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Abstract

The aim of the study of the study was to analyze the success of the introduction of Salix species in the Right-Bank
Forest-Steppe of Ukraine based on the characteristics of their growth and development, winter hardiness and drought
tolerance. Ten of the autochthonous species are found in Ukraine on the southern or southeastern border of their
ranges, which is explained by climate change from the northwest to the southeast of the country. Two species change
their life form from a “tree” to a “bush’ under conditions of introduction. Six species have not fully lignified shoots at
the end of the growing season, which is an indicator of their lower winter hardiness. In Ukraine, the introduced species
of the Salix genus form viable seeds, however, they do not form self-seeding and have a full (10 species) or good (6
species) degree of acclimatization. It has been established that the limiting factors for the expansion of the Salix
cultural range in Ukraine are high temperature and low humidity of air and soil in summer, which leads to a decrease

in their drought resistance.
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INTRODUCTION

The introduction of plants is the most important
means of enriching the cultivated flora and an
integral component of measures aimed at
increasing plant raw material resources. In
Ukraine, species of the genus Salix L. are
widely used in landscaping, forestry,
phytomelioration, phytoenergy, the chemical
industry, and phytopharmacology. The natural
flora of Ukraine includes 23 autochthonous
willow species belonging to 15 sections
(Fuchylo-Sbytna, 2009; Ishchuk, 2015b). These
species differ in habitus, resistance to abiotic
and biotic factors, modes of reproduction, and
chorology. However, the broad range of
applications of willows in various sectors of the
national economy necessitates the search for
ways to expand their assortment through
introduction and selection. The issue of
bioecological challenges in urban green
construction is also relevant for various regions
of Ukraine, where cultural phytocenoses of
forest and park types predominate but are
significantly affected by ecological and
anthropogenic factors (Boiko et al., 2024).
Through the reconstruction of plantations by
introducing Salix species, it is possible to
improve the ecological-cenotic and aesthetic
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condition of urban plantings (Rogovskyi et al.,
2023).

The prediction of the successful introduction of
Salix L. species, particularly the expansion of
their cultivated range, is impossible without
analyzing the current geographical distribution
of species, the ecological characteristics of
their habitats, and the genesis of floras
(Kokhno-Kurdyuk, 1994; Yatsyk et al., 2017).
Due to climate change, as well as the relatively
high resistance of willows to low temperatures
and diverse edaphic conditions, many Salix
species are expanding not only their natural but
also their cultivated range.

The global flora of willows comprises 300
Salix species (Rehder, 1949; Elias, 1980;
Skvortsov, 1999). For North America, Elias
(1980) reports 80 species, three of which - S.
alba L., S. fragilis L., and S. viminalis L. - are
part of Ukraine’s natural flora. The Native
Trees of Canada (1950) handbook describes
250 Salix species, of which only 75 have a
natural distribution in North America. The
American publication Catalog of Cultivated
Woody Plants (1994) lists 30 willow species
for the northeastern United States alone. In the
United Kingdom and Ireland, 18 willow
species are recorded (Macalpine, 2019). These
figures highlight the high introduction potential



of willows. Species of the genus Salix L. are
widespread in the northern and temperate
latitudes of the Northern Hemisphere. Willows
are absent in the natural flora of Australia, New
Zealand,  Oceania, Antarctica, eastern
Indonesia, and western Africa. The greatest
diversity of Salix species is found in northern
Eurasia, North America, and China (Skvortsov,
1999).

However, under the influence of new habitat
conditions, introduced species may undergo
certain changes in their nature, their response to
factors of the new ecological environment,
develop new adaptive mechanisms, and
gradually acclimate to different conditions
(Bulax & Shumyk, 2013; Yatsyk et al.,
2017).To predict the adaptability of an
introduced plant to new conditions, researchers
compare the climatic and agroclimatic factors
of its natural growth regions with those of
potential cultivation areas. They also study the
species' paleo-range and current distribution,
conduct florogenetic analysis, consider past
introduction experiences, and examine the
plant's response to the most significant
ecological factors of the region (Yatsyk et al.,
2017).

Since most willows originate from northern and
temperate latitudes, the primary limiting factor
in expanding their cultivated range southward
is drought tolerance. The issue of willow
drought resistance remains a focus of many
researchers and is widely discussed in the
literature. A plant’s ability to withstand drought
is a combination of its capacity to avoid
drought and endure dehydration. In an
experimental study on dehydration resistance,
Tipton J.L. (2024) examined desert willow,
yellow bells, and mulberry, finding that desert
willow and yellow bells exhibited higher
relative resistance than mulberry in both humid
and arid conditions. This suggests that willow
leaves experiencing drought stress have
adapted to minimize water loss.

In their study on the diversity of willows in
Minnesota, J.A. Savage and J.M. Cavender-
Bares (2011) compared the survival strategies
of willow species found in wet and seasonally
dry ecotopes. They determined that species
occurring in dry ecotopes exhibit greater
physiological divergence.
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Chinese researchers investigated the sexual
responses to drought and the external
application of acetic acid in S. rehderiana, S.
babylonica, and S. matsudana, finding that
female specimens of these willow species
demonstrated greater drought tolerance than
male specimens (Xia et al., 2023). Specifically,
female willows treated with acetic acid
exhibited a more extensive and active root
system, higher osmotic and antioxidant
capacity, and increased photosynthetic rate. In
contrast, male specimens showed a higher
presence of reactive oxygen species and greater
stomatal closure, indirectly induced by abscisic
acid.

The drought tolerance of willows, along with
their ability to withstand pollarding and
topping, allows for the establishment of forage
plantations near farms in New Zealand for use
during dry periods (Jones & Mclvor, 2013).
Drought resistance is also a key criterion for
selecting Salix species for breeding trials
(Macalpine, 2019).

At the same time, the limiting factors
restricting the cultivated range of North
American, Euro-Siberian, and Far Eastern Salix
species in Ukraine are high temperatures and
low moisture levels — both in the soil and air -
during the summer months, which reduce the
drought tolerance of these species (Ishchuk,
2016; 2017c). As a result, introduced Salix
species and their cultivars in Ukraine are
primarily found in botanical garden collections,
arboretums, and other scientific institutions.
However, their presence in urban landscaping
is significantly more limited. In the latest
edition of the reference book “Assortment of
Trees, Shrubs, and Lianas for Landscaping in
Ukraine” (Kuzneczov et al., 2013), only 11
species and three cultivars are recommended
for landscaping in Ukraine: S. alba L., S. alba
“Vitellina pendula’, S. babylonica L., S.
acutifolia Willd., S. caprea L., S. matsudana
Koidz., S. matsudana ‘Tortuosa’, S. capusii
Franch., S. caspica Pall., S. myrsinifolia Salisb.,
S. cinerea L., S. purpurea L., S. purpurea
‘Gracilis’, and S. rosmarinifolia L.

The aim of our research is to identify promising
Salix  species for  implementation in
landscaping, phytoremediation, and plantation
forestry based on an analysis of their natural
and cultivated range in Ukraine, as well as their



growth, development, and ecological resilience
to environmental conditions.

MATERIALS AND METHODS

The study of the cultivated range of Salix L.
species was conducted from 2012 to 2022 in
the forest, forest-steppe, and steppe natural-
climatic zones of Ukraine. The analysis
included Salix L. species in the collections of

botanical gardens and arboretums in Kyiv, Bila
Tserkva, Uman, Chernivtsi, Uzhhorod, Lviv,
Lutsk, Vinnytsia, Ternopil, Kharkiv, Sumy,
Poltava, Dnipro, Kryvyi Rih, Odesa, Kherson,
and Zaporizhzhia, as well as in the landscaping
of public spaces in these cities (Fig. 1). The
general climatic characteristics of Ukraine’s
natural-climatic zones are presented in Table 1
(Climate..., 2022; Didukh, 2023).

Nature-Agricultural Zoning off Ukraine

Ukraine Ecoregions

- Polissya
I Forest-steppe
I steppe
- Mountains

‘ BioModel.info

Figure 1. Distribution of introduced Salix L. species in Ukraine

Table 1. General Climate Indicators in the Natural-Climatic Zones of Ukraine

Indicator name Polissya Forest-steppe Steppe
Average annual air temperature, °C +6.2...16.6 +8.0...48.8 +9.0...+10.9
Average January temperature, °C -3.0...-6.5 -4.0...-8.0 +1.5...-8.0
Average July temperature, °C +17.0...+19.5 +18.0...+20.0 +21.0...23.0
Absolute minimum temperature, °C -39.0 -36.0 -40.0
Absolute maximum temperature, °C +39.0 +40.0 +41.0
Frost-free period duration, days 160...210 150...190 200...230
Sum of active temperatures above +10 °C 1940...2580 2500...3400 3450...3550
Soil freezing depth, cm 80...150 90...130 60...160
Vegetation period duration, days 160...180 180...200 200...210
Annual precipitation, mm/year 550...700 450...550 300...450

The subjects of our research were introduced
species of the genus Salix L., including S.

adenophylla Hook., S. alatavica Kar. ex
Stschegl., S. argyracea E.L. Wolf, S
babylonica, S. capusii, S. S.

dasyclados Wimm., S. elaeagnos Scop., S.

integra Thunb., S. kangensis Nakai,

matsudana, S.

collections  of
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miyabeana
ledebouriana Trautv., S.
udensis Trautv. & C.A. Mey. and S. schwerinii
A K. Skvortsov, which are represented in the

botanical ~ gardens

Seemen,
lucida Muhl., S.

and



dendrological parks of Ukraine. Additionally,
our research included native species such as S.
fragilis L., S. myrtilloides L., S. lapponum L.,
S. caprea, S. aurita L., S. starkeana Willd., S.
purpurea, S. vinogradovii A. Skvorts., S.
viminalis L., and S. myrsinifolia Salisb., which
in Ukraine are located at the southern or
southeastern limit of their natural range.

The introduction process and all its key stages
can generally be divided into three blocks:
scientific forecasting or diagnostics, modeling
or experimentation, and evaluation of results or
the success of species introduction (Bulax &
Shumyk, 2013). To implement the first block
of the introduction process scientific
forecasting or modeling — we analyzed the
geographical origin and soil-climatic conditions
of Ukraine and the regions where Salix species
were introduced. During the second stage,
which involves experimental research, we
assessed the introduced Salix species based on
key life activity indicators, including growth,
generative development, winter hardiness, and
drought resistance. At the third stage of the
introduction  process, we analyzed the
experimental results.

To assess the success of the introduction, we
used seven key indicators: the degree of annual
shoot maturation, winter hardiness,
preservation of plant habitus, ability to form
shoots, regularity of shoot growth, capacity for

generative development, and methods of
reproduction in the introduction region
(Kokhno, 1983). Winter hardiness was

evaluated using a 7-point scale: I — no damage
(25 points); II — frost damage affects less than
50% of the length of annual shoots (20 points);
III — frost damage affects 50-100% of the
length of annual shoots (15 points); IV — frost
damage extends to biennial and older parts of
the plant (10 points); V — the crown freezes
down to the snow cover level (5 points); VI —
the entire above-ground part freezes (3 points);
VII — the plant completely perishes (1 point).

The plant habitus was analyzed using a 3-point
scale: I- plants retain their natural life form in
cultivation, as observed in the wild (10 points);
I — plants experience some frost damage, do
not restore their above-ground parts to the
previous height and volume (5 points); III —
plants do not retain their characteristic growth
form from nature, as they freeze annually at an
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early age or exhibit low growth energy (1
point).

The shoot-forming ability was assessed using a
3-point scale: I — high ability (6 or more shoots
on a single two-year-old shoot) (5 points); IT —
moderate ability (3-5 shoots on a single two-
year-old shoot) (3 points); III — low ability (2
shoots on a single two-year-old shoot) (1
point). The regularity of shoot growth was
evaluated based on the presence or absence of
annual increments in the main shoots or
branches, considering the plant's age: Annual
increment — 5 points; Non-annual increment —
2 points.

The ability of plants for generative
development was analyzed using a 4-point
scale: I — seeds mature (25 points); II — plants
flower, but fruits do not ripen (20 points); IIT —
plants flower, but fruits do not set (15 points);
IV — do not flower (1 point). The possible
modes of reproduction in the cultivated range
were assessed using a 5-point scale: 1 — self-
seeding (10 points); I — artificial sowing (7
points); III — natural vegetative propagation (5
points); IV — artificial vegetative propagation
(3 points); V — plants are imported from the
natural range (1 point).

In introduction practice and reference literature,
the term acclimatization is widely used and
interpreted as the adaptation of plants to
climatic conditions that differ from those of
their natural range. In reality, plants adapt not
only to climate but also to soil, hydrological,
and other environmental conditions (Kokhno,
1983). To ensure an objective assessment of the
success of introduction and the degree of
acclimatization of Salix species, evaluation
criteria were combined and assigned numerical
values in the form of a total score — the
acclimatization index (Kokhno, 1983). The
acclimatization index (4) is the sum of the
scores for growth, generative development,
winter hardiness, and drought resistance. The
highest possible acclimatization index, 100,
corresponds to the highest level of introduction
success. The formula used to determine the
acclimatization index is:

A=Pxb, +Gyxb, + W xb, +Dxb,,(1.1)
where (P) is the growth indicator, (G3) is the

generative development indicator, () is the
winter hardiness indicator, (D) is the drought



resistance indicator, and (b:-by) are the
weighting coefficients for each characteristic.
The indicators for growth, generative
development, winter hardiness, and drought
resistance were visually assessed using five-
point scales. The data obtained from visual
observations were compared with the
weighting coefficient (b), which reflects the
significance of each characteristic in the
introduction process. The weighting values
were determined based on their importance for
successful introduction: Winter hardiness — 10,
Generative  development 5, Drought
resistance — 3, Growth — 2.

The degree of drought resistance in plants was
determined using the following scale: good
drought resistance under all conditions — 5
points; relative drought resistance (the plant
partially sheds leaves during drought) — 4
points; the plant sheds all leaves during drought
— 3 points; leaves lose turgor during drought

but later recover — 2 points; no drought
resistance (the plant dies from drought) — 1
point (Mezhens'kyj, 2007).

Based on the analysis of the viability indicators
of willows, the degrees of their acclimatization
were  determined  according to  the
acclimatization index value: full
acclimatization (A = 100), good acclimatization
(A = 80), satisfactory acclimatization (A = 60),
weak acclimatization (A 40), no
acclimatization (A = 20).

RESULTS AND DISCUSSIONS

In total, the willow flora of Ukraine is
represented by 43 species and 11 hybrids of the
genus Salix, belonging to 20 sections, including
20 introduced species from Siberia, the Far
East, Mongolia, China, Japan, and North
America (Gorelov, 2002) (Table 2).

Table 2 Natural and Cultivated Range of Sa/ix Species Introduced to Ukraine

Species Name Natural Range

Cultivated Range in Ukraine

S. adenophylla and Illinois.

North America — from Labrador to Wisconsin, south to Pennsylvania

Kyiv, Bila Tserkva, Uman

S. alatavica

Southwestern Altai, Western Mongolia, Sayan Mountains, Tien Shan.

Kyiv, Bila Tserkva, Uman

S. argyracea Autonomous Region of China.

Southeastern regions of Kazakhstan, Kyrgyzstan, Xinjiang Uygur

Kyiv, Bila Tserkva, Uman

S. babylonica China.

Kyiv, Bila Tserkva, Uman, Chernivtsi, Lviv,
Vinnytsia, Ternopil, Odesa, Kharkiv, Poltava

S. capusii Central Asia.

Kyiv, Bila Tserkva, Uman

S. caspica

Volga region, Ural, Western Siberia, Central Asia, Mongolia, Iran.

Kyiv, Bila Tserkva, Uman

S. dasyclados

Eastern Europe, western, central, and southern regions of Siberia, Far
East, Mongolia, and Northern China.

Kyiv, Bila Tserkva, Uman

S. elaeagnos

Western, Southern, and Central Europe. In Ukraine, only in the
highlands of the Carpathians.

Kyiv, Bila Tserkva, Uman

S. integra

Japan.

Kyiv, Lutsk, Poltava, Vinnytsia, Bila Tserkva,
Uman

S. kangensis

Far East and Southeastern China.

Kyiv, Bila Tserkva, Uman

S. ledebouriana

Siberia, Kazakhstan, Mongolia.

Kyiv, Bila Tserkva, Uman

S. lucida

North America — from Newfoundland west to eastern Saskatchewan,
and south to Maryland and South Dakota.

Kharkiv, Bila Tserkva

S. matsudana

China, Korea.

Kyiv, Lviv, Uzhhorod, Chernivtsi, Vinnytsia,
Ternopil, Odesa, Uman, Bila Tserkva,
Kharkiv, Poltava, Sumy, Dnipro

S. miyabeana

Eastern and Southern Siberia, Far East, Mongolia, and Northeastern
China.

Kyiv, Bila Tserkva, Uman, Chernihiv region

S. schwerinii

Southern regions of Eastern Siberia, Far East, southern Kamchatka and
Sakhalin, Mongolia and Northeastern China.

Vinnytsia, Kryvyi Rih, Uman, Bila Tserkva

S. udensis

Eastern Siberia, Far East, Southeastern China, Northern Mongolia,
Korea and Japan.

Kyiv, Bila Tserkva, Uman

At the same time, it should be noted that these
species are unevenly distributed across
Ukraine. Ten species (S. fragilis, S.
myrtilloides, S. lapponum, S. caprea, S. aurita,
S. starkeana, S. purpurea, S. vinogradovii, S.
viminalis, S. myrsinifolia) are located at the
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southern or southeastern limit of their range in
Ukraine, which is explained by the climatic
transition from the northwest to the southeast
of the country (Ishchuk, 2014; 2015b; 2017c¢)
(Figure 2).
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Figure 2. The southern distribution limit of autochthonous species of the genus Salix L. in Ukraine:
1 - 8. lapponum; 2 - S. myrsinifolia; 3 - S. myrtilloides; 4 - S. aurita; 5 - S. rosmarinifolia; 6 - S. purpurea;
7 - S. starkeana; 8 - S. viminalis; 9 - S. caprea; 10 - S. fragilis

However, isolated occurrences of these species
are also found south of their continuous range.
In particular, S. starkeana has been recorded in
Poltava Oblast, 100 km south of its primary
range boundary (Ishchuk & Smolyar, 2017),
while S. purpurea is distributed in the steppe
foothills of Crimea (Ishchuk & Ishchuk, 2020).
Seven species (S. herbacea, S. retusa, S.
alpina, S. silesiaca, S. rhaetica, S. daphnoides,
and S. elaeagnos) have an insular distribution
limited to the Ukrainian Carpathians and
require conservation efforts (Red Book of

Ukraine. Plant World, 2009; Fuchylo &
Sbytna, 2009; Ishchuk, 2014; 2017a).
According to V.V. Krichfalushiy (1982), S.
alpina Scop., S. hastata L., S. herbacea L., S.
kitaibeliana Willd., S. lapponum L., S.
phylicifolia L. and S. retusa L. are rare arcto-
alpine and alpine species — relicts of the glacial
period — found exclusively in the highlands of
the Carpathians. Table 3 presents the
geographic distribution of Salix species found
in Ukraine.

Table 3. Geographical groups of Salix L. ranges characteristic of Ukraine

Geographic Groups of Salix Ranges

Distribution in Ukraine

1. Multizonal Species (ranges covering most of the Eurasian continent):

S. caprea, S. pentandra, S. alba, S. triandra, S. starkeana, S. cinerea

II. European Species (ranges within Europe)

S. firagilis, S. aurita, S. viminalis, S. purpurea, S. daphnoides, S.

elaeagnos

1II. Eastern European Species (ranges within Eastern Europe)

S. acutifolia, S. silesiaca

VI. Eurosiberian Species (ranges covering Northern and Central Europe
and Siberia)

S. rhaetica, S. lapp , S. myrtilloides, S. myrsinifolia, S.

rosmarinifolia, S. vinogradovii

V. Arctic-Alpine Species (ranges covering Arctic and alpine tundra)

S. herbacea, S. retusa, S. alpina.

In Ukraine, the cultivated range includes S.
adenophylla, S. alatavica, S. argyracea, S.
babylonica, S. caspica, S. capusii, S.
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dasyclados, S. integra,
ledebouriana, S. lucida,
miyabeana, S.

S.  kangensis, S.
S. matsudana, S.
udensis and S. schwerinii.



However, with the exception of the garden
forms S. integra ‘Hakuro-Nishiki’, S. integra
‘Pendula’ and S. matsudana ‘Tortuosa’, most
species are represented only by individual
specimens in botanical garden and arboretum
collections and are nearly absent from urban
landscaping. The largest and oldest willow
collection in Ukraine is housed at the M.M.
Hryshko National Botanical Garden of the
National Academy of Sciences of Ukraine in
Kyiv, comprising 45 species, hybrids, and
forms (Kruglyak et al., 2009). Most willow
collections are concentrated in the forest-steppe
zone of central Ukraine, including the
Botanical Garden of Bila Tserkva National
Agrarian University, the State Dendrological
Park “Alexandria” of the National Academy of
Sciences of Ukraine (Bila Tserkva), the
Sofiyivka National Dendrological Park of the
National Academy of Sciences of Ukraine
(Uman), the Kryvyi Rih Botanical Garden
(Kryvyi Rih), the Berezne State Dendrological
Park in Rivne region and the “Ivushka”
Arboretum in Poltava region (Ishchuk,
2019).Typically, in botanical gardens, Salix
collections are planted on gentle slopes as a
single generic complex, creating uniform
edaphic and microclimatic conditions within

the plot. This approach allows for the study of
all introduced species under relatively similar
environmental conditions (Kruglyak et al.,
2009; Ishchuk, 2013a; 2018).

The introduction trials in the Forest-Steppe
zone of Ukraine also included S. aurita, S.
elaeagnos, S. lapponum, S. myrsinifolia, and S.
myrtilloides, whose natural range is limited to
the northern and western parts of Ukraine,
primarily within the Polissya zone (Ishchuk,
2015a; 2017b).

To assess the success of introductions in the
cultivated range, evaluations were conducted
on the willow species' life form, annual shoot
growth, and degree of lignification by the end
of the growing season, as well as their winter
hardiness, drought resistance, and methods of
propagation in cultivation.

When transferred to the cultivated range, S.
argyracea, S. schwerinii, S. udensis and S.
kangensis exhibited a change in life form from
“tree” to “shrub.” Meanwhile, S. capusii and S.
caspica, which naturally grow as small trees or
shrubs in their native habitat, formed only the
“shrub” life form in Ukraine (Table 4). The
remaining introduced species did not undergo
changes in life form.

Table 4. Results of the evaluation of the introduction success of Salix species
using an integrated scale in Ukraine
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S. aurita shrub shrub 1-10 1 20 20 10 3 5 25 3 87 I
S. adenophylla shrub shrub 1-10 1 20 | 20 10 3 5 25 3 87 I
S. alatavica shrub shrub 10 1 20 25 10 3 5 25 3 97 I
S. argyracea tree shrub 1-10 1 20 25 10 3 5 25 3 89 1
S. babylonica tree tree 1-60 2 15 | 20 10 3 5 25 3 80 I
S. capusii small tree- shrub 1-10 1 20 25 10 3 5 25 3 89 1
shrub
S. caspica small tree- shrub 1-10 1 20 | 25 10 3 5 25 3 89 I
shrub

S. dasyclados shrub shrub 1-10 1 20 25 10 3 5 25 3 91 I
S. elaeagnos tree tree 1-10 2 15 20 10 3 5 25 3 83 I
S. integra tree tree 10 2 15 20 10 3 5 20 3 78 I
S. kangensis tree shrub 10 1 20 | 25 10 3 5 20 3 87 I
S. lapponum shrub shrub 1-10 1 20 20 10 3 5 25 3 87 I
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S. matsudana tree tree 1-10 2 15 20 10 3 5 20 3 75 I
S. miyabeana shrub shrub 1-20 2 15 20 5 3 5 25 3 78 I
S. myrsinifolia shrub shrub 1-10 1 20 | 20 10 3 5 25 3 87 I
S. myrtilloides shrub shrub 1-10 1 20 | 20 10 3 5 25 3 87 I
S. ledebouriana shrub shrub 1-10 1 20 25 10 3 5 25 3 91 I
S. lucida tree tree 1-8 1 20 20 10 3 5 25 3 87 I
S. schwerinii tree shrub 1-10 1 20 25 8 3 5 25 3 90 I
S. udensis tree shrub 10 1 15 15 8 3 5 25 3 75 11

The frost resistance score was evaluated based
on the degree of lignification of the shoots.
Incompletely lignified shoots by the end of the
growing season were recorded in S. integra, S.
elaeagnos, S. babylonica, S. matsudana and S.
miyabeana, which indicates a lower frost
resistance of these species. In their natural
habitat, they have a longer growing period
(Ishchuk, 2018). The low degree of frost
resistance of S. matsudana in the conditions of
Western Ukraine was also confirmed by the
researchers of the Botanical Garden of the
National Forestry University of Ukraine in
Lviv (Melnyk et al., 2010).

The process of shoot formation and growth in
all the studied species within their natural and
cultivated ranges remained unchanged. All the
studied Salix species in the cultivated range in
Ukraine propagate through lignified cuttings.
At the same time, while studying the energy
properties of willows, scientists established that
the annual growth of willows and the number
of shoots per shrub, including S. dasyclados,
depend on planting density and the amount of
nitrogen fertilizer applied in the plantation
(Sinchenko et al., 2022). Our studies of S.
dasyclados, S. caspica, S. capusii, S.
adenophylla, S. argyracea, S. ledebouriana, S.
schwerinii and S. udensis, which are also
promising species for energy plantations, fully
confirm these findings.

Based on the sum of viability indicators, all the
studied species in the cultivated range in
Ukraine, with the exception of S. miyabeana
and S. udensis, belonged to the highest first
group of introduction prospects.

When determining the acclimatization level for
each introduced willow species in Ukraine,
growth,  generative  development,  frost
resistance, and drought tolerance indicators
were analyzed. By analyzing the average
annual growth, we recorded a wide range of
values, from 15 cm (S. alatavica, S. lapponum)

to 103 cm (S. dasyclados) (Figure 3). This can
be explained by the fact that the studied willow
species in their natural habitats also exhibit
different growth energies, especially in small
shrub forms with a compact crown structure,
such as S. lapponum, S. miyabeana, S.
myrsinifolia and S. myrtilloides. However, the
annual growth range for most species fluctuates
between 50 and 100 cm, ensuring the
preservation of a similar plant habitus in both
natural and cultivated ranges.

The expansion of the cultivated range of Salix
species in Ukraine, particularly under global
climate change, is most influenced by the
drought tolerance of willows. This trait is a
limiting factor for increasing the diversity of
willows in the southern and eastern regions of
Ukraine (Gorelov, 2016; Ishchuk, 2016;
2017c). However, most researchers agree that
Salix species have a certain potential for
drought tolerance. Under artificial drought
stress conditions, S. myrsinifolia seedlings were
more susceptible to drought stress than hybrids
of Salix myrsinites L. X Salix myrsinifolia
(Turtola et al., 2006). According to Polish
researchers, S. viminalis is characterized by
high drought tolerance (Drzewiecka, 2023),
and in Ukraine, it also has insular habitats
outside its continuous range in the Odesa
region. At the same time, in studies by Chinese
scientists, S. babylonica was found to be less
drought-tolerant than the desert willow Salix
gordejevii (Yang et al., 2004).

The drought tolerance of willows is also
significantly influenced by the origin of the
species. According to our observations in the
cultivated range, the most drought-tolerant
species are those of southern origin from the
Volga region, southern Siberia, Central Asia,
Iran, Mongolia, and China, including S.
capusii, S. caspica, S. babylonica, S.
miyabeana, S. ledebouriana and S. schwerinii,
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Figure 3. Average annual shoot growth of Sa/ix species introduced to Ukraine

as confirmed by studies conducted in Kyiv by
O. Gorelov (2016). At the same time, despite
its origin from Korea and China, S. matsudana
was found to be less drought-tolerant in our
studies. Our findings on the drought tolerance
of S. matsudana align with experimental
research conducted in Canada (Doffo et al.,
2016).

Salix species are dioecious plants with
unisexual flowers arranged in catkins. They

bloom depending on the species — before leaf
bud break, simultaneously with it, or after the
leaves have fully unfolded. In the cultivated
range in Ukraine, only three willow species (5.
argyracea, S. miyabeana, S. udensis) bloomed
but did not produce fruits or seeds (Table 5).
The other species regularly bloomed in
Ukraine, and we recorded the first flowering of
trees and shrubs propagated vegetatively at the
age of 4-6 years.

Table 5. Degree of acclimatization of introduced Sa/ix species in Ukraine

Indicators
Species growth generative frost resistance | drought resistance ACC“;:SS;&“(’“ Acgiei;etiez(a)tfion
development

S. aurita

S. adenophylla 10 25 50 10 95 full
S. alatavica 10 25 50 10 95 full
S. argyracea 10 15 50 10 85 good
S. babylonica 10 25 40 15 90 full
S. capusii 10 25 50 15 100 full
S. caspica 10 25 50 15 100 full
S. dasyclados 10 25 50 10 95 full
S. elaeagnos 10 25 40 10 85 good
S. integra 10 25 40 10 85 good
S. kangensis 10 25 50 10 95 full
S. lapponum 10 25 50 10 85 good
S. ledebouriana 10 25 50 15 100 full
S. lucida 10 25 50 10 95 full
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S. matsudana 10 25 30 10 75 good
S. myrsinifolia 10 25 50 10 75 good
S. myrtilloides 10 15 50 10 85 good
S. miyabeana 10 15 40 15 80 good
S. schwerinii 10 20 50 15 95 full
S. udensis 10 15 50 10 85 good

According to the acclimatization index, which
includes the sum of integral indicators for
growth,  generative  development,  frost
resistance, and drought tolerance, nine species
(S. argyracea, S. elaeagnos, S. integra, S.
matsudana, S. myrsinifolia, S. myrtilloides, S.
miyabeana, S. lapponum, S. udensis) have
demonstrated good acclimatization in the
forest-steppe zone of Ukraine, while the
remaining species have fully acclimatized to
the new soil and climate conditions. A decade
of experience with the cultivation of introduced
willows in Ukraine has shown that species
from the eastern and northern regions of North
America, Siberia, Mongolia, the Far East,
Japan, and northern China are most effectively
optimized for introduction (Ishchuk, 2013b;
2015a).

CONCLUSIONS

As long-term experience with Salix cultivation
in Ukraine shows, introduced species of the
Salix genus differ in their geographic origin
and exhibit varying degrees of introduction
success. Ukraine cultivates twenty introduced
willow species, with the greatest diversity
represented in scientific collections in cities of
the forest-steppe zone — Kyiv, Bila Tserkva and
Uman. Most of these species have fully
acclimatized to the new conditions, except for
S. argyracea, S. elaeagnos, S. integra, S.
lapponum, S. matsudana, S. myrtilloides, S.
miyabeana and S. udensis, which are
characterized by good degree of
acclimatization.

For southern-origin species such as S. integra,
S. elaeagnos, S. babylonica, S. matsudana and
S. miyabeana, delayed shoot maturation is
characteristic, which leads to reduced frost
resistance. However, these species exhibit a
high ability to form shoots, which aids in the
rapid restoration of their habitus. Six species —
S. argyracea, S. capusii, S. -caspica, S.
kangensis, S. schwerinii and S. udensis — under

a

678

cultivated conditions change their life form
from “tree” or “small tree” to “shrub”.

The limiting factors that restrict the cultivated
range of Euro-Siberian and Far Eastern Salix
species in Ukraine are high air temperatures
and low soil moisture in summer. These
conditions lead to growth suppression, reduced
leaf blade size, temporary loss of leaf turgor,
and overall decreased ornamental value.
Promising regions for expanding the
biodiversity of willows in Ukraine are areas
with a temperate climate, such as North
America, as well as Siberia, the Far East,
Mongolia, Japan, and northern China.
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