www.nature.com/scientificreports

scientific reports

W) Check for updates

OPEN A case study on the early stage

of Pinus nigra invasion and its
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and pattern in Pannonic sand
grassland
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Alien woody species are successful invaders, frequently used for afforestation in regions like semi-
arid lands. Shrubs and trees create important microhabitats in arid areas. Understorey vegetation

in these habitats has unique species composition and coexistence. However, the impact of solitary
woody species on understorey vegetation is less understood. This study evaluated the effect of native
(Juniperus communis) and invasive solitary conifers (Pinus nigra) on surrounding vegetation, where
individuals were relatively isolated (referred to as solitary conifers). The field study conducted in
Pannonic dry sand grassland in 2018 recorded plant and lichen species presence around six selected
solitary conifers. Composition and pattern of understorey vegetation were assessed using 26 m belt
transects with 520 units of 5 cm x 5 cm contiguous microquadrats. Compositional diversity (CD) and
the number of realized species combinations (NRC) were calculated from the circular transects. Results
showed native conifer J. communis created more complex, organized microhabitats compared to
alien P. nigra. CD and NRC values were significantly higher under native conifers than invasive ones
(p=0.045 and p=0.026, respectively). Native species also had more species with a homogeneous
pattern than the alien species. Alien conifers negatively affected understorey vegetation composition
and pattern: some species exhibited significant gaps and clusters of occurrences along the transects
under P. nigra. Based on our study, the removal of invasive woody species is necessary to sustain
habitat diversity.

Plant invasion is a major threat to biodiversity worldwide', with invasive woody species being considered the
most problematic invaders in many areas>’. Despite this, alien woody species are often used to create forests for
industrial purposes, reforestation, combating desertification or preventing soil erosion**. However, these species
frequently escape from cultivation areas and invade natural and semi-natural habitats, leading to a decline in
native plant diversity in these areas*®. They can transform ecosystems and their functioning, strongly compete
with native species for space, resources and light, and ultimately have a drastic effect on ecosystem services>>’.
These altered ecosystems can act as starting points for further biological invasions®*°.

Native woody species have been reported to create important microhabitats in (the open area of) semi-arid
lands!"'2, Large shrubs or trees act as nurse plants for herbaceous species in arid and semi-arid environment'?.
The soil characteristics e.g. organic and inorganic matter, moisture, temperature and light intensity under and
near shrub or tree canopies often significantly differ from the open space of these habitats without trees'*?°. These
microhabitats created by native trees are important because they can alter the plant production and establishing
a unique species composition and coexistence!®*!. Furthermore, every woody species has different effects on the
understorey plants as they modify the understorey environments'®!7?2-24, Some studies have also shown that
soil seed bank properties also depend on the species of woody plants*>~?”. However, very few studies have been
conducted about the diversity characteristics of the microhabitat under the invasive woody species in semi-arid
environments compared to native ones'”*%%,

Vegetations of arid and semi-arid lands are resistant to several environmental stress factors, however, they are
threatened by plant invasions®. The Pannonic dry sand grasslands or open sand grasslands (Natura 2000 code:
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6260) are endemic habitats severely sensitive to plant invasion. These are habitats characterized by the domi-
nance of medium to tall perennial grasses or dwarf shrubs that form tufts, with a patchy ground cover. They are
associated with communities of annual plants that have developed on either shifting or stable sands, including
river sands and ancient dune systems, within the distribution range of the Pannonian steppes”*!*2. These open
sand grasslands are important unique arid ecosystems of the European Union as are habitats of several protected
species such as Alcanna tinctoria (L.) Tausch, Astragalus varius S.G.Gmel., Corispermum canescens Kit., Corisp-
ermum nitidum Kit., Festuca wagneri Thaisz et Flatt, Sedum urvillei subsp. hillebrandtii (Fenzl) D.A. Webb®*-4,
Common juniper (Juniperus communis L.) is the only native conifer species in the Pannonic sand grasslands. They
are located in long distances from each other providing scattered occurrence in the open sand grassland matrix.
Certain terricolous cryptogam species (mosses and lichens) grow almost exclusively in the shade of junipers'>.
However, several drought and heat tolerant invasive woody species are used for wood industry and for the sand
stabilization near these habitats”'®*¢. One of the most frequently used invasive conifer woody species for the
afforestation of these areas is Pinus nigra J.E. Arnold (black pine or Austrian pine)*’~*. Because of these foresta-
tion practice, black pine is able to spread its seeds by wind to the protected areas outside from the cultivation
area®*-3%40 Thus, this species can easily escape from these planted forests to the nearby sandy grasslands, where
their presence is highly undesirable from a nature conservation point of view.

In general, the invasion of pines generally progresses in two waves further into native vegetation: the first
begins with the dispersal of seeds from plantation individuals, which creating scattered individuals (wilding
plants) on the outer edge of natural vegetation. The second wave of invasion occurs when these scattered indi-
viduals on the periphery become sexually mature, and their seeds spread even deeper into the natural vegetation.
However, the effect of the solitary trees of the first stage on the vegetation has been thought to be low competition
between species*. The Pinus genus can be a good model for researches of the invasive plant ecology*?. Under-
standing the early stage of pine (and other invasive plants as well) invasion processes would be essential from a
nature conservation point of view. However these are often overlooked in recent studies due to the challenging
to study methodologically. Therefore we evaluate the effects of solitary conifers. Comparing the differences in the
understory beta diversity of the native J. communis and the alien P. nigra in a semi-arid habitat, the Pannonian
open sandy grassland. Assuming, these woody species affect on the understorey vegetation in arid and semi-arid
ecosystems, we compared the structure and composition of the understorey vegetation of the co-occurring native
to alien conifers with information theory method. The aim of the research is to better understand the relationship
between woody species and understorey vegetation and the initial stage of invasion processes.

Material and methods

Study area

The study was performed in a strictly protected UNESCO biosphere reserve core area, near Fiillophaza in the
Kiskunsag National Park, Central Hungary (Fig. 1). The map of the study site was edited by QGIS software
(version 2.18.24)*. The GPS coordinates of the centroid of study area are N46° 52.92', E0 19° 23.94'. The study
area belongs to the Pannonic sand steppes (Natura 2000 category: 6260) of special importance for the European
Union Habitat Directive (92/43/CEE)***. Climate conditions are semiarid temperate with continental and sub-
Mediterranean features’**. The mean annual precipitation is 520-550 mm** and the groundwater level is deeper
than 2 m**, The mean annual temperature is 10 °C***"4, The soil profile is weak, developed on calcareous
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Figure 1. The study area. (A) The special protected Fiilophdza Sand Dunes, as a part of Kiskunsdg National
Park in Central Hungary. (B) Location of the randomly selected native and alien conifers.
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sand*~%. The study area was used as grazing and land for military trainings before protection and abandonment
since 1974°**!. The vast majority of this semiarid habitat belongs to the open perennial grassland, Festucetum
vaginatae (its characteristic species are Festuca vaginata Waldst. et Kit., Fumana procumbens (Dun.) Gren. et
Godr,, Stipa borysthenica Klokov and Stipa capillata L., Euphorbia seguieriana Neck., Koeleria glauca (Spreng.)
DC. and Alyssum tortuosum Willd.) with solitary junipers (J. communis) and rarely covered with forest-steppe
vegetation mosaic where the Populus alba L. and P. X canescens Sm. forms small forests of the association Junipero-
Populetum!>*>>2, This area is surrounded by agricultural areas, pastures and non-native tree plantations of Pinus
nigra (Fig. 1). These dry, nutrient-poor, calcareous sand habitats are home to a large number of rare, endangered
or endemic species both vascular plants (Colchicum arenarium Waldst. et Kit., Dianthus diutinus Kit., Dianthus
serotinus Waldst. et Kit., Ephedra distachya L., Iris arenaria Waldst. et Kit., Onosma arenaria Waldst. et Kit.) and
lichens (Cladonia convoluta (Lam.) Anders., Cladonia furcata (Huds.) Schrad., Cladonia magyarica Vain. ex
Gyeln., Cladonia rangiformis Hoffm., Toninia physaroides (Opiz.) Zahlbr.)*?-*.

Experimental design

Canopy heights and diameters of the two conifer species individuals also were measured in order to avoid the
differences in species coexistence of the surrounding vegetation caused by the different canopy size of the two
conifer.

Native species diversity is a commonly used indicator of the impacts of invasive species®**. Although, this is
a rather rough means of estimation of the compositional richness of vegetation because only the number of ele-
ments of a complex pattern is enlisted without studying the relations between the elements and scales®. Therefore,
measurements based only the changes in species number are not enough, to detect alterations of diversity more
sensitive measures are required. Consequently, the microcoenological structural analysis can be a promising
candidate to examine a changes of community®®*” and the effect of invasions, respectively*®-%". Microcoenologi-
cal structural analysis is a research method and function—developed by P4l Juhasz-Nagy—that deals with the
internal diversity, order, and coexistence modes and conditions of plant communities. This method and func-
tions are capable of quantitatively describing changes in organizational state, spatial and temporal transitions of
vegetation, as well as dynamic and functional aspects®>*%. Although the method may require significant labor for
the unit of area, in recent times, field sampling and data processing methods have been developed that can reduce
the workload®!. Microcoenological analyses are more sensitive to finer spatial and temporal changes than classical
phytosociological methods, making them more effective in examining dynamic and evolutionary aspects®"%.

The comparative microcoenological structural study was conducted in July, 2018. Six native solitary com-
mon junipers (J. communis) and six alien solitary black pines (P. nigra) were selected randomly to compare their
surrounding vegetations in the open sand grassland (Fig. 1). The GPS coordinates of the solitary conifers are in
the Supplement (Table S1). The selection criteria of native and alien conifers were appropriate same size of the
canopy diameter and height, as it can be seen in the Table 1.

Standardized microcoenological sampling protocols were used to detect beta diversity differences between
the surrounding vegetations of the two conifers. Therefore, we used a 26 m long belt transect, which was laid
around each selected conifer canopy and closed on itself. Furthermore, the transect was placed at a distance
of 2 m (£0.5 m) to the edge of the canopy. Every belt transect consists of 520 units of 5 cm x5 cm continuous
microquadrats®. The presence of every plant and lichen species was recorded in every 5 cm x 5 cm microquadrat
along each transect®® (Fig. 2). The nomenclature of the vascular plant species followed by Kiraly** while in the
case of moss and lichen species, it was by Kecskés et al.®>.

Data analyses
Microcoenological data were used to the calculation of species compositions, abundance and the procession
of a kind of information theory functions (herafter JNP-functions)®*®”. We used two of these functions in the
study. These functions inform us about the composition and structure of a community. The differences between
vegetations in these functions are sensitive indicators of beta diversity****. The compositional diversity (CD)
describes the Shannon diversity of species combinations. The number of realized species combination (NRC)
display the number of species combinations as a function of spatial resolution. It shows how the frequency and
spatial pattern of the species of a vegetation contributes to the formation of community patterns®->’.
JNP-functions were calculated by computerised spatial series analyses. For this, the transects data were
resampled with different unit sizes, allowing for the estimation of mean species richness at different scales. The
functions were calculated across range of spatial scales from 5 cm x 5 cm to 5 cm x 500 cm by merging adjacent
microquadrats (merging two, then three, then four... etc.) from the transect data. These results in one CD and
one NRC curve for each transect. The curve of one function has two important parameters: maximum value
(max. value) and characteristic area (CA, area where the function reaches the max. value). The CA and max.

Conifer species Height (m) Crown diameter (m)
Juniperus communis (native) 4.33+0.33 2.66+0.06
Pinus nigra (alien) 4.83+£0.42 2.61+0.07
Significance (p) 0.3741 (ns) 0.6288 (ns)

Table 1. The studied parameters of the two conifer species. Mean (+ SE) of heights and crown diameters for
the two conifer individuals. Two-tailed t test, n=6.
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Figure 2. The species presence patterns along 26 m x5 cm circular transects. The surrounding vegetation of
six pair of native conifer (Juniperus communis) and six alien conifer (Pinus nigra) were selected for illustration.
To avoid bias, the number of species with frequency higher than 2% is identical in the two transect. Species
are plotted from the outside inward in the circular transects in alphabetical order. The colored lines show the

presence of the individual species, the gray gaps show their absence.

values of the curves were compared to each other: higher max. values indicate more diverse community, as several
species are combined in them®%2. The CA can be given by the projection of the max. value to the spatial scale.

However, in the case of the CA, the smaller area indicates a more diverse community if the given maximum CA

presents in a smaller scale?63:6467,

The two JNP-functions describe the fine-scale structural complexity in a community. Therefore, random refer-
ences should be used: if the biotic interactions exist, there are significant differences between the field estimates

of the two functions and the random expectation®-7°.

Statistical analysis
The JNP-information statistic functions, spatial series analyses and random references were calculated by INFO-

THEM 3.01 program®. The rare species with abundance under 2% were excluded from the analyses those can
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lead misleading results’”2. There are larger effects of an alien species on common species than the rare ones®*.

To examine the significance between JNP function values and the given null model, Monte-Carlo method was
used to produce large number of random references of samples. 5000 complete randomizations (as random
references) and a=0.01 significance level were applied in each transects’.

TBtools program (1.0987671 version) was used to represent the presence of species along the circular
transects’ (Fig. 2).

The normal distribution of the crown height, diameter, compositional diversity and the number of realized
species combinations was examined using the Shapiro-Wilk test (p <0.05). The heights and crown diameters were
analysed with parametric two-tailed t test, in order to check whether there are significant differences between the
native and invasive conifers. The differences of the two JNP-functions in maximum values and the characteristic
areas of the 12 transects were analysed with parametric two-tailed t test. Results were considered significant at
Pp<0.05. The tests and the diagrams were performed in GraphPad Prism version 8.0.1.244 for Windows (Graph-
Pad Software, La Jolla, California, USA).

Results

This study examined the differences between the beta diversity of the surrounding vegetation of the solitary
native and alien conifer species by a comparative multiscale methodology. Two information theory functions
were used to determine and compare the beta diversity of the solitary native and alien conifer species surround-
ing vegetation.

For both species, the average crown height and diameter was over 4 m and 2 m. The crown parameters of
J. communis and P. nigra did not differ significantly (two-tailed t test, heights p=0.374 and crown diameters
p=0.628) (Table 1).

A significant difference was observed between the field and complete randomized averages of the two func-
tions values of the transects, regardless of under the natural or invasive species in almost every spatial step
(Table S2).

The spatial organization of plant communities below the invasive trees were more heterogeneous in contrast
to the native ones. C. furcata, C. convuluta and K. glauca occur more often under the native species and only
one species E. segueriana occurred with high frequency under the alien species. At the same time, examples of
E procumbens F. vaginata, S. borysthenica and Tortula ruralis (Hedw.) Gartn. Mey., Schreb. are common equally
under both species. It can be also seen in Fig. 2 that the number and the frequency of species are higher under
the native species. In addition, species presences show more evenly distributed compared to the vegetation under
alien ones: the species form larger denser blocks and gaps under the P. nigra vegetations (Fig. 2).

Based on the two parameters of the used functions (max. values and CA), they showed significant differences
between the two microhabitat (native and alien) types (Fig. 3 and Table S3). The max. values of the surrounding
vegetations of the J. communis (as native) were higher for both functions: the max. values of CD were p=0.045
and in the case of the max. values of NRC was p=0.026.

The max. values of the CD varied between 5.544 and 7.067 bit. The NRC varied between 0.163 and 0.379. In
case of the surrounding vegetations on the P. nigra, the max. values were lower in both functions. The CD func-
tion varied 4.086 to 6.423 bit and the NRC function varied 0.05-0.249 (Fig. 3A,C and Table S3).

There was a significant difference (p=0.028) in the CA of the CD function among the two micro-
habitats. The CA were in lower scales in the case of native conifer surrounding vegetation, which var-
ied 5 cmx 30 cm-5 cm x 60 cm. While the CA shifted in coarser scale in the P. nigra vegetations
(5 cm x 45 cm-5 cm x 60 cm) (Fig. 3B and Table S3).

Interestingly, in the CA of the NRC function there was not show a significant different between the two sur-
rounding vegetation. The J. communis vegetation had 5 cm x 20 cm-5 cm x 35 cm and P. nigra vegetation had
5 cmx 25 cm-5 cm % 50 cm (Fig. 3D and Table S3).

Discussion
In this study we examined how an alien tree species entering open sandy grasslands modifies the surrounding
vegetation by a comparative microcoenology method in the open sand grasslands.

As Naumburg and DeWald” demonstrated, the presence, abundance, and diversity of understory species
significantly depended on the size of Pinus ponderosa Dougl. ex Laws. Their results suggest that if patches of large
trees in the forest structure are scattered, it creates diverse light conditions, resulting in higher diversity of the
understory vegetation. Franzese et al.”® found that tree height over 4 m significantly influenced the composition of
the species under and around the canopy in the case of P. contorta Dougl. invasion. That why we selected similar
canopy height and diameter of J. communis and P. nigra in order to avoid artefacts (Table 1). And the average
crown height of both species was over 4 m thus, the vegetation may show differences under the two species.

The difference between the randomized average values and the field values indicates that the distribution of
the species in a certain vegetation is not random®. The same can be seen in this study: in case of both conifer
species, biotic interactions form the resulting pattern of both understorey vegetation types between the coexist
species (Fig. 2 and Table S2). Fine-scale pattern of species presence demonstrates that species are excluded from
alien understorey (Fig. 2), this reduced diversity also (Fig. 3). This was also observed by Szentes et al.* in the
case of field study of Bothriochloa ishaemum (L.) Keng invasion process and simulated studies®®.

The vegetations around P. nigra have significantly lower max. value of the two functions (CD and NRC)
compared to J. communis ones (Fig. 3A,C). Moreover, these max. values are shifted in coarser scale (higher CA)
in the case of the surrounding vegetation of P. nigra (Fig. 3B). These results suggest that the structure of species
coexistence is low organized at fine-scales that is, species are not or less able to live together in a small space, close
to each other. This suggests that the introduced black pine create a microhabitat that is less suitable for native
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Figure 3. The distribution of the six native and six alien conifer created vegetation in the case of (A) The
compositional diversity (C,D) and (B) The number of realized species combination (NRC) functions. The
maximum values of the two functions and those of the related quadrat sizes were used. To avoid bias, the
number of species with frequency higher than 2% is identical in the two transect. Significance level at p <0.05: %,
p<0.01: **, p<0.001: ** and insignificant: ns. Two-tailed t test, n=6.

species. This is consistent with findings from other studies reporting that black pine stands reduced understory
richness and diversity. Leege and Murphy?® showed that black pines altered the community structure, modified
dune habitats and being functionally different from native trees stands (Pinus banksiana Lamb. and Populus
deltoids W.Bartram ex Marshall). Based on the study of Bartha et al.”” CD parameters decreased dramatically
under P. nigra plantation in dolomite grasslands. It seems, that the effects of other arid environments where
solitary invasive trees already invaded would be similar to the solitary black pine in Pannonic sand grassland.
For instance, the examination of the understorey vegetation around P. radiata D.Don individuals clearly shows
decreasing of native species cover and richness.
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Several studies can provide explanations why common juniper has positive effects on surrounding vegeta-
tion while black pine has a negative effect. Both conifer species contain unique secondary metabolic compounds
which are emitted by the accumulated litter’®-*° or endophytic fungi on roots®"#2. According to Allegrezza et al.*®
common junipers able to promote the accumulation of organic and inorganic matter, improve soil moisture,
mitigate the daily range of soil temperature and thereby, reduce soil evaporation under its canopy in dry grass-
lands. Interestingly, this facilitation effect of J. communis was slight, albeit significantly higher in the disturbed
area than in the more stable one®. This is supported by Kalapos and Mazsa'®, who showed that the shade of
junipers protects from strong sunlight which could reduce the photochemical efficiency of terricolous crypto-
gams. Therefore, it seems that the presence of native J. communis has a nurse effect on the understorey species.
Similar results were obtained by Meiners and Gorchov® when they investigated the relationship between the
spatial distribution of native Juniperus virginiana L. and tree seedling densities in southwestern Ohio. They
showed a significant positive spatial association between tree seedlings and J. virginiana in secondary succes-
sion. This somewhat contradicts the result of Erfanzadeh et al.?°, in which the characteristics of the soil seed
bank under native Juniperus sabina L. were compared with native angiosperms in an arid land of Iran (Baladeh
Watershed). According to their results, the density of the soil seed bank was significantly lower under J. sabina,
but its diversity did not differ. The authors explained the difference in soil seed bank density with the presence
of allelochemical substances of J. sabina.

The reason behind the decrease in the diversity of native plants may be that invasive Pines alter microhabi-
tat conditions in the invaded ecosystems. Mikulovd et al.% found that black pine forest efficiently changed the
structural and environmental conditions: microclimate became dryer and warmer, in addition, the amplitude
of these parameters were larger. Garcia et al.*® reached similar results when investigating the invasion of Pinus
contorta. The species transforms microenvironmental conditions (i.e. canopy cover, litter accumulation, mini-
mum air temperature and maximum soil temperature) and thereby reduces native plant diversity in the invaded
Patagonian ecosystems. In spite of this, the present study did not investigate this conditions, but our results may
suggest it. Namely, that several species occurred under the native species, and two lichen species (C. furcata
and C. convoluta) exclusively in the microhabitat formed by J. communis (Fig. 2). The negative impacts of P
nigra are often related to the accumulated pine needles, which inhibit the development of herbaceous plants®>®.
Moreover, this can be amplified by the fact that the roots of black pine, including fine roots, can be found in the
upper 50 cm of the soil*, which effectively reduces soil moister'®. Similar results have been found by Leege and
Murphy?® who described, the P. nigra sites were significantly drier than of the native Pinus banksiana sites in
wetpannes. However, the higher frequency of E. seguriana under the alien P. nigra may also indicate a kind of
facilitative relationship. While the occurrence of tussock grasses (F. vaginata, S. borysthenica) and dwarf shrub E
procumbens and moss T. ruralis show a neutral relationship, as they occurred with the same frequency under the
two species (Fig. 2). This is somewhat confirmed by the results of Langdon et al.%, where the young P. contorta
pines were connected by 25 cm to the native Baccharis magellanica (Lam.) Pers. and grasses, which suggests
that the spatial distribution of the species included in their study is facilitative interactions may also play a role.
However, it has not been investigated what happens when mature pines are present and when the pine crown
closes, and what interactions dominate.

The present study also highlights that invasive plant species especially trees were able to alter the understorey
vegetation in the early stages of invasion. These degraded microhabitats can provide a starting point for invasions
by other non-native species. This is consistent with findings from other studies as non-native conifer forests
may be susceptible to invasions due to their lower diversity and smaller coverage of species”**%®. According to a
meta-analysis®, invasive plants have smaller effects on other neighbouring invasives than natives. In the study of
the solitary Pinus radiata there were not detectable effects on the understory alien plant cover and richness but
the authors acknowledged that exotic plants had a very low abundance®. Based on our results, further fine-scale
and longer-term studies are necessary to prove this. It remains an open question whether a similar phenomenon
can be observed in solitary native and alien angiosperms. And is how the understorey vegetation reacts when
the invasive tree species is removed.

Conclusions

In water limited open habitats the woody species can create unique microhabitats on herb layer communities.
This characteristic organization of the understorey vegetation of solitary alien tree species can be examined with
comparative fine scale methods. The species composition and diversity of the microhabitat is lower organized
under solitary individuals of an invasive tree species found in the open sand grasslands compared to the native
ones. The native distribution of Pinus nigra is close and its encroachment into the Pannonian region may be due
to climate change and the retreat of native species. In longer term, this can have a negative effect on the entire
habitat, as it can be the starting point for other invasion processes. Based on the results of this study, it is neces-
sary from a nature conservation point of view to remove the solitary invasive trees to prevent further invasions.
In addition, since the solitary trees are derived from the propagule of a nearby P. nigra plantation, afforestation
methods need to be reconsidered. We recommend that afforestation with non-native tree species be further away
from nature conservation areas.

Data availability

This article and its supplementary information files include all data generated or analyzed during this study.

Received: 12 September 2023; Accepted: 28 February 2024
Published online: 01 March 2024

Scientific Reports |

(2024) 14:5125 | https://doi.org/10.1038/s41598-024-55811-1 nature portfolio



www.nature.com/scientificreports/

References

1.

Olden, J. D., Comte, L. & Giam, X. The Homogocene: A research prospectus for the study of biotic homogenisation. NeoBiota 37,
23. https://doi.org/10.3897/neobiota.37.22552 (2018).

2. Richardson, D. M., Hui, C., Nufiez, M. A. & Pauchard, A. Tree invasions: Patterns, processes, challenges and opportunities. Biol.
Invas. 16, 473-481. https://doi.org/10.1007/s10530-013-0606-9 (2014).

3. Richardson, D. M. & Rejmének, M. Trees and shrubs as invasive alien species—A global review. Diversity Distrib. 17, 788-809.
https://doi.org/10.1111/j.1472-4642.2011.00782.x (2011).

4. Callaham, M. A. et al. Survey to evaluate escape of Eucalyptus spp. seedlings from plantations in Southeastern USA. Int. J. For. Res.
https://doi.org/10.1155/2013/946374 (2013).

5. Brundu, G. & Richardson, D. M. Planted forests and invasive alien trees in Europe: A code for managing existing and future plant-
ings to mitigate the risk of negative impacts from invasions. NeoBiota 30, 5-47. https://doi.org/10.3897/neobiota.30.7015 (2016).

6. Ktivanek, M. & Pysek, P. Forestry and horticulture as pathways of plant invasions: A database of alien woody plants in the Czech
Republic. in Plant Invasions: Human Perception, Ecological Impacts and Management, 21-38 (Backhuys Publisher, 2008).

7. Onodi, G. (2016) Az idegenhonos, illetve invaziés fafajok él6helyformalé hatasai (Habitat transforming effects of non-native and
invasive tree species). Erdészettudomdnyi Kozlem. 6, 101-113. https://doi.org/10.17164/EK.2016.008.

8. Von Holle, B. et al. Ecosystem legacy of the introduced N,-fixing tree Robinia pseudoacacia in a coastal forest. Oecologia 172,
915-924. https://doi.org/10.1007/s00442-012-2543-1 (2013).

9. Csecserits, A. et al. Tree plantations are hot-spots of plant invasion in a landscape with heterogeneous land-use. Agric. Ecosyst.
Environ. 226, 88-98. https://doi.org/10.1016/j.agee.2016.03.024 (2016).

10. Medveckd, J. et al. Forest habitat invasions—Who with whom, where and why. Forest Ecol. Manag. 409, 468-478. https://doi.org/
10.1016/j.foreco.2017.08.038 (2018).

11. Aguiar, M. R. & Sala, O. E. Patch structure, dynamics and implications for the functioning of arid ecosystems. Trends Ecol. Evol.
14, 273-277. https://doi.org/10.1016/50169-5347(99)01612-2 (1999).

12. Prider, J. N. & Facelli, J. M. Interactive effects of drought and shade on three arid zone chenopod shrubs with contrasting distribu-
tions in relation to tree canopies. Funct. Ecol. 18, 67-76. https://doi.org/10.1046/j.0269-8463.2004.00810.x (2004).

13. Thompson, D. B., Walker, L. R., Landau, F. H. & Stark, L. R. The influence of elevation, shrub species, and biological soil crust on
fertile islands in the Mojave Desert, USA. J. Arid Environ. 61, 609-629. https://doi.org/10.1016/j.jaridenv.2004.09.013 (2005).

14. Forseth, I. N., Wait, D. A. & Casper, B. B. Shading by shrubs in a desert system reduces the physiological and demographic per-
formance of an associated herbaceous perennial. J. Ecol. 89, 670-680. https://doi.org/10.1046/j.0022-0477.2001.00574.x (2001).

15. Kalapos, T. & Mazsa, K. Juniper shade enables terricolous lichens and mosses to maintain high photochemical efficiency in a
semiarid temperate sand grassland. Photosynthetica 39, 263-268. https://doi.org/10.1023/A:1013749108008 (2001).

16. Jeddi, K. & Chaieb, M. Using trees as a restoration tool in Tunisian arid areas: Effects on understorey vegetation and soil nutrients.
Rangeland J. 31, 377-384. https://doi.org/10.1071/RJ08064 (2009).

17. Noumi, Z. Effects of exotic and endogenous shrubs on understory vegetation and soil nutrients in the south of Tunisia. J. Arid
Land 7, 481-487. https://doi.org/10.1007/s40333-015-0047-7 (2015).

18. Tolgyesi, C. et al. Underground deserts below fertility islands? Woody species desiccate lower soil layers in sandy drylands. Ecog-
raphy 43, 1-12. https://doi.org/10.1111/ecog.04906 (2020).

19. Erfanzadeh, R., Yazdani, M. & Arani, A. M. Effect of different shrub species on their sub-canopy soil and vegetation properties in
semiarid regions. Land Degrad. Dev. 32, 3236-3247. https://doi.org/10.1002/1dr.3977 (2021).

20. Barzegaran, E, Erfanzadah, R. & Saber Amoli, S. The effect of woody plants on the understory soil parameters is different between
grazed and ungrazed areas. Community Ecol. 23, 187-196. https://doi.org/10.1007/s42974-022-00090-x (2022).

21. Schott, M. R. & Pieper, R. D. Influence of canopy characteristics of one-seed juniper on understory grasses. J. Range Manage. 38,
328-331 (1985).

22. Pugnaire, F. I, Armas, C. & Valladares, E. Soil as a mediator in plant-plant interactions in a semi-arid community. J. Veg. Sci. 15,
85-92. https://doi.org/10.1111/j.1654-1103.2004.tb02240.x (2004).

23. Slabejova, D. et al. Comparison of the understory vegetation of native forests and adjacent Robinia pseudoacacia plantations in
the Carpathian-Pannonian region. For. Ecol. Manag. 439, 28-40. https://doi.org/10.1016/j.foreco.2019.02.039 (2019).

24. Slabejovd, D. et al. Comparison of alien Robinia pseudoacacia stands with native forest stands across different taxonomic groups.
For. Ecol. Manag. 548, 121413. https://doi.org/10.1016/j.foreco.2023.121413 (2023).

25. Erfanzadeh, R., Shayesteh Palaye, A. A. & Ghelichnia, H. Shrub effects on germinable soil seed bank in overgrazed rangelands.
Plant Ecol. Divers. 13, 199-208. https://doi.org/10.1080/17550874.2020.1718233 (2020).

26. Erfanzadah, R., Barzegaran, E, Saber Amoli, S. & Petillon, J. The effect of shrub community on understory soil seed bank with and
without livestock grazing. Community Ecol. 23, 75-85. https://doi.org/10.1007/s42974-021-00074-3 (2022).

27. Hadinezhad, M., Erfanzadeh, R. & Ghelichnia, H. Soil seed bank characteristics in relation to different shrub species in semiarid
regions. Land Degrad. Dev. 32, 2025-2036. https://doi.org/10.1002/1dr.3856 (2021).

28. Steers, R. ., Fritzke, S. L., Rogers, J. ]., Cartan, J. & Hacker, K. Invasive pine tree effects on northern coastal scrub structure and
composition. Invasive Plant Sci. Manag. 6, 231-242. https://doi.org/10.1614/IPSM-D-12-00044.1 (2013).

29. Mudzengi, C., Kativu, S., Dahwa, E., Poshiwa, X. & Murungweni, C. Effects of Dichrostachys cinerea (1) Wight & Arn (Fabaceae)
on herbaceous species in a semi-arid rangeland in Zimbabwe. Nat. Conserv. 7, 51-60. https://doi.org/10.3897/natureconservat
ion.7.5264 (2014).

30. Loope, L. L., Sanchez, P. G., Tarr, P. W,, Loope, W. L. & Anderson, R. L. Biological invasions of arid land nature reserves. Biol.
Conserv. 44, 95-118. https://doi.org/10.1016/0006-3207(88)90006-7 (1988).

31. Csecserits, A. et al. Regeneration of sandy old-fields in the forest steppe region of Hungary. Plant Biosyst. 145, 715-729. https://
doi.org/10.1080/11263504.2011.601340 (2011).

32. Molnér, Z. & Kun, A. Magyarorszdg él6helyei: vegetdciotipusok leirdsa és hatdrozéja: ANER 2011. (MTA Okoldgiai és Botanikai
Kutatointézete, 2011).

33. Lékos, L. & Verseghy, K. The lichen flora of the Kiskunsag National Park and southern part of the Danube-Tisza interfluves. In:
The Flora of the Kiskunsdg National Park: Vol. 2, Cryptogams, 299-362 (Magyar Termeszettudomanyi Muzeum, 2001).

34. Kiraly, G. Uj magyar fiivészkonyv. Magyarorszdg hajtdsos novényei. (Aggtelek Nemzeti Park Igazgatosag, 2009).

35. Mazsa, K., Mészéros, R. & Kalapos, T. Ecophysiological background of microhabitat preference by soil-living lichens in a sand
grassland-forest mosaic; study plan and initial results. Sauteria 9, 237-243 (1998).

36. Cseresnyés, I. & Tamas, J. Evaluation of Austrian pine (Pinus nigra) plantations in Hungary with respect to nature conservation—A
review. Tdjokolégiai Lapok 12, 267-284 (2014).

37. Leege, L. M. & Murphy, P. G. Growth of the non-native Pinus nigra in four habitats on the sand dunes of Lake Michigan. Forest
Ecol. Manag. 126, 191-200. https://doi.org/10.1016/S0378-1127(99)00085-7 (2000).

38. Leege, L. M. & Murphy, P. G. Ecological effects of the non-native Pinus nigra on sand dune communities. Can. J. Bot. 79, 429-437.
https://doi.org/10.1139/b01-015 (2001).

39. Essl, F, Moser, D., Dullinger, S., Mang, T. & Hulme, P. E. Selection for commercial forestry determines global patterns of alien
conifer invasions. Divers Distrib. 16, 911-921. https://doi.org/10.1111/j.1472-4642.2010.00705.x (2010).

Scientific Reports|  (2024) 14:5125 | https://doi.org/10.1038/s41598-024-55811-1 nature portfolio


https://doi.org/10.3897/neobiota.37.22552
https://doi.org/10.1007/s10530-013-0606-9
https://doi.org/10.1111/j.1472-4642.2011.00782.x
https://doi.org/10.1155/2013/946374
https://doi.org/10.3897/neobiota.30.7015
https://doi.org/10.17164/EK.2016.008
https://doi.org/10.1007/s00442-012-2543-1
https://doi.org/10.1016/j.agee.2016.03.024
https://doi.org/10.1016/j.foreco.2017.08.038
https://doi.org/10.1016/j.foreco.2017.08.038
https://doi.org/10.1016/S0169-5347(99)01612-2
https://doi.org/10.1046/j.0269-8463.2004.00810.x
https://doi.org/10.1016/j.jaridenv.2004.09.013
https://doi.org/10.1046/j.0022-0477.2001.00574.x
https://doi.org/10.1023/A:1013749108008
https://doi.org/10.1071/RJ08064
https://doi.org/10.1007/s40333-015-0047-7
https://doi.org/10.1111/ecog.04906
https://doi.org/10.1002/ldr.3977
https://doi.org/10.1007/s42974-022-00090-x
https://doi.org/10.1111/j.1654-1103.2004.tb02240.x
https://doi.org/10.1016/j.foreco.2019.02.039
https://doi.org/10.1016/j.foreco.2023.121413
https://doi.org/10.1080/17550874.2020.1718233
https://doi.org/10.1007/s42974-021-00074-3
https://doi.org/10.1002/ldr.3856
https://doi.org/10.1614/IPSM-D-12-00044.1
https://doi.org/10.3897/natureconservation.7.5264
https://doi.org/10.3897/natureconservation.7.5264
https://doi.org/10.1016/0006-3207(88)90006-7
https://doi.org/10.1080/11263504.2011.601340
https://doi.org/10.1080/11263504.2011.601340
https://doi.org/10.1016/S0378-1127(99)00085-7
https://doi.org/10.1139/b01-015
https://doi.org/10.1111/j.1472-4642.2010.00705.x

www.nature.com/scientificreports/

40.

41.

42,
43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

Debain, S., Chadceuf, J., Curt, T., Kunstler, G. & Lepart, J. Comparing effective dispersal in expanding population of Pinus sylvestris
and Pinus nigra in calcareous grassland. Can. J. For. Res. 37, 705-718. https://doi.org/10.1139/X06-265 (2007).

Langdon, B., Pauchard, A. & Aguayo, M. Pinus contorta invasion in the Chilean Patagonia: Local patterns in a global context. Biol.
Invasions 12, 3961-3971. https://doi.org/10.1007/s10530-010-9817-5 (2010).

Richardson, D. M. Pinus: A model group for unlocking the secrets of alien plant invasions?. Preslia 78, 375-388 (2006).

QGIS Development Team. QGIS Geographic Information System. Open Source Geospatial Foundation Project. http://qgis.osgeo.
org (2019).

Bartha, S. et al. Beta diversity and community differentiation in dry perennial sand grasslans. Ann. Bot. 9-18, 2011. https://doi.
org/10.4462/annbotrm-9118 (2011).

Zsakovics, G., Kovacs, F, Kiss, A. & Pocsik, E. Risk analysis of the aridification-endangered sand-ridge area in the Danube-Tisza
Interfluve. Acta Climatol. Chorol. Univ. Szeged 40, 169-178 (2007).

Zsékovics, G., Kovacs, F. & Kiss, A. Complex analysis of an aridification-endangered area: Case study from the Danube-Tisza
Interfluve. Tdjokolégiai Lapok 7, 117-126 (2009).

Kovacs-Lang, E. et al. Changes in the composition of sand grasslands along a climatic gradient in Hungary and implications for
climate change. Phytocoenologia 30, 385-407 (2000).

Szitér, K. et al. Recovery of inland sand dune grasslands following the removal of alien pine plantation. Biol. Conserv. 171, 52-60.
https://doi.org/10.1016/j.biocon.2014.01.021 (2014).

Virallyay, G. Soils in the region between the rivers Danube and Tisza (Hungary). in The Flora of the Kiskunsdg National Park,
21-42 (Magyar Természettudomanyi Muzeum, 1993).

Bir6, M., Szitar, K., Horvith, F, Bagi, I. & Molnar, Z. Detection of long-term landscape changes and trajectories in a Pannonian
sand region: Comparing land-cover and habitat-based approaches at two spatial scales. Community Ecol. 14, 219-230. https://doi.
org/10.1556/ComEc.14.2013.2.12 (2013).

Kertész, M., Aszalds, R., Lengyel, A. & Onodi, G. Synergistic effects of the components of global change: Increased vegetation
dynamics in open, forest-steppe grasslands driven by wildfires and year-to-year precipitation differences. PLoS One 12, ¢0188260.
https://doi.org/10.1371/journal.pone.0188260 (2017).

Erdés, L. et al. Habitat heterogeneity as a key to high conservation value in forest-grassland mosaics. Biol. Conserv. 226, 72-80.
https://doi.org/10.1016/j.biocon.2018.07.029 (2018).

Powell, K. L, Chase, ]. M. & Knight, T. M. A synthesis of plant invasion effects on biodiversity across spatial scales. Am. J. Bot. 98,
539-548. https://doi.org/10.3732/ajb.1000402 (2011).

Powell, K. L, Chase, J. M. & Knight, T. M. Invasive plants have scale-dependent effects on diversity by altering species-area relation-
ships. Science 339, 316-318. https://doi.org/10.1126/science.1226817 (2013).

Juhasz-Nagy, P. On association among plant populations. Part 1. Multiple and partial association: A new approach. Acta Biol. Debr.
5,43-56 (1967).

Juhasz-Nagy, P. Notes on compositional diversity. Hydrobiologia 249, 173-182. https://doi.org/10.1007/978-94-017-1919-3_16
(1993).

Juhdsz-Nagy, P. & Podani, J. Information theory methods for the study of spatial processes and succession. Vegetatio 51, 129-140.
https://doi.org/10.1007/BF00129432 (1983).

Szigetvéri, C. Az invaziv késeiperje, Cleistogenes serotina (L.) Keng. szerepe nyilt homokgyepek tarsulasszervezédésében. (The
role of the invasive Cleistogenes serotina (L.) Keng. in community organization of open sand grassland communities.) Kitaibelia
2, 119-139. (2002).

Szentes, S. et al. Grazed Pannonian grassland beta-diversity changes due to C, yellow bluestem. Cent. Eur. J. Biol. 7, 1055-1065.
https://doi.org/10.2478/s11535-012-0101-9 (2012).

Kun, R. et al. Egy invézids faj, a Solidago gigantea Aiton éltal kolonizalt mocsarrétek diverzitasa és fajkompoziciés koordindltsaga.
(Changing diversity and coenological coordination in marshmeadows colonised by the invasive Solidago gigantea Aiton.) Bot.
Kozlem. 101, 65-78. (2014).

Bartha, S. Mikrocénologiai modszerek a téji vegetacio allapotanak vizsgélatara. (New methods of fine-resolution vegetation analyses
applicable for landscape-scale surveys and monitoring.). Tdjokoldgiai Lapok 6, 229-245 (2008).

Bartha, S., Canullo, R., Chelli, S. & Campetella, G. Unimodal relationships of understory alpha and beta diversity along chronose-
quence in coppiced and unmanaged beech forests. Diversity 12, 101. https://doi.org/10.3390/d12030101 (2020).

Campetella, G., Canullo, R. & Bartha, D. Fine scale spatial pattern analysis of herb layer of woodland vegetation using information
theory. Plant Biosyst. 133, 277-288. https://doi.org/10.1080/11263509909381559 (1999).

Bartha, S. et al. High resolution vegetation assessment with beta-diversity—A moving window approach. Agric. Inform. 2, 1-9.
https://doi.org/10.17700/jai.2011.2.1.47 (2011).

. Kecskés, M., Nadr, Z. & Padisak, J. Baktérium-, alga-, gomba-, zuzmé-és mohahatdrozé. (Nemzeti Tankonyvkiado, 2003).
. Juhasz-Nagy, P. Modelling of coexistential structures in coenology, 1-238 (Dissertation, MTA, 1980).
. Campetella, G. & Canullo, R. Structure and spatial scale in woodland vegetation studies in permanent plots: a determinant feature

of monitoring. ISAFA 2001/02:101-111. (in Italian, with English abstract); https://doi.org/10.1080/11263509909381559 (2001).
Bartha, S. & Kertész, M. The importance of neutral-models in detecting interspecific spatial associations from ‘trainsectdata. Tiscia
31, 85-98 (1998).

Horvath, A. INFOTHEM program: New possibilities of spatial series analysis based on information theory methods. Tiscia 31,
71-84 (1998).

Ricotta, C. & Anand, M. Spatial scaling of structural complexity in plant communities. Int. . Ecol. Environ. Sci. 30, 93-99 (2004).
Tothmérész, B. & Erdei, Z. The effect of species dominance on information theory characteristics of plant communities. Abstr. Bot.
16, 43-47 (1992).

Addicott, E., Laurance, S., Lyons, M., Butler, D. & Neldner, ]. When rare species are not important: Linking plot-based vegetation
classifications and landscape-scale mapping in Australian savanna vegetation. Community Ecol. 19, 67-76. https://doi.org/10.1556/
168.2018.19.1.7 (2018).

Manly, B. F. Randomization, bootstrap and Monte Carlo methods in biology. 3rd edn. (Chapman and Hall/CRC, 2006).

Chen, C. et al. TBtools: An integrative toolkit developed for interactive analyses of big biological data. Mol. Plant 13, 1194-1202.
https://doi.org/10.1016/j.molp.2020.06.009 (2020).

Naumburg, E. & DeWald, L. E. Relationships between Pinus ponderosa forest structure, light characteristics, and understory
graminoid species presence and abundance. Forest Ecol. Manag. 124, 205-215. https://doi.org/10.1016/S0378-1127(99)00067-5
(1999).

Franzese, J., Urrutia, J., Garcia, R. A., Taylor, K. & Pauchard, A. Pine invasion impacts on plant diversity in Patagonia: Invader size
and invaded habitat matter. Biol. Invasions 19, 1015-1027. https://doi.org/10.1007/s10530-016-1344-6 (2017).

Bartha, S., Campetella, G., Canullo, R., Bddis, ]. & Mucina, L. On the importance of fine-scale spatial complexity in vegetation
restoration. Int. J. Ecol Envoron. Sci. 30, 101-116 (2004).

Jurc, D., Bojovic, S. & Jurc, M. Influence of endogenous terpenes on growth of three endophytic fungi from the needles of Pinus
nigra Arnold. Phyton. Ann. Rei. Bot. 39, 225-229 (1999).

Marké, G., Gyuricza, V., Bernath, J. & Altbicker, V. Essential oil yield and composition reflect browsing damage of junipers. J.
Chem. Ecol. 34, 1545-1552. https://doi.org/10.1007/s10886-008-9557-5 (2008).

Scientific Reports |

(2024) 14:5125 | https://doi.org/10.1038/s41598-024-55811-1 nature portfolio


https://doi.org/10.1139/X06-265
https://doi.org/10.1007/s10530-010-9817-5
http://qgis.osgeo.org
http://qgis.osgeo.org
https://doi.org/10.4462/annbotrm-9118
https://doi.org/10.4462/annbotrm-9118
https://doi.org/10.1016/j.biocon.2014.01.021
https://doi.org/10.1556/ComEc.14.2013.2.12
https://doi.org/10.1556/ComEc.14.2013.2.12
https://doi.org/10.1371/journal.pone.0188260
https://doi.org/10.1016/j.biocon.2018.07.029
https://doi.org/10.3732/ajb.1000402
https://doi.org/10.1126/science.1226817
https://doi.org/10.1007/978-94-017-1919-3_16
https://doi.org/10.1007/BF00129432
https://doi.org/10.2478/s11535-012-0101-9
https://doi.org/10.3390/d12030101
https://doi.org/10.1080/11263509909381559
https://doi.org/10.17700/jai.2011.2.1.47
https://doi.org/10.1080/11263509909381559
https://doi.org/10.1556/168.2018.19.1.7
https://doi.org/10.1556/168.2018.19.1.7
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.1016/S0378-1127(99)00067-5
https://doi.org/10.1007/s10530-016-1344-6
https://doi.org/10.1007/s10886-008-9557-5

www.nature.com/scientificreports/

80. Marké, G., Onodi, G., Kertész, M. & Altbécker, V. Rabbit grazing as the major source of intercanopy heterogeneity in a juniper
shrubland. Arid L. Res. Manag. 25, 176-193. https://doi.org/10.1080/15324982.2011.554958 (2011).

81. Kowalski, T. & Zych, P. Fungi isolated from living symptomless shoots of Pinus nigra growing in different site conditions. Osterr.
Z. Pilzkd. 11, 107-116 (2002).

82. Vigneshwari, A. et al. Bioprospecting and biodiversity investigations of endophytic fungi isolated from Juniperus communis. Acta
Biol. Szeged. 64, 129-138. https://doi.org/10.14232/abs.2020.2.129-138 (2020).

83. Allegrezza, M. et al. Microclimate buffering and fertility island formation during Juniperus communis ontogenesis modulate
competition-facilitation balance. J. Veg. Sci. 27, 616-627. https://doi.org/10.1111/jvs.12386 (2016).

84. Meiners, S. J. & Gorchov, D. L. Effects of distance to Juniperus virginiana on the establishment of Fraxinus and Acer seedlings in
old fields. Am. Midland Nat. 139, 353-364. https://doi.org/10.1674/0003-0031(1998)139[0353:EODTJV]2.0.CO;2 (1998).

85. Mikulova, K. et al. The effect of non-native black pine (Pinus nigra JF Arnold) plantations on environmental conditions and
undergrowth diversity. Forests 10, 548. https://doi.org/10.3390/f10070548 (2019).

86. Garcia, R. A. et al. Pinus contorta alters microenvironmental conditions and reduces plant diversity in Patagonian ecosystems.
Diversity 15, 320. https://doi.org/10.3390/d15030320 (2023).

87. Tolgyesi, C. et al. How to not trade water for carbon with tree planting in water-limited temperate biomes?. Sci. Total. Environ.
https://doi.org/10.1016/j.scitotenv.2022.158960 (2022).

88. Hoffmann, C. W. & Usoltsev, V. A. Modelling root biomass distribution in Pinus sylvestris forests of the Turgai Depression of
Kazakhstan. For. Ecol. Manage. 149, 103-114. https://doi.org/10.1016/S0378-1127(00)00548-X (2001).

89. Langdon, B., Cavieres, L. A. & Pauchard, A. At a microsite scale, native vegetation determines spatial patterns and survival of Pinus
contorta invasion in Patagonia. Forests 10, 654. https://doi.org/10.3390/f10080654 (2019).

90. Kuebbing, S. E. & Nuifiez, M. A. Invasive non-native plants have a greater effect on neighbouring natives than other non-natives.
Nat. Plants 2, 1-7. https://doi.org/10.1007/s10531-017-1439-0 (2016).

Acknowledgements

We are very grateful to Kiskunsag National Park Directores for allowing the field studies in the strictly protected
area. A special thank refers to Erika Déri (from Department of Plant Biology, University of Szeged) for her
assistance in the field work. Last but not least we would like to thank for corrections of valuable comments of the
anonymous reviewers. This research was supported by University of Szeged Open Access Fund (number 6474).

Author contributions

L.B. contributed to the study conception and design. Data collection was performed and coordinated by L.B.,
material preparation and analysis were performed by L.B. and A.S. The first draft of the manuscript was written
by L.B., and all authors critically read, amended and commented the first version of the manuscript, contributing
validly to data interpretation. All authors read and approved the final manuscript.

Funding
Open access funding provided by University of Szeged.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-024-55811-1.

Correspondence and requests for materials should be addressed to L.B.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:5125 | https://doi.org/10.1038/s41598-024-55811-1 nature portfolio


https://doi.org/10.1080/15324982.2011.554958
https://doi.org/10.14232/abs.2020.2.129-138
https://doi.org/10.1111/jvs.12386
https://doi.org/10.1674/0003-0031(1998)139[0353:EODTJV]2.0.CO;2
https://doi.org/10.3390/f10070548
https://doi.org/10.3390/d15030320
https://doi.org/10.1016/j.scitotenv.2022.158960
https://doi.org/10.1016/S0378-1127(00)00548-X
https://doi.org/10.3390/f10080654
https://doi.org/10.1007/s10531-017-1439-0
https://doi.org/10.1038/s41598-024-55811-1
https://doi.org/10.1038/s41598-024-55811-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A case study on the early stage of Pinus nigra invasion and its impact on species composition and pattern in Pannonic sand grassland
	Material and methods
	Study area
	Experimental design
	Data analyses
	Statistical analysis

	Results
	Discussion
	Conclusions
	References
	Acknowledgements


