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Introduction

Tutova, H., Panchenko, K., Lisovets, O., Kunakh, O., & Zhukov, O. (2025). Vegetation diversity and ecological factor assess-
ment via phytoindication on the arena terrace of the Dnipro valley. Regulatory Mechanisms in Biosystems, 16(3), €25131.
doi:10.15421/0225131

The floodplain terraces of rivers in Europe's temperate zone play a crucial ecological role by supporting unique biodiversity
and ensuring landscape stability. This study focused on the vegetation diversity and ecological assessment of the arena terrace,
specifically the first above-floodplain terrace of the Dnipro River valley within the Dnipro-Orilsky Nature Reserve. The terrace
represents a complex geomorphological feature shaped initially by fluvial processes in the Late Pleistocene and subsequently
modified by aeolian activities, resulting in sandy soils and psammophytic vegetation. The research aimed to assess the floristic
composition, biodiversity levels, and ecological conditions of plant communities, identifying the primary abiotic factors influenc-
ing vegetation structure. Geobotanical surveys conducted between 2013 and 2024 documented 297 vascular plant species across
1079 sample plots, classified into 24 associations representing 14 vegetation classes. Results indicated significant variability in
vegetation richness and ecological characteristics among different associations. Species richness ranged notably, with the highest
diversity observed in meadow and pioneer psammophytic communities, such as Veronica dillenii-Secaletum sylvestris, while the
lowest occurred in communities such as Secaletum sylvestre. Shannon diversity indices confirmed these findings, highlighting
meadow associations like Limonio meyeri-Festucetum pseudodalmaticae among the most diverse. The phytoindication method
revealed critical abiotic gradients influencing vegetation patterns, primarily moisture, nutrient availability, soil acidity, salt con-
tent, carbonate levels, nitrogen content, and soil aeration. The moisture regime showed extensive variability, significantly affect-
ing community differentiation. Meadow communities demonstrated high moisture availability, whereas psammophytic commu-
nities experienced moisture deficits. Soil nitrogen content sharply contrasted between ecosystems, with meadow and forest eco-
systems exhibiting significantly higher nitrogen levels compared to psammophytic steppe ecosystems. Climatic regimes,
especially thermal and moisture-related indicators, also displayed pronounced variability influencing the ecological niches of
plant associations. The thermal radiation balance and continentality indices were relatively stable, whereas ombroclimate and
cryoclimate demonstrated significant spatial variation. The study underscored the ecological importance of the first above-
floodplain terrace as a biodiversity hotspot, emphasizing its role in maintaining ecosystem stability amid anthropogenic pressures
and climate change. Findings offer valuable insights for conservation management, restoration practices, and ecological monitor-
ing, addressing a critical gap in understanding floodplain terraces' ecological functions and their responses to environmental gra-
dients.

Keywords: floodplain terrace; vegetation diversity; phytoindication; species richness; psammophytic vegetation; soil mois-
ture; abiotic gradients; biodiversity hotspot; ecological assessment; Dnipro river valley.

fish spawn and organic matter is actively filtered by invertebrates
(Lisovets et al., 2024). In addition to preserving biodiversity, flood-

The river floodplains that are located within the temperate zone
of Europe play a pivotal ecological role in ensuring the structural and
functional integrity of natural landscapes (Havrdova et al., 2023).
Floodplains represent transition zones between aquatic and terrestrial
ecosystems, and as such, they form a unique environment character-
ised by high spatial and temporal dynamics (Thoms, 2003). These
dynamics are a result of periodic flooding, changes in groundwater
levels and the deposition of alluvial material (Devitt et al., 2023). This
phenomenon contributes to the formation of a mosaic of habitats,
encompassing marshy meadows, floodplain forests and shrubbery, as
well as sandy shoals and oxbows (Janssen et al., 2020). Each of these
habitats supports unique communities of organisms (Janssen et al.,
2020). The biodiversity of floodplain ecosystems is exceptionally
high in comparison to surrounding areas (Tockner & Stanford, 2002).
This ecological zone is of particular significance as a refuge for rare
and endangered species, with a rich variety of flora and fauna, includ-
ing numerous endemic and relict elements (Glifiska-Lewczuk et al.,
2016). Floodplain meadows and forests play an important role as a
food source, nesting sites and migration routes for waterbirds, am-
phibians and mammals (Cheng et al., 2012). In the waters of the litto-
ral zoone and temporary water bodies, aquatic insect larvae develop,

plains perform a number of important ecosystem services (Zurbriigg
et al., 2012). It has been demonstrated that they function as natural
regulators of the hydrological regime (Xue et al., 2024). This is evi-
denced by their ability to retain floodwaters, thereby reducing the risk
of flooding in lower reaches. Furthermore, they contribute to the
replenishment of groundwater and the purification of surface runoff.
Due to the large area of soil contact with water and active biogeo-
chemical cycling, floodplains are effective areas for purifying water
from excess nitrogen, phosphorus, pesticides and other pollutants.
Alluvial soils are highly fertile and capable of rapid recovery, which
has historically led to their active use in agriculture (Yorkina et al.,
2020). Intensive ploughing, land reclamation, construction and hy-
draulic engineering have led to the degradation of many floodplain
ecosystems in Europe, significantly reducing their ecological potential
and fragmenting natural habitats. In the context of climate change and
increasing anthropogenic pressure, the conservation and restoration of
floodplains is of strategic importance (Zhukov et al., 2022). This
includes the implementation of nature-based water management ap-
proaches, rewilding, restoration of flood dynamics and renaturalisa-
tion of river valleys (Virdana et al., 2025). In this context, floodplains
are not only nature conservation areas, but also active elements of
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adaptation to global change, capable of maintaining ecosystem stabil-
ity and environmental security across entire regions.

The formation of above-floodplain terraces is of significant eco-
logical importance within the broader framework of river valley struc-
tures, emerging at the interface between the dynamic processes of the
floodplain and the more stable topographical features that prevail in
the surrounding landscape (Gao et al., 2020). These deltas are situated
above the level of regular floods but maintain geomorphological and
hydrological connections with the river system. This results in the
formation of unique ecosystems that differ from floodplain and dry-
land biotopes (Brinkmann et al., 2000). The ecological significance of
the floodplain terrace is attributable to its transitional nature, whereby
it combines features of alluvial and eolian landscapes, often forming a
mosaic of soil and hydrological conditions, ranging from well-drained
sandy areas to local depressions with close groundwater levels (Baker
& Barnes, 1998). This phenomenon contributes to the high spatial he-
terogeneity of the environment, which, in turn, creates conditions con-
ducive to the existence of a wide range of plant formations, including
pioneer communities on dry sands, as well as mixed grass and cereal
communities on sandy loam or peaty soils. Psammophytic steppes,
boreal pine forests, light oak forests, as well as sparse forests and
shrub formations can develop on such terraces, which often have con-
servation value due to the presence of rare, endemic and relict species
(Nykytiuk et al., 2025). The river valley terraces, being of a high mo-
saic nature, function as centres of structural and functional biodiversi-
ty. This supports a variety of life forms, trophic levels and adaptive
strategies. Above-floodplain terraces are also important for the ecolo-
gical stabilisation of river valleys (Didukh et al., 2015). The elevated
position of these features renders them comparatively resistant to the
impacts of flooding and erosion. In addition to their primary function,
they also act as a physical and biological divide between the river
floodplain and surrounding agricultural or urbanised areas. This eco-
logical function also serves to foster connectivity between natural ha-
bitats throughout the landscape. In the current context of floodplain
degradation and active land use, floodplain terraces are becoming
even more important as reservoirs for the conservation of natural flora
and fauna (Chetvertak et al., 2025), sites for the restoration of natural
ecosystems and the formation of ecological networks (Ponomarenko
et al., 2024). They are promising areas for nature-oriented land use,
redevelopment and conservation, especially in regions where flood-
plain ecosystems have already lost their natural dynamics.

The first above-floodplain terrace of the Dnipro River represents
a geomorphological feature that reflects a complex interplay between
ancient fluvial deposition and subsequent aeolian modification. Initi-
ally, this terrace originated during the Late Pleistocene as a result of
fluvial processes associated with channel migration, sediment accu-
mulation, and lateral aggradation (Matoshko, 2004). The terrace sur-
face was constructed by the river through the deposition of alluvial
sands and silts during a high-energy phase of fluvial activity. These
sediments typically formed broad sandy floodplains and channel bars,
which over time became vertically and laterally stabilised. Following
the stabilisation of the Dnipro River course and a marked decline in
fluvial dynamics, aeolian processes became the dominant agents re-
shaping the terrace surface. This transformation occurred under peri-
glacial conditions, where limited vegetation cover and dry climatic
conditions facilitated the wind-driven reworking of previously fluvial
sands. As a result, large portions of the terrace acquired typical aeoli-
an features, such as sand sheets and low dunes, forming the geomor-
phological structure locally referred to as the arena (Zelenova et al.,
2024). These aeolian deposits are now clearly separated from the
active floodplain, both geomorphologically and ecologically, as they
support well-drained sandy soils and psammophytic vegetation. The
first above-floodplain terrace of the Dnipro River was initially shaped
by fluvial deposition but was later transformed by extensive aeolian
processes. The current morphology and ecological characteristics of
this terrace are a testament to the dominance of wind-driven sedimen-
tation after the cessation of fluvial influence. This dual genesis high-
lights the terrace as a key geomorphological archive of Late Pleisto-
cene landscape evolution in the Dnipro valley (Matoshko, 2004).

Floodplain terraces are unique elements of river landscapes that
combine features of both floodplain and terrestrial ecosystems (Ward
etal., 2002). The area’s unique ecological mosaic, shaped by a combi-
nation of geomorphology, moisture regime, soil conditions and light
regime, fosters a conducive environment for the proliferation of diver-
se plant communities and elevated species diversity (Nakamura et al.,
2020). Nevertheless, despite their potential ecological value, the bio-
logical diversity of floodplain terraces and the factors that determine it
remain the subject of only a modicum of study in the temperate zone
of Europe (Tutova et al., 2023). The following text is intended to pro-
vide a comprehensive overview of the subject matter. In many cases,
such terraces are considered to be merely transitional geomorphologi-
cal forms, with insufficient attention being paid to their ecological
functioning, species composition, phytocenosis structure and response
to abiotic gradients. A paucity of studies has been identified which
have comprehensively assessed the relationship between species
richness, structural diversity of vegetation cover and abiotic factors
such as moisture, light, aeration and soil fertility. This poses a signifi-
cant challenge to the development of scientifically sound measures
for the conservation and restoration of floodplain terraces, which are
under increasing pressure from land reclamation, agricultural use and
climate change. The primary objective of this study is to assess the
species composition and level of biological diversity of plant com-
munities on floodplain terraces within the designated nature conserva-
tion area. The second objective is to identify the abiotic environmen-
tal factors that exert the greatest influence on species abundance and
the structural characteristics of phytocenoses. Thirdly, the spatial
patterns of ecological differentiation of communities within terraces
with differing moisture regimes, light conditions and soil types are to
be analysed. Fourthly, the formulation of recommendations for the
protection, monitoring and potential restoration of floodplain terrace
ecosystems is to be based on the identified ecological relationships.
The present study contributes to the scientific corpus by addressing
knowledge gaps and establishing a foundation for the effective man-
agement of the valuable components of natural ecosystems of river
valleys in the context of landscape change.

Material and methods

Geobotanical surveys of the first floodplain terrace of the Dnipro
River within the Dnipro-Orilsky Nature Reserve were conducted bet-
ween 2013 and 2024. We recorded the presence of all vascular plant
species on 1079 sample plots measuring 4 x 4 m (Fig. 1). Projective
species coverage was determined as a percentage. For the purposes of
this study, we generally accepted infraspecific taxa as species
(Mykhailyuk et al., 2023). Critical samples were collected and identi-
fied using microscopy. The sample plots were distributed across the
entire study area and their exact location was determined using GPS
(Garmin eTrex, = 5 m). We tried to select samples that represented
the entire variation of community types and plot sizes within the grid
system. Plant taxonomy was based on Euro+Med Plantbase
(http://Amw2.bgbm.org/EuroPlusMed). Vegetation classification was
performed using the TWINSPAN programme. The precision of the
diagnostic species for clusters is determined by the Phi coefficient,
with a 25% accuracy threshold (for highly diagnostic species, this ri-
ses to 50%). Species exhibiting a frequency of occurrence greater
than 25% are deemed constant (for highly constant species, this rises
to 50%), while dominant species are identified as those with a projec-
tive cover greater than 10% (Lavrinenko et al., 2023).

The phi coefficient was calculated using the indicspecies library
(Céceres, M. D. 2013. How to use the indicspecies package (ver.
1.7.1). R Project, 29). Syntaxes were identified to the association le-
vel; syntax names are given according to the pan-European Vegetati-
on of Europe (Mucina et al., 2016) and the Prodromus of the Vegeta-
tion of Ukraine (Dubina et al., 2019). The phytoindication assessment
of ecological factors was carried out in accordance with the synphy-
toindication methodology of Didukh (2011), and calculations were
made using the ideal indicator method (Buzuk, 2017; Zhukov & Ku-
nakh, 2025). For clarity, the scores were converted into equivalent
physical values (Zhukov & Kunakh, 2025). The botanical database is
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freely available in the Global Biodiversity Information Facility
(GBIF) database (Lisovets et al., 2025). A complete syntaxonomic
table and the prodromus of the vegetation are available in the Mende-
ley Data repository (Zhukov et al., 2025).

Results

Syntaxonomic diversity of plant cover. Within the studied area

identified. In turn, the associations represent 14 vegetation classes.
The Festuco-Puccinellietea class unites moist, fresh and dry inland
communities on saline soils. It is represented within the studied area
by two associations: Limonio meyeri-Festucetum pseudodalmaticae
and Junco gerardii-Agrostietum stoloniferae. The leading factors in
the formation of coenotic diversity and its ecotopic differentiation are
the relief of the habitat, the duration of flooding, the type and density
of the soil, and the degree of salinisation.

(Fig. 2), 297 plant species representing 24 plant associations were
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Fig. 1. Configuration of the first above-floodplain terrace of the Dnipro River valley (red boundary) and the locations of vegetation releves:
the burgundy line indicates the boundary of the Dnipro-Oril Nature Reserve; sites 1-5 and the Mykolaivka Steppe represent proposed areas for
inclusion into the reserve due to their conservation value; the boundary of the first above-floodplain terrace is delineated by the 78-meter contour
line above sea level, which clearly outlines the area of sandy soils and psammophytic vegetation that characterises the terrace (arena) zone
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Fig. 2. Spatial distribution of plant associations on the first above-floodplain terrace of the Dnipro River within the boundaries of the "Dnipro-
Orilskyi" Nature Reserve and adjacent areas: the classification model was developed using a random forest algorithm with Sentinel-derived spec-
tral indices as predictors; syntaxons: 1 refers to the association Limonio meyeri-Festucetum pseudodalmaticae Umanets et I. Solomakha in
Dubyna, Dziuba et lemelianova 2013, 2 refers to the association Poetum pratensis Ravarut et al. 1956, 3 refers to the association Junco gerardii-
Agrostietum stoloniferae Grigoriev et al. 2002, 4 refers to the association Caricetum gracilis Savi¢ 1926, 5 refers to the association Populetum
nigro-albae Slavni¢ 1952, 6 refers to the association Salicetum albae Issler 1926, 7 refers to the association Alliario officinalis-Chaerophylletum
temuli (Kreh 1935) Lohmeyer 1949, 8 refers to the association Ficario-Ulmetum minoris Knapp 1942, 9 refers to the association Melico nutantis-
Quercetum roboris Shevchyk et Solomakha in Shevchyk, Solomakha et Voityuk 1996, 10 refers to the association Symphyto officinalis-
Anthriscetum sylvestris Passarge 1975, 11 refers to the association Salici rosmarinifoliae-Holoschoenetum vulgaris Mititelu et al. 1973, 12 refers
to the association Calamagrostietum epigei Juraszek 1928, 13 refers to the association Aceri tatarici—Quercetum roboris Z6lyomi 1957, 14 refers
to the association Melico transsilvanicae-Agropyretum T. Miiller in Gors 1966, 15 refers to the association Chamaecytiso borysthenici-
Agropyretum dasyanthi Karnatovska 2006, 16 refers to the association Veronico dillenii-Secaletum sylvestris Shevchyk et Solomakha 1996, 17
refers to the association Artemisio dniproicae-Salicetum acutifoliae Shevchyk et Solomakha 1996, 18 refers to the association Hieracio pilo-
sellae-Pinetum Polishko 2005, 19 refers to the association Centaureo borysthenicae-Festucetum beckeri Vicherek 1972, 20 refers to the associa-
tion Secali sylvestri-Caricetum colchicae Davydova 2019, 21 refers to the association Centaureo brevicipiti-Festucetum beckeri Vicherek 1972,
22 refers to the association Eragrostietum minoris-pilosae Paschkevich 2024, 23 refers to the association Festucetum beckeri Ad. Oprea 1998, 24
refers to the association Secaletum sylvestre Popescu et Sanda 1973
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The Molinio-Arrhenatheretea class is represented by the Poétum
pratensis association. This association is found in low-lying areas of
watersheds, in the bottoms of shallow flowing valleys and other de-
pressions where groundwater does not stagnate, as well as in the low-
er parts of the slopes of pine terraces. The group is confined to areas
with soddy, soddy-meadow and meadow sandy loam, less frequently
loamy soils, sometimes with carbonate-saline groundwater at a depth
of 0.7-1.0 m. The prerequisite for their formation is a floodplain regi-
me. The leading factor in spatial differentiation is the moisture regime
and the richness of the soils in nutrients. The Phragmito-Magnocari-
cetea class is represented by the Caricetum gracilis association. This
is a group of plants of wet, marshy and boggy meadows, marshes on
soddy, peaty, silty and meadow-bog soils. They are characteristic of
periodically flooded ecotopes in the floodplains of the Protich River.
They are resistant to water level fluctuations during the growing sea-
son. The Salicetea purpureae class is represented by three associati-
ons. These are floodplain wooded willow and poplar, as well as shrub
communities and plantations on moist silty-marshy, soddy, sandy and
gravelly alluvial soils. The Populetum nigro-albae association usually
occupies elevated areas with soddy-sandy and meadow-marsh soils
under conditions of periodic flooding. The Salicetum albae associa-
tion is typical for lowland habitats in the transition zone from the
floodplain to the central part of the floodplain, where alluvial-erosion
processes are significantly weakened and sandy loam meadow soils
are formed. The Artemisio dniproicae-Salicetum acutifoliae associati-
on occurs in floodplain areas with soddy, poorly formed, layered,
light loamy soils and atmospheric moisture supply. Galio-Urticetea
covers semi-natural communities formed by tall and medium-sized
grass species on nitrogen-enriched marginal habitats: mesophytic
forest edges and along linear watercourses. The class is represented
by the associations Alliario officinalis-Chaerophylletum temuli and
Symphyto officinalis-Anthriscetum sylvestris. The association Alliario
officinalis-Chaerophylletum temuli occurs on nitrified edges of broad-
leaved forests on soils without mechanical damage. The Symphyto
officinalis-Anthriscetum sylvestris association occurs on nitrified fo-
rest edges with fresh, loose sails.

The Carpino-Fagetea Sylvaticae class is zonal for forest and for-
est-steppe zones and covers nemoral forests. This class is represented
by the Ficario-Ulmetum minoris association, which occurs on well-
formed, rich, fresh soils, in the talweg of deep forest ravines and along
streams. The Quercetea robori-petraeae class covers acidophilic oak
forests on poor soils and is represented by the Melico nutantis-
Quercetum roboris association. These communities occur on interhill
depressions of river terraces on light sandy soils. The Quercetea pu-
bescentis class covers thermophilic, xerophilic and mesoxerophilic fo-
rests and is represented by the Aceri tatarici-Quercetum roboris asso-
ciation. These are mainly shrubby communities on hills in the arena.
The Pyrolo-Pinetea sylvestris class represents Euro-Siberian thermo-
philic forests on sandy soils. Within the studied area, the class is re-
presented by the Hieracio pilosellae-Pinetum association. These com-
munities are the result of the naturalisation of artificial pine plantati-
ons over 40 years old, which grow on the tops and gentle slopes of
local elevations in the form of hilly ridges with sandy dry soils. The
Epilobietea angustifolii class includes nitrophilic herbaceous and
shrubby communities, which are the first stage in the secondary suc-
cession process of forest coniferous vegetation restoration after wind-
breaks and fires. It is represented by the association Calamagrosti-
etum epigei, which is typical of sandy and sandy loam soils in pine
forests after fires or windbreaks. The Artemisietea vulgaris class in-
cludes ruderal communities of tall biennial and perennial plants, com-
mon in nitrified ecotopes with varying moisture and light regimes.
It is represented by the Melico transsilvanicae-Agropyretum associa-
tion, which occurs on disturbed soils.

Groups of sandy, loosely consolidated sands are represented by
the classes Koelerio-Corynephoretea canescentis and Festucetea va-
ginatae. These classes have many common features and differ in that
Koelerio-Corynephoretea canescentis communities usually form on
more acidic soils, while Festucetea vaginatae communities form on
more alkaline soils. The Koelerio-Corynephoretea canescentis class
includes pioneer communities on sandy, shallow soils that are mostly
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dry and low in nutrients. It is represented by the association Veronico
dillenii-Secaletum sylvestris, which occurs on soddy soils formed on
alluvial deposits on islands and in the floodplain of the Dnipro River,
or on eluvial sandy deposits. The Festucetea vaginatae class covers
sandy steppe and psammophytic meadow communities. It is repre-
sented by seven associations within the studied area. The Salici ros-
marinifoliae-Holoschoenetum vulgaris association occupies interdune
depressions with a groundwater level relatively close to the surface.
The Festucetum beckeri association is usually found on the slopes of
sand dunes. The Secaletum sylvestre association occupies the levelled
tops of dunes that are subject to significant wind erosion. The
Chamaecytiso borysthenici-Agropyretum dasyanthi association is a
pioneer in wind-blown depressions, which usually form from small
depressions several centimetres deep and wide, which later turn into
hollows. The most represented phytocenoses of the association are
found in deflation depressions on the first floodplain terrace in the
Dnipro River valley, where eolian processes are still ongoing. The
Centaureo borysthenicae-Festucetum beckeri association is widespre-
ad on sandy humus soils. The Centaureo brevicipiti-Festucetum bec-
keri association is found in flat areas of sandy steppe and on the slo-
pes of wind-blown hollows with moderately and poorly developed
sandy soils. The Secali sylvestri-Caricetum colchicae association is
found on gentle dune slopes.

The Stellarietea mediae class includes Segetal communities that
form along roads. This class is represented by the Eragrostietum mi-
noris-pilosae association. This community is often found along sandy
roads and is represented by species that tolerate trampling well.

Prodomus of plants of the first floodplain terrace (arena) of the
Dnipro River valley within the Dnipro-Orilsky Nature Reserve:
Festuco-puccinellietea So6 ex Vicherek 1973

Festuco valesiacae-Limonietalia gmelinii Mirkin in Golub et

Solomakha 1988

Diantho guttati-Milion vernalis Umanets et I. Solomakha 1998
Limonio meyeri-Festucetum pseudodalmaticae Umanets
et I. Solomakha in Dubyna, Dziuba et lemelianova 2013
Scorzonero-Juncetalia gerardii Vicherek 1973
Carici dilutae-Juncion gerardii Lysenko and Mucina 2015
Junco gerardii-Agrostietum stoloniferae Grigoriev et al.
2002
Molinio-Arrhenatheretea Tx. 1937
Arrhenatheretalia elatioris Tx. 1931
Arrhenatherion elatioris Luquet 1926
Poétum pratensis Ravarut et al. 1956
Phragmito-Magnocaricetea Klika in Klika et Novak 1941
Magnocaricetalia Pignatti 1953
Magnocaricion gracilis Géhu 1961
Caricetum gracilis Savi¢ 1926
Salicetea purpureae Moor 1958
Salicetalia purpureae Moor 1958
Salicion albae So6 1951
Populetum nigro-albae Slavni¢ 1952
Salicetum albae Issler 1926
Artemisio dniproicae-Salicion acutifoliae Shevchyk et Solo-
makha in Shevchyk et al. 1996
Artemisio dniproicae-Salicetum acutifoliae Shevchyk et
Solomakha 1996
Galio-Urticetea Passarge ex Kopecky 1969
Galio-Alliarietalia Oberd. in Gors et T. Miiller 1969
Geo urbani-Alliarion officinalis Lohmeyer et Oberd. in Gors
et T. Miiller 1969
Alliario officinalis-Chaerophylletum temuli (Kreh 1935)
Lohmeyer 1949
Aegopodium podagrariae Tx. 1967
Symphyto officinalis-Anthriscetum sylvestris Passarge 1975
Carpino-Fagetea Sylvaticae Jakucs ex Passarge 1968
Alno-Fraxinetalia excelsioris Passarge 1968
Alnion incanae Pawlowski et al. 1928
Ficario-Ulmetum minoris Knapp 1942
Quercetea robori-petraeae Br.-Bl. et Tx. ex Oberd. 1957
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Quercetalia roboris Tx. 1931
Convallario majalis-Quercion roboris Shevchyk et Soloma-
kha in Shevchyk, Solomakha et Voityuk 1996
Melico nutantis-Quercetum roboris Shevchyk et Solo-
makha in Shevchyk, Solomakha et Voityuk 1996
Quercetea pubescentis Doing-Kraft ex Scamoni et Passarge 1959
Quercetalia pubescenti-petraeae Klika 1933
Aceri tatarici-Quercion Zélyomi 1957
Aceri tatarici—Quercetum roboris Z6lyomi 1957
Pyrolo-Pinetea sylvestris Korneck 1974
Koelerio glaucae-Pinetalia sylvestris Ermakov 1999
Koelerio glaucae-Pinion sylvestris Ermakov 1999
Hieracio pilosellae-Pinetum Polishko 2005
Epilobietea angustifolii Tx. et Preising ex von Rochow 1951
Galeopsio-Senecionetalia sylvatici Passarge 1981
Epilobion angustifolii Oberd. 1957
Calamagrostietum epigei Juraszek 1928
Artemisietea vulgaris Lohmeyer et al. in TX. ex von Rochow 1951
Agropyretalia intermedio-repentis T. Miller et Gors 1969
Convolvulo arvensis-Agropyrion repentis Gors 1967
Melico transsilvanicae-Agropyretum T. Miller in Gors
1966
Koelerio-Corynephoretea canescentis Klika in Klika et Novak 1941
Corynephoretalia canescentis Klika 1934
Koelerion glaucae Volk 1931
Veronico dillenii-Secaletum sylvestris Shevchyk et Sol-
omakha 1996
Festucetea vaginatae Sod ex Vicherek 1972
Festucetalia vaginatae So6 1957

Table 1

Artemisio arenariae-Festucion beckeri Dubyna et Dziuba 2019
Salici rosmarinifoliae-Holoschoenetum vulgaris Mititelu
etal. 1973
Festucetum beckeri Ad. Oprea 1998
Secaletum sylvestre Popescu et Sanda 1973

Festucion beckeri Vicherek 1972
Chamaecytiso borysthenici-Agropyretum dasyanthi Kar-
natovska 2006
Centaureo borysthenicae-Festucetum beckeri Vicherek
1972
Centaureo brevicipiti-Festucetum beckeri Vicherek 1972
Secali sylvestri-Caricetum colchicae Davydova 2019

Stellarietea mediae Tx. etal. in Tx. 1950
Eragrostietalia J. Tx. ex Poli 1966

Eragrostion Tx. in Oberd. 1954

Eragrostietum minoris-pilosae Paschkevich 2024

Ecological characteristics of plant associations. The affiliation of
a community to a particular association was able to explain 37.4% of
the variability in species richness of communities (F = 29.0, P <
0.001). The lowest number of species was found in the associations
Secaletum sylvestre (7.8 + 1.7 species/relevé) and Ficario-Ulmetum
minoris (8.2 + 2.4 species/relevé) (Table 1). The largest number of
species was found in the associations Veronico dillenii-Secaletum syl-
vestris (17.4 + 4.6 species/relevé) and Chamaecytiso borysthenici-Ag-
ropyretum dasyanthi (16.4 + 5.4 species/relevé). The association of a
community with a particular association was able to explain 37.7% of
the species richness variability according to Shannon (F = 29.4, P <
0.001).

Descriptive statistics (mean + standard deviation) of species richness, Shannon diversity, and canopy, shrub, and herb layer cover by association
(significant differences between associations were identified using Tukey HSD: different letters indicate significant differences)

Syntaxon* Species richness Shannon diversity, bit Canopy layer, % Shrub layer, % Herb layer, %
1(N=40) 159 + 2.4 36+03 13+15f 3.7+£48% 52.1+9.0®
2(N=40) 15.0+3.3® 35+03 1.0+21f 16+28¢ 489 + 1474
3(N=29) 144 + 3.2 35+04° 09+18f 0.7+£20° 47.8 +11 50
4 (N=39) 10.3 + 3.9t 29+05« 31+6.1f 15.3 +12.6%* 40.0 £ 9.8
5 (N =106) 11.0+2.1%f 25+03f 575+154° 1234970 117 £ 6.5+
6 (N=35) 11.0 + 2 5f 3.0+04bd 316+13.8 238235 34.6 + 12.3dfth
7 (N=80) 10.7 £ 2.2%f 29+03« 30.6+13.2¢ 132 £11.6% 293+ 114
8 (N =116) 82+24¢ 23+05° 25.0+11.6« 117 £7.3 15.1 +12.9k
9 (N=53) 10.6 + 2.3%fe 28+0.3% 36.8+9.9° 11.7 £9.00 275+ 9.4em
10 (N=123) 9.2+34k 26+£05¢ 249 +90¢ 209+13.3 199+12.14
11 (N=33) 13350t 2.6+08% 144 +£12.8¢ 10.2 £ 13.3bce 34.1 +22 8¢fh
12(N=27) 147 £4.3® 3.2+050% 78+814 17.7 £19.1: 453 +11 .80
13(N=21) 158 +5.8® 3.0+£0.7%d 274 +12.64 13.5 £ 14,04 275+ 18.0em
14(N=12) 154 +51» 2.7+£08% 0.7+£23f 26.2+33.6° 44.4 + 13 30def
15(N=20) 16.4 54> 33106 74+£994 18.6 + 18.6 55.1+14.9%
16 (N=18) 174+46° 33104 76+£11.3f 9.6 £ 13.30de 48.3 £ 17.20bd
17(N=17) 10.6 + 4.8t 2.6 +£0.6% 03+08f 10.3 £ 14.8bcde 34.7 + 24 1dfeh
18(N=21) 13.0+ 3.8 30+£0.3x 6.6 £58¢ 20+24¢% 36.8 + 24.9ft
19 (N=29) 138+2.2% 2.8 £ 04t 01+0.2f 09+14 45.9 + 8.0bede
20 (N=57) 114 +2.6% 251044 00+0.2f 13+27¢ 45.8 +10.8bde
21(N=T71) 116 +3.0% 2.8 +04¢ 1.8+4.9" 35+ 75¢% 51.8 +18.6:
22(N=22) 11.3 +2,0f 2.9+ 04ete 1.8+6.0° 6.2 £ 11,00 59.7+18.9
23(N=32) 9.7 £18¢ 2.6+0.3¢% 12+32f 6.1+5.7 3214128k
24 (N =38) 78+17¢ 24+04° 0.0+0.0f 2.9+ 36% 22.6+6.1M

Notes: * — syntaxons: 1 refers to the association Limonio meyeri-Festucetum pseudodalmaticae, 2 refers to the association Poétum pratensis, 3 refers to the associa-
tion Junco gerardii-Agrostietum stoloniferae, 4 refers to the association Caricetum gracilis, 5 refers to the association Populetum nigro-albae, 6 refers to the associa-
tion Salicetum albae, 7 refers to the association Alliario officinalis-Chaerophylletum temuli, 8 refers to the association Ficario-Ulmetum minoris, 9 refers to the asso-
ciation Melico nutantis-Quercetum roboris, 10 refers to the association Symphyto officinalis-Anthriscetum sylvestris, 11 refers to the association Salici rosmarinifoli-
ae-Holoschoenetum vulgaris, 12 refers to the association Calamagrostietum epigei, 13 refers to the association Aceri tatarici-Quercetum roboris, 14 refers to the
association Melico transsilvanicae-Agropyretum, 15 refers to the association Chamaecytiso borysthenici-Agropyretum dasyanthi, 16 refers to the association Veroni-
co dillenii-Secaletum sylvestris, 17 refers to the association Artemisio dniproicae-Salicetum acutifoliae, 18 refers to the association Hieracio pilosellae-Pinetum,
19 refers to the association Centaureo borysthenicae-Festucetum beckeri, 20 refers to the association Secali sylvestri-Caricetum colchicae, 21 refers to the association
Centaureo brevicipiti-Festucetum beckeri, 22 refers to the association Eragrostietum minoris-pilosae, 23 refers to the association Festucetum beckeri, 24 refers to the

association Secaletum sylvestre.

The greatest diversity was characteristic of meadow communities
with associations Limonio meyeri-Festucetum pseudodalmaticae
(3.6 £ 0.3 bits), Poétum pratensis (3.5 + 0.3 bits), Junco gerardii-Ag-
rostietum stoloniferae (3.5 + 0.4 bits). The lowest diversity was found
in associations such as Ficario-Ulmetum minoris (2.3 + 0.5 bits) and

Secaletum sylvestre (2.4 + 0.4 bits). As expected, the densest canopy
layer was characteristic of forest communities. Populetum nigro-al-
bae associations had the most closed canopy layer (57.5 + 15.4%),
while Ficario-Ulmetum minoris associations had the most sparse ca-
nopy layer (25.0 + 11.6%). The densest shrub layer was characteristic
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of Salicetum albae (23.8 + 23.5%) and Melico transsilvanicae-Agro-
pyretum (26.2 + 33.6%) associations. For the latter association, this is
due to the significant role of the semi-shrub Chamaecytisus ru-
thenicus in the community. The community’s membership in a partic-
ular association was able to explain 80.1% of the variability in the
grass layer cover (F = 189.4, P < 0.001). The densest herbaceous
cover was characteristic of meadow associations: Limonio meyeri-
Festucetum pseudodalmaticae (52.1 + 9.0%), Poétum pratensis (48.9
+ 14.7%), Junco gerardii-Agrostietum stoloniferae (47.8 £ 11.5), as
well as for some psammophytic associations such as Chamaecytiso
borysthenici-Agropyretum dasyanthi (48.3 + 17.2%) and Eragrosti-
etum minoris-pilosae (59.7 + 18.9%).

Phytoindication assessment of edaphic regimes. The most varia-
ble edaphic regimes were the conditions of plant nutrient supply (CV

Table 2

= 75.9%) and carbonate content (CV = 53.1%), while the most stable
regime was acidity (CV = 2.8%). Phytoindication assessments indica-
te that the available moisture for plants in the soil ranged from 33.1 to
148.2 mm in 95% of cases. The affiliation of the community to a par-
ticular association was able to explain 90.5% of the variability in the
range of available moisture for plants in the soil (F = 445.9, P <
0.001). The Caricetum gracilis association demonstrated the highest
level of moisture supply (156.77 + 32.84 mm), while a wide range of
psammophytic vegetation exhibited the lowest level (Table 2). In spa-
tial terms, communities with the highest moisture supply are wide-
spread in the northeast, east and north of the study area, while the eas-
tern and, to a greater extent, southern areas are characterised by mois-
ture deficiency (Fig. 2).

Descriptive statistics (mean + standard deviation) of phytoindication estimates of edaphic regimes by association
(significant differences between associations were identified using Tukey HSD: different letters indicate significant differences)

Syntaxon* Hd (mm) fH (unitless) Rc (pH) Sl (ug/l) Ca (CaO+MgO %) Nt (g/kg) Ae (%)
1(N=40) 7723 £11.36f 0.29 £ 0.02%f 6.79+0.112 5124 +13.05* 2.97+0.66 2.37+0.38f 6027 +4.714
2 (N=40) 89.93 £17.54¢ 0.28 +0.02¢ 6.71 £0.13 40.66 +11.95% 2.47 £0.824c 247 +£0.50° 5796 £6.934
3(N=29) 120.89 +24.93b 0.31 £ 0.03bedel 6.66 + 0.092 40.23 +11.04% 2.00 + 0.75bde 3.13+044¢ 35.73 £9.66¢
4 (N=39) 156.77 +32.84* 0.20£0.03¢ 6.48 £0.11%F 23.17 £3.55%h 1.14 £ 0.65¢ 3.63+0.564 23.19 £8.34h
5 (N =106) 110.29 +9.66° 0.20+0.02¢ 6.63 £0.12% 2391 +£2.77% 1.20+£043% 4.04+0.39%* 4940 +5.15¢
6 (N=35) 119.42 £ 11.08> 0.20+0.03¢ 6.48 £0.21%F 19.95+3.33e" 1.18£0.48¢ 3.75+0.63 40.96 +8.36
7 (N=80) 113.42+£10.11% 0.17+0.03" 6.59+0.11« 2290 £3.40f 1.42 £ 044k 3.98+£048x 43.72 +£6.19F
8(N=116) 117.49 +£9.14> 0.16 +0.02 6.58+£0.11« 22.02 +2.44h 1.52 £0.48¢ 431+0312 4409 +5.47°
9 (N =53) 112,13 £8.71% 0.18 £ 0.02¢" 6.55£0.09 1991 £2.90h 1.71 £0.49%f 3.92£0420 4535 +5.80°
10 (N=123) 104.08 + 13.004 0.19 +0.04¢ 6.51£0.19%F 1942 £3.23" 1.19+£0.50¢2 4.11+0.83% 50.65 +8.23¢
11 (N=33) 5825+11.61¢ 0.32+0.03%d 6.24+£0.24¢ 20.24 +8.26¢ 1.02 £0.69¢ 0.60+0.51 75.01 £6.35¢
12(N=27) 5121 £7.69¢m 0.33 £0.032 6.38+£0.17% 20.93 £6.30e" 1.44 £ 1.05% 0.50 = 0.40¢" 80.52 £3.90=
13(N=21) 56.52 +7.86¢ 0.28 +£0.03f 6.48 £ (0.24f 2242 +6.69% 2.54+£127% 091+0.51¢ 75.01+£3.19¢
14 (N=12) 49.26 + 7.84¢hi 0.29 +0.039%f 6.62£0.12d 29.86 +9.31df 3.18+£095 0.67£0.30¢ 75.90 +£4.30%
15 (N=20) 43.01 +£2.89% 0.31 & 0.03bedef 6.37+0.17% 25.16 £10.20¢" 1.84 £ (0.89¢df 0.27 £0.26M 80.99 £3.91
16 (N=18) 43.60 +4.18Mk 0.33 £0.032 6.45£0.18%" 28.74 +6.81 % 1.64 £0.61%f 0.23 £0.15M 81.54 £2.99
17(N=17) 40.96 £6.01% 0.35+0.032 6.51£0.19%F 30.67 £ 11479 1.03 £0.89¢ 0.17 £ 0.08Mi 83.28 £4.57
18(N=21) 40.55 +£6.02% 0.31 £0.03bede 6.27+£0.20¢2 24.72 £9.29¢ 1.21+£0.63% 0.15£0.10M 83.12 £3.80=
19 (N=29) 37.89 £2.79% 0.31 £ 0.03bedef 6.59 £0.140d 39.73 £10.30% 249 £1.102% 0.21£0.12M 80.80 £2.82:
20(N=57) 34.85 +£2.76k 0.30 & 0.04" 6.50£0.11%F 36.46+10.53« 2.55+1.01® 0.12 +£0.05Y 80.95 £2.28»
21(N=T71) 3939 +4.28k 0.30 £ 0.049f 6.42 £0.16 3227413.33¢% 2.16£1.02 0.11£0.08i 83.36+£2.81*
22(N=22) 38.80 £3.39% 0.33+£0.03 6.46 £ (.22 46.01 £24.70* 1.68 £0.72df2 0.12£0.054 84.32+£1.95
23(N=32) 3949 +£2.98k 0.30 & 0.03cdf 6.47 £0.15%" 28.63 +5.92¢ 1.73 £0.7490 0.11£0.07 82.00 £3.77
24 (N =38) 3844 £3.51k 0.33 +£0.032 6.52+£0.12% 4259 +13.11% 1.69 £ 0.80%" 0.11+£0.074 81.63 £2.91

Notes: * syntaxons: 1 refers to the association Limonio meyeri-Festucetum pseudodalmaticae, 2 refers to the association Poétum pratensis, 3 refers to the association
Junco gerardii-Agrostietum stoloniferae, 4 refers to the association Caricetum gracilis, 5 refers to the association Populetum nigro-albae, 6 refers to the association
Salicetum albae, 7 refers to the association Alliario officinalis-Chaerophylletum temuli, 8 refers to the association Ficario-Ulmetum minoris, 9 refers to the associa-
tion Melico nutantis-Quercetum roboris, 10 refers to the association Symphyto officinalis-Anthriscetum sylvestris, 11 refers to the association Salici rosmarinifoliae-
Holoschoenetum vulgaris, 12 refers to the association Calamagrostietum epigei, 13 refers to the association Aceri tatarici-Quercetum roboris, 14 refers to the asso-
ciation Melico transsilvanicae-Agropyretum, 15 refers to the association Chamaecytiso borysthenici-Agropyretum dasyanthi, 16 refers to the association Veronico
dillenii-Secaletum sylvestris, 17 refers to the association Artemisio dniproicae-Salicetum acutifoliae, 18 refers to the association Hieracio pilosellae-Pinetum,
19 refers to the association Centaureo borysthenicae-Festucetum beckeri, 20 refers to the association Secali sylvestri-Caricetum colchicae, 21 refers to the association
Centaureo brevicipiti-Festucetum beckeri, 22 refers to the association Eragrostietum minoris-pilosae, 23 refers to the association Festucetum beckeri, 24 refers to the

association Secaletum sylvestre.

Moisture variability ranged from 0.14 to 0.37. The group's affilia-
tion to a particular association explained 82.6% of the variability in
moisture contrast (F = 222.8, P < 0.001). The highest contrast in mo-
isture conditions was characteristic of the Artemisio dniproicae-Sali-
cetum acutifoliae association (0.35 £ 0.03), while the Ficario-Ulme-
tum minoris association demonstrated the least variability (0.16 +
0.02). Sail acidity in 95% of cases ranged from pH =6.1to pH = 6.8.
The affiliation of a community to a particular association was able to
explain 34.4% of the variability in soil acidity (F = 25.6, P < 0.001).
The highest pH was characteristic of the Limonio meyeri-Festucetum
pseudodalmaticae association (6.79 + 0.11), and the lowest for the
Salici rosmarinifoliae-Holoschoenetum vulgaris (6.24 + 0.24) and
Hieracio pilosellae-Pinetum (6.27 + 0.20) associations. Salt content in
the soil solution varied in the range from 14.7 to 61.6 pg/l in 95% of
cases. The belonging of a group to a particular association was able to
explain 52.4% of the variability of salt content in the soil solution (F =
52.7, P <0.001).

The highest salt content in the soil solution was found in the asso-
ciations Limonio meyeri-Festucetum pseudodalmaticae (51.24 +
13.05 pg/L) and Eragrostietum minoris-pilosae (46.01 + 24.70 pg/L).

6

The carbonate content ranged from 0.46% to 3.89% in 95% of cases.
The affiliation of a community to a particular association was able to
explain 36.6% of the variability in the carbonate content in the soil
(F=28.1, P <0.001). The highest carbonate content was typical for
Limonio meyeri-Festucetum pseudodalmaticae (2.97 + 0.66%) and
Melico transsilvanicae-Agropyretum (3.18 + 0.95%), and the lowest
for Salici rosmarinifoliae-Holoschoenetum vulgaris (1.02 + 0.69%)
and Artemisio dniproicae-Salicetum acutifoliae (1.03 + 0.89%). Sail
nitrogen content varied in the range from 0.06 to 4.52 g/kg in 95% of
cases. The affiliation of a community to a particular association was
able to explain 94.2% of the variability in soil nitrogen content (F =
766.8, P < 0.001). Meadow and forest ecosystems differ significantly
from psammophytic steppe ecosystems in terms of higher soil nitro-
gen content. In grassland and forest ecosystems, soil nitrogen content
usually exceeds 2 g/kg, while in psammophytic steppe ecosystems,
this indicator is less than 1 g/kg. The percentage of air-filled porosity
relative to the total porosity volume varied in the range from 22.8% to
86.3% in 95.0% of cases. The affiliation of a community to a particu-
lar association was able to explain 90.8% of the variability in soil ae-
ration (F =467.9, P < 0.001). Soil aeration in psammophytic commu-
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nities usually exceeds 70%, while soil aeration in meadow or forest

communities was less than 60%.

Phytoindication assessment of edaphic regimes. Among the cli-
matic indicators, ombroclimate and cryoclimate scores changed the
most (CV = 66.4% and 68.5%, respectively). The most stable indica-

22.7%). The phytoindication assessment of the thermoclimatic regi-

me indicates that the surface radiation balance varied in the range

tors were thermoclimatic (CV = 8.7%) and continentality (CV =
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from 1.56 to 2.32 gJ/(m? year) (Table 3). The spatial variability of the
thermal climate regime demonstrates small-scale patterns, which are
likely due to the influence of relief on this ecological regime (Fig. 3).

Fig. 3. Spatial variability of predicted assessments of environmental factors based on plant bioindication: the regression model was developed
using a random forest algorithm with Sentinel-derived spectral indices as predictors: Hd represents the content of productive moisture in the one-
meter layer of soil (mm), fH represents the coefficient of irregularity of soil moisture @ (unitless), Re represents the negative logarithm of the

concentration of hydrogen ions in the soil solution (pH), SI represents the salt content in the soil solution, measured in micrograms per litre

(ug/L), Carepresents the carbonate content, expressed in terms of calcium and magnesium oxides (CaO+MgO %), Nt represents the soil’s nitro-

Table 3

gen content, measured in grams per kilogram (g/kg)

Descriptive statistics (mean + standard deviation) of phytoindication estimates of climate regimes by association
(significant differences between associations were identified using Tukey HSD: different letters indicate significant differences)

Syntaxon* Tm, gJ / (m? year) Om, mm Kn, % Cr,°C Lc, %
1(N=40) 1.79 £0.15M —0.78 £0.144fe 144.28 + 14.64¢ —13.93£2.39¢ 88.95 £2.80%
2 (N =40) 1.78 £0.16' —0.68 +0.24¢ 12343 +19.57¢ —12.79 +£3.03% 87.32 £3.20%
3(N=29) 1.85+0.22fm —0.59 £0.39%d 103.18 £ 15.82¢h -16.82 +3.76" 87.37 £3.59
4 (N=39) 1.60 = 0.20¢ —0.69 £ 0.46% 120.00 + 15.52¢ —19.73 £422 82.80+£6.71°
5 (N =106) 2.18 +£0.12¢ —0.77 £0.220f 11044 £10.67¢ —342+2.88 37.00 £9.43f
6 (N =35) 2.05+0.09% —0.94 £0.30% 120.59 + 8.81¢f —6.22 £4.26> 51.65+12494
7 (N=80) 2.08 +£0.12° —0.61 £0.28« 112.49 £ 11.80% —4.90 +3.96% 4161 £11.26¢
8 (N =116) 2.01 +0.08« —047 £0.43% 107.73 £ 16.42¢ —3.52+£2.86* 3943 +£10.17¢
9 (N=53) 2.08 +£0.13> -0.33+£0.24b 108.08 £ 10.86¢ —4.44 £2.762 40.37 £10.73¢
10 (N=123) 1.99 +0.12 -0.06+0.35* 9538 +£21.94" —4.61 £4.42:® 57.81+10.39¢
11 (N=33) 1.84+£0.13¢ —0.90 +0.36¢eh 150.52 £ 13.64« —10.87 £3.14< 91.64 £2.072
12(N=27) 1.97 £0.17<f —1.04 £0.32¢ 154.99 + 14.4204 —10.99 £3.07¢ 91.57+1.952
13(N=21) 1.94 +0.07fe —0.91 £0.17¢e 155.92 £11.774 —7.06 +£2.88d 84.93 £7.53»
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Syntaxon* Tm, gJ/ (m? year) Om, mm Kn, % Cr,°C Lc, %
14(N=12) 1.93 +£0.11¢%f —0.86 +0.23dcfeh 153.46 £ 1215 —7.97 £2.88 92.80+0.17
15 (N =20) 1.90 £ 0.07¢ -1.13+0.21M 155.62 £ 7.06™ —8.74 £2.33 92.89 +0.85
16 (N=18) 2.00 £ 0.08 -1.36+0.18™ 159.99 + 5.1 12 ~7.49 £2.09bete 9120+2.94
17(N=17) 1.98 + 0.06¢ -1.63+£0.24m 162.16 + 10.992¢ ~7.49 £2.33bate 9227 £1.57
18 (N=21) 1.90 £ 0.05¢ —1.20£0.26M 163.83 + 6.542 —8.85+2.01 9270+0412
19 (N=29) 1.93 £ 0.04¢ct —1.53 +£0.24¥m 161.91 +7.19% —6.62 £ 1.05%! 92.78 £0.06
20 (N=57) 1.89 +0.06¢ —1.44+£0.20¢ 162.34 + 6.76% —8.92+2.01% 9277 +£0.422
21 (N=T71) 1.90 + 0.08¢h —142+0.278 164.98 +9.26% —8.91£2.30% 9279 £0.54
22(N=22) 1.93 +0.05¢t —1.75+0.34™ 172.40 +9.49 —8.59+£2.01 92.89 +0.05°
23(N=32) 1.89 +0.07¢ —1.28 £0.20% 159.21 £ 7568 770 £1.76x 9276 +£0.412
24 (N=38) 1.93 +0.06%t —1.47 £0.2]km 164.81 +8.07= —6.65 £2.08! 92.80 £0.07

Notes: * — syntaxons: 1 refers to the association Limonio meyeri-Festucetum pseudodalmaticae, 2 refers to the association Poétum pratensis, 3 refers to the associa-
tion Junco gerardii-Agrostietum stoloniferae, 4 refers to the association Caricetum gracilis, 5 refers to the association Populetum nigro-albae, 6 refers to the associa-
tion Salicetum albae, 7 refers to the association Alliario officinalis-Chaerophylletum temuli, 8 refers to the association Ficario-Ulmetum minoris, 9 refers to the asso-
ciation Melico nutantis-Quercetum roboris, 10 refers to the association Symphyto officinalis-Anthriscetum sylvestris, 11 refers to the association Salici rosmarinifoli-
ae-Holoschoenetum wulgaris, 12 refers to the association Calamagrostietum epigei, 13 refers to the association Aceri tatarici-Quercetum roboris, 14 refers to the
association Melico transsilvanicae-Agropyretum, 15 refers to the association Chamaecytiso borysthenici-Agropyretum dasyanthi, 16 refers to the association Veroni-
co dillenii-Secaletum sylvestris, 17 refers to the association Artemisio dniproicae-Salicetum acutifoliae, 18 refers to the association Hieracio pilosellae-Pinetum,
19 refers to the association Centaureo borysthenicae-Festucetum beckeri, 20 refers to the association Secali sylvestri-Caricetum colchicae, 21 refers to the association
Centaureo brevicipiti-Festucetum beckeri, 22 refers to the association Eragrostietum minoris-pilosae, 23 refers to the association Festucetum beckeri, 24 refers to the

association Secaletum sylvestre.

The assosiation membership in a particular association was able
to explain 54.6% of the variability in thermoclimatic assessments (F =
57.4, P < 0.001). The highest thermal climate rating was established
for the Populetum nigro-albae association (2.18 + 0.12 gJ / (m?
year)), and the lowest for the Caricetum gracilis association (1.60 +
0.20 gJ / (m? year)). Meadow communities differed in the lowest
thermoclimatic indicators (usually less than 1.9 gJ / (m? year)), while
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forest communities were characterised by the highest thermoclimatic
indicators (usually more than 2 gJ / (m? year)). Intermediate values
were typical for psammophytic communities. The ombroclimate ran-
ged from —1.85 to 0.29 mm in 95% of cases. The affiliation of a com-
munity to a particular association was able to explain 70.3% of the va-
riability in ombroclimate estimates (F = 112.0, P < 0.001).
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Fig. 4. Spatial variability of predicted assessments of environmental factors based on plant bioindication: the regression model was developed
using a random forest algorithm with Sentinel-derived spectral indices as predictors: Ae represents the air-filled porosity percentage, which is the
percentage of the total volume of pore space in the soil (%), Tm represents the radiation balance (gJ / (m? year)), Om represents the difference
between the average daily precipitation and the evaporation from the open water surface over the same period, measured in millimetres (mm),
Kn represents the lvanov continentality scale (%), Cr represents the average temperature of the coldest month of the year, measured in degrees
Celsius (° C), Lc represents the relative light level (%)
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The highest ombroclimate values were characteristic of the Sym-
phyto officinalis-Anthriscetum sylvestris association (-0.06 + 0.35
mm), and the lowest for the associations Artemisio dniproicae-
Salicetum acutifoliae (~1.63 + 0.24 mm) and Eragrostietum minoris-
pilosae (172.40 + 9.49 mm). Continentality estimates ranged from
78.8t0 177.5% in 95% of cases. The membership of a community in
a particular association was able to explain 78.6% of the variability in
continentality estimates (F = 173.4, P < 0.001). The Limonio meyeri-
Festucetum pseudodalmaticae association and all psammophytic
communities were characterised by relatively higher continentality
estimates, which usually exceeded 140%. Meadow and forest com-
munities were characterised by a continentality index that was usually
less than 130%. Cryogenic regime scores ranged from —19.4 to
+1.2 °C. The association of a community with a particular association
was able to explain 62.9% of the variability in cryogenic regime sco-
res (F =80.5, P < 0.001). Meadow communities were usually charac-
terised by cryo-regime estimates below —12 °C, while forest and
psammophytic communities had cryo-regime indices above this
threshold value. The light regime varied in the range from 26.3% to
92.9% in 95% of cases. The affiliation of a community to a particular
association was able to explain 90.9% of the variability in light re-
gime estimates (F = 466.4, P < 0.001). In forest communities, the
light level was usually less than 60%, while in meadow and psammo-
phytic communities, the light level was higher than 80%.

Correlation between vegetation cover properties and phytoindi-
cation assessments of environmental factors. To perform correlation
analysis, preliminary steps were taken to eliminate multicollinearity
between predictors. Species richness was used for analysis without
modification. The Shannon index and species number showed a sig-
nificant positive correlation (r = 0.80, P < 0.001). Therefore, the re-
siduals of the linear regression of the Shannon index from the loga-
rithm of the number of species were used to characterise species di-
versity. The indicators of projective cover and horizontal layer closure
of plant communities also correlated significantly with each other.

Table 4

Canopy and shrub layers showed a significant positive correlation (r =
0.20, P <0.001). The herb layer correlated negatively with both cano-
py (r =-0.55, P < 0.001) and shrub layers (r = -0.21, P < 0.001).
To eliminate multicollinearity, data on the projective cover of the herb
layer and the canopy and shrub layer closure were subjected to prin-
cipal component analysis. The principal components obtained were
orthogonal, i.e. statistically independent. Principal component 1 repre-
sented the variability of the vertical structure of the plant community,
which is a consequence of opposite changes in the canopy and shrub
vs. herb layer. According to this principal component, forest commu-
nities (positive scores) are clearly distinguished from herbaceous
communities (negative scores). Principal component 2 indicates shrub
layer dominance. This dominance was characteristic of the associa-
tions Melico transsilvanicae-Agropyretum, Chamaecytiso borystheni-
ci-Agropyretum dasyanthi, Caricetum gracilis, Salicetum albae, and
Calamagrostietum epigei. Main component 3 indicates the overall
density of the vegetation cover, which is due to the predominance of
canopy and herb layers, which can also be interpreted as coherent
variation in canopy and herb layers. The highest scores for this main
component were found for associations such as Populetum nigro-al-
bae, Salicetum albae, Melico nutantis-Quercetum roboris, Chamaec-
ytiso borysthenici-Agropyretum dasyanthi, and Eragrostietum minor-
is-pilosae. The lowest scores for this main component were found for
Festucetum beckeri and Secaletum sylvestre.

Correlation analysis showed that species richness significantly re-
sponded to changes in environmental conditions, which were reflec-
ted in phytocenotic assessments (Table 4). A positive correlation was
established between species richness and moisture regime variability,
soil solution reaction, carbonate content, aeration level, continentality,
and light level. A negative correlation of species richness was establi-
shed with such ecological regimes as moisture level, nutrient content,
thermo-, ombro- and cryo-regimes. Species diversity positively corre-
lated with moisture level, soil solution reaction, nutrient content and
ombro-regime level.

Correlation coefficients + bootstrap SD with grouping letters based on Tukey HSD applied to bootstrap distributions
(identical letters indicate no statistically significant difference (P < 0.05) among correlation coefficients based on 1000 bootstrap resamples)

Ecological Species Shannon index PC1 (canopy and shrub PC2 (shrub layer PC3 (coherent variation
factor richness (resid) vs. herb layer) dominance) in canopy and herb layers)
Hd —-0.26 £0.03¢ 0.20 +0.03 0.53+0.03 - 0.11+0.03¢
fH 0.41+0.02° - -0.65+0.01° - -
Rc 0.09 +0.03¢ 0.16 +0.03° - - 0.12+0.03°
Sl 0.13+0.03¢ - —-0.52 £0.02¢ - -
Ca 0.26 +0.03¢ - —-0.35+0.02¢ - -
Nt —-0.30 £0.03" 0.16 +0.03¢ 0.65+0.01¢ - 0.13+0.03¢
Ae 0.25+0.03¢ —0.24 £0.03¢ —049 +0.02¢ - -0.10+£0.03¢
Tm —0.10+0.03" -0.18 +0.03¢ 0.53+0.02 - 0.24 £0.03¢
Om -0.14+£0.03: 0.17 £ 0.03¢ 0.46 +0.02¢ - -
Kn 0.24+0.02i -0.17 £0.03" —0.56 +0.02" - -
Cr -0.29 +0.03k —-0.23+0.03¢ 0.55 +0.02: - -
Lc 0.39£0.02! — —0.75+0.01) 0.16 +0.03 -0.17 £0.03"

The main component 1 differentiates forest communities on the
one hand, and grassy (meadow and psammophytic) communities on
the other. Forest communities were characterised by higher moisture
content, nutrient content in the sail, and higher levels of thermal,
ombrophilic, and cryogenic regimes. In turn, greater contrast in mois-
ture conditions, soil solution mineralisation, aeration, continentality,
and illumination were characteristic of herbaceous communities.
Shrub layer dominance correlated positively only with light intensity.
Coherent variation in canopy and herb layers positively correlated
with moisture content, soil solution reaction, nutrient content, and
thermal regime. This property of plant communities negatively corre-
lated with aeration and light intensity.

Discussion
The first floodplain terrace of rivers is specific in terms of its pro-

perties, spatial location, and formation, which is primarily determined
by its genesis. Floodplain terraces form on the left bank of rivers in

the northern hemisphere that flow from north to south. The primary
factor in the formation of floodplains was the fluvial process, the
significance of which was replaced over time by the predominance of
the eolian factor. The fluvial factor in the history of floodplains ex-
plains the fact that the thickness of floodplains is proportional to the
thickness of the river. It is natural that the floodplain terrace of the
Dnipro River is the largest in the region compared to the floodplain
terraces of smaller rivers. Floodplain terraces are located in strips
along the river channel, but have different widths, which is also due to
other geomorphological and geological factors. The floodplain terrace
is defined by its geographical boundaries, which are delineated on one
side by the river floodplain, and on the other by the adjacent terrace in
the river valley, known as the solonchak. The floodplain terrace is
composed mainly of sandy deposits and has a relative elevation above
the surrounding relief. The steppe zone of Ukraine as a whole is char-
acterised by a predominance of soils that have developed from loess
or loess-like loamy soils. These rocks are predominantly composed of
silt or clay in their granulometric composition. The floodplain terraces
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of rivers, on the other hand, are "islands" of sandy soils with unique
ecological regimes that differ significantly from the typical conditions
of the steppe zone. This feature explains the large number of rare en-
demic species that are attracted to floodplain terraces. The poor capil-
lary properties of sandy soils and low groundwater levels mean that
the main source of moisture for plant communities on this terrace is
atmospheric precipitation in the form of rain or condensation.
The ability of sand to cool quickly contributes to the formation of
conditions under which moisture condensation, especially in the
morning or evening, is a significant factor in the water regime.
The solonchak terrace is composed of soils with a predominance of
silty or clayey fractions, which give the soils greater potential for
capillary rise of groundwater to the surface. This terrace is also char-
acterised by a high groundwater level close to the soil surface.
The combination of a high groundwater level and the soil's high ca-
pacity for capillary rise of moisture leads to the salinisation of such
soils due to the evaporation of moisture, which constantly pulls dis-
solved salts upwards along the soil layer. These conditions contrast
with those of the first floodplain terrace. However, the boundaries bet-
ween terraces are variable, and areas with typical features of saline-
alkaline terraces may penetrate the boundaries of the first floodplain
terrace, which significantly increases the diversity of ecological con-
ditions and regimes. The zone of such penetration within the studied
territory is the riverbed of the Protich River, which penetrates the first
floodplain terrace. In the floodplain of the Protich River, which is
geographically located within the first floodplain terrace, conditions
are formed that cause soil salinisation, which is typical for saline-alka-
line terraces. The floodplain of the Protich River is a centre for plant
communities of the Festuco-Puccinellietea class. The most important
factor in the differentiation of associations of this class was the level
of soil salinisation. This result is consistent with the findings for this
class obtained for the Danube floodplain. The ordination of vegetation
syntaxons in the coastal sector of the Kiliya estuary of the Danube in-
dicates a direct linear dependence of their mutual location on factors
such as changes in soil salinity and moisture, changes in salinity and
soil moisture variability, changes in salinity and soil acidity, and chan-
ges in nitrogen content and soil acidity. Climatic factors did not reveal
significant differences in different associations, since their values re-
main practically unchanged in a small area (Dubyna et al., 2014).

The floodplain of the Protich River, as well as inter-dune depres-
sions with groundwater levels close to the soil surface, create condi-
tions favourable for meadow communities of the Molinio-Arrhena-
theretea and Phragmito-Magnocaricetea classes. The humid conditi-
ons are also favourable for the development of shrub and forest vege-
tation of the Salicetea purpureae class. These communities are typical
of floodplain ecosystems, but also show the ability to penetrate the
first terrace above the floodplain. Our results coincide with findings
according to which the main factors of differentiation of communities
of the Molinio-Arrhenatheretea class are moisture variability, general
soil salinity, hydrological regime, soil aeration, soil carbonate content
and lighting (Shyriaieva, 2022). Also, in the work Didukh & Kuzem-
ko (2014) it was noted that the communities of the Arrhenatherion
elatioris alliance are characterised by the highest cryogenic regime in-
dicators. Our data also indicate that these communities have the hig-
hest phytoindication cryogenic regime ratings among all meadow
communities. Plant communities of the Phragmito-Magnocaricetea
class belong to typical marsh and riparian communities that form on
permanently or periodically flooded soils with high moisture levels
(Dubyna & Dziuba, 2008). The vast majority of these communities
are eutrophic. They require an increased supply of nutrients and orga-
nic matter, usually on alluvial silty or loamy substrates. Neutral or
slightly alkaline soil reactions with sufficient calcium content are opti-
mal for them. In terms of light, they prefer sunny or semi-shaded are-
as, but the main factor in their stability and distribution is water level
fluctuations. Regular flooding alternates with phases of littoral zone
exposure, creating unique hydrological microenvironments necessary
for the reproduction and growth of reeds, cattails and sedges (Dubyna
& Dziuba, 2008).

Salicetea purpureae communities in the Dnipro River valley
form on floodplain alluvial soils that are regularly flooded or remain
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highly moist for long periods of time. They consist of willow forests
and shrubs stretching in narrow strips along the banks of rivers, ox-
bows and watercourses. The tree layer is formed mainly by plants of
the genus Salix, with both mesophilic and hydrophilic species grow-
ing in the undergrowth. These communities play an important role in
stabilising the banks, regulating the water regime and creating transi-
tional environments between aquatic and terrestrial ecosystems. They
are characterised by their dynamism and ability to quickly renaturalise
after disturbances (Dubyna & Dziuba, 2014). The Populetum nigro-
albae association communities are typical of the floodplain forests of
the Dnipro River valley and are also found on the slopes of sandy hills
of the first floodplain terrace bordering the floodplain of the Protych
River. These communities occupy elevated areas with soddy-sandy
soils in the zone of short-term influence of the flood regime (Tsaryk,
2021). Salicetum albae communities are widespread in floodplain fo-
rests along river banks, in low-lying and marshy areas with periodic
flooding (Kyyak et al., 2023). They prefer sandy and meadow-marsh
or marshy soils. The Artemisio dniproicae-Salicetum acutifoliae asso-
ciation was found in the low-lying areas of the first floodplain terrace
near the Obukhiv floodplain of the Dnipro River and in interdune de-
pressions.

Forest communities on the first floodplain terrace are usually is-
land-like, so the ecotone effect is very significant in them. Ecotone
positions are often occupied by communities of the Galio-Urticetea
class. An unconditional feature of associations of this class, such as
Alliario officinalis-Chaerophylletum temuli and Symphyto officinalis-
Anthriscetum sylvestris, is the high level of nitrogen nutrients in the
soil. EIm forests on elevated areas of the relief in the floodplain or in
the lower parts of sandy dune slopes close to the Protich River valley
or on the slopes of ravines are represented by the Ficario-Ulmetum
minoris association. The Ficario-Ulmetum minoris association is a
wooded floodplain forest community with a well-developed herbace-
ous layer. The variation in herbaceous cover is largely explained by
the spatial component rather than soil properties or distance to trees.
This indicates the special role of unmeasured factors, in particular
species distribution limitations, vegetative growth and competition.
Soail properties such as density, water content and aggregate structure
also influence the herbaceous vegetation of this association. Trees act
as an independent and complex factor influencing both the soil and
the herbaceous community (Zhukova et al., 2020; Lobachevska &
Karpinets, 2024). The communities of the Melico nutantis-Quercetum
roboris association belong to the Convallario majalis-Quercion ro-
boris alliance. This association is part of thermophilic oak forests,
which are widespread on sandy first floodplains of rivers. They cover
dry to mesophytic oak forests. The floristic composition of these
forests indicates their ecotonal nature. The forest flora is formed by a
combination of three floristic components: species of the Carpino-
Fagetea class (the dominant element), as well as representatives of
Quercetea pubescentis and Quercetea roboris. This compositional
structure indicates the transitional nature of phytocenoses formed
under the influence of both mesophytic and xerophytic conditions
(Goncharenko et al., 2020; Vasheka et al., 2025). The Aceri tatarici—
Quercetum roboris association occurs on the tops of dunes and is
represented by shrubs. These shrubs are probably the result of anthro-
pogenic destruction of oak forests on the edges of which the shrubs
grew. This is evidenced by some fragmentary oak forests with pre-
served oak trees aged 120150 years in the centre of the communities,
which are surrounded by shrubs formed by Acer tataricum. Pyrolo-
Pinetea sylvestris coniferous forests are represented by naturalised
artificial forest plantations, the age of which significantly exceeds 40
years. Coniferous forests in some areas have suffered significant fires
and windfalls, where Calamagrostietum epigei associations have
formed. The disturbed areas are also occupied by Melico transsilvani-
cae-Agropyretum associations. Within the reserve, there are roads
along which Eragrostietum minoris-pilosae associations have formed
as a result of soil cover disturbance. The dune hills themselves are
occupied by associations of the Festucetea vaginatae class. These
plant communities are adapted to life on loose sands with low nutrient
content and moisture deficiency. The relief of the sand dunes is a
significant factor determining the differentiation of plant associations.
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The number of species in plant communities depends significant-
ly on the moisture regime (Hd), which is one of the main ecological
factors of vegetation differentiation. Moisture affects species richness,
forming a clear ecological gradient. In the driest conditions (e.g., san-
dy arenas, water-deficient dune tops) and the wettest conditions (e.g.,
marshy areas with prolonged flooding), the lowest number of species
is observed, which is explained by the high level of ecological stress
that narrows the range of plants capable of adapting to such conditi-
ons (Gibtan et al., 2024). In the study, this is represented by associati-
ons with low species richness, such as Secaletum sylvestre and Ficar-
i0-Ulmetum minoris. The maximum species richness is characteristic
of plant communities with moderate moisture conditions, which are
favourable for the existence of a large number of species with diverse
ecological strategies (Kunakh et al., 2024). For example, the highest
average species richness was recorded in the associations Veronico
dillenii-Secaletum sylvestris and Chamaecytiso borysthenici-Agropy-
retum dasyanthi. The relationship between species richness and mois-
ture regime is a classic example of the ecological principle of opti-
mum (Shelford, 1931): the greatest plant diversity is observed at inter-
mediate moisture levels, while extreme conditions lead to a decrease
in species richness due to increased selective pressure and limitations
on the adaptability of plant species (Moravcik et al., 2024).

The positive correlation between the number of species and the
moisture contrast regime (fH) can be explained by the fact that high
moisture contrast creates heterogeneous environmental conditions in
a small area. This means periodic changes in conditions from very
wet to moderately dry throughout the season. Such ecological mosai-
cism contributes to the formation of a wide range of microenviron-
ments (microhabitats), each of which is suitable for different groups
of plant species with different adaptive strategies. In areas with high
moisture contrast, both hygrophilous (moisture-loving) and mesophi-
lic (adapted to moderate conditions) and even partially xerophilous
(resistant to dry periods) species can coexist. As a result, the overall
species richness in such areas increases, since no ecological group has
an absolute advantage over others, and periodic changes in the mois-
ture regime prevent the complete domination of individual species.
This situation corresponds to the classic principle of ecological heter-
ogeneity (heterogeneity-diversity hypothesis) (Lundholm, 2009), ac-
cording to which an increase in the heterogeneity of ecological condi-
tions contributes to an increase in biodiversity. That is why the mois-
ture contrast regime (fH) positively correlates with the number of spe-
cies in plant communities.

The negative correlation between species richness and soil fertili-
ty (Nt) can be explained by the fact that with increasing fertility (in
particular, nitrogen and other nutrient content) in plant communities,
competitive interaction between species intensifies. At high fertility,
fast-growing, competitive species that are able to efficiently use ex-
cess resources and quickly form dense vegetation cover gain an ad-
vantage, creating conditions for intense competition for light and spa-
ce. As a result, less competitive species, which are characteristic of
poorer and less productive ecosystems, are displaced. High soil fertili-
ty levels lead to a decrease in overall species richness due to the domi-
nance of a few strong competitors that suppress the development and
growth of other plant species. This phenomenon corresponds to the
classic ecological principle of competitive exclusion (den Boer,
1986), according to which, when certain resources are abundant in the
environment, one or more species dominate, reducing the chances of
other species to exist and, accordingly, reducing overall biodiversity.

The positive correlation between species richness and soil aerati-
on can be explained by the fact that improved aeration creates more
favourable conditions for the root systems of a wide range of plants.
Good soil aeration means that the right balance of oxygen and carbon
dioxide is maintained, which is key to effective root respiration and
nutrient uptake. This, in turn, allows species with different root sys-
tems and different adaptive strategies to coexist, including less com-
petitive species that can only survive when there is sufficient oxygen
in the soil. Well-aerated soils are usually characterised by lower den-
sity and higher permeability, which promotes better seed germination,
development of underground plant organs, and also creates favoura-
ble conditions for soil organisms (microorganisms, fungi, invertebra-

tes), which further increase the overall heterogeneity of ecological
conditions through their activity. As a result, the diversity of microen-
vironments and, accordingly, the overall species richness of the plant
community increases. The positive correlation between species rich-
ness and soil aeration is due to the fact that better aeration conditions
expand the range of species that can exist and compete in a given
area, as well as contribute to the formation of more diverse ecological
niches.

The positive correlation between the number of species and the
lighting regime can be explained by the fact that improved lighting
conditions contribute to an increase in the structural and functional di-
versity of the plant cover. High light levels allow both light-loving
species and species with less pronounced light requirements to coex-
ist. Good lighting creates favourable conditions for the growth of vari-
ous plant life forms, from low-growing annuals and perennials to tall
grasses and shrubs, forming multi-layered, structurally complex com-
munities. This, in turn, increases the number of available ecological
niches, allowing many species with different adaptation strategies to
coexist. Good light conditions stimulate the germination of many
plant seeds, promote more efficient photosynthesis and increase the
productivity of communities, leading to an increase in overall biodi-
versity. The positive correlation between species richness and light re-
gime is explained by the fact that improved lighting creates favoura-
ble conditions for the simultaneous growth and development of a lar-
ge number of species with different ecological and life characteristics,
and also promotes the formation of complex, multi-layered communi-
ties with a large number of available ecological niches.

The species diversity correlation pattern (i.e., residual diversity
that does not depend on the number of species) reflects the influence
of ecological factors on the community structure after removing the
effect of species diversity itself. The moisture regime shows a positive
correlation with residual diversity, indicating that with increasing mo-
isture (even with fewer species), the structure of the plant community
becomes more uniform. Under conditions of stable or increased mois-
ture, there is probably no strong dominance of individual species,
which contributes to a more even distribution of their contribution to
the total biomass of the community. Soil reaction and soil fertility are
positively correlated with residual diversity. This indicates that under
conditions of reduced acidity or increased fertility, species diversity is
more even. This is probably due to the fact that specific soil conditi-
ons (alkaline or fertile) limit the strong dominance of individual spe-
cies, creating conditions for the relatively even coexistence of the few
species that are adapted to such conditions. Soil aeration shows a ne-
gative correlation with residual diversity, which means that with in-
creased aeration, on the contrary, the dominance of individual species
(for example, competitively strong with deep root systems) increases,
leading to a decrease in the evenness of species composition. Similar-
ly, thermal regime, continentality and cryogenic regime show a nega-
tive correlation with residual diversity. This can be explained by the
fact that with a change in these conditions, for example, increased
thermal or climatic stresses, certain species begin to dominate, displa-
cing others, which reduces the uniformity of their distribution.
The general pattern of residual diversity indicates that under condi-
tions of ecological stress or competitive pressure (aeration, tempera-
ture regime, carbonate content, continentality), the structure of the
community shifts towards the dominance of individual species. Con-
versely, in a more stable and less stressful environment, such as mois-
ture or a certain acidity, soil fertility, species coexist more evenly, re-
gardless of their total number.

The results provide a scientifically sound basis for the conservati-
on, restoration and sustainable management of floodplain ecosystems
in river valleys, both within and outside protected areas. Establishing
links between the species diversity of plant communities and key
environmental factors, such as moisture regime, fertility, aeration and
light, makes it possible to identify the most valuable and vulnerable
habitats that require priority protection. The results obtained can be
used to develop nature-oriented approaches to river landscape mana-
gement, including regulation of the hydrological regime, restriction of
economic impact, and introduction of elements of revegetation or
adaptive grazing. The study has practical significance for the develop-
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ment of effective environmental monitoring schemes based on indica-
tor species and phytocenoses, as well as for assessing the ecological
potential of territories in the context of climate change and increasing
anthropogenic pressure. Thus, the work is useful for ecologists, bota-
nists, nature conservation specialists, landscape managers and authori-
ties responsible for environmental assessment and sustainable land
use planning.

Prospects for further research lie in an in-depth analysis of the
spatial and temporal dynamics of the vegetation cover of floodplain
terraces, taking into account seasonal and interannual changes in the
hydrological regime, climatic factors and anthropogenic impact. Fur-
ther research may focus on studying the functional and trophic struc-
ture of phytocenoses, in particular through the assessment of life
forms, survival strategies and functional characteristics of species.
Another important area is modelling the ecological niche and poten-
tial distribution of key communities in response to climate change,
which will allow prediction of the risks of natural habitat degradation.
It is advisable to deepen the analysis of the relationship between bio-
diversity and soil microbiocenoses, as well as to investigate the role of
terraces in maintaining ecosystem services (hydrological regulation,
pollination, soil conservation, etc.). Interdisciplinary approaches using
geoinformation technologies, remote sensing and multifactorial eco-
logical modelling are promising for the comprehensive assessment of
the ecological status of floodplain terraces and the development of
strategies for their revitalisation.

Conclusion

As a result of studying plant communities of the first floodplain
terrace of the Dnipro river valley, it was possible to comprehensively
characterise the species composition, syntaxonomic structure and eco-
logical factors that determine the biological diversity of this key geo-
morphological zone. It was found that the plant communities of the
floodplain terrace are syntactically diverse and represented by three
main types of phytocenoses: meadow, forest and psammophytic. This
indicates the high ecological mosaicism of the terraces, which is due
to a combination of alluvial and eolian processes, local gradients of
humidity, light and soil conditions. Within each group of communiti-
es, significant variability in both species composition and cover struc-
ture were found, confirming the key role of this ecotope zone in main-
taining regional biodiversity. Analysis of ecological gradients showed
that species richness is highest under moderate moisture conditions
(Hd), while in extreme wet or dry conditions, species richness de-
creases in accordance with the ecological principle of optimum. The
positive correlation between species abundance and moisture contrast
(fH) reflects the role of microheterogeneity as a factor enriching spe-
cies composition. It was found that increased soil fertility (Nt) nega-
tively affects diversity through the competitive exclusion effect, while
good aeration (Ae) and lighting (Lc) create conditions for the coexist-
ence of a wider range of ecological strategies and life forms. A study
of residual Shannon index values showed that individual ecological
factors, in particular moisture, acidity and fertility, contribute to an in-
crease in community evenness, while increased aeration and conti-
nental climate, on the contrary, lead to increased dominance. Flood-
plain terraces are not only structurally diverse but also syntactically
representative ecosystems formed under the influence of complex
ecological gradients. The results of the study emphasise their im-
portant role in maintaining biodiversity and provide a scientific basis
for the conservation, ecological monitoring and nature-oriented man-
agement of these areas in the context of climate change and anthropo-
genic pressure.

References

Baker, M. E., & Barnes, B. V. (1998). Landscape ecosystem diversity of river
floodplains in Northwestern Lower Michigan, U.S.A. Canadian Journal of
Forest Research, 28(9), 1405-1418.

Brinkmann, W. L., Magnuszewski, A., & Zober, S. (2000). The structure and
function of the Vistula River floodplain near Plock, Poland. Ecological
Engineering, 16(1), 159-166.

12

Buzuk, G. N. (2017). Phytoindication with ecological scales and regression
analysis: Environmental index. Bulletin of Pharmacy, 2(76), 31-37.

Cheng, L., Lek, S., Lek-Ang, S., & Li, Z. (2012). Predicting fish assemblages
and diversity in shallow lakes in the Yangtze River basin. Limnologica,
42(2),127-136.

Chetvertak, T., Diuzhykova, T., Hryshko, S., Nepsha, O., & Tutova, H. (2025).
The precipitation levels during the warmest quarter are the primary factor
influencing the spatial distribution of Opatrum sabulosum. Biosystems
Diversity, 33(1), €2507.

den Boer, P. J. (1986). The present status of the competitive exclusion principle.
Trends in Ecology and Evolution, 1(1), 25-28.

Devitt, L., Neal, J., Coxon, G., Savage, J., & Wagener, T. (2023). Flood hazard
potential reveals global floodplain settlement patterns. Nature Communi-
cations, 14(1), 2801.

Didukh, Y P. (2011). The ecological scales for the species of Ukrainian flora
and their use in synphytoindication. Phytosociocenter, Kyiv.

Didukh, Y. P., & Kuzemko, A. A. (2014). Phytoindication assessment of syn-
taxa, class Molinio-Arrhenatheretea, in Polissya and forest steppe zones of
Ukraine. Ukrainian Botanical Journal, 71(2), 140-147.

Didukh, Ya.P., Chusova, O. O., Olshevska, I. A., & Polishchuk, Y. V. (2015).
River valleys as the object of ecological and geobotanical research.
Ukrainian Botanical Journal, 72(5), 415-430.

Dubina, D. V., Dziuba, T. P., Emelianova, S. M., Bagrikova, N. O., Borisova,
0. V., Borsukevich, L. M., Vinokurov, D. S., Gapon, S. V., Gapon, Y. V.,
Davydov, D. A., Dvoretsky, T. V., Didukh, Y. P., Zhmud, O. 1., Kozyr, M.
S., Konishchuk, V. V., Kuzemko, A. A., Pashkevich, N. A, Riff, L. E.,
Solomakha, V. A., Yakushenko, D. M. (2019). Prodrome of the vegetation
of Ukraine. Naukova Dumka, Kyiv.

Dubyna, D. V., & Dziuba, T. P. (2008). Syntaxonomical diversity of the Dnie-
per mouth region. Il. Class Phragmito-Magnocaricetea Klika in Klika
et Novak 1941. Order Phragmitetalia W. Koch 1926. \Vegetation of Rus-
sia, 13, 27-48.

Dubyna, D. V., & Dziuba, T. P. (2014). Syntaxonomical diversity of vegetation
of the Dnieper River mouth region. VI. Classes Salicetea purpureae, Alne-
tea glutinosae. Vegetation of Russia, 25, 13-29.

Dubyna, D. V., Dziuba, T. P., & Vakarenko, L. P. (2014). Syntaxonomy of ha-
lophytic vegetation of the seashore part of the Kilia Danube delta. Ukraini-
an Botanical Journal, 71(4), 412-428.

Gao, H., Li, Z, Liu, F., Wu, Y., Li, P., Zhao, X, Li, F., Guo, J., Liu, C., Pan, B.,
& Jia, H. (2020). Terrace formation and river valley development along
the lower Taohe River in Central China. Geomorphology, 348, 106885.

Gibtan, A., Abera, W., Delelegn, M., Maru, M., & Emiru, A. (2024). Land use /
cover dynamics and its implication on the sustainability of urban agricultu-
re in selected urban centers of Ethiopia. Ekoldgia (Bratislava), 43(1), 91-98.

Glinska-Lewczuk, K., Burandt, P., Kujawa, R., Kobus, S., Obolewski, K., Du-
nalska, J., Grabowska, M., Lew, S., & Chormanski, J. (2016). Environ-
mental factors structuring fish communities in floodplain lakes of the un-
disturbed system of the Biebrza River. Water, 8(4), 146.

Goncharenko, 1., Semenishchenkov, Y., Tsakalos, J. L., & Mucina, L. (2020).
Thermophilous oak forests of the steppe and forest-steppe zones of Ukrai-
ne and Western Russia. Biologia, 75(3), 337-353.

Havrdova, A., Douda, J., & Doudova, J. (2023). Threats, biodiversity drivers
and restoration in temperate floodplain forests related to spatial scales. Sci-
ence of the Total Environment, 854, 158743.

Janssen, P., Stella, J. C., Piégay, H., Rapple, B., Pont, B., Faton, J. M., Cornelis-
sen, J. H. C., & Evette, A. (2020). Divergence of riparian forest compositi-
on and functional traits from natural succession along a degraded river
with multiple stressor legacies. Science of the Total Environment, 721,
137730.

Kunakh, O., Lisovets, O., Podpriatova, N., & Zhukov, O. (2024). Plant com-
munity hemeroby is a reliable indicator of the dynamics of reclamation of
lands disturbed by mining. Ekolégia (Bratislava), 43(1), 43-53.

Kyyak, V., Bilonoha, V., & Kyyak, N. (2023). Spatial and functional structure
of the population area in plants — the need for differentiation. Studia Bio-
logica, 17(4), 173-186.

Lavrinenko, K. V., Didukh, Y. P., & Kuzemko, A. A. (2023). Synphytoindica-
tion assessment of the steppe part of vegetation of the Syniukha River val-
ley (the Southern Bug catchment area, Ukraine). Ukrainian Botanical
Journal, 80(2), 143-156.

Lisovets, O., Khrystov, O., Kunakh, O., & Zhukov, O. (2024). Application of
hemeroby and naturalness indicators for monitoring the aguatic macrophyte
communities in protected areas. Biosystems Diversity, 32(2), 270-277.

Lisovets, O., Tutova, H., Kunakh, O., & Zhukov, O. (2025). Flora of the arena
(first floodplain terrace) of the Dnipro River valley within the Dniprovsky-
Orilskyi Nature Reserve (Ukraine). Bohdan Khmelnytsky Melitopol State
Pedagogical University, Melitopol.

Lobachevska, O., & Karpinets, L. (2024). Water exchange of the forest ecosys-
tems epigeic bryophytes depending on changes of the structural and func-

Regulatory Mechanisms in Biosystems, 2025, 16(3), €25131


http://doi.org/10.1139/cjfr-28-9-1405
http://doi.org/10.1139/cjfr-28-9-1405
http://doi.org/10.1139/cjfr-28-9-1405
http://doi.org/10.1016/S0925-8574(00)00100-2
http://doi.org/10.1016/S0925-8574(00)00100-2
http://doi.org/10.1016/S0925-8574(00)00100-2
http://doi.org/10.1016/j.limno.2011.09.007
http://doi.org/10.1016/j.limno.2011.09.007
http://doi.org/10.1016/j.limno.2011.09.007
http://doi.org/10.15421/012507
http://doi.org/10.15421/012507
http://doi.org/10.15421/012507
http://doi.org/10.15421/012507
http://doi.org/10.1016/0169-5347(86)90064-9
http://doi.org/10.1016/0169-5347(86)90064-9
http://doi.org/10.1038/s41467-023-38297-9
http://doi.org/10.1038/s41467-023-38297-9
http://doi.org/10.1038/s41467-023-38297-9
http://doi.org/10.15407/ukrbotj72.05.415
http://doi.org/10.15407/ukrbotj72.05.415
http://doi.org/10.15407/ukrbotj72.05.415
http://doi.org/10.1016/j.geomorph.2019.106885
http://doi.org/10.1016/j.geomorph.2019.106885
http://doi.org/10.1016/j.geomorph.2019.106885
http://doi.org/10.2478/eko-2024-0009
http://doi.org/10.2478/eko-2024-0009
http://doi.org/10.2478/eko-2024-0009
http://doi.org/10.3390/w8040146
http://doi.org/10.3390/w8040146
http://doi.org/10.3390/w8040146
http://doi.org/10.3390/w8040146
http://doi.org/10.2478/s11756-019-00413-w
http://doi.org/10.2478/s11756-019-00413-w
http://doi.org/10.2478/s11756-019-00413-w
http://doi.org/10.1016/j.scitotenv.2022.158743
http://doi.org/10.1016/j.scitotenv.2022.158743
http://doi.org/10.1016/j.scitotenv.2022.158743
http://doi.org/10.1016/j.scitotenv.2020.137730
http://doi.org/10.1016/j.scitotenv.2020.137730
http://doi.org/10.1016/j.scitotenv.2020.137730
http://doi.org/10.1016/j.scitotenv.2020.137730
http://doi.org/10.1016/j.scitotenv.2020.137730
http://doi.org/10.2478/eko-2024-0005
http://doi.org/10.2478/eko-2024-0005
http://doi.org/10.2478/eko-2024-0005
http://doi.org/10.30970/sbi.1704.740
http://doi.org/10.30970/sbi.1704.740
http://doi.org/10.30970/sbi.1704.740
http://doi.org/10.15407/ukrbotj80.02.143
http://doi.org/10.15407/ukrbotj80.02.143
http://doi.org/10.15407/ukrbotj80.02.143
http://doi.org/10.15407/ukrbotj80.02.143
http://doi.org/10.15421/012429
http://doi.org/10.15421/012429
http://doi.org/10.15421/012429
http://doi.org/10.15468/j7mxvm
http://doi.org/10.15468/j7mxvm
http://doi.org/10.15468/j7mxvm
http://doi.org/10.15468/j7mxvm
http://doi.org/10.30970/sbi.1802.766
http://doi.org/10.30970/sbi.1802.766

tional organization of their turfs and the influence of local growth environ-
mental conditions. Studia Biologica, 18(2), 139-156.

Lundholm, J. T. (2009). Plant species diversity and environmental heterogenei-
ty: Spatial scale and competing hypotheses. Journal of VVegetation Science,
20(3), 377-391.

Matoshko, A. V. (2004). Evolution of the fluvial system of the Prypiat, Desna
and Dnieper during the Late Middle-Late Pleistocene. Quaternaire, 15(1),
117-128.

Morav¢ik, M., Petlusova, V., & Petlus, P. (2024). Influence of morphometric
relief parameters on soil depth changes and humus horizon thickness in re-
lation to erosion-accumulation processes: A study in the Ipel'ska Pa-
horkatina Hills, Slovakia. Ekolégia (Bratislava), 43(1), 1-15.

Mucina, L., Biiltmann, H., DierRen, K., Theurillat, J.-P., Raus, T., Carni, A.,
Sumberova, K., Willner, W., Dengler, J., Garcia, R. G., Chytry, M., Hajek,
M., Di Pietro, R., lakushenko, D., Pallas, J., Daniéls, F. J. A., Bergmeier, E.,
Santos Guerra, A., Ermakov, N., ... Tichy, L. (2016). Vegetation of Europe:
Hierarchical floristic classification system of vascular plant, bryophyte, li-
chen, and algal communities. Applied Vegetation Science, 19, 3-264.

Mykhailyuk, T., Lisovets, O., & Tutova, H. (2023). The importance of terrain
factors in the spatial variability of plant cover diversity in a steppe gully.
Biosystems Diversity, 31(4), 470-483.

Nakamura, F., Watanabe, Y., Negishi, J., Akasaka, T., Yabuhara, Y., Terui, A.,
‘Yamanaka, S., & Konno, M. (2020). Restoration of the shifting mosaic of
floodplain forests under a flow regime altered by a dam. Ecological Engi-
neering, 157, 105974.

Nykytiuk, Y., Kravchenko, O., Komorna, O., Bambura, V., & Seredniak, D.
(2025). Global climate change will lead to a decrease in the erosion re-
sistance of Polissya and forest-steppe soils. Biosystems Diversity, 33(1),
€2502.

Ponomarenko, O., Komlyk, Y., Tutova, H., & Zhukov, O. (2024). Landscape
diversity mapping allows assessment of the hemeroby of bird species in a
modern industrial metropolis. Biosystems Diversity, 32(4), 470-483.

Shelford, V. E. (1931). Some concepts of bioecology. Ecology, 12(3), 455-467.

Shyriaieva, D. V. (2022). Ecological and coenctic differentiation of meadow
vegetation of Buzkyi Gard National Nature Park. Ukrainian Botanical
Journal, 79(1), 56-69.

Thoms, M. C. (2003). Floodplain-river ecosystems: Lateral connections and the
implications of human interference. Geomorphology, 56(3-4), 335-349.

Tockner, K., & Stanford, J. A. (2002). Riverine flood plains: Present state and
future trends. Environmental Conservation, 29(3), 308-330.

Tsaryk, Y. V. (2021). Inter-ecosystem relation (an attempt of classification).
Studia Biologica, 15(4), 117-124.

Tutova, G. F., Kunakh, O. M., Yakovenko, V. M., & Zhukov, O. V. (2023).
The importance of relief for explaining the diversity of the floodplain and
terrace soil cover in the Dnipro River valley: The case of the protected area
within the Dnipro-Orylskiy Nature Reserve. Biosystems Diversity, 31(2),
177-190.

Vasheka, O., Kryshenyk, V., Palagecha, R., & Dzhurenko, N. (2025). Leaf phe-
notypic plasticity of four Eleutherococcus species growing in the urban en-
vironment. Studia Biologica, 19(2), 121-132.

Virdana, S., Rizaldi, Novarino, W., Maliza, R., Kubontubuh, C. P., Septiansy-
ah, E., Wahyudi, G., Eveisca, N., Juanes, A. M., Prasetio, ., & Andeska,
F. (2025). Riparian forests as natural corridors for mammal species along
the Mangun River in West Sumatra, Indonesia. Ekoldgia (Bratislava),
44(1), 28-35.

Ward, J. V., Tockner, K., Arscott, D. B., & Claret, C. (2002). Riverine landsca-
pe diversity. Freshwater Biology, 47(4), 517-539.

Xue, F., Zhang, Q., Melack, J. M., Tang, H., Yuan, S., Jia, Y., Xue, C., & Song,
Y. (2024). Floodplain lakes: Linking hydrology to ecology and conserva-
tion. Earth-Science Reviews, 258, 104967.

Yorkina, N. V., Podorozhniy, S. M., Velcheva, L. G., Honcharenko, Y. V., &
Zhukov, O. V. (2020). Applying plant disturbance indicators to reveal the
hemeroby of soil macrofauna species. Biosystems Diversity, 28(2), 181-194.

Zelenova, V. O., Zelenov, P. V., & Tutova, G. F. (2024). Bioindication potenti-
als of the grass stand and soil macrofauna for assessing the level of anthro-
pogenic transformation of an urban park are complementary. Biosystems
Diversity, 32(3), 306-313.

Zhukov, O., & Kunakh, O. (2025). The asymmetry of the aquatic macrophyte
response to temperature increases with global warming and has to be acco-
unted for in phytoindication. Biologia, 80, 529-547.

Zhukov, O., Lisovets, O., Kunakh, O., & Tutova, H. (2025). Prodomus of
plants of the first floodplain terrace (arena) of the Dnieper River valley
within the Dnipro-Orilsky Nature Reserve. Mendeley Data.

Zhukov, O., Yorkina, N., Budakova, V., & Kunakh, O. (2022). Terrain and tree
stand effect on the spatial variation of the soil penetration resistance in an
Urban Park. International Journal of Environmental Studies, 79(3), 485-501.

Zhukova, Y. O., Yorkina, N. V., Budakova, V. S., & Kunakh, O. M. (2020).
The small-scale variation of herb-layer community structure in a riparian
mixed forest. Biosystems Diversity, 28(4), 390-398.

Zurbrigg, R., Wamulume, J., Kamanga, R., Wehrli, B., & Senn, D. B. (2012).
River-floodplain exchange and its effects on the fluvial oxygen regime in a
large tropical river system (Kafue Flats, Zambia). Journal of Geophysical
Research: Biogeosciences, 117, G03008.

13

Regulatory Mechanisms in Biosystems, 2025, 16(3), €25131


http://doi.org/10.30970/sbi.1802.766
http://doi.org/10.30970/sbi.1802.766
http://doi.org/10.1111/j.1654-1103.2009.05577.x
http://doi.org/10.1111/j.1654-1103.2009.05577.x
http://doi.org/10.1111/j.1654-1103.2009.05577.x
http://doi.org/10.3406/quate.2004.1759
http://doi.org/10.3406/quate.2004.1759
http://doi.org/10.3406/quate.2004.1759
http://doi.org/10.2478/eko-2024-0001
http://doi.org/10.2478/eko-2024-0001
http://doi.org/10.2478/eko-2024-0001
http://doi.org/10.2478/eko-2024-0001
http://doi.org/10.1111/avsc.12257
http://doi.org/10.1111/avsc.12257
http://doi.org/10.1111/avsc.12257
http://doi.org/10.1111/avsc.12257
http://doi.org/10.1111/avsc.12257
http://doi.org/10.1111/avsc.12257
http://doi.org/10.15421/012356
http://doi.org/10.15421/012356
http://doi.org/10.15421/012356
http://doi.org/10.1016/j.ecoleng.2020.105974
http://doi.org/10.1016/j.ecoleng.2020.105974
http://doi.org/10.1016/j.ecoleng.2020.105974
http://doi.org/10.1016/j.ecoleng.2020.105974
http://doi.org/10.15421/012502
http://doi.org/10.15421/012502
http://doi.org/10.15421/012502
http://doi.org/10.15421/012502
http://doi.org/10.15421/012449
http://doi.org/10.15421/012449
http://doi.org/10.15421/012449
http://doi.org/10.2307/1928991
http://doi.org/10.15407/ukrbotj79.01.056
http://doi.org/10.15407/ukrbotj79.01.056
http://doi.org/10.15407/ukrbotj79.01.056
http://doi.org/10.1016/S0169-555X(03)00160-0
http://doi.org/10.1016/S0169-555X(03)00160-0
http://doi.org/10.1017/S037689290200022X
http://doi.org/10.1017/S037689290200022X
http://doi.org/10.30970/sbi.1504.665
http://doi.org/10.30970/sbi.1504.665
http://doi.org/10.15421/012319
http://doi.org/10.15421/012319
http://doi.org/10.15421/012319
http://doi.org/10.15421/012319
http://doi.org/10.15421/012319
http://doi.org/10.30970/sbi.1902.831
http://doi.org/10.30970/sbi.1902.831
http://doi.org/10.30970/sbi.1902.831
http://doi.org/10.2478/eko-2025-0004
http://doi.org/10.2478/eko-2025-0004
http://doi.org/10.2478/eko-2025-0004
http://doi.org/10.2478/eko-2025-0004
http://doi.org/10.2478/eko-2025-0004
http://doi.org/10.1046/j.1365-2427.2002.00893.x
http://doi.org/10.1046/j.1365-2427.2002.00893.x
http://doi.org/10.1016/j.earscirev.2024.104967
http://doi.org/10.1016/j.earscirev.2024.104967
http://doi.org/10.1016/j.earscirev.2024.104967
http://doi.org/10.15421/012024
http://doi.org/10.15421/012024
http://doi.org/10.15421/012024
http://doi.org/10.15421/012433
http://doi.org/10.15421/012433
http://doi.org/10.15421/012433
http://doi.org/10.15421/012433
http://doi.org/10.1007/s11756-024-01860-w
http://doi.org/10.1007/s11756-024-01860-w
http://doi.org/10.1007/s11756-024-01860-w
http://doi.org/10.17632/wz4f3xkfb2.1
http://doi.org/10.17632/wz4f3xkfb2.1
http://doi.org/10.17632/wz4f3xkfb2.1
http://doi.org/10.1080/00207233.2021.1932368
http://doi.org/10.1080/00207233.2021.1932368
http://doi.org/10.1080/00207233.2021.1932368
http://doi.org/10.15421/012050
http://doi.org/10.15421/012050
http://doi.org/10.15421/012050
http://doi.org/10.1029/2011JG001853
http://doi.org/10.1029/2011JG001853
http://doi.org/10.1029/2011JG001853
http://doi.org/10.1029/2011JG001853

