In lettuce exposed to 1 and
20 uM Cd, there was a reduction of 16% and 46% of plant dry weight (Dias et al.,
2012). Heavy metals and microplastics are almost always found in the soil. Han
et al. (2023) have found that the co-existence of Cd and polypropylene-micro-
plastics (PP-MPs) at 50 and 100 um has a synergistic and antagonistic effect with
Cd, depending on the size of PP-MPs. Cadmium accumulation in reproductive
tissues leads to pollen sterility, reduced fertilization success, and impaired seed
filling. In cereals such as rice and wheat, Cd disrupts assimilate partitioning,
resulting in lower grain weight and nutritional quality. High Cd content in
grains exceeds food safety thresholds (0.2 mg/kg in rice, WHO/FAO standard),
making Cd contamination a global food security issue (Zhou et al., 2022).

According to Monteiro et al. (2012), Cd toxicity induced cyto- and geno-
toxicity and led to decreased antioxidant capacity in lettuce. The concentration
of Cd >1 uM leads to an increase in the presence of hydrogen peroxide, the
consequence of which is an increase in the oxidation of proteins and lipids.
Silicon can reduce the impact of stress caused by some environmental factors
(Lazi¢ et al., 2020). Detoxification of Cd relies heavily on chelation and com-
partmentalization. Phytochelatins (PCs), short peptides derived from glu-
tathione, bind Cd and facilitate transport into vacuoles. Metallothioneins (MTs)
also contribute to binding. Ali et al. (2015) stated that application of salicylic
acid can alleviate the toxicity of Cd in oilseed rape. Rahman et al. (2017) dem-
onstrated that exogenous silica can compensate Cd toxicity in field peas. Boron
can also alleviate its toxicity by promoting Cd chelation on cell wall compo-
nents of root cells (Wu et al., 2020). Transport across the tonoplast is mediated
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by HMA3, ABC-type transporters, and CAX transporters. Vacuolar sequestra-
tion prevents Cd from interfering with cytosolic processes and contributes to
tolerance in hyperaccumulators such as Thlaspi caerulescens (Yu et al., 2024).
According to Amirahmadi et al. (2020), biochar application reduces soil Cd
bioavailability and encourages oak seedling growth. Cadmium hyperaccumu-
lator plants have developed a complex mechanism to control the toxic effects
of Cd. They form organic complexes with Cd and can thus protect key physi-
ological processes from its harmful impact (He et al., 2017).

CONCLUSION

Soil pollution with heavy metals, including Cd, is a worldwide significant
environmental problem. Plants primarily accumulate Cd from the soil, through
which it enters the food chain and thus endangers the health of humans and
animals. Higher plants can absorb Cd through roots and aerial organs. It is
taken up in the form of ions or chelates, where it can interact with ions of
other elements. Cadmium is highly mobile in plants in both xylem and phloem.
Most of it accumulates in the roots and, to a much lesser extent, in the repro-
ductive organs. Higher concentrations of Cd in plants cause visible, morpho-
logical (chlorosis, necrosis, etc.) and invisible physiological and biochemical
changes. Phytotoxic concentrations of Cd can already affect the initial phases
of plant life and seed germination by inhibiting water uptake and mobilization
of seed reserves. The influence of Cd on photosynthesis was studied in the
most detail. Cadmium reduces the activity of enzymes important for the syn-
thesis of chlorophyll a and b and promotes their breakdown by activating
chlorophyllase, as a result of which their content decreases. Cadmium can
replace Mg in the chlorophyll molecule and thus enable photosynthesis to take
place. Furthermore, Cd stress leads to a significant reduction in the photo-
chemical efficiency of FSII and assimilation of CO, in the Calvin. Cadmium
stress leads to a decreased antioxidant capacity in plants. Reduction of photo-
synthetic productivity and phytohormone activity results in reduction of growth
of shoots and roots, reduction of leaf surface and numerous anatomical changes.
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Yuusepsutet y HoBom Cany
[ossonpuBpenHu paxynreT
Tpr Jocureja O6panosuha 8, Hosu Caxn, Cpbuja

PE3UME: Kaamujym (Cd) ce yOpaja y Temke meTase. 3araleme 3eMIbUIITA Te-
IIKMM METaJINMa, a THME ¥ KaJMHjyMOM, ITpe/ICTaBJba 3aHa4YajaH MpooJIeM IINPOM CBe-
Ta jep je npu BehuM KOHLEHTpallijaMa BeoMa TOKCUYaH 3a )KUBE OpraHu3Me. Y JlaHall
MCXpaHe KaaAMHjyM Hajsehum nenom nocnesa npeko 6nibaka. Buine Gusbke Mory na
ycBajajy KaAMUjyM PEKo KOpeHa 1 Haa3eMHuM opranuma. Hajsehnm nesnom ra ycsa-
jajy mpeKko KopeHa, U3 3¢MJBUIITHOT PacTBOPA, 300T uera onrepeheme 3eMIbHIITa Kaa-
MHjyMOM IpecTaBjba BeluK npodiem. Kon BehuHe Onsbaka KaIMHUjyM ce HaKyILJba y
KOpEHY, a y Mab0j MepH y HaJ3eMHHUM, a TIOCEOHO Y penpoayKTUBHIM oprannma. Kanu-
MHJyM 32 OnIbKe HHje TOKCHYaH [PH HIXKUM KOHLEHTpauujama. MehyTum, Buiue KoH-
LICHTpalyje KaaMujyMa Koz Oribaka U3a3uBajy aHaTOMCKe, MOP(OIIOLIKe, PU3HOTIOIIKE
1 Groxemujcke npomene. GUTOTOKCHYHE KOHLEHTPALM]e KaJAMHUjyMa MOTY Jia yTU4y
Beh y moueTHoj (ha3m )xuBoTa OMIbaKa: Ha KiHjamke ceMeHa HHXUOUpajyhu ycBajame
BOJIE ¥ MOOMJIN3ALIM]y PE3EPBHUX MaTepuja CeMEHa, IITO Ce HEITOBOJBHO OApaxkaBa Ha
pacT noHuka. HajaerasbHuje je npoyyaBaH yTULa] KaqMUjyMa Ha (POTOCHUHTESY, ILTO
Jje pa3yMJBHBO aKO Ce NMa y BUY 3Hauaj OBOT IIpoIieca y o0pa3oBamy OpraHcKe MaTepH-
Je Buinx Orsbaka. tberos yTuuaj Ha GoToCHHTE3y BeOMa je KomIuiekcat. Behe konuen-
TpaLKje KaAMHUjyMa CMakbyjy Caipxkaj XJI0poduia a U 6 1 BHUXOB OHOC, JOK Cy KapoTe-
HOM/IM Mambe MOJUIOKHH JIejCTBY Kaamujyma. Kaamujym naxubdupa dororpancdopma-
K]y IPOTOXJIOPOGUINIA y XJIOPODHUIL, @ yTHYE ¥ HA BETOBY Pasrpajiiby aKTHBALHjOM
xnopodunaze. O Moxe fa 3aMmeHn Maruesujym (Mg) y Mosiekyity xaopoduiia u fa u
Ha Taj HAYMH OHeMoryhu onBujarbe GoTocuHTese. Kaamujym u3asusa cTpec KOju 3Ha-
yajHo cMamyje hoToxemujcke eduracnoctu FSII, yruue Ha poTOCHHTETHUKH TpaHC-
MOPT €JIEKTPOHA, HAa aKTUBHOCT eH3uMa KanBruHOBOT Lukiyca U TUME Ha yrpaawy CO,
y Opraicka jenumema. CMameme POTOCHHTE3e M aKTUBHOCTH (PUTOXOPMOHA Ma 3a
MOCJIEANILY CMalbeHHU pacT Ousbaka, OpojHe aHaTOMCKe M MOP(oJIOLIKe TPOMEHE, XJI0-
po3y, Hekpo3y u ap. Ctora je BeomMa Ba)kKHA 3aIITUTA XUBOTHE CPEAMHE OJf IITETHOT
JIeJIoBama KaJaMujyma.

KJbYUHE PEUN: akymynamnuja; Temkn Metar; kaamujym (Cd); auctpudynnja;
pacT; Ousbke; POTOCHHTE3A; KJIHjahe CEMEHA; TOKCHYHOCT
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MASS OSCILLATOR MODELS APPLIED IN
QUANTUM SYSTEMS

ABSTRACT: This review explores position-dependent mass (PDM) oscillators, natu-
rally occurring in biological systems and relevant to engineered quantum devices. In nature,
PDM oscillations appear in the bending of plant stems, fish swimming, bird flight, and the
motion of limbs, as well as in the oscillatory behavior of organs like the heart and vocal
cords. These phenomena inspired models of oscillators whose effective mass varies with
position, simulating elastic structures attached to bodies of variable mass. Mathematically,
such systems are captured by Liénard equations with quadratic velocity terms. This review
examines key features — motion type, period, and amplitude — of PDM oscillators, highlight-
ing their versatility for describing spatially varying inertia and dynamic adaptation. Extend-
ing these concepts to quantum systems, spatial variations in carrier mass arise in semicon-
ductor nanostructures like quantum wells, wires, and dots, due to compositional inhomoge-
neities and structural gradients. Position-dependent mass models refine quantum mechanics,
enabling more accurate energy-level and carrier-dynamics predictions. Such models are
central to the design of advanced electronic and photonic devices, including quantum cascade
lasers, high electron mobility transistors, and scanning tunneling microscopy. Bridging
biology and quantum engineering, PDM oscillators offer a robust framework for innovation
in adaptive materials and biologically inspired technologies. Future research should address
nonlinear effects, anisotropic materials, and leverage data-driven optimization to fully real-
ize the technological potential of PDM oscillators.

KEYWORDS: Position-dependent mass, nature inspired models, nonlinear oscillators,
quantum systems

INTRODUCTION

Recent advances in nanotechnology and semiconductor physics have in-
creasingly highlighted the significance of position-dependent mass (PDM) in
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quantum systems. In particular, charge carriers in engineered nanostructures,
such as quantum wells, wires, and dots, often experience spatially varying
effective masses due to materlal heterogenelty, strain, and compositional gra-
dients. Traditional quantum mechanical models must therefore be refined to
account for these variations, leading to the development of PDM frameworks.
Remarkably, the principles of PDM are not confined to the realm of quantum
physics. A significant number of PDM oscillatory systems are evident in the
natural world, from the bending of tree branches in the wind to the undula-
tory locomotion of fish and the dynamic shape changes in insect wings. These
biological systems adapt their mass distribution to optimize movement and
resilience, offering compelling analogies for both mechanical and quantum
PDM oscillators.

This paper aims to bridge these natural inspirations and their theoretical
interpretations in quantum systems. The authors first explore the occurrence
of PDM oscillators in living systems, highlighting how nature leverages spatial
mass variation for enhanced function. Afterwards, a comprehensive theoreti-
cal framework for PDM models is developed, inspired by these biological
phenomena. Finally, the authors discuss the mechanical-quantum analogy and
the applications of PDM models in advanced materials and devices.

The remainder of this paper is organized as follows: section 2 examines
nature-inspired PDM oscillators across plant and animal systems, section 3
details the theoretical framework of PDM models, including their mathematical
formulations and physical interpretations, section 4 focuses on the mechanical
analogy and the cross-disciplinary relevance of PDM oscillators and quantum
applications, section 5 concludes with key insights and future directions.

POSITION-DEPENDENT MASS OSCILLATORS IN NATURE
AND APPLICATIOS

A significant number of position-dependent mass (PDM) oscillatory sys-
tems are evident in nature, both in the plant and animal world. During motion,
there is a change in the distribution of mass and the moment of inertia within
the body as a consequence of position changes. These changes may be of
structural kind or arise from variations within the material itself. For instance,
in botany, tree or plant oscillation in the wind is a classic example of such
systems. Wind induces periodic bending of tree branches or stems. As water
content and internal pressure vary along the length, the effective mass and
inertia change with position (Niklas, 1992; Vogel, 2012). Large plant leaves
and flower stalks, such as those in banana plants or sunflowers, exhibit PDM
behavior under wind loading, where the structural response and effective mass
vary with position (Spatz & Speck, 2002).

Locomotion in living beings is also frequently accompanied by changes
in the effective mass of the body. In undulatory swimmers such as eels and
lampreys, the body mass distribution changes dynamically along the spine due
to fluid-structure interactions and muscle activation patterns (Tytell et al.,
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2010). These organisms exhibit traveling wave oscillations with position-de-
pendent inertia and damping, leading to highly efficient propulsion strategies
in aquatic environments. Snakes also exhibit periodic body deformation during
locomotion, changing their mass distribution and moment of inertia with each
undulatory wave (Jayne, 1986).

Additional examples of PDM oscillators can be found in the flexible tail
beats of swimming fish, such as tuna and sharks (Shadwick & Gemballa, 2005),
and the morphing wings of birds like swifts, which dynamically adjust wing
shape to control glide performance (Lentink et al., 2007).

Insects, including flies, bees, and moths, rely on wing flapping for flight.
During flapping, the wings dynamically change their shape — an active defor-
mation process — altering the mass distribution in each stroke (Combes &
Daniel, 2003). The flexible wing structure modifies its effective mass and
stiffness throughout the cycle, enabling agile and controlled flight maneuvers.

Furthermore, insect antennae, such as those of stick insects and moths,
act as elastic oscillators with position-dependent effective mass due to hemo-
lymph redistribution and dynamic shape changes (Diirr & Ebeling, 2005).

Propulsion mechanisms in aquatic organisms further exemplify PDM
oscillators. Jellyfish contract and expand their bell to swim. Contraction expels
water, reducing internal mass, and subsequent refilling restores it, resulting in
a fluid-mass cycle that changes the inertia of the system (Gemmell et al., 2015).
Similarly, octopuses and squids employ jet propulsion: they fill a caV1ty with
water, increasing internal mass, and then eject it to generate thrust. Here, the
system mass varies with internal volume, and the cavity shape directly affects
the total system mass (Anderson & Grosenbaugh, 2005).

Particularly interesting is the occurrence of PDM oscillators within the
human body. Heart valves and chambers act as oscillators with position-de-
pendent mass during the cardiac cycle. Blood redistribution leads to changes
in the effective mass of moving walls with each heartbeat (Chung & Im, 2012).
As the heart fills and empties, its stiffness and effective mass vary, influencing
overall hemodynamics. In voice production, the vocal folds oscillate dynami-
cally. During phonation, their mass distribution changes with shape and tension,
functioning as nonlinear oscillators with effective mass varying along the
vocal fold length (Titze, 2008; Cveti¢anin, 2012). This complexity contributes
to the richness and variability of human voice production.

Finally, these principles are also evident in limb movements. During walk-
ing or running, human and animal limbs exhibit periodic motion, with changes
in mass distribution and effective moment of inertia driven by muscle contrac-
tion, fluid shifts, and joint angles (Winter, 2009). These variations are essential
for understanding the biomechanics of locomotion and for improving perfor-
mance and rehabilitation strategies.

What is common to all these examples is that they represent oscillators
in which mass and/or moment of inertia change depending on position. Con-
sequently, to achieve the most accurate simulation of such systems, it is es-
sential to develop precise models incorporating position-dependent mass
(PDM). Such models should consider as many relevant factors as possible,
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including material heterogeneity, structural geometry, and fluid interactions.

Beyond mimicking natural systems, PDM models hold potential for diverse
engineering and medical applications. They can support the development of
medical devices for organ treatment, aid in the creation of artificial organs,

and contribute to the production of artificial voices. Further research in this
field can advance both our understanding of biological systems and the design
of innovative bioinspired technologies.

MODEL OF POSITION-DEPENDENT MASS OSCILLATOR

Let us model the oscillator as a spring — particle system. The particle has
the position dependent mass (PDM) m(x), which depends on the displacement
coordinate x. Including the specificity of structure and material properties of
the system, the function m(x) may describe any of aforementioned cases. For
particle with PDM the kinetic energy is

E,=5 m(x)%’ (1)

where X. is the velocity. Thus, kinetic energy of PDM particle is not only the
function of the velocity as is the case for particle with constant mass, but also
of the displacement. Properties of the kinetic energy (1) are discussed in paper
of Mustafa (2012) and Chargui (2019).

For the elastic spring with potential /(x) the Lagrangian L of the oscillator
is (Tkachuk & Voznyak, 2015; Mustafa & Algadhi, 2019; Mustafa, 2020; Biswas,
2020)

L=—-m(x)x’- V(x) @
Using the Lagrange formalism jt g—L—g—izo the equation of motion fol-

lows as

m(x) o a0 )

1 dm(x) (dx) AYE) dV(x)

Expression (3) is a special type of Liénard equation (Liénard, 1928; Jordan
& Smith, 2007) with quadratic damping (Ruby et al., 2015; Rath et al., 2017).
The effect of quadratic damping on the oscillatory motion was discussed for
a long time (Tiwari et al., 2013). Verhulst (1996) gave the general treatment of
quadratic damping and suggested the consideration of the Liénard equation
within the framework of dynamical system. In the papers of Narayanan &
Sekar (1996) and Bishop & Clifford (1996) not only the unforced but also the
forced periodical oscillators are considered. The focus is on periodic response
and stability of such systems. It is shown how quadratic damping alters re-
sponse amplitudes and frequency behavior. Zhou & Zhang (2007) extended
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the research considering chaos in the Liénard system. Bifurcation structures
and the route to chaos in these systems is discussed.

For (1), significant number of analytic solving procedures are developed.
Let us mention some of them: the multiple scale method (Nayfeh & Mook, 1979),
perturbation techniques (Chatterjee & Mallik, 1994), harmonic balance meth-
od (Bishop & Clifford, 1996). Main disadvantage of the mentioned procedures
is that they are based on the harmonic solution of the linear oscillator, in spite
of the fact that the system is nonlinear. In Cveti¢anin et al. (2025), modification
of methods is done and the solution is assumed to be the perturbed version of
the exact solution of the truly nonlinear oscillator. The procedure is suggested
for various mass functions.

Harmonic like PDM oscillator

According to the formulation of the potential energy of the linear spring in
the system with constant mass V=kZ where the stiffness coefficient & is defined
as the product of the natural frequency w” of the oscillatory system and mass,
the potential energy of the PDM oscillator is (Rath et al., 2021)

V( .X') — m(x;wzxz (4)

Substituting (4) into (3) the equation of motion is

- 2 dmx) 1 (¥, o'X —
X+wx+ I m(x)(2+ 2) 0 )

As the first two terms in equation correspond to harmonic oscillator and
the last two represent the perturbation of the oscillator with constant mass, the
equation (5) is named ‘harmonic like PDM oscillator’ (Carinena et al., 2004; Asad
et al., 2020, Takou et al., 2025a). Various mass variations are considered (Dong
et al., 2007; Costa-Filho, 2011; Dong et al., 2022) and their effect on motion is
analyzed. Ghosh and Modak (2009) discussed the role of PDM-symmetry on
trajectory of motion and Khlevniuk (2018) established a geometric interpreta-
tion of the motion of a classical particle with PDM in a harmonic potential. Rath
etal. (2021) and Jafarov & Nagiyev (2023) extended the research by formulating
oscillators with position-dependent finite symmetric decreasing and increasing
mass. Classical phase portraits of the systems were analyzed using analytical
approaches. Takou et al. (2025b) introduced a thermodynamic analysis of a
harmonic oscillator with position-dependent mass and explored also the sta-
tistical properties and thermodynamic quantities of the system.

Mathews and Lakshmanan (1974) considered the so called ‘Mathews-Laksh-
mann oscillator’ with PDM of Lorentzian profile type (Mathews & Laksh-
manan, 1975). This equation has the exact analytic solution in the form of the
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cosine trigonometric function (Lakshmanan & Chandrasekar, 2013; Karthiga
et al., 2017; Santos & Gonzalez-Borrero, 2023).

Truly nonlinear like PDM oscillator

In general, let us assume the spring to have nonlinear elastic property.
The potential energy for the spring is (Cveticanin, 2018)

V(o) = M@l ©)

a+1

where a > 1 A a U R (integer or noninteger) is the nonlinearity order of the
oscillator and w7 is a constant. Substituting ( ) into ( ) ne znam Sta treba da
bude u zagradama (Lj.Tubi¢) the equation of motion is

ot ixll g dme) 1 (X el
X+w, x|x[ + Ix m(x)(z"'wa a+1)—0 Q)

Comparing (7) with the oscillator with constant mass

@®

X+ xx] =

the difference is evident. The additional terms in (7) are the products of
PDM function and its position derivative. As the equation (7) represents the
perturbation of (8), i.e. of the truly nonlinear oscillator (Mickens, 2010), the
equation (7) is usually called ‘truly nonlinear like PDM oscillator’.
Analyzing (7) it is obtained that it has the first integral

m(x)( +a "fc'fll) K = const. ©)

The first integral (9) is of energy type where both energies (kinetic and
potential) are mass dependent. For initial conditions

x(0)=4, x0)=0 (10)

where 4 = const. the constant is K= m(A)::—j1 and the energy integral is

2 x|x| A™
m(x)( +w, (x+1) m(A)m (11)
Le.
- m(A) Aa+1 2 |x|a+l
x—i\/Z( mx) arl Y m) (12)
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Expression (11) i.e. (12) describes the orbital periodic motion with ampli-
tude 4. Using (12) the period of vibration is

T= 2(oc+1)+l 4 dx
il 1T el
m(x) “®at+l ATm(A) (13)

Unfortunately, the exact analytic solution of (13) is not evident. Because
of that the method for calculation of the approximate period of vibration is
introduced.

Modified He’s formulation

He, in his paper (He, 2006), introduced the formula for computing of the
approximate frequency of vibration of the perturbed linear oscillator

2_ w;R(0)-w;R (0)
“ T TROR0) (9
where @ is the exact frequency of the nonperturbed linear oscillator, w, = @ is
unknown frequency, and R;(0) and R,(0) are residuals obtained for the linear
solution Acos(mt) and corresponding frequencies.

For the truly nonlinear oscillator (8) and initial conditions (10) there is the
exact solution x = Aca(a, 1, wf) in the form of the ca cosine Ateb function
(Cveticanin, 2025) with exact frequency

w'=w A‘H"‘z_+1 (15)

Substituting (15) into (14) and after some modification the approximate
frequency of the ca Ateb function follows as

\/ Aaloc+1 ¢ dm 1) (16)

"‘2 dx m’0

. .. .. . . 1 1
Knowing that the Ateb function is periodic with period B(m, 5) where
B is the complete beta function, the period of vibration is

T= 2B(a+1’2) 2B((x+1’2) 1
w \/ N l(x+1\/1 A_dml, (17)
a+l dxm

In (17) the first term corresponds to the period of the truly nonlinear oscil-
lator with constant mass, and the second is the correction term which depends
on the PDM function and its position derivative. Analyzing the relation (17) it
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is obvious that the period is longer for decreasing PDM than for the oscillator
with constant mass. In opposite, if mass is increasing the period is decreasing
in comparison to the oscillator with constant mass. The higher is the mass
increase, the period is shorter.

THEORETICAL FRAMEWORK AND APPLICATIONS OF PDM
IN QUANTUM SYSTEMS

This section reviews the theoretical framework and practical implications
of PDM models in quantum systems, particularly in the modeling of quantum
oscillators. It highlights how the PDM formalism modifies standard quantum
models, enabling more accurate descriptions of carrier behavior in heterostruc-
tures, quantum wells, and quantum wires. The theoretical foundations of PDM
are examined, along with its significance in capturing the spatial variations of
effective mass and its relevance in multiple application domains.

In engineered nanostructures such as heterostructures, quantum wells,
and quantum wires, the spatial nonuniformity of material parameters neces-
sitates refined theoretical models to enable accurate simulation and device
optimization (Capasso et al., 1995; Zawadzki, 2005). The PDM approach thus
represents an essential tool for describing quantum mechanical systems where
the effective mass of charge carriers varies spatially (Roos, 1983; Bastard,
1988). Namely, recent advances in nanotechnology and semiconductor physics
have increasingly emphasized the importance of spatially varying material
parameters, especially the effective mass of charge carriers in semiconductor
nanostructures. The PDM framework emerges as a crucial refinement to standard
quantum models, accounting for the inhomogeneities encountered in real-world
systems (Dekar et al., 1999; Plastino et al., 1999).

Furthermore, the analogy between mechanical and quantum PDM oscil-
lators has been demonstrated (Carinena et al., 2007; Schulze-Halberg & Roy,
2016). The use of PDM models is widespread in quantum dynamics studies of
low-dimensional systems (Costa Filho et al., 2011; El-Nabulsi, 2021a), particu-
larly in the coherent state framework, where a specific quantum state closely
approximates classical behavior. This is especially significant in the context
of quantum dots, quantum wells, and other semiconductor nanostructures (Cruz
& Ortiz, 2009; Costa et al., 2023).

PDM model and applications

In nanostructures such as quantum dots, quantum wells, and superlat-
tices, the effective mass of carriers (electrons and holes) is not constant but
varies with position. The PDM model captures this spatial variation, providing
improved accuracy in describing energy states and carrier dynamics. Coherent
states in these structures often serve to describe the quasi-classical behavior
of confined carriers (e.g., in laser-based nanostructures and quantum emitters).
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Key application areas include:

» Semiconductor quantum dots: Electrons are confined in all three spatial
directions, with PDM models accurately describing energy levels and wave
functions (Ghosh et al., 2016; ElI-Nabulsi, 2020a; 2020b; Sari et al., 2022).

* Quantum wells: Electrons can move freely in the plane of the well but are
confined in one dimension, forming discrete, quantized energy levels
(Harrison, 2005; Dekar et al., 1999).

* Superlattices and nanoscale layers: These structures exhibit engineered
potential profiles relevant to nonlinear optics and coherent emission prop-
erties (Chen, 2008).

A heterostructure consists of multiple layers of dissimilar semiconductor
materials, each with distinct electronic band structures (El-Nabulsi, 2021a;
2021b; Costa et al., 2021). These structures are typically fabricated using epi-
taxial growth techniques such as molecular beam epitaxy (MBE) or metal-
organic chemical vapor deposition (MOCVD), allowing atomic-level control
of layer thickness and composition (Chen, 2008).

Quantum wells arise when a thin semiconductor layer with a lower bandgap
is confined between layers of higher bandgap material (Harrison, 2005). This
structure creates a potential well that confines carriers in one spatial dimension,
leading to discrete energy levels (Dekar et al., 1999). Quantum wires extend this
confinement to two dimensions, allowing motion only along a single axis and
are typically fabricated using electron-beam lithography and anisotropic etch-
ing (Chen, 2008). While idealized models assume a constant effective mass,
real-world systems exhibit spatial variations due to changes in alloy composi-
tion, band structure, and quantum confinement effects (Roos, 1983; Bastard,
1988; Zawadzki, 2005). Accurate modelling thus requires incorporating PDM
effects to account for variations in energy spectra, carrier mobility, and tunneling
rates (Serra & Lipparini, 1997; Kog¢ & Koca, 2003).

Quantum Oscillators with Position-Dependent Mass

The PDM oscillator approach is essential for simulating devices where
material inhomogeneity strongly affects carrier motion (Serra & Lipparini,
1997; Mottaghizadeh & Sadeghi, 2020). These oscillators extend classical
harmonic and inharmonic oscillator models by incorporating mass variation,
leading to modified energy levels and wavefunction profiles (Dutra & Almeida,
2000; Bagchi et al., 2005; Bagchi et al., 2012; Costa et al., 2023; Takou et al.,
2025b). These models are particularly relevant in:

* Quantum wells and dots with smooth interfaces (Harrison, 2005; Sayrac

et al., 2025).

» Semiconductor devices with spatially graded composition or doping (Bas-

tard, 1988).

» Superlattices and nanostructures with engineered potential landscapes

(Christiansen & Lima, 2023; Lima & Christiansen, 2023).
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For instance, high-electron-mobility transistors (HEMTs), utilized in high-
frequency RF and satellite circuits, involve heterostructures such as GaAs/
AlGaAs where PDM arises at interfaces between materials with different band-
gaps (Roos 1983; Capasso et al., 1995; Peter, 2020). In scanning tunneling
microscopy (STM) systems, the tip interacts with layered quantum materials
where electronic properties—and effective mass—vary spatially, influencing
tunneling probability and imaging resolution (Chen, 2008; Jaradat et al., 2024a;
2024b). Resonant tunneling diodes (RTDs) utilize double-barrier quantum
wells, where varying effective mass influences tunneling rates and energy
levels (Bagchi et al., 2005; Bagchi et al., 2012). Quantum cascade lasers (QCLs),
employed in spectroscopy, gas sensing, and medical diagnostics, consist of
repeated quantum wells with alternating materials, resulting in PDM across
the layers (Capasso et al., 1995; Callebaut & Hu, 2005). Graded-index wave-
guides, quantum dot LEDs, and solar cells similarly exhibit PDM effects due
to compositionally graded materials (Bastard, 1988; Mottaghizadeh & Sadeghi,
2020; Ullah & Ullah, 2020; Sayrac et al., 2025).

The PDM effects also manifest in strongly inhomogeneous plasmas, where
spatially varying electric and magnetic fields modulate effective mass, impact-
ing Langmuir wave propagation and particle trapping (Christiansen & Lima,
2023; El-Nabulsi & Anukool, 2022). These systems often display nonuniform
energy spacing, asymmetric tunneling, and position-sensitive resonance phe-
nomena, underscoring the importance of PDM oscillator models in understand-
ing such effects (Quesne, 2023).

CONCLUSION

This review has provided a thorough overview of position-dependent mass
(PDM) models and their theoretical frameworks, highlighting their essential
role in understanding natural and engineered oscillatory systems. From undu-
latory swimmers and flexible plant structures to insect flight mechanisms,
PDM models accurately capture dynamic mass variations crucial to locomotion,
fluid—structure interactions, and adaptive responses in biological systems.

In engineering and quantum domains, PDM models have proven vital for
the design and optimization of advanced electronic, photonic, and nano-scale
devices—including quantum cascade lasers, high-electron-mobility transistors,
and scanning tunneling microscopy. Their ability to integrate mass variation
and motion dynamics makes them indispensable in both fundamental and ap-
plied research.

The broad relevance of PDM models in biology, engineering, and quantum
systems underscores their versatility in capturing the complex dynamical be-
havior of oscillators with position-dependent inertia. This unified framework holds
promise for guiding the development of biomimetic devices, soft robotics, and
adaptive materials inspired by natural strategies for movement and stability.
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Future research should aim to refine these models to incorporate nonlin-
ear effects, anisotropic material behavior, and complex damping mechanisms
while validating their predictions experimentally in both natural and engi-
neered systems. Integrating PDM-based models into next-generation quantum
devices, photonic systems, and plasma-based technologies offers substantial
opportunities for innovation and performance enhancement. Ultimately, PDM-
inspired oscillators bridge the gap between natural insights and engineering
solutions, paving the way for transformative applications across diverse scien-
tific and technological fields.

OUTLOOK AND FUTURE WORK

The advancement of accurate PDM models for living systems demands
interdisciplinary collaboration among biomechanics, physiology, fluid dynamics,
and computational modeling. Future research should prioritize the refinement
of mathematical formulations for PDM systems—particularly in the context of
complex biological tissues and fluid—structure interactions—supported by high-
fidelity experimental data from time-resolved MRI, high-speed imaging, and
other advanced techniques.

Furthermore, leveraging machine learning and optimization algorithms
will be instrumental in identifying key parameters that govern PDM system
behavior, facilitating more robust and precise control strategies in real-world
applications. Integrating these data-driven approaches with theoretical models
promises to accelerate the development of predictive and adaptive PDM frame-
works.

Looking ahead, the combination of theory, experimentation, and compu-
tational simulation will be crucial to unlocking new insights into these complex
yet elegant natural phenomena. Such efforts will not only enhance our under-
standing of biological and quantum systems but also inspire the next generation
of bioinspired, energy-efficient, and adaptable engineered devices that fully
exploit the rich dynamical properties of PDM-based oscillators.

REFERENCES:

Anderson EJ, Grosenbaugh MA (2005): Jet flow in steadily swimming adult squid. J. Exp. Biol.
208: 1125-1146. [https://doi.org/10.1242/jeb.01473]

Asad J, Mallick P, Samei MF, Rath B, Mohapatra P, Shanak H, Jarrar R (2020): Asymmetric
variation of a finite mass harmonic like oscillator. Results Phys. 19: 103335.

Bagchi B, Banerjee A, Quesne C, Tkachuk VM (2005): Deformed shape invariance and exactly
solvable Hamiltonians with position-dependent effective mass. J. Phys. A: Math. Gen.
38:2929-2945. [https://doi.org/10.1088/0305-4470/38/13/010]

Bagchi B, Das S. Ghosh S, Poria S (2012): Nonlinear dynamics of a position-dependent mass
driven Duffing-type oscillator. ArXiv preprint arXiv:1212.3159.

127



Bastard G (1988): Wave Mechanics Applied to Semiconductor Heterostructures. Gérald Bastard:
Les Editions de Physique.

Biswas K, Saha JP, Patra P (2020): On the position dependent effective mass Hamiltonian,
Eur. Phys. J. Plus 135: 457.

Bishop SR, Clifford MJ (1996): Response of a Liénard-type oscillator with quadratic damping.
J. Sound Vib. 191: 137-144. [https://doi.org/10.1006/jsvi.1996.0049]

Callebaut H, Hu Q (2005). Importance of interface roughness scattering in terahertz quantum
cascade lasers. Appl. Phys. Lett. 86: 111105. [https://doi.org/10.1063/1.1880441]

Capasso F, Sivco DL, Sirtori C, Hutchinson AL, Cho AY (1995). Quantum cascade lasers:
Ultrahigh-speed operation, optical wireless communication, and midinfrared photonics.
IEEE J. Quantum Electron. 38: 511-532. [https://doi.org/10.1109/3.989497]

Carinena JF, Ranada MF, Santander M (2004): One-dimensional model of a quantum nonlin-
ear harmonic oscillator. Rep. Math. Phys. 54: 285-293.

Carinena JF, Ranada MF, Santander M (2007): A super-integrable two-dimensional non-linear
oscillator with an exactly solvable quantum analog. Symmetry, Integrability and Geom-
etry: Methods and Applications SIGMA 3, 030.

Chen CJ (2008): Introduction to Scanning Tunneling Microscopy (2™ ed.). Oxford University
Press.

Chargui Y, Dhahbi A, Trabelsi A (2019): A novel approach for constructing kinetic energy
operators with position dependent mass. Results Phys. 13: 102329.

Chatterjee A, Mallik AK (1994): Approximate analytical solutions for Liénard-type oscillators
with quadratic damping. J. Sound Vib. 171: 287-295 [https://doi.org/10.1006/jsvi.1994.1175]

Christiansen HR, Lima RM (2023): Three-dimensional bound states of cylindrical quantum
heterostructures with position-dependent mass carriers. ArXiv preprint arXiv:2312.07477.

Chung CS, Im SH (2012): Dynamic changes in heart mass and moment of inertia during the
cardiac cycle. J. Biomech. 45: 1900—1906. [https://doi.org/10.1016/j.jbiomech.2012.04.013]

Combes SA, Daniel TL (2003): Flexural stiffness in insect wings II. Spatial distribution and
dynamic wing bending. J. Exp. Biol. 206: 2989-2997. [https://doi.org/10.1242/jeb.00519]

Costa BG, Silva GAC, Gomez IS (2021): Supersymmetric quantum mechanics and coherent
states for a deformed oscillator with position-dependent effective mass. J. Math. Phys. 62:
092101.

Costa BG, Gomez IS, Rath B (2023): Exact solution and coherent states of an asymmetric oscil-
lator with posCition-dependent mass. J. Math. Phys. 64: 012102.

Costa Filho RN, Almeida MP, Farias GA, Andrade JS Jr. (2011): Displacement operator for
quantum systems with position-dependent mass. Phys. Rev. 4 84: 050102(R).

Cruz SC, Ortiz OR (2009): Position-dependent mass oscillators and coherent states. J. Phys.
Math. Theor. 42: 185205.

Cveticanin L (2012): Review on mathematical and mechanical models of the vocal cord. J. Appl.
Math. 2012, Article ID 928591, 18 pages. [https:/doi:10.1155/2012/928591]

Cveticanin L (2018): Strong Nonlinear Oscillators. Berlin: Springer.

Cveticanin L (2025): Exact solutions for strong nonlinear oscillators with linear damping.
Mathematics 13: 1662. [https://doi.org/10.3390/math13101662]

Cveticanin L, Herisanu N, Ismail GM, Zukovic M (2025): Vibration of the Liénard oscillator
with quadratic damping and constant excitation. Mathematics 13: 937. [https://doi.
org/10.3390/math13060937]

128



Dekar L, Chetouani L, Hammann TF (1999): An exactly soluble Schrodinger equation with
position-dependent mass. J. Math. Phys. 39: 2551-2563 [https://doi.org/10.1063/1.532844]

Dong SH, Cassou ML, Yu J, Angeles F.J, Rivera AL (2007): Hidden symmetries and thermo-
dynamic properties for a harmonic oscillator plus an inverse square potential. /nt. J.
Quantum Chem. 107: 366-371.

Dong SH, Huang WH, Sedaghatnia P, Hassanabadi H (2022): Exact solutions of an exponential
type position dependent mass problem. Res. Physics 34: 105294.

Dutra AS, Almeida CAS (2000): Exact solvability of potentials with spatially dependent effec-
tive masses. Physics Letters A 275: 25-30. [https://doi.org/10.1016/S0375-9601(00)00542-0]

Diirr V, Ebeling W (2005): Antennal oscillations and the information they encode in the stick
insect Carausius morosus. J. Comp. Physiol. A 191: 131-144. [https://doi.org/10.1007/
$00359-004-0576-4]

El-Nabulsi RA (2020a): Dynamics of position- dependent mass particle systems with dynami-
cal friction: applications to quantum dots/zero-dimensional nanocrystals. Superlatt. Mi-
crostruct. 144: 106581.

El-Nabulsi RA (2020b): A generalized self-consistent approach to study position-dependent
mass in semiconductors organic heterostructures and crystalline impure materials. Phys-
ica E Low Dimens. Syst. Nanostruct. 124: 114295.

El-Nabulsi RA (2021a): Quantum dynamics in low-dimensional systems with position-dependent
mass and product-like fractal geometry. Physica E Low Dimens. Syst. Nanostruct. 134:
114827.

El-Nabulsi RA (2021b): Dynamics of position-dependent mass particle in crystal lattices mi-
crostructures, Physica E Low Dimens. Syst. Nanostruct. 127: 114525.

El-Nabulsi RA, Anukool W (2022): Quantum mechanics with spatial non-local effects and
position-dependent mass. Proc. R. Soc. A 478: 20220200. [https://doi.org/10.1098/
rspa.2022.0200]

Gemmell BJ, Costello JH, Colin SP, Stewart CJ, Dabiri JO, Tafti D, Priya S (2015): Passive
energy recapture in jellyfish contributes to propulsive advantage over other metazoans.
Proc Nat. Acad. Sci. 110: 17904—-17909. [https://doi.org/10.1073/pnas.1306983110]

Ghosh AP, Mandal A, Sarkar S, Ghosh M (2016): Influence of position-dependent effective
mass on the nonlinear optical properties of impurity doped quantum dots in presence of
Gaussian white noise. Opt. Commun. 367: 325-334.

Ghosh S, Modak SK (2009): Classical oscillator with position-dependent mass in a complex
domain. Phys. Lett. A 373: 1212—1216. [https://doi.org/10.1016/j.physleta.2009.02.001]

Harrison P (2005): Quantum Wells, Wires and Dots: Theoretical and Computational Physics of
Semiconductor Nanostructures (2" ed.). Hoboken, New Jersey, U.S.: John Wiley & Sons.

He JH (2006): Some asymptotic methods for strongly nonlinear equations. Int. J. Mod. Phys. B
20: 1141-1199.

Jafarov EI, Nagiyev SM (2023): Dynamical symmetry of a semiconfined harmonic oscillator
model with a position-dependent effective mass. ArXiv preprint arXiv:2305.11702.

Jayne BC (1986): Kinematics of terrestrial snake locomotion. Copeia 1986(4): 915-927. [https:/
doi.org/10.2307/1445282]

Jaradat EK, Tarawneh SR, Akour AN, Jaradat OK (2024a): Demonstrating Schrodinger equation
involving harmonic oscillator potential with a position-dependent mass in an external
electric field. Adv. Phys. Res. 6: 15-28.

129



Jaradat E, Tarawneh S, Alogali A, Ajoor M, Hijjawi R, Jaradat O (2024b): Position-dependent
mass Schrodinger equation for the g-deformed WoodsSaxon plus hyperbolic tangent
potential. Int. J. Adv. Appl. Sci. 11: 44-50.

Jordan DW, Smith P (2007): Nonlinear Ordinary Differential Equations: An Introduction for
Scientists and Engineers (4™ ed.). Oxford University Press.

Karthiga S, Chandrasekar VK, Ruby V, Senthilvelan M, Lakshmanan M (2017): Quantum
solvability of a general ordered position dependent mass system: Mathews-Lakshmanan
oscillator. J. Math. Phys. 58: 102110.

Khlevniuk A (2018): Classical harmonic oscillator with position-dependent mass m(r) = 1/(1 +1*).
Journal of Mathematical Physics. 59: 082901. [https://doi.org/10.1063/1.5031037]

Kog¢ R, Koca M (2003): A systematic study on the exact solutions of the position-dependent
mass Schrodinger equation. J. Phys. A: Mathematical and General 36: 8105—8112. [https:/
doi.org/10.1088/0305-4470/36/28/310]

Lakshmanan M, Chandrasekar VK (2013): Generating finite dimensional integrable nonlinear
dynamical systems. Eur. Phys. J. ST 222: 665—688.

Lentink D, Miiller UK, Stamhuis EJ, De Kat R, van Gestel W, Veldhuis LL, Henningsson P,
Hedenstrom A, Videler JJ, Van Leeuwen JL (2007): How swifts control their glide perfor-
mance with morphing wings. Nature, 446: 1082—1085. [https://doi.org/10.1038/nature05733]

Liénard A (1928): Etude des oscillations entretenues. Rev. Gén. Electr. 23: 901-912, 946-954,
1018-1024.

Lima RM, Christiansen HR (2023): The kinetic Hamiltonian with position-dependent mass.
ArXiv preprint arXiv:2303.02507.

Mathews PM, Lakshmanan M (1974): On a unique nonlinear oscillator. Quart. Appl. Math. 32:
215-218.

Mathews PM, Lakshmanan M (1975): A quantum-mechanically solvable nonpolynomial Lagran-
gian with velocity-dependent interaction. Nuovo Cimento 4 26, 299.

Mickens R (2010): Truly Nonlinear Oscillations. World Scientific Publishing Co.

Montroll EW, Shuler KE (1953). The quantum theory of diffusion processes. J. Chem. Phys. 21:
816—822. [https://doi.org/10.1063/1.1699087]

Mottaghizadeh M, Sadeghi J (2020): Solutions of PDM Schrédinger equation in different poten-
tial cases using the Nikiforov—Uvarov method. Physica Scripta, 95: 115301. [https://doi.
org/10.1088/1402-4896/abb4cc]

Mustafa O (2012): Position-dependent mass harmonic oscillator: Classical-quantum mechanical
correspondence and ordering ambiguity. ArXiv preprint arXiv: 1208.2109. Available to:
https://arxiv.org/abs/1208.2109

Mustafa O, Algadhi Z (2019): Position-dependent mass momentum operator and minimal cou-
pling: point canonical transformation and isospectrality. Eur. Phys. J. Plus 134: 228.

Mustafa O (2020): PDM creation and annihilation operators of the harmonic oscillators and the
emergence of an alternative PDM-Hamiltonian. Phys. Lett. A 384: 126265.

Narayanan S, Sekar P (1996): On the dynamics of a nonlinear system with quadratic damping.
Nonlinear Dyn. 11: 95-110. [https://doi.org/10.1007/BF00042073]

Nayfeh AH, Mook DT (1979): Nonlinear Oscillations. Wiley.

Niklas KJ (1992): Plant Biomechanics: An Engineering Approach to Plant Form and Function.
University of Chicago Press.

130



Peter AJ (2009): The effect of position dependent effective mass of hydrogrnic impurities in
parabolic GaAs/GaAlAs quantum dots in a strong magnetic field. Int. J. Mod. Phys. B
23: 5109.

Plastino AR, Rigo A, Casas M, Garcias F, Plastino A (1999): Supersymmetric approach to
quantum systems with position-dependent effective mass. Phys. Rev. 4 60: 4318—4325.
[https://doi.org/10.1103/PhysRevA.60.4318]

Quesne C (2023): Rational Extensions of an Oscillator-Shaped Quantum Well Potential in a
Position-Dependent Mass Background. ArXiv preprint arXiv:2309.11364.

Rath B, Mallick P, Akande J, Mohapatra PP, Adja DKK, Koudahoun LH, Kpomahou YJF,
Monsia MD, Sahoo RR (2017): A general type of Liénard second order differential equa-
tion: classical and quantum mechanical study. Proc. Indian Natl. Sci. 83: 935-940.

Rath B, Mallick P, Mohapatra P, Asad J, Shanak H, Jarrar R (2021): Position-dependent finite
symmetric mass harmonic-like oscillator: Classical and quantum mechanical study, Open
Physics 19: 266-276. [https://doi.org/10.1515/phys-2021-0024]

Roos O (1983): Position-dependent effective masses in semiconductor theory. Phys. Rev. B, 27:
7547-7552. [https://doi.org/10.1103/PhysRevB.27.7547]

Ruby VC, Chandrasekar VK, Senthilvelan M, Lakshmanan M (2015): Removal of ordering
ambiguity for a class of position dependent mass quantum systems with an application to
the quadratic Lienard type nonlinear oscillators. J. Math. Phys. 56: 012103.

Santos RTG, Gonzalez-Borrero PP (2023): Classical and quantum systems with position-de-
pendent mass: An application to a Mathews-Lakshmanan-type oscillator. Rev. Bras.
Ensino Fis. 45: €20230172.

Sari H, Kasapoglu E, Sakiroglu S, Sokmen I, Duque CA (2022): Effect of position-dependent
effective mass on donor impurity- and exciton-related electronic and optical properties
of 2D Gaussian quantum dots. Eur. Phys. J. Plus 137: 341.

Sayrac M, Acikgoz L, Tuzeman AT, Mora-Ramos ME, Ungan F (2025): Exploring nonlinear
optical properties of single 8-doped quantum wells: influences of position-dependent
mass, temperature, and hydrostatic pressure. Eur. Phys. J. Plus 140: Article 122.

Schulze-Halberg A, Roy B (2016): Generalized quantum nonlinear oscillators: Exact solutions
and rational extensions. J. Math. Phys. 57: 102103.

Serra L, Lipparini E (1997): Spin response of unpolarized quantum dots. Europhys. Lett. 40:
667-672. [https://doi.org/10.1209/epl/i11997-00286-9]

Shadwick RE, Gemballa S (2005): Structure, kinematics, and muscle dynamics in undulatory
swimming. In: J. P. Gasc, A. Casinos, & A. Bels (Eds.), Biomechanics of Animal Move-
ment. Boca Raton, Florida: CRC Press, 241-256.

Spatz HC, Speck T (2002): Oscillations of plants: Mechanisms and biological functions. Phil. Trans.R.
Soc. A: Math. Phys. Eng. Sci. 360: 1477-1492. [https://doi.org/10.1098/rsta.2002.1015]

Takou DS, Mora AY, Nonkan¢ I, Lawson LM, Avossevou GY H (2025a): Gazeau-Klauder coher-
ent states for a harmonic position-dependent mass. Available to: ArXiv preprint arX-
iv:2503.23043.

Takou DS, Mora AY, Avossevou GYH (2025b): Thermodynamic analysis for harmonic oscil-
lator with position-dependent mass, ArXiv preprint arXiv:2505.15981. Available to: https:/
arxiv.org/abs/2505.15981

Tkachuk VM, Voznyak O (2015): Effective Hamiltonian with position-dependent mass and
ordering problem. Eur. Phys. J. Plus 130: 161.

131



Titze IR (2008): Nonlinear source—filter coupling in phonation: Theory. J. Acoust. Soc. Am.
123: 2733-2749. [https://doi.org/10.1121/1.2832337]

Tiwari AK, Pandey SN, Santhilvelan M, Lakshmanan M (2013): Classification of Lie point sym-
metries for quadratic Liénard type equation X + f(x)x* +g( x) = 0. J. Math. Phys. 54: 053506

Tytell ED, Hsu CY, Williams TL, Cohen AH, Fauci LJ (2010): Interactions between internal
forces, body stiffness, and fluid environment in a neuromechanical model of lamprey
swimming. Proc. Natl. Acad. Sci. 107: 19832-19837. [https:/doi.org/10.1073/pnas.1009079107]

Ullah K, Ullah H (2020): Enhanced optomechanically induced transparency and slow/fast light
in a position-dependent mass optomechanics. Eur. Phys. J. D 74: 197.

Verhulst F (1996): Nonlinear Differential Equations and Dynamical Systems. (2™ ed.). Springer.

Vogel S (2012): The Life of a Leaf. University of Chicago Press.

Winter DA (2009): Biomechanics and Motor Control of Human Movement (4" ed.). John Wiley
& Sons.

Zawadzki W (2005): Electron effective mass in GaAs: Nonparabolicity and band structure ef-
fects. Phys. Status Solidi B, 242: 844—857. [https://doi.org/10.1002/pssb.200460354]

Zhou L, Zhang Y (2007): Periodic and chaotic motions of the Liénard-type equation with quad-
ratic damping. Chaos Soliton Fract. 33: 89-99. [https:/doi.org/10.1016/j.chaos.2006.11.030]

OPUTMTHAJIHU YJIAHAK
IMpumisen: 20. 6. 2025.
Ipuxsahen: 15. 7. 2025.

IIPEIJIE ITPUPOAOM NMHCIIMPUCAHUX MOJEJIA OCIIUIJIATOPA
CA ITPOMEHJBMMBOM MACOM ITPUMEBEHNX
Y KBAHTHUM CUCTEMHUMA

Jlusuja J. UBETURAHUH
cveticanin@uns.ac.rs;
https://orcid.org/0009-0002-0756-5541

YuausepsuteT y HoBom Cany, @akynreTr TEXHHUYKUX HayKa
Tpr Hocuteja O6pamosuha 6, Hosu Cax 21000, CpOuja

PE3VME: [Ipernen uctpaxyje KOHIENT OCIHJIATOPA Ca MAaCOM 3aBHUCHOM O/
noniokaja (M3I1) mpemo3Hat Ko MpUPOTHIX CUCTEMA a KOjH je TPUMEHJFUB KOJT KBaHT-
HUX ypehaja. bronomkn ociumaTopHu CHCTEMH NOKa3yjy JHHAMHYKO MpriarohaBame
pacriozienie Mace KpeTamwy | mojoxajy. [[poMeHa eeKTHBHE Mace 1 MOMEHTa HHEPLHje
JieTiaBa ce KO/ caBHjama CTa0JbHKe OMIbKE, KO BHjyTama Tejla pude NMpH MIINBAmY,
KOJIl KpWJIa MIPH JICTCHY NTHIlA aJld U MHCEKATa, KOJ Y0Ba YOBEKA U KUBOTHHA MPH
KOopavamy M Tpuamy. Paj HU3a yHYTpalllbUX OpraHa y Tejly 4oBeka oMoryheH je u
nponpaheH ocumIaTOpHUM KpeTameM y3 IPOMeHy Mace (paja cpuaHor mumuha, Tpere-
peme riacHe xxuie). Macnupucany 0BUM NPUPOAHUM (PEHOMEHHMA CAUYHE-EHU Cy MOJICITH
ocIuIIaTopa ca e)eKTUBHOM MacoOM KOja je TPOMEHJbHBA, U (DYHKIIH]ja nosoxkaja. Duzny-
KM MOJIEJ OCIIMJIATOpa KOjU CUMYJIMpa KpeTama cacToju ce O] eIaCTUYHOT eJIeMEeHTa
3a KOjH je Be3aHO TeJI0 IPOMEHJbUBE Mace. Y OINILITEM CIydajy MaTeMaTH4YKH MOAEI
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cucteMa je JIuenapnosa jeqHaunHa ca KBaIpaTHOM (pyHKIHjoM Op3uHe. Y pany cy IpH-
Ka3aHe Creln(pUIHOCTH OBOT OCIIHIIATOPA KOj€ C€ OTHOCE Ha THI KpeTarma, HEePHO 1
aMILTATYJIe OCLMIIOBarba. OBH MOJENN Hy/Ie CBECTPAH TEOPH]CKH OKBUD 32 PasyMeBarbe
OCLIMJIATOPA Ca POCTOPHO MPOMEHILUBOM HHEPLHMjoM, 00y xBaTajyhu ciokene uHTep-
akuuje uzmelhy CTpyKType U Kperama. Y pajy je, kopuctelin KapakTepUCTHKE MeXa-
HUYKOT MOjIeJia, IOBYUCHa mapajeia n3Mel)y mpupogHuX CHCTeMa U MHIKSEHEPCKIX
kBaHTHUX ypehaja. [Ipernen oOyxsara Teopujcku pazsoj M3I1 moznena, mUXoBe Mexa-
HUYKO-KBAHTHE aHAJIOTH]E U HCHE MPUMEHE. Y KBAHTHUM CUCTEMHMa, HAPOUUTO Y
MOy TPOBOJIHMYKUM HAHOCTPYKTYpaMa Kao IITO Cy KBAHTHE jame, KHUIe U TadykKe,
MIPOCTOPHE BapHjanuje epeKTUBHE Mace HOCUIIAlla HaCIEKTPUCaha IPOUCTHYY U3
KOMIIO3UIIMOHMX HEXOMOT@HOCTH M CTPYKTYpHHX rpaaujeHata. M3I1 moxenu omo-
ryhyjy ycaBpuiaBame TpaJuIIHOHATHOT IPUCTYTIa KBAHTHE MEXaHHKe, T000JpIIaBajyhu
TayHOCT MpeABulama HIBOA €HEeprije U JUHAMUKE HOCHIJIAlla Y OBUM CUCTEMHUMA.
Takole, oBM MOJIeNT YMHE OCHOBY 3a MPOjEKTOBAE U PaJ HATPEIHUX SNEKTPOHCKUX
1 GOTOHCKHUX ypehaja momyT KBaHTHUX KacKaIHKX Jiacepa, TPAaH3UCTOpa Ca BEIMKOM
MMOKPETJbUBOIINY €JIEKTPOHA U CKeHHupajyhe TyHencke Mukpockomnwuje. [loBesyjyhu
MPUPOIHE U HHKCHEPCKE TIEPCIIEKTHBE, OBaj paJl yka3yje Ha BequKkH notexuujan M3I1
OCIIMIIATOpa Kao OKBUpA 3a Bol)erhe MHOBAIH]a Y OHOJIONIKH HHCITHPHCAHUM TEXHOJIOT H-
jama, aJlanTHBHUM MaTepHjajinMa U KBaHTHUM ypehajuma cienehe renepanuje. byayha
HCTpaKuBama Tpeba Ja yKJbydue HennHeapHe edekTe, aHU30TPOITHE MaTepHjaie u
CTpaTeruje ONTHMHU3AIlHje 3aCHOBAaHE Ha MOJIallNMa, KaKo OM ce TOAaTHO YCABPIIHIN
MB3II Moeni ¥ HICKOPUCTHO HBUXOB ITYHU TEXHOJIOMKH MOTEHITH]jaJl.

KJbYYHE PEUU: maca 3aBucHa oz nonoxaja (M3I1); Moaenn mHCIUpHUCaHH MTPHU-
POZIOM; HEJIMHEAPHU OCIMJIATOPH; KBAHTHU CHCTEMHU
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