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Intensified aridization of climate and increase in the frequency of extreme weather events actualize the problem of studying
the adaptive strategies of introduced woody plants to ensure stability of the cultivated phytocenoses. The paper presents a com-
parative analysis of the physiological stability of 12 taxa of the Viburnum L. genus in the conditions of the Steppe Dnipro region
during the growing season with the contrast moisture regime. We established the main directions of phenotypic modifications
contributing to realization of the adaptive potential of species in the drought conditions — increased signs of xeromorphism of the
leaf morphostructure (V. lantana, V. carlesii, V. rhytidophyllum, V. xjuddii), physiological mechanisms of increase in water-
holding capacity of the tissues (V. trilobum, V. xbodnantense, V. prunifolium, V. opulus), and complex effect of these reactions
(V. plicatum, V. lentago, V. farreri, V. farreri fragrans’). Dynamics of the physiological state of plants was assessed based on the
monitoring of the set of water regime parameters using the multivariate statistical analysis (hierarchical clustering with the
Ward’s method). Results of the study demonstrate a clear differentiation of species according to strategies of their adaptation to
hydrothermal stress. Analysis of dendrograms allowed us to identify four stable cluster groups maintaining structural integrity
under conditions of moderate moisture and to find “free elements” characterized by chaotic physiological response. The peak
drought load in July was observed to destabilize the cluster structure, resulting in the separation of moderately resistant species (in
particular, V. lantana) from the formed groups. Based on the assessment of the stability of interspecific relationships, the taxa
under study are differentiated into three categories: resistant, moderately resistant, and nonresistant. Regarding the formation of
resistance, the determining role of ecological and geographical origin in this process was revealed: Taxa of North American (V.
prunifolium, V. lentago) and European origin, evolutionarily adapted to the continental climate, demonstrated the highest adaptive
potential. By contrast, the representatives of the East Asian flora (V. carlesii, V. farreri), being the typical mesophytes of the
monsoon climate, showed the lowest drought tolerance. Partial regrouping of the studied taxa under the influence of peak loads is
a consequence of sufficiently long period of introduction of these species in the conditions of steppe zone, in the area with unsta-
ble moisture. As a result, morphophysiological features of the plants under study are transformed. The proposed methodological
approach and established ecological differentiation of mesophytic species in the xerothermic conditions allow us to predict the
success of introduction and scientifically justify the selection of a sustainable assortment of ornamental shrubs for regions with

risky hydrothermal regime.
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Introduction

Hydrothermal stress (combined effect of moisture deficit and
high temperatures) is recognized as one of the key abiotic factors li-
miting the growth, development and productivity of plants worldwide
(Ortiz et al., 2021; Vale et al., 2021). It is important to emphasize the
synergic effect of these two stressors: Their combined negative effect
on the plant physiology is often much stronger than a sum of individ-
ual effects (Zandalinas et al., 2018). In the conditions of global clima-
te change, characterized by increase in average annual temperatures,
as well as frequency and intensity of extreme weather events, such as
prolonged droughts and heat waves, study of the impact of this phe-
nomenon on the biosystems becomes especially relevant (Senevirat-
ne, 2021; IPCC, 2023). Forecasts of climatologists indicate the further
expansion of arid and semiarid zones, where climatic accidents weak-
en the soil structure, damage the nutrient cycling and alter plant
growth, posing a threat to stability of both natural ecosystems and
artificial biocenoses (Weed et al., 2013; Didukh et al., 2016; Zia et al.,
2021). Today there is an urgent need for development of the integra-
ted strategies aimed at mitigation of and adaptation to climate change,
including implementation of climate-resilient crop practices and tech-
nologies of the urban green infrastructure (Abbass et al., 2022; Wang
etal., 2023; Qishy et al., 2025).

In the soil and climatic conditions of areas with unstable mois-
ture, tree and shrub vegetation is found only in the local intrazonal
ecotopes, and it has a limited species composition. Meanwhile, in the

warming conditions, the risks of loss of local species biodiversity
increase (Manes et al., 2021; Pokhrel et al., 2025). In this regard, the
species introduced from different botanical and geographical regions
are taken for the creation of various plantations (for decorative, pro-
tective, reclamation purposes, etc.). In particular, according to Ivanko
et al. (2025), taxonomic diversity of trees and shrubs in a university
campus located in the steppe zone of Ukraine included 75.2% of in-
troduced species. Enrichment of species diversity in areas of unstable
moisture can be considered as a strategy for adapting green infrastruc-
ture to climate change (De la Sota et al., 2019). However, it faces cer-
tain difficulties, including the problem of ecological stability of plants
and their adaptation to a set of xerothermic factors of the growing sea-
son (Rana & Varshney, 2023).

At the physiological level, the plant response to hydrothermal
stress is a complex process involving a cascade of rapid and long-
term adaptive responses (Yang et al., 2021). The primary and fastest
response to moisture deficit is the closure of stomata, which is a criti-
cal mechanism for reducing transpirational water loss. Unfortunately,
this protective action has negative consequences: It limits the diffusi-
on of CO: to photosynthetic centers in the leaf, which inevitably leads
to a decrease in the intensity of photosynthesis and carbon assimilati-
on (Chaves et al., 2009). For maintaining the cell turgor and protec-
ting macromolecules under conditions of dehydration, plants also ac-
cumulate compatible osmolytes, in particular, proline amino acid,
which acts as an osmoprotector (Szabados & Savouré, 2010). Higher
temperatures, in turn, cause direct damage to the cell structures. The
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protein apparatus of photosystem Il is particularly sensitive to heat
stress, which can lead to its degradation and disruption of the electron
transport chain, increasing the overall inhibition of the processes of
growth and biomass accumulation (Allakhverdiev et al., 2008). At the
molecular level, plants respond to heat by synthesis of heat shock pro-
teins (HSPs), which prevent denaturation of proteins and promote
their restoration (Wang et al., 2004). The most of studied HSP genes
of the cultivated plants take part in the protective response to drought,
changing the expression level depending on the growing conditions
(Slishchuk, 2025). Despite these protective mechanisms, synergic effect
of stressors often provokes an imbalance, resulting in excessive accu-
mulation of the reactive oxygen species and development of large-
scale oxidative stress, which damages the cellular components (Apel &
Hirt, 2004). Therefore, understanding of the complex mechanisms of
drought tolerance is a fundamental task of modern biology and ecology.

Drought tolerance of plants is determined by the peculiarities of
their physiological and biochemical reactions aimed at maintaining the
cell viability under conditions of dehydration, or enhancing water-re-
taining properties of cells. Water loss is also minimized through mor-
phoanatomical adaptations that enhance the xerophytic features of the
leaf morphostructure (Bai et al., 2019), associated with an increase in
the relative number of mechanical elements of conductive and paren-
chymal tissues, the number of stomata and the network of veins per
unit area of the leaf (Hughes et al., 2017), development of integumen-
tary tissue and its surface formations, and mesophyll cells’ densifica-
tion (Picotte et al., 2008; Leshcheniuk & Chipilyak, 2020), which
leads to increase in the specific weight of a leaf and changes in the re-
lationships between the quantitative water content and structural ele-
ments of the plant tissues (Zaitseva, 2018). These characteristics allow
assessing the general functional state of plant assimilation organs under
xerothermic conditions. For this purpose, they were used in our study.

Despite a significant number of studies addressing the response
of individual plant species to abiotic stresses, including the plants of
the cultivated dendroflora under drought conditions (Chartzoulakis
etal., 2002; Zhang et al., 2017; Yang et al., 2018; Jafari et al., 2019;
Khalegh et al., 2019; Bhusal et al., 2020), comparative analysis of re-
sistance within a large genus remains a priority. The studies above are
critical for understanding the evolution of adaptive traits and for pre-
dicting the responses of related species to future climate change (Val-
ladares et al., 2014).

Increase in the polymorphism of morphophysiological characte-
ristics of plants under stressful conditions results in the appearance of
a large variety of phenotypic forms as different variants of the genoty-
pe realization (Crispo et al., 2009; Kordyum & Dubyna, 2019). Phe-
notypic polymorphism of the related species, which has a genetic na-
ture, is manifested in the parallel signs of genotypic variability (Gha-
lambor et al., 2007). In this regard, studies of the functional state of
phylogenetically related species of introduced species (representatives
of generic complexes or taxa of a higher rank) are particularly rele-
vant and practically valuable. Based on the biogenetic law, it allows
to determine the degree of resistance and directions of the adaptive re-
structuring, which are conditioned by the similar genotypic basis of
species involved in the introduction process (Rueda et al., 2017). This
approach is feasible primarily for the taxonomic ranks at the genus le-
vel, which constitute a compound phylogenetic complex of a large
number of species, differing in their botanical and geographical origin
and ecological properties, for example, tree species of the Acer L., Sy-
ringa L., Juniperus L., Salix L., Quercus L. genera (Holikova & Zai-
tseva, 2009, 2017; Kolodiazhenska, 2013; Horielov, 2016; Kosakiv-
ska et al., 2023). In view of this, a promising model system used in
our study is Viburnum L. genus set, which is characterized by a com-
plex phylogenetic structure and significant species diversity, repre-
sented in three centers of speciation (East Asian, Mediterranean and
Atlantic-North American centers) in the temperate and subtropical cli-
matic zones (Demchenko, 2005). Viburnum species introduced to Uk-
raine are characterized by a wide amplitude of ecological properties in
relation to hydrothermal conditions of the natural growth areas, with a
predominance of mesophilic forms (Kokhno et al., 2005).

For any plant species or population, the study of responses to the
environmental changes requires an understanding of the phenotypic

2

variations in individual plants caused by external factors (Nicotra et al.,
2010), which represent species of the cultivated dendroflora in the
points of introduction, in particular, in the botanical collections, and
are involved in the introduction studies. In this study of plant respon-
ses to the arid conditions, we used plant specimens representing the
Viburnum L. genus from the dendrological collection of the botanical
garden.

Given the large variety and wide distribution of representatives of
the Viburnum L. genus in the areas with different conditions, their
physiological response to hydrothermal stress cannot be considered
universal. On the contrary, it will demonstrate a clear interspecific dif-
ferentiation, which can be formalized by multivariate statistical me-
thods. Studying the variations in the physiological responses allows
us to identify the subtle evolutionary strategies and mechanisms, de-
termining different degrees of resistance even in closely related speci-
es, which may demonstrate unexpectedly different adaptive capabili-
ties (Ackerly, 2004). The adaptive potential of introduced species
should be determined by the climatic conditions of their natural range,
where species from the continental regions have an advantage over
species growing in the climate of monsoon type. In this context, rep-
resentatives of the Viburnum L. genus are considered a convenient
model group. This genus includes numerous species originating from
different climatic zones, but introduced and grown under the same
conditions of the botanical collection. This approach, using the “com-
mon garden” concept is a powerful tool, which provides a valid com-
parison of genetically determined adaptive responses of species, min-
imizing the influence of microclimatic and soil differences (Clausen,
Keck & Hiesey, 1940; Donoghue et al., 2004). For a comprehensive
assessment of the related species’ adaptive potential, it is appropriate
to use statistical processing methods that allow considering the indica-
tors of a number of physiological characteristics at once and making
interspecific comparison. One of such methods is cluster analysis,
which takes into account unlimited number of physiological indica-
tors and presents the results in a graphical form of dendrograms, thus
allowing us to compare the degree of similarity of objects according
to the given indicators. Based on cluster analysis of the phenotypic
variations, changes in the relationship between the traits are deter-
mined and the best genotypes resistant to water stress and salinity are
selected (Leonov, 2013; Pereira et al., 2015; Nejat & Sadeghi, 2016).

Thus, to test the presented hypotheses, this paper aims to provide
a comprehensive assessment of the resistance of viburnum shrubs
(Viburnum L.) to moisture deficit. This objective was achieved
through solving the problems related to analysis of the dynamics of
key indicators of the plant water exchange, taking into account the
temperature and moisture regimes, the determination of the specificity
of the most characteristic reactions of sensitive and resistant species,
their ecological differentiation by the degree of similarity of physio-
logical reactions using cluster analysis and the development of a hier-
archical structure of the studied complex of related species by the
level of their resistance to hydrothermal stress.

Materials and methods

The research was conducted on the basis of the dendrological col-
lection of the botanical garden of Oles Honchar Dnipro National Uni-
versity (DNU), located in Dnipro city, Ukraine (48°26' N, 35°03' E)
in the temperate continental climate zone. The research area is charac-
terized by hot dry summers, creating a natural background for study-
ing plant responses to hydrothermal stress.

The collection of species of the Viburnum genus is located in the
sector of flowering shrub plants, which are not widely cultivated. The
objects of research were 12 species, including two hybrid species, re-
presented in the collection by 1-3 model specimens. The plants of
generative age, without any visible signs of diseases and damage,
were grown in open soil conditions in the same site with good sun-
light. This approach allowed us to correctly compare the genetically
determined adaptive responses of the different plant species, minimi-
zing the influence of microclimatic and soil differences.

According to modern concepts (The Angiosperm Phylogeny
Group, 2016), Viburnum L. genus belongs to the Adoxaceae Raf.
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family of the order Dipsacales Juss. ex Bercht. & J. Presl. Studied
species represent five of nine sections of the genus:

—section 1 Thyrsosma (Raf.) Rehd. — V. farreri Stearn and V. far-
reri ‘fragrans' Bunge (two phenotypically distinct specimens in the
habit and leaf morphology), V. xbodnantense Aberc ex Stearn;

— section 2 Lantana Spach — V. carlesii Hemsl., V. lantana L., V.
rhytidophyllum Hemsl., V. xjuddii Rehd.;

—section 4 Pseudotinus Clarke — V. plicatum Thunb.;

—section 5 Lentago DC. — V. lentago L. and V. prunifolium L.;

—section 9 Opulus DC. — V. trilobum Marsh. and V. opulus L.

Species of sections 1, 2, and 4 are of East Asian origin (Northeast
China, Korea, Japan), species of section 5 and V. trilobum Marsh.
(section 9) grow naturally in the Atlantic region of the North Ameri-
ca. Species V. lantana L. (section 2) and V. opulus L. (section 9) are
of the European origin, being a part of the aboriginal woody plants of
the study area, i.e. the Northern Steppe of Ukraine. The taxa homen-
clature is given according to the POWO international database
https://powo.science.kew.org. The range of the ecological valence of
the studied species complex is determined by the climatic conditions
of natural ranges from the continental to monsoon climatic regions of
the temperate and subtropical zones of Europe, Asia, and North
America. By cenomorphic characteristics, the genus mostly compris-
es forest dwellers, adapted to varying degrees of mesophytic condi-
tions. According to the types of hygromorphs, Tarasov (2012) charac-
terizes the aboriginal species V. lantana L. and V. opulus L. as xero-
mesophytes.

The research was conducted during the growing season of 2025,
with contrasting moisture conditions. Plant samples (leaves) were
collected twice a month during the period of active growth of the
vegetative organs (in the 1st and 3rd decades of May and June), and

during the period of secondary growth, lignification of shoots and
vegetation of mature leaves (in the 1st and 2nd decades of July and
the 1st decade of September). This research design allowed covering
a wide range of climatic conditions and assessing the state of model
plants during their seasonal development. Simultaneously with the
plant sampling, the moisture content in one-meter layer of soil of the
collection site was measured.

The soil of the collection site belongs to the group of low-humic,
easily washed-out chernozems, and by its granulometric composition
it belongs to heavy loams, as evidenced by the content of physical
clay (sum of fractions 0.005-0.010, 0.001-0.005, and <0.001 mm are
51.80% and 52.13% in soil layers). According to the grading scale,
the soil of the site corresponds to soils of average quality. It is charac-
terized by the neutral reaction of the soil solution (pH 7.4) and rela-
tively high content of organic matter (3.24%) in the upper horizon (0-
30 cm), which indicates high potential fertility (Method for agro-
chemical certification, 2019). According to the WRB classification
(World Reference Base for Soil Resources. International soil classifi-
cation system for naming soils and creating legends for soil maps),
the soils of the site belong to the Calcic Chernozem (Siltic) group.

To characterize the climatic conditions, we used the meteorologi-
cal data presented in Figure 1 in the form of a climatogram according
to H. Walter (Zepner et al., 2021). Meteorological data for the current
year (average monthly temperature and precipitation) were obtained
from the archive of synoptic observations at the Dnipro station
(WMO code: 34504) using the Ogimet online service, 2025
www.ogimet.com/gsynres.phtml.en, and the data of the climatic norm
(1991-2020) are retrieved from the climatological archive of the
Dnipro city, Climate-Data.org, 2025 https://en.climate-data.org/euro-
pe/ukraine/dnipropetrovsk-oblast/dnipropetrovsk-4039.
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Table 1 presents a description of the water supply status of the ter-
ritory based on the coefficients calculated from the ratio of temperatu-
res and precipitation during the research period — the hydrothermal
coefficient (HTC) according to Selianinov (Method for agrochemical
certification, 2019) and the climate humidity coefficient (CHC) accor-
ding to Vorobyov (Kokhno & Kurdiuk, 1994) which is used to assess
the prospects for the introduction of woody plants in a certain natural

Table 1
Hydrothermal conditions of the growing season in the research area

and climatic region. The coefficients reflect the balance between pre-
cipitation and water evaporation against the background of the tempe-
rature regime (sum of active temperatures — HTC, sum of positive
temperatures — CHC), which affects the indicator of productive mois-
ture in one-meter layer of soil (Table 1). It is one of the key indicators
in crop production regarding the potential ability of soils to provide
water supply in the current conditions of the growing season.

Indicators Months
W Vv VI Vil VI IX X
Moisture content in one-meter layer of soil, nm(n=7) 159.1+6.4 1414+45 1069+46 652+14 856+24  90,6+2.7 not determined
Climate humidity coefficient, CHC 0.29 0.89 0.11 0.34 0.40 0.06 3.08
Hydrothermal coefficient, HTC 0.09 0.39 0.22 0.35 0.33 0.14 1.33

Note. The CHC and HTC coefficients were calculated based on the meteorological data of www.ogimet.com/gsynres.phtml.en for 2025.
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The negative balance of moisture available in the soil is estimated
by negative CHC values and positive values of <1. The HTC values
of <0.4 are interpreted ae complying with the conditions of extremely
severe drought, 0.4-0.5 — severe drought, 0.6-0.7 — moderate
drought, 0.8-0.9 — mild drought. According to the coefficient values,
the hydrothermal conditions during the research period are character-
ized as highly arid. For the research area and this type of soil, the opti-
mal value of moisture content in one-meter layer of soil at the begin-
ning of the growing season is 190 mm (Method for agrochemical cer-
tification, 2019), while in our studies it is 159 mm, and subsequently,
the soil moisture availability decreased.

In general, the growing season was marked by increasing mois-
ture deficit, which turned into severe drought in early July, lasting
until September. It was accompanied by a decrease in the reserves of
available soil moisture to critical values of hydrological constants —
the breakage of capillary bonds and wilting of plants. High tempera-
tures (exceeding the long-run annual average rate in summer months
by 1.3-2.2 °C) contributed to the development of xerothermic condi-
tions; however, the main reason for the prolonged severe drought was
a significant decrease in precipitation (by 40-81%) from April to
September, compared with the climatic norm.

We determined the following physiological parameters of the wa-
ter regime that reflect respective features: the state of leaf tissue water
saturation under current temperature and moisture conditions — total
water content (WC, %); and the difference between WC and the hy-
dration level required for the most efficient functioning of plant tis-
sues of a given species under specific conditions — water deficit (WD,
%). In addition, we determined the indicators reflecting the structural
and morphological features of leaves, which allow comparing species
by the degree of leaf structure xeromorphy: The area occupied by 1 g
of leaf in its hydrated state at the time of sampling — surface develop-
ment (SD, cm?g); the mass of a 1 cm? leaf blade at full water satura-
tion — degree of succulence (DS, mg/cm?), and after drying — specific
leaf weight (SW, mg/cm?). Measurements were performed in six bio-
logical replicates.

To adjust the water regime indicators to a single scale, the input
data for each sampling date were standardized using the z-score me-
thod. The further statistical analysis and classification of the studied
species were performed using the hierarchical cluster analysis in Sta-
tistica 12 software package. Based on the standardized data, we calcu-
lated the Euclidean distance matrix, which served as a measure of dif-
ference between species. Further clustering was carried out using the
agglomerative technique (the Ward’s method), which minimized the
variance within clusters at each step of the integration (Ward, 1963).
Results of the cluster analysis were visualized in the form of dendro-
grams.

Results

The results of studies showed a significant variation in the mor-
phophysiological indicators in the phases of development of the
plants’ vegetative organs against the background of increasing
drought. In a generalized form for the season, they can be considered
as species-specific ranges of the norm of reaction to water-temperatu-
re stress (Fig. 2).

However, in response to changes in the temperature and humidi-
ty, the studied species within the norm of reaction demonstrate diffe-
rent directions of morphophysiological responses; their degree of ada-
ptability can be determined based on the analysis of the dynamics of
the indicator values and consistency of their changes in the growing
season. For example, from the beginning of the growing season (1st
decade of May) to the final period of observations (1st decade of Sep-
tember), stress phenomena intensify in most species. It manifests in
the lower total leaf water content and increased water deficit, as well
as in the changes in morphophysiological indicators, expressing the
weight and plane ratios of the structural component of the leaf tissues
that are in the state of initial (current at the time of recording) tissue
hydration (SD — surface development), maximum hydration capacity
(DS — degree of succulence), or in a dehydrated state (SW — specific
weight) (Fig. 3).
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Total water content of the leaf tissues during the period of forma-
tion and growth of the leaf blades at the beginning of vegetation
(Fig. 3b) under relatively favorable environmental conditions can ser-
ve as an indicator of the plant demand for the degree of hydration,
which is sufficient to ensure the physiological processes of photosyn-
thetic tissues. The low water content in the tissues at the initial stage
of vegetation observed in V. lentago, V. prunifolium, V. farreri, V.
xbodnantense, combined with low values of water (Fig. 3a), is typi-
cal for drought-resistant species; however, only V. lentago and V. pru-
nifolium from this group retained these features at the end of vegetati-
on, while V. opulus, V. trilobum, V. plicatum developed similar featu-
res. At the end of vegetation, the indicators of relationship between
the tissue hydration and water deficit changed toward critical in V.
farreri, V. lantana, V. carlesii, and V. xjuddii. A decrease in water
content and an increase in water deficit occured in the species with
significant water deficit at the beginning of vegetation (V. rhytido-
phyllum, V. carlesii, V. farreri fragrans', V. x juddii). The critical va-
lues were exhibited by V. carlesii and V. % juddii, indicating insuffici-
ent physiological resistance of these species to drought.

Generally, all species experienced water loss and decrease in the
total water content of the leaf tissues to a greater or lesser extent du-
ring the growing season. According to the dynamics of dehydration,
we can distinguish high-resistant (V. trilobum, V. plicatum, V. farreri,
V. xbodnantense), moderately resistant (V. opulus, V. lentago, V. pru-
nifolium, V. rhytidophyllum), and low-resistant (V. lantana, V. carle-
sii, V. farreri fragrans', V. xjuddii) species.

At the same time, differentiation of species by water deficit occu-
red in the other way — during the vegetation, low water deficit was
presented by V. opulus, V. trilobum, V. prunifolium and V. plicatum;
and the most stressful state with high water deficit in the leaves was
observed for V. lantana, V. carlesii, V. rhytidophyllum and V. xjuddii.
Peculiarities of the seasonal dynamics of water loss in the leaves and
water deficit are shown in Figure 4 on the example of the most typical
representatives featuring high and low resistance according to these
indicators.

Peculiarities of the seasonal dynamics of the indicators of surface
development, degree of succulence, and specific weight of leaves are
given in Figure 5 on the example of the most typical representatives of
species featuring high and low resistance according to these indicators.

The highest values of development of the surface, i.e. the area of
leaf surface of 1 g in a hydrated state on the current sampling date,
were exhibited by the leaves of V. lantana, V. plicatum, V. rhytido-
phyllum and V. xjuddii, which may characterize their mesophilic stru-
cture or be a consequence of significant tissue dehydration. The oppo-
site features of xerophytism of the leaf morphostructure may be indi-
cated by low SD values, which are most pronounced in V. opulus,
V. trilobum, V. prunifolium and V. farreri ‘fragrans' (Fig. 5a). Low SD
values were also characteristic of the succulent plants, with a specific
path of xerothermic adaptations.

It should be noted that the values of the surface development du-
ring the vegetation were characterized by a fairly high resistance, in
particular, in species showing an adaptive nature of the surface deve-
lopment. For example, the coefficients of variation (CV, %) of SD
indicator in V. rhytidophyllum and V. xjuddii (CVSD 747 + 1.98;
CVSD 4.82 + 1.98) indicate the low level of variability, whereas
physiological indicators of the state of tissue hydration are character-
ized by significant level of variability in species, demonstrating an
adaptive nature of changes in the total water content of the leaves
(V. xbodnantense CVWC 77.09 + 9.66; V. trilobum CVWC 55.82 +
9.89) and water deficit (V. trilobum CVWD 44.65 + 9.25; V. prunifo-
lium CVWD 33.38 + 7.86). The same patterns were observed in spe-
cies classified as low-resistant ones, with the characteristic manifesta-
tions of mesophilic morphophysiological signs in the dynamics of in-
crease in the drought phenomena — insignificant variation in the surfa-
ce development (V. opulus CVSD 10.21 + 2.69; V. trilobum CVSD
11.81 + 3.11) and medium and high levels of variation of changes in
the total water content (V. lantana CVWC 72.38 + 4.46; V. xjuddii
CVWC 17.70 £ 4.95) and leaf water deficit (V. carlesii CVWD
25.29+6.31; V. lantana CVWD 26.94 + 6.65). The differentiation of
species based on the degree of leaf succulence (Fig. 5b) is consistent
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with the peculiarities of the species distribution according to the sur-
face development. Species characterized by low SD values have
increased DS values, i.e. larger weight per unit area of a leaf in the
state of maximum water saturation (V. lantana, V. carlesii, V. rhyti-
dophyllum, V. xjuddii), and vice versa (V. opulus, V. trilobum, V. pru-
nifolium, V. farreri ‘fragrans). Intermediate values are typical for
V. lentago, V. plicatum, V. farreri, V. xbodnantense. To identify the
significance of water content in the formation of this indicator, we

85

isolated the contribution of the leaf morphostructural components, i.e.
dry weight per unit area of the leaf. In this case, the ratio of species
has almost not changed, except for V. carlesii, in which the weight of
the maximum possible water content corresponded more to the aver-
age level of DS values than to the values of the first group. Therefore,
the species differentiation by the degree of succulence really reflects
the water saturation ability of the leaf tissues under favorable moisture
conditions.
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Fig. 2. Ranges of variation of indicators of total leaf water content (), water deficit (b), leaf surface development (c),
degree of succulence (d), and leaf specific weight () of the studied species during the growing season (n = 6)

The leaf specific weight as an indicator, reflecting the weight of a
unit area of the leaf in the absolutely dry state, can be formed due to
the features of the morphoanatomical structure, in particular, the den-
sity and size of epidermal cells, density of stomata and elements of
conductive tissues, thickness of the cell walls of the xylem and phlo-
em mechanical elements, development of collenchyma and scleren-
chyma, the layer of derived deposits of epicuticular waxes on the sur-

face of the primary integumentary tissue of the leaf, etc. (Picotte et al.,
2008; Jafari et al., 2019; Leshcheniuk & Chipilyak, 2020). Compari-
son of the nature and direction of the dynamics of the leaf specific
weight under the impact of hydrothermal stress with other indicators
does not always indicate the adaptability of changes associated with
the increase in this indicator in the studied Viburnum species, while
for true xerophytes it is undoubtedly a sign of the xeromorphic struc-
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ture of leaf blades and their adaptation to xerothermic conditions.
Nevertheless, based on the formal sign of the leaf specific weight, the
species are divided into groups with high (V. lantana, V. carlesii,

V. rhytidophyllum, V. xjuddii), medium (V. lentago, V. prunifolium,
V. plicatum, V. farreri), and low (V. opulus, V. trilobum, V. farreri
fragrans’, V. xbodnantense) SW values (Fig. 5¢).
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at the beginning and at the end of vegetation (n = 6)
Discussion cations, due to which the adaptive potential of species is realized in

Experimentally determined indicators of the morphophysiologi-
cal state of Viburnum species, which provide the grounds for dividing
them into groups by the ranges of variation and adaptability, differ
within each group in magnitude and correspondence to the degree of
adaptability, characterizing each group. To visualize the degree of
adaptability of changes in the studied morphophysiological indicators,
a correlation-based heat map was constructed (Fig. 6).

The heat map shows significant ecological differentiation of spe-
cies and allows establishing the main directions of phenotypic modifi-

6

response to the long-term effects of stress factors.

One of the ways of adaptive strategy is implemented in the V. lan-
tana, V. carlesii, V. rhytidophyllum, V. xjuddii species through stren-
gthening of the signs of xeromorphic morphostructure — development
of the leaf surface and its specific weight (from 0 to 1.3 points) with a
minor role of physiological mechanisms of water-retaining forces in
the reduction of water deficit and water loss by cells (from 2.0 to 3.0
points). It should be noted that these species taxonomically belong to
Lantana Spach. section, characterized by thickened leaves with wrin-
kled or felty surface covered with stellate trichomes (Nicotra et al.,
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2010). Morphostructural features of these species also determine high
degree of succulence of the leaf tissues; however, in combination with

low water-retaining capacity, this possibility is practically not realized
in their phenotypic responses to stress.
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Fig. 4. Dynamics of water loss by leaves compared with the initial level of total water content in the 1st decade of May (@)
and changes in water deficit (b) during the growing season; 1-7 —sampling (1, 2 — 1st and 3rd decades of V;
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Fig. 5. Dynamics of surface development (a), degree of succulence (b), and specific weight of leaves (c) during the growing season:
1-7 —sampling (1, 2 — 1st and 3rd decades of V; 3, 4 — 1st and 3rd decades of VI; 5, 6 — 1st and 3rd decades of VII; 7 — 1st decade of IX; n =6

Regarding the degree of succulence of leaves, it may be noted
that this indicator reflects absorptive capacity of the leaf tissues under
conditions of unlimited water access, which were simulated in the
experiment. It is a characteristic of the potential capabilities of the tis-
sues to acquire the maximum state of hydration in the plants, which
do not belong to the ecological group of succulents. In the latter, high
degree of water saturation of leaves in the natural arid areas is due to a
number of morphophysiological adaptations that ensure the inflow of
water and limit its loss through transpiration, while in the plants of
other hygromorphs such mechanisms are either absent or appear frag-

mentarily, in particular in mesophytes, xeromesophytes, and mesoxe-
rophytes. Therefore, high degree of succulence in the absence or limi-
tation of water-retaining properties rather serves as a mesophytic cha-
racteristic, i.e. adaptation of cells to functioning in the conditions of
high relative water content, as established for species of this group.
Their differentiation in the gradient of changes in hydrothermal fac-
tors under conditions of increased hydrothermal stress is as follows
(in order of increasing adaptability of the corresponding responses to
stress): V. rhytidophyllum < V. xjuddii < V. carlesii < V. lantana.
Physiological mechanisms of high water-retaining capacity of the

7
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protoplast (Bhusal et al., 2020) represent another direction of realiza-
tion of the adaptive potential of species of the genus complex, ensur-
ing the cell resistance to the action of dehydrating factors, mainte-
nance of a stable level of hydration and low water deficit of the leaf
tissues (from 0 to 1.7 points), while the morphostructural component
is characterized by low adaptability (from 2.0 to 3.0 points). Species
of this group are characterized by low degree of succulence, which

RL WD
. opulus
. lantana
_ trilobum
lentago
. prunifolium
carlesii
plicatum
. hytidophylium
farrern
f ‘fragrans’

SSssSssSssSssSs=ssss=s=s=<

fully corresponds to the adaptive strategy aimed at maintaining the
amount of water that is available to plants under conditions of mois-
ture deficiency. In order of increasing pronouncement of the charac-
teristics of this adaptive strategy, the differentiation of species is as
follows: V. opulus < V. prunifolium < V. xbodnantense < V. trilobum.
The basis of this group are species of the Opulus DC. and Lentago
DC sections.

SD DS = 3

Conditional rating

. xbodnantense
. *juddii 0

Fig. 6. Conditional rating of the degree of adaptability of changes in morphophysiological indicators of leaves during long period of drought:
0 points — hypothetical index of “absolute” adaptability; from >0 to 1.0 — high adaptability; from >1.0 to 2.0 — moderate adaptability;
from >2.0 to 3.0 — low adaptability, or no adaptability; RL —relative loss of water by leaves (%); WD — water deficit (%);

SD — leaf surface development (cm?/g); DS — degree of leaf succulence (mg/cm?); SW — leaf specific weight (mg/cm?)

Genotypes in which all morphophysiological components of the
adaptive potential are phenotypically realized in equal measure under
the action of prolonged drought can be considered the most balanced
ones according to the set of morphophysiological adaptations. In this
group of the most resistant species, in terms of the set of indicators,
three different sections are represented (Pseudopulus Dipp., Lentago
DC., Thyrsosma Rehd.). Thus, V. plicatum is characterized by the
highest resistance in terms of the set of morphostructural (1 point) and
physiological (1.0-1.3 points) features. The same adaptive strategy is
also quite successfully implemented by V. lentago and V. farreri (0.7—
1.7 and 1.3-1.7 points). The taxon V. farreri fragrans' present in the
collection, which is close to V. farreri, is characterized by low adapt-
ability of changes in the set of morphostructural features (2.0-2.7 and
2.3-2.7 points). However, this specimen requires further clarification
of its taxonomic affiliation in the genus system.

The results regarding the differentiation of Viburnum species pre-
sent in the dendrological collection, according to the directions of
adaptive strategies in stressful hydrothermal conditions, can be corre-
lated to a certain extent with the studies of the evolutionary phylogeny
of the Viburnum L. genus (Agolf, 1962). Thus, in V. lantana, V. car-
lesii, which belong to relatively primitive species, the morphostructu-
ral component is most pronounced in the formation of appropriate
responses to stress, while in V. rhytidophyllum from the group of mo-
re progressive species the role of the physiological component in res-
ponse to stress is enhanced. Small amplitude of the variability of mor-
phostructural features indicates their stability and significance for the
preservation of the most ancient species (Crispo et al., 2009).

The group of less primitive species, compared with V. lantana,
V. carlesii, includes V. plicatum and V. lentago (Agolf, 1962), in
which, according to our studies, physiological responses play a signi-
ficant role within the adaptive responses, along with morphostructural
features. It is the set of features that is considered the most adequate in
the xerothermic conditions of the introduction area — the North-Step-
pe subzone of the steppe zone of Ukraine.

The species of section 9, Opulus DC. (V. opulus, V. trilobum), are
considered the most evolutionarily progressive ones. Here, according
to our data, physiological responses have an absolute advantage in
forming a response to hydrothermal stress. The physiological compo-
nents of the adaptive response, as shown by our data, are characteri-
zed by the highest variability, which indicates the phenotypic plastici-
ty of the feature and its importance in forming the adaptive response
to stress. Thus, it is possible to outline the direction of evolutionary
development in the formation of genotypes better adapted to drought
within the predominantly mesophilic Viburnum genus complex, which
consists in strengthening of the physiological mechanisms of the pro-
toplast water-retaining properties. In this regard, we are planning to
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study this component of the adaptive strategy of the Viburnum genus,
which becomes increasingly important in the conditions of climate
change.

To confirm the obtained generalizations, we used the hierarchical
cluster analysis. The structure of clusters for each observation period
is visualized on the dendrograms (Fig. 7). In order to monitor the gro-
up stability in time, we analyzed each species’ belonging to a certain
cluster for each sampling date. This analytic procedure allowed us to
identify four stable groups of species retaining their uniformity in the
most independent samplings: group 1 (V. opulus, V. trilobum, V. pru-
nifolium); group 2 (V. xbodnantense, V. farreri fragrans’); group 3
(V. lantana, V. plicatum, V. lentago); and group 4 (V. xjuddii, V. rhy-
tidophyllum). Along with the stable groups, two “free elements” were
determined (V. carlesii and V. farreri). These species did not show a
stable association with any of the groups and were attached to differ-
ent clusters throughout the observation period (Fig. 7).

The analysis showed that the stability of some groups was disrup-
ted as the hydrothermal stress increased, reaching a maximum in July.
In particular, the dendrogram for the first decade of July (Fig. 7e)
shows that V. lantana and V. farreri ‘fragrans' species were separated
from their usual clusters, which was not observed under more favora-
ble conditions.

Cluster analysis of water regime indicators allowed both recor-
ding the dynamics of the morphophysiological responses of Vibur-
num species to hydrothermal stress and conducting their substantiated
ecological differentiation. The results clearly indicate that the studied
species can be conditionally divided into three groups according to
the level of their resistance: resistant, moderately resistant, and non-
resistant ones. In our opinion, this differentiation is largely explained
by the ecological and geographical origin of the species and their
morphostructural and physiological adaptations to moisture condi-
tions in the natural ranges. The dendrogram generalized for all obser-
vation periods (Fig. 8) clearly demonstrates the grouping of species
into three clusters, where species are combined in accordance with the
main directions of adaptive strategies, based on the results of our ana-
lysis of the phenotypic plasticity of morphophysiological features of
leaves: cluster 1 (V. opulus, V. prunifolium, V. xbodnantense, V. tri-
lobum), cluster 2 (V. lentago, V. farreri, V. plicatum), and cluster 3
(V. lantana, V. carlesii, V. xjuddii, V. rhytidophyllum).

The resistant group includes species that are best adapted to the
conditions of the temperate continental climate. The basis of the gro-
up is represented by North American species (V. trilobum, V. lentago,
V. prunifolium) and Eurasian V. opulus, which evolved in the regions
with the characteristic summer droughts. The East Asian V. plicatum
species also joined this group; its resistance is likely explained by
morphology, in particular, dense leaves that effectively regulate tran-

Biosystems Diversity, 2026, 34(1), €2605



spiration (Toscano et al., 2021), and, as our studies show, by the com-
plex of physiological stress responses. Viburnum lentago is also cha-
racterized by the complex morphophysiological adaptive responses
under conditions of introduction. Physiological responses play a leading
role in the formation of the adaptive response to stress in the other two
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resistant species (V. trilobum and V. prunifolium). The hybrid V. xbo-
dnantense species demonstrated the same adaptive strategy and high
resistance. One of its parents (V. grandiflorum Wall.) comes from the
Himalayas, a region with harsh high-altitude conditions, which prob-
ably explains high resistance of the hybrid to abiotic stresses.
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Fig. 7. Dendrograms of hierarchical clustering of species of the Viburnum genus based on the water regime indicators, developed using the
Ward’s method based on Euclidean distances. The panels correspond to different periods of observations during the growing season:
a, b —1st and 3rd decades of May; ¢, d — 1st and 3rd decades of June; e, f— 1st and 3rd decades of July;
g — 1st decade of September; along the OX axis — linkage distance (Ward’s method)

The moderately resistant group combined the species whose re-
sistance is a compromise between the presence of adaptive traits and
features that make them vulnerable under peak loads. For example,
the Mediterranean species V. lantana has the dense pubescent leaves

being a classic adaptation to reduce evaporation (Bai et al., 2019).
However, as our data show, this mechanism is insufficient under con-
ditions of the extreme drought. A similar situation is observed in
V. rhytidophyllum: Its large leather-like pubescent leaves have xero-
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morphic features, but the significant surface area is at the same time a
risk factor for the intense water loss. The same group includes
V. xjuddii and the form of V. farreri fragrans. The physiological
stability of these cultivated forms, often selected for their decorative
features, rather than resistance, can be lower compared with wild spe-
cies, which explains the low resistance under maximum stress.

The least adapted species are V. carlesii and V. farreri. Both spe-
cies originate from the regions of East Asia (Korea, China) with mon-
soon or temperate climates, where summer droughts are not a regular
ecological factor (POWO International Database https://powo.scien-
ce.kew.org). Their relatively thin, soft leaves characterize them as
typical mesophytes, whose physiological mechanisms are not adapted
to survive in the conditions of severe moisture deficit (Khaleghi et al.,
2019). The chaotic change in their position on dendrograms (Fig. 7) is
a classic manifestation of stress in the introduced species, which have
been outside their climatic optimum.
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Fig. 8. Dendrogram of hierarchical clustering of species
of the Viburnum genus according to water regime indicators,
generalized for the research period

The results of analysis allow us to conclude that the key factor in
stress resistance is the ecological and geographical origin of species
and their formation in the phylogenesis in the soil and climatic condi-
tions of the natural growth areas. This conclusion is consistent with
the results of a number of other comparative studies of resistance of
trees and shrubs. For example, the study of Gaspar et al. (2013) clearly
shows that populations of pine (Pinus pinaster) originating from more
arid areas demonstrate significantly higher resistance to drought than
populations from humid regions. Similarly, Rennenberg et al. (2006)
note that Mediterranean pine species (Pinus) adapted to summer
droughts have significantly more effective mechanisms for control-
ling water loss compared with boreal species from the wetter and coo-
ler regions. Thus, the pattern we identified is considered expected,
and it confirms the general theory of adaptation.

We should also note certain limitations of this study. Since some
species in the collection are represented by only a single specimen,
the results obtained for them reflect the individual response of a par-
ticular specimen. Therefore, caution is required when generalizing the
conclusions for the species as a whole, and there is a need for the
further research using a larger sample of plants. Despite these limita-
tions, the study allowed us to differentiate 12 species of the Viburnum
genus according to their resistance to hydrothermal stress. This appro-
ach has practical significance and can be used in selection of a range
of species for landscaping in the southern regions, where summer
droughts represent a serious constraint.

Conclusion

Based on the analysis of the dynamics of water regime indicators
of 12 Viburnum species, belonging to 5 sections of the genus, we
identified the groups of species that are resistant, moderately resistant,
and poorly resistant to hydrothermal stress. The resistance of species
is determined by the phenotypic plasticity of morphostructural and
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physiological features of leaves and the degree of adaptability of their
changes in response to hydrothermal stress.

The adaptive potential of three identified groups of species is rea-
lized mainly due to the morphostructural component in the formation
of appropriate responses to stress, or the physiological component, or
their combined manifestation, which is the most adequate in drought
conditions. We determined the directions of adaptive strategies, which
are in some way consistent with the phylogenetic development of Vi-
burnum species. The results show that the key factor in stress resistan-
ce is the ecological and geographical origin of species and their for-
mation in phylogenesis in the soil and climatic conditions of the natu-
ral growth areas. The highest resistance was demonstrated by species
originating from the regions with the temperate continental climate,
adapted to periodic summer droughts.

The results of cluster analysis confirm the ecological differentia-
tion of species, which is based on the formation of various adaptive
strategies of the Viburnum species in response to hydrothermal stress.
Under conditions of stress loads associated with moisture deficiency
and elevated temperatures, the resulting clustering represents, to some
extent, an alternative to the existing system of phylogenetic relation-
ships of the Viburnum genus. It allows us to predict the directions of
introductory adaptation of mesophytic species in arid climates. The stu-
dy of adaptation mechanisms inherent in different ecological groups
of the introduced Viburnum species is a promising direction of further
research. However, it should be noted that the approach to the ecolo-
gical differentiation of introduced representatives of the Viburnum ge-
nus complex presented in this paper can be currently used in the theory
and practice of the plant introduction in the areas with arid climates.
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