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Abstract: The article deals with the bioproductivity of 2 poplar genotypes propagated by single-tree
stem cuttings. The experiment compared variants using cuttings of different lengths (10-22 cm) and
containers with volumes from 1 to 3 litres. The experiment also considered the variant grown using
the Pot-in-pot technology. It was found that the best growth performance of seedlings in height
according to the traditional container technology (70.6+5.5-111.5+5.0 cm) was observed in the
intersectional hybrid of poplar ‘E.s.-38" (genotype 1). Annual seedlings of black poplar (genotype 2)
were inferior in this index (53.7+4.8-68.1+7.8 cm). PiP technology in case of both genotypes showed
good results of height gain (genotype 1 - 165+10.3 cm, genotype 2 - 73.3+8.6 cm). The predominance
of the factor ‘Genotype’ over the technology of rooting cuttings (selection of the length of the initial
material and the volume of the growing container) was established. In terms of total biomass, G1
(54.4 g) on average exceeds G2 (9.9 g) (natural species) (by 5.5 times), which is determined by a
reliable difference in height (by 1.74 times), in diameter by 1.7 times. For both genotypes, depending
on the cultivation variant, we can distinguish productivity groups based on the total dry weight of
plants: high-productive groups: for G1 - 3L18cm; 3L14cm; 2L22cm; PiP, for G2 - PiP; 3L22cm; 3L18cm,
low-productive groups: for G1 - 2L10cm; 1L10cm; 1L14cm, for G2 - 3L14cm; 3L10cm; 2L14cm;
2L10cm; 1L14cm; 1L10cm. The fast-growing genotype 1 ‘E.s.-38” has high productivity and plant
height indices, which allows it to be recommended as a variety allowing to grow standard planting
material in containers in one season. For genotype 1, the length of cuttings can be 10-14 cm when the
container volume is increased to 3 litres, which will increase the number of cuttings from one mother
plant by 2-3 times. For genotype 1, the use of containers with a volume of 2 or more litres will produce
planting material with a height of more than 100 cm and a diameter of 8-10 mm. Planting material of
hard-to-cut poplar species and varieties should be grown in containers with the volume of at least 2
litres. The optimum length of cuttings is 22 cm. Application of Pot-in-pot technology will increase the
height of containerised seedlings of fast-growing poplar genotypes by 47 %, diameter by 60 %, and
in case of hard-to-propagate genotypes it will increase the height by 20 %, diameter by 20.3 %, which
agrees with the data of researches obtained in nurseries of different countries.

Keywords: poplar; genotype; rhizogenesis; planting material; closed root system; biomass; Pot-in-
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1. Introduction
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The relevance of the research topic of studying the effect of container volume and cuttings size
on growth parameters of closed root system (CRS) seedlings of two poplar genotypes is due to several
important factors in the field of silviculture and ecology in the context of current environmental and
economic challenges.

Forests play a critical climate-regulating function on our planet, covering 31 per cent of the land
surface (4.06 billion hectares). Forests absorb up to 2 billion tonnes of carbon dioxide per year, and
wood provides up to 40 per cent of renewable energy, which significantly reduces the consumption
of fossil fuels. [1]. Over the past 60 years, the global forest area has decreased by 81.7 million hectares,
reducing the total forest area per capita by more than 60 per cent. [2].

Between 1990 and 2020 alone, 420 million hectares of forests were lost to deforestation. The rate
of deforestation is decreasing, but it was still 10 million hectares per year between 2015 and 2020.
Deforestation on a planetary scale leads to natural disasters, the damage of which hits the global
economy hard [3]. Damage from climate change by 2049 could be expressed in the reduction of world
income by 19 %, from the base scenario in which climate change would not occur [4].

The effects of climate change, such as increased heat waves, droughts, mild winters, floods,
reduced snow cover and soil freezing depth, can be a negative factor for tree growth, forest health
and forest ecosystems, which requires further study [5-8]. Global climate change poses challenges
for foresters, ecologists, botanists and dendrologists to preserve forested areas.

Today, there are three main approaches to reforestation activities: natural regeneration, artificial
regeneration, and a combined method. The method of artificial reforestation, by planting ready-made
seedlings or by sowing seeds, has gained advantage [9]. Reforestation and afforestation require a
large amount of standardised planting material with good hereditary properties. Improvement of the
processes of growing seedlings of tree species in containers and selection of species with improved
hereditary qualities, resistance to external unfavourable environmental factors is the most important
scientific and practical task at the present stage of forestry production development [10-12].

Firstly, in the context of global climate change, forest ecosystems play a key role in carbon
balance and resilience to changing climatic conditions

Poplar, as a fast-growing and adaptive species, is of significant interest for multi-scale
reforestation and reclamation projects.

Secondly, modern technologies for growing seedlings with closed root system can significantly
reduce the time of forest crop formation, which is important for the forestry sector and the wood
industry.

Thus, optimisation of technological parameters, such as container volume and cuttings size, can
significantly increase the efficiency and economic profitability of seedling production

The third aspect of the relevance of the topicis related to the study of poplar genotypic diversity.
Studies focusing on differences in genotypes open up additional opportunities for breeding
programmes and the creation of new, more resistant and productive varieties.

In addition, the development of agro-technologies in recent years has led to active research on
the influence of physical factors, such as container volume, on plant growth parameters. In-depth
research in this area allows for improved cultivation techniques and increased survival of plants after
transplanting.

Members of the genus Populus of the Willow family (Salicaceae) are among the fastest growing
tree species in temperate and boreal climate zones. Poplar is widely used worldwide for plantation
cultivation [13-15], restoration of degraded lands, forest landscapes, and mitigation of climate
change. Nowadays, it is increasingly demanded in bioenergy plantation cultivation for biofuel
production [16]. According to Chong et al., [17-19]. Poplar is of great value to plant breeders in terms
of high biodiversity, its distribution range is in a wide range of environmental conditions [20]. Many
poplar species are actively used in agroforestry programmes in Europe, North America [21] and the
Russian Federation [22,23]. In this regard, research in the field of breeding and silvicultural
production of this species is an imperative at the present stage of forest sciences development.
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According to D.I. Dickmann [24], the number of poplar species ranges from 22 to 45. Poplar
hybrids (Populus spp.) are the result of natural and artificial crossing of poplar species growing in
different ecological conditions and play an important role in agroforestry in Europe and North
America [25]. The genus is divided into five sections: Leuce (aspen), to which P. grandidentata and P.
tremuloides (bigtooth aspen and quaking aspen) belong; Aigeiros (poplar), to which P. deltoides, P.
sargentii, P. fremontii, and P. wislizeni (eastern, plain, Fremont, and Rio Grande poplar) belong. The
range of P. deltoides in America is more southerly, from the Gulf of Mexico to south-western Canada;
Tacamahaca (balsam poplar), to which P. balsamifera, P. angustifolia, R trichocarpa and (balsam poplar,
narrow-leaved, black poplar) belong, is adapted to northern climates - growing from south-eastern
Canada to Alaska.

P. heterophylla P. balsamifera subsp. Trichocarpa belong to Leucoides (swamp poplar) [26]. The
distribution range of P. trichocarpa in the north and south is extremely extensive - this species grows
in America from California to Alaska. Poplar grows naturally not only in Europe and North America,
but also in China, India, Argentina, Chile and Kenya [27], making Populus spp. an important tree
species worldwide. To establish short rotation plantations or plantation forests, poplars are
propagated vegetatively under different environmental conditions, e.g., under controlled conditions
in greenhouses or under uncontrolled conditions outdoors in nurseries or directly in plantation plots.

In such traditionally forested countries as Canada, Sweden, Finland, Norway, more than 90 %
of forest crops are planted with seedlings with closed terminal system (CLS) [28]. Modern high-tech
methods of production of seedlings and seedlings in containers allow to increase plant establishment
and accelerate the processes of their utilisation [29]. The most widespread method of production of
plants with CLS is the cultivation of containerised annual seedlings of coniferous species (spruce,
pine), in cassettes, in specially equipped greenhouses, with the necessary microclimate, fertilizers and
irrigation [30].

Important parameters in the selection of cassettes and containers for growing planting material
are their volume, product material, and shape, which affects the architecture of the root system that
develops in it. When selecting the type of container and its main parameters: height and width, as
well as upper and lower diameters, it is necessary to take into account the type of root system of the
tree species [31]. Plants with a strong, tap root develop well in tall pots, cultures with a lobe root
system grow normally in shallow and wide pots. It is noted that in pots shaped like a truncated cone
with a wide top the roots acquire a spiral twist, the degree of which directly depends on the duration
of cultivation of the seedling in a container without transplanting. The volume of the container should
be selected depending on the growth intensity of the tree species. When plants with a moderate
growth rate are planted in containers with a large volume, the producing area in the nursery is lost
and the plant intensively builds up root mass to the detriment of crown development [32].

When growing planting material in containers, substrate and air temperature play a crucial role
[33]. Substrate temperature in containers exposed on the soil surface can reach more than 50°C [34].
The problem of suppression of root system growth and development caused by sharp fluctuations in
substrate temperature and humidity in the container has necessitated the development of a new
technology for the production of pot-in-pot planting material, also known as the “‘Minnesota system”)
[35,36].

The basic principle of the technology is to grow a plant in two containers: a production pot with
a plant (“production pot’) placed in a container of the same or larger volume (‘socket pot’) dug into
the soil on a specially prepared polygon [37]. Some researchers [38—42] have noted a significant
difference in the growth and productivity of plants grown using the Pot-in-pot technology compared
to the standard container technology. The effectiveness of Pot-in-pot technology application in the
Russian Federation on a wide range of tree and shrub species is still insufficiently studied, which
requires research in different climatic zones.

The purpose of this study is to comprehensively analyse the effect of container volume and
cuttings size on growth parameters of poplar seedlings with closed root system grown on the basis
of two different genotypes. The study involves a thorough evaluation of the interaction of these
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factors and their impact on key growth parameters such as vegetative development rate, root system
formation and structure, and overall seedling survival rate. The results obtained will be of practical
importance to foresters and nursery professionals, providing empirical evidence to optimise growing
processes and improve the efficiency of production of quality planting material.

Thus, an in-depth study of this topic not only contributes to scientific progress in botany and
forestry, but also has practical applications that can have a positive impact on environmental
programmes and the economics of the forestry sector.

2. Materials and Methods

2.1. Objects of Research and Methodology of Experimentation

The objects of the study are poplar genotypes differing in growth activity and root formation
intensity in stem cuttings:

Genotype 1, designated as ‘E.s.-38’ (Elite Seedling-38), is an intersectional poplar hybrid created
by crossing the species Populus deltoides Marsh, Populus balsamifera L. and the complex Populus
alba L. + Populus tremula L. This hybrid was bred by Professor M. M. Veresin (Professor Breeder at
Voronezh Forestry University) and demonstrates a high capacity for vegetative propagation by
means of winter cuttings. It is characterised by intensive growth rates and increased winter hardiness,
which is especially evident in the conditions of the forest-steppe zone, where its winter hardiness is
superior to that of a number of Euro-American poplars.

Genotype 2 represents black poplar (Populus nigra L.), which is a native species for the forest-
steppe zone of European Russia. This species is characterised by the formation of a spreading crown
and predominantly grows on well-moistened floodplains. At maturity, plants of this species develop
a powerful root system, including both superficial and deeply penetrating anchor roots [43].

Propagation of the genotypes under consideration was carried out by planting stem cuttings.
The cuttings were prepared from annual shoots in early spring on the floodplain areas of the
Khopyorsky Reserve in the Voronezh Region. To prevent their desiccation, the cut whips were stored
in a snowdrift in uncut form. As part of the experiment, poplar cuttings with different lengths were
prepared: 10 cm, 14 cm, 18 cm and 22 cm. Each cuttings contained at least four buds and the average
diameter at the top cut level was 1 cm. Plastic containers with different volumes were used for the
experiment: 1 litre (container height - 10 cm, diameter - 13 cm), 2 litres (height - 19 cm, diameter - 12
cm) and 3 litres (height - 23 cm, diameter - 13.5 cm).

The substrate used was a mixture of neutralised peat (Russia) and perlite in the ratio of 3:1. There
were 40 plants in each experimental group in 3 repetitions. Mineral fertilisers were applied to the
substrate of all variants of the experiment: Fertika (Universal-2) Spring-Summer (NPK12:8:14)
Application doses per g/1 1 of substrate - 4-5 g, Osmocote Pro 3-4 mo. (NPK:17-11-10+2MgO+TE) 3-4
gr, Fertika Autumn Fertiliser NPK 4,8:20,8:31,3+MICRO, Phosphorus-potassium fertiliser ‘Autumn’
P205-5%, K20-18%, CaO-8%), MgO-2,5%, S-12%, Micronutrients: B - 0.15% to form optimal conditions
for rooting.

Seedling height was measured using a measuring tape and stem diameter was determined with
a caliper at the base of the growth. In addition, the number of leaves per plant was counted and their
area was estimated using a portable laser leaf area meter CI-202 (CID Bio-Science, USA).

At the end of the experiment, the wet and dry weights of leaves, shoots and roots were measured
by weighing on an electronic laboratory scale Ohaus (USA), with an accuracy of 0.01 g. To determine
the dry weight of plant organs, they were dried in an RS422 Binder desiccator (Germany) to absolute
dryness at 102 °C.

The biological productivity of plants was determined by the total dry mass of leaves, stems and
roots, and using the productivity coefficient of the plant assimilation apparatus 44.

In order to evaluate the efficiency of containerised seedling growing technology using the
Container-in-Container method in comparison with traditional planting material growing in an open
area, two experimental plots were laid in May 2023. (Figure 1).
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Figure 1. a- Scheme of container arrangement on experimental sites: 1 - Genotype 1 by Pot-in-pot technology; 2
- Genotype 1 - ground container site; 3 - Genotype 2- ground container site; 4- Genotype 2 by Pot-in-pot
technology; b- Scheme of container arrangement by Pot-in-pot technology.

The site was prepared as follows: turf was removed, digging was carried out, leveling was done
with a 2-5° slope, and then a 10-15 cm layer of coarse river sand was applied. The surface was covered
with black spunbond of 60 g/m? density with UV stabilisation of 4%, which serves to mulch the soil
and prevent weed germination. The spunbond was secured with metal staples of 40-50 cm length.
Irrigation was carried out by sprinkler irrigation using an oscillating sprinkler and the irrigation
regime was controlled by a programmable electronic timer.

2.2. Statistical Analysis

Specialised software Statistica version 10.0 was used for statistical processing of the obtained
data. In order to establish the influence of various factors, such as ‘genotype’, ‘container volume’” and
‘cuttings length’, on the main biometric parameters of plants, several types of statistical analyses were
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carried out. In particular, one-factor analysis of variance (ANOVA) was used to assess the
significance of the influence of each of the considered factors separately on the studied parameters.

In addition, correlation and regression analysis was used to establish relationships and patterns
between the variables under study, which made it possible to identify both linear and non-linear
dependencies. For a more comprehensive understanding of the structural organisation of the data
and their grouping, cluster analysis based on the calculation of Euclidean distance was used. This
method made it possible to form clusters of objects with similar characteristics and thus to identify
characteristic groups based on the similarity of their biometric indicators.

These types of analyses provided a comprehensive interpretation of the results obtained and
made it possible to draw reasonable conclusions regarding the impact of the studied factors on the
growth parameters of seedlings.

3. Results

3.1. Effect of Cuttings Size and Container Volume, Genotype on the Height of Annual Seedlings Obtained by
Cuttings

The results of the study showed that genotype 1 was significantly superior to genotype 2 in
terms of ‘Height of annual seedling’ in all variants of the experiment, which is confirmed by
statistically significant differences (p < 0.01) presented in Figure 2. This indicates a higher potential
of genotype 1 with respect to growth during the first year of its development.

Additionally, when the biometric parameters of plants of each genotype were evaluated during
the intensive growth phase, which was conducted on 25 August, a marked influence of factors such
as container size and cuttings length on the final seedling height was revealed. As shown in Figure
2, changes in these conditions correlated directly with changes in plant growth parameters. This
emphasises the importance of selecting the optimum parameters when growing seedlings in order to
maximise plant growth and development, especially during critical phases of their life cycle when
they enter the intensive growth stage. Thus, these results provide valuable data for further
improvement of cultivation techniques under controlled environment conditions.

©
°
©
1=

m0sokor u'E.s.-38' mOsokor ='E.s.-38"
80 160
70 140
60 120
£ £
S 59 S 100
E £
240 2 80
2 =

60

[N
S o

=)

o
-
=)

14 18 22 22 Pot-in-pot

Cutting length, cm Cutting length, cm

120
= Osokor ='E.s.-38'

100

80

height, cm

10 14 18 22
Cutting length, cm

a b C

Figure 2. Height of poplar plants of different genotypes: (a) container 1L; (b) container 2L; (c) container 3L.
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Genotype 1 is characterised by the highest height growth. Among the tested variants of container
volume and cuttings length, two main groups are distinguished by the intensity of growth processes
in height. The group with maximum indices (111.9+5.0- 96.9+5.9cm) includes: experiment variants
3L22cm; 3L18cm; 3L14cm; 3L10cm; 2L22cm; 2L18cm. 2L14cm; 2L10cm; The second group includes
variants with lower results of seedling height (89.4+4.5- 70.6£5.5 cm): 1L14cm; 1L10cm. Differences
between groups are reliable at the level of p < 0.05.

The variant using Pot-in-Pot (PiP) technology showed a 44.6 % increase in seedling height
compared to the rest of the experimental groups, reaching 165+10.3 cm. These differences are
statistically significant (p < 0.01).

Analysing the influence of the factor ‘Cuttings length’ on the height of annual seedlings of
genotype 1 ‘E.s.-38’, it was found that the greatest contribution of this factor is observed in the
conditions of using two-litre containers, where its influence is 59 % (1?=0.59) of the total set of
influencing factors. Consequently, this parameter should be taken into account when harvesting
cuttings, optimally choosing a length of 18-22 cm. The lowest influence of this factor, equal to 26 %
(n?=0.26), was recorded for seedlings grown in three-litre containers. Such a decrease may be due to
the fact that the effect of the factor ‘Cuttings length” in this case is compensated by the large volumes
of root-covering coma and root system. Variants with one-litre pots occupy an intermediate position
with an influence of 38 % (11?=0.38).

When comparing the data for the Pot-in-Pot variant with a cutting’s length of 22 cm and the use
of a 2-litre pot-insert with a similar above-ground container, it was found that the placement of the
container significantly affects the height gain, accounting for up to 87 % (n?>=0.87) of all factors
affecting plant growth.

During the experiment with genotype 2, which is characterised by average growth and
biological traits, differences in seedling height were also recorded in the different variants analysed,
as illustrated in Figure 2. Although the differences in seedling height between the different
experimental staging conditions were statistically significant, the severity of these differences was
less marked compared to genotype 1.

This may indicate genotype 2’s greater tolerance to changing environmental conditions or its
lower sensitivity to the factors considered, such as container volume and cuttings length. The lower
degree of expression of growth differences in genotype 2 compared to genotype 1 may be related to
its genetic characteristics affecting the morphological and physiological processes that determine
plant growth.

Such observations are important for the development of breeding strategies, as they highlight
the need for an individual approach to the selection of agronomic conditions for different genotypes
in order to maximise their growth potential and adaptive capacity under specific growing conditions.

For genotype 2, the highest seedling height values were observed in the variants using three-
litre containers at cuttings lengths of 18 cm and 22 cm, where the average height was 68.1+7.8 cm and
67.1+6.3 cm, respectively. These results emphasise the importance of the optimal combination of
container and cuttings size to achieve maximum plant growth.

The second group in terms of seedling height, with values of 61.1£5.7 cm to 56.2+3.2 cm, is
formed by most of the variants studied, including 3L14cm; 3L10cm; 2L22cm; 2L18cm; 2L14cm;
2L10cm, and 1Lh10cm. These results indicate that differences in container volume and cuttings length
have a marked effect on growth, but the effect of these factors is less pronounced compared to the
first group.

The lowest height increment was recorded in the variant with a root closure volume of 1 litre
and a cuttings length of 14 cm, where seedling height was 53.7+4.8 cm. This indicates limitations in
the availability of resources for the root system in the limited space of the container, which restrains
the growth of the plant.

The application of Pot-in-Pot (PiP) technology, as in the case of genotype 1, had a significant
positive effect on the height growth of annual seedlings of genotype 2. In particular, the contribution
of the PiP factor to overall height growth was 73 % (?=0.73) of the total plant influencing factors. This
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underlines the effectiveness of this technology in creating conditions maximally conducive to plant
development through the optimisation of growing medium parameters, which is important for
achieving a high level of productivity of planting material.

3.2. Effect of Cuttings Size and Container Volume, Genotype on the Diameter of Annual Seedlings Produced
by Cuttings

The average stem diameter values of the experiment variants are presented in Figure 3.
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Figure 3. Average values of trunk diameter of annual poplar seedlings: a - container volume - 1L; b - container

2L, ¢ - container 3 L.

Comparative analysis of average values of seedling growth diameter of G1 and G2 seedlings
revealed the superiority of G1 in all variants of initial cuttings length and container volume, and
showed reliable differences, with the difference ranging from 1.28 (1L10cm) to 2.23 (PiP) times,
depending on the experiment variant.

The maximum values were obtained for G1 variants: 3L22cm, 3L18cm and 3L14cm (12.8+0.42-
12.320.24mm). The averages were for variants: 3L10cm; 2L22cm, 2L18cm and 2L14cm
(11.8+0.2211.1+0.27mm mean), the differences in diameter were significant (p < 0.05). The lowest
mean values were recorded in variants 2L10cm 1L14cm 1L10cm (10.4+0.44 - 8.7+0.42) In general for
G1 variability of the parameter ‘Shoot diameter’ is average, coefficient of variation - 13.2 %. In the G1
PiP variant, the average diameter was 19.0+1.04.

For G2, the maximum values of diameter were observed at cuttings lengths of 18 and 22 cm in
3L, with average values in the range of 7.3+41- 7.9+0.4 mm. The coefficient of variation of the
parameter ‘Shoot diameter’ among the variants of genotype 2 is average, as well as for genotype 1,
and is 15.2 %. Genotype 2 shows a direct dependence of diameter growth on cuttings length, so in
cuttings with length of 10-14 cm average values of diameter are in the range of 6.2+0.23 mm - 6.7+0.24,
while in variants with cuttings length of 18-22 cm average values exceed 7.0 mm (p < 0.05).
Experimental samples grown by PiP technology are characterised by average diameter growth
(8.3+0.63 mm), in contrast to fast-growing G1, for which in PiP variant 2Lh22cm the average diameter
value exceeds the standard variant of container cultivation (2Lh22cm) by 20.3 %, which indicates the
effectiveness of the above technology.

Correlation analysis carried out for the pair of traits ‘seedling height - diameter’ showed
dependence on container volume. The correlation coefficient rs calculated on the basis of taking into
account all variants for genotype 1 was 0.5, for genotype 2 - 0.55. The average strength of the
correlation between height and diameter indicates the presence of morphogenesis specificities for
genotypes when cuttings of material of different lengths and in different container variants. On the
contrary, the overall considered correlation coefficient »s combining the data for the two genotypes as
a function of container volume is 0.88 for 1L and 2L, and 0.9 for 3L, showing a strong positive
relationship.

While considering the correlation relationship depending on genotype and container type,
differences were found for genotypes. In genotype 2, the maximum correlation between the length
of the initial cuttings and the diameter of the resulting growth was found for 3L containers (rs= 0.62),
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for 2L container - rs=0.47, for 1L - 0.26. Apparently, limitation of root system volume has a negative
effect on seedling growth. For the fast-growing genotype 1, the results are of the opposite nature - for
2L (rs=0.9) and 1L containers (rs= 0.62) the relationship is higher than in the 3L variant (rs = 0.2).

This trend for genotype 1 is probably related to the redirection of nutrients into the root system
to utilise a large volume of the root zone during root growth.

3.3. Effect of Cuttings Size and Container Volume, Genotype on Biological Productivity (Biomass) of Annual
Seedlings Obtained by Cuttings

The value of the formed biomass in a particular period of plant development is an important
integral indicator of the efficiency of the productivity process [45]. Data on dry mass of G1 plants are
given in Table 1.

Table 1. Estimation of dry biomass by fractions of underground and above-ground plant parts G1 ratio of whole

plant mass to total assimilative surface area.

Experience
options Specific Productivity
surface . coefficient of
Leaf mass dry, density of Stem dry mass  Root dry Weight of the
M, g whole plant s
Py dry leaves g £Mu mass g +mu g ma assimilation
g tMu apparatus
(g/m?)
G1 (P. deltoids Marsh. x P. dalsamifera L. x (P. alba L.+ P. tremula L.) ‘E.s.-38’, 1L
10 cm 1,0+0,16 2,08+0,08 5,8+0,54 2,9+0,27 9,7+0,92 20,2
14 cm 1,3+0,08 2,44+0,14 6,5+0,79 3+0,7 10,8+1,1 20,3
G1 (P. deltoids Marsh. x P. dalsamifera L. x (P. alba L.+ P. tremula L.) ‘E.s.-38” ,2 L
10 cm 1,1+0,17 2,32+0,09 7,3+1,19 2,7+0,58 11,1+1,2 23,6
14 cm 1,2+0,12 2,4+0,14 940,51 3,3+0,41 13,5+1,2 25
18 cm 1,4+0,17 2,4+0,11 9,6+1,45 3,5+0,46 14,5+1,3 25
22 cm 2,0+0,15 2,6+0,05 10,5+0,8 4,4+0,36 16,9+1,5 21
PiP 22 cm 1,9+0,24 2,46+0,05 32,8+0,63 5,8+0,53* 40,5+3,46* 52,6
G1 (P. deltoids Marsh. x P. dalsamifera L. x (P. alba L.+ P. tremula L.)'E.s.-38’ ,3 L
10 cm 1,3+0,14 2,32+0,05 8,5+0,54 2,8+0,25 12,6+1,5 22,3
14 cm 1,4+0,2 2,48+0,05 13,8+1,69 4,8+0,77 20,0+1,8 B5%%
18 cm 2,1+0,18 2,58+0,09 14,7+0,61 4,3+0,6 21,1+1,9 26
22 cMm 1,8 +0,19 2,56+0,13 15,9+1,82 5,9+1,14 23,6+1,98 387

Note: the colour of the rows in the table corresponds to the results of cluster analysis of groups by productivity
(Figure 6); * - for the PiP variant the root yield outside the container is marked, the biomass for the root in the

container is indicated in the table.

Analysis of the data in Table 1 allows us to conclude that seedling productivity is not uniform
and depends on the combination of container volume and initial cuttings height.

In general, fast-growing Gl is characterised by an increase in all plant organs with increasing
length of the initial cuttings, and this dynamics can be traced for all container variants. The best
results on accumulation of total dry biomass were demonstrated by G1 variants: 3L22cm; 3L18cm;
3L14cm. The second group included: 3L10cm; 2L22cm; 2L18cm; 2L14cm. The G1 variants 3L10cm,
2L10cm, 2L14cm and 2L10cm are significantly behind the top group. This ranking clearly indicates
the effect of container volume and cuttings length on overall plant productivity. Average indicators
of dry mass accumulation of the whole plant in the variant 2 L22cm PiP in 2.4 times higher than these
parameters in the ground variant 2L22cm and in 1.7 times the most productive variant of the
experiment (3L22cm). It is important to note that the obtained data on productivity of PiP variant
were calculated without taking into account the biomass of root germinated into the ground through
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the bottom of containers, and the differences are reliable (p<0.001). The actual total biomass of
seedlings in the PiP variant will exceed the values presented in the table.

Slow-growing G2 is characterised by the increase of seedling organs to a greater extent with
increasing length of the initial cuttings. The volume of the container gives advantage only for the
volume of the root system in the 3L pot variant for long cuttings (18, 22cm). Dry weight of annual
seedlings (Table 2) at ground method of exposing containers with plants was maximum in variants
3L22cm and 3L18cm, significantly lower (p < 0.05) this index was for plants in variants 3L14cm,
3L10cm, 2L22cm, 2L18cm, 2L14cm, 2L10cm, 1L14cm and 1L10cm. G2 plants grown using PiP
technology were 8.2 % higher than the average values of the most productive ground variant.

Table 2. - Dry biomass by fractions of underground and aboveground plant parts G2.

Productivit
e y
Leaf mass iﬁ:;;i‘: Weight of coefficient
Experience . Stem dry  Root dry & of the
. dry, M, g density of whole plant . .,
options mass g mu mass g *mu assimilation
My dry leaves g My
. apparatus
8= (g/m?)

G2 (Populus nigra L.), 1L
10 cm 0,37+0,02 0,78+0,03  2,2+0,21 0,9+0,13 3,5+0,32 74
14 cm 0,44+0,04 0,83+0,04 2,2+0,13 1,0+0,14 3,64+0,35 6,8
G2 (Populus nigra L.), 2 L

10 cm 0,53+0,07 0,77+0,05  2,1+0,3 1+0,3 3,63+0,3 53
14 cm 0,43+0,07 0,71+0,06  2,4+0,28 10,13 3,8+0,4 6,3
18 cm 0,45+0,06 0,77+0,02  2,8+0,38 1,1+0,22 4,3+0,4 74
22 cm 0,46+0,06 0,72+0,08  2,8+0,26 1,2+0,2 4,4+0,4 6,9
PiP22cm  0,62+0,08 0,71+0,12  4,4+0,2 1,8+0,27 6,8+0,6 7,8
G2 (Populus nigra L.), 3 L
10 cm 0,46+0,07 0,62+0,07  2,4+0,42 1,0+0,39 3,9+0,4 5,2
14 cm 0,48+0,04 0,66+0,03  2,5+0,4 1,0+0,2 3,4+0,4 5,4
18 cm 0,51+0,07 0,73+0,03  3,9+0,55 1,8+0,48 6,2+0,5 8,9
22 cm 0,53+0,04 0,74+0,07  4,2+0,2 1,6+0,16 6,3+0,5 8,9

Note: the colour of rows in the table corresponds to the results of cluster analysis of groups by productivity

(Figure 6).

Analysis of the ratio of organ weights relative to the weight of the whole plant shows the
difference between genotypes depending on cultivation options (container volume and cuttings
length). Comparative diagrams are presented in Figure 4.

It is interesting to note the revealed changes in relation to G2 leaf parameters for variants with
minimal values of initial cuttings length when comparing 1L and 2L containers: an increase in specific
surface density of the leaf and their proportion relative to the mass of the whole plant, which
demonstrates the activation of photosynthetic processes.

For 3L pots and the PiP variant, an increase in the proportion of stem and roots relative to the
whole plant was observed with an overall increase in productivity. The variations found between the
genotypes studied reflect the peculiarities of plant growth during the rooting process depending on
the cuttings length and container volume. In genotype 2 (native species), obtained from short cuttings
in a small container volume, the intensity of leaf growth increases, the proportion of stem mass
relative to the whole plant decreases, and in containers of large volume for plants there is a recovery
of organ mass ratios to the average for the genotype indicators. For the fast-growing genotype, an
increase in container volume leads to an increase in the proportion of stem relative to the whole plant,
along with an increase in total productivity, which leads to seedlings with maximum stem height.
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Comparison of average values of plant dry weight of two contrasting poplar genotypes shows
significant biomass dominance of fast-growing G1 over hard-to-root G2. Thus, in the most productive
variants G1 3L22cm and G2 3L22cm the excess is 3.75 times, in the least productive G1 1L10cm and
G2 1L10cm the difference is 2.8 times. Comparison of variants G1 2L22cm PiP (40.5 cm) and G2 2
L22cm PiP (6.8 cm) also demonstrated both high efficiency of the technology and higher intensity
(5.96 times) of biomass accumulation in G1 in the first year of seedling growth.

Gl| G2

S [T T
IL10 1L14 2010 2014 2018 2022 3L10 3L14 3LI18 3L pip

m o¢m oocm ¢cm <¢cm Ccm om cm cm cm
The vanant of the container volume and the length of the mnitial cut

The proportion of the dry mass of the organs

ol planting material from e total mass, %
l‘o

sDML * DMSO DMR

Figure 4. Fractions of dry weights of individual organs of seedlings relative to the whole plant weight depending

on genotype and experiment variant for genotype 1 and genotype 2.

In general, comparing the average height indices of G1 variants with maximum productivity
and similar samples of G2, it should be noted that G1 dominance is reliable (p < 0.05) (by 44-45.3 %).
In case of observance of correct agrotechnics of cultivation, selection of optimal parameters of cuttings
and container volume, it is possible to obtain during one season planting material with biometric
parameters that are not inferior to the plants obtained by A.P. Tsarev et al. (Tsarev 2024 [22], in open
ground conditions, but have advantages due to better preservation of the root system.

Figure 5 shows images of the main variants of the experiment, with plants showing normal
development and standard quality.
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Figure 5. Appearance of annual seedlings during the period of intensive poplar growth: (a) G1 2L22 cm; (b) G2
2L.22cm.

Based on the cluster analysis of the main biological productivity indicators, dendrograms of
object proximity were constructed (Figure 6, cluster association distances are presented in Table 3).
For fast-growing genotype 1, 3 main clusters are distinguished. The first cluster (low-productive
group) includes variants with small cuttings length: 1L10cm, 1L14cm, 2L10cm, (association distance
- 2.17). The second cluster (intermediate group) included variants 2L14cm, 2L18cm, 3L10cm
(association distance - 3.21). The third cluster (high productivity group) is represented by variants
3L14cm, 3L18cm, 3L22cm, PiP with high bioproductivity. Variant 2L22cm has an intermediate
position between the high-yielding group and the intermediate group (association distance - 23.9).

G1.1110 G
SR a low-productivity group ozl a  low-productivity
G1.2110 G210
S group
Gl.4 G214
G23110
GLAIS .
a medium group Gaas
G13110 o
G228 — a medium group
Gl.212
G2.2102
G1.3114
G23118 . e
G13118 -
hish-nroductivi Sy T~ 2 high-productivity
Gl a high-productivity group
G2PiP
G1 PP
0.0 05 1.0 15! 20 25
0 5 10 15 20 25
a b

Figure 6. Tree diagram based on the calculation of Euclidean distance for the variants of the experiment with
poplar: (a) genotype -1; (b) genotype-2.

The data of cluster analysis confirm the possibility of separating groups of seedlings according
to the accumulation of crude and dry mass of the whole plant.

Three groups were identified for genotype 2. The first cluster (low-productive group) with
association distance of 0.25 includes variants with cuttings length of 10-14 cm: 1L10 cm, 1L14 cm,
2110 ¢cm, 2114 cm, 3L10 cm, 3L14 cm. The second cluster (intermediate group) includes variants 2L.18
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and 2122 (association distance is 0.14), the third cluster is maximally distant from the first two (high-
yielding group), which includes variants: 3L18 cm, 3L22 cm and PiP (association distance - 0.58).

Comparative analysis of the tree diagram data shows that cuttings length has a great influence
on the overall productivity of seedlings in both genotypes in the selected groups. It is possible to
increase the productivity by increasing the volume of root zone by increasing the container volume.
The association distance of contrasting clusters in the two genotypes differs by almost an order of
magnitude (0.5 in the main clusters in G2 versus 5 in G1), indicating different levels of biomass
accumulation.

Table 3. Characterisation of selected groups of seedlings of genotype 1 and 2 by biometric indices and

productivity among the experiment variants.

Gl1 G2
Selected b Cultivati
clecte grc')u'ps Y Total dry “ lYa on Total dry Cultivation
productivity options .
mass, g mass, g options
High-productivi 3L18cm; 3L14cm; Pip;
AN MY 9154097 Lo 640,19 3L22cm;
gronp ‘ 3L18cm.
3L10cm;
Medium productivity 1444049 2L14cm; 444005 21L22cm;
group e 2L.18cm. T 2L.18cm.
3L14cm;
Lov-productv 2L10crs e
OWPTOGHEIVIY  10,540,42 1L10cm; 3,6+ 0,08 m
group 1L14cm 2L10cm;
) 1L14cm;
1L10cm.
Experience options .
40,5 PiP
outside the clusters 16.9 21522 - -
Average productivity
of all variants of the 179+2,6 45+0,38
experiment

Explanation: differences in total dry weight between groups are significant (p <0.01).

The parameters of the selected groups show that for fast-growing genotype 1 it is possible to
increase the growth activity of seedlings from short cuttings of 10 and 14 cm by increasing the
container volume to 2 and 3L.

For slow-growing genotype 2, the growth activity of seedlings obtained from short cuttings (10,
14 cm) is low and does not increase by increasing the container volume. Maximum productivity for
genotype 2 can only be achieved using 18 and 22 cm cuttings, and increasing the container volume
from 2 to 3L leads to a 1.5-fold increase in plant dry weight (from 4.4 to 6.4 g).

Thus, in the case of genotype 2, seedling growth can be reliably increased by increasing the root
ball to three litres and using a cuttings of at least 18 cm. This is confirmed by determining the strength
of the influence of the factor ‘Cuttings length’ on plant height, which was maximum in variants with
genotype 2 in three-litre containers (n?=0.24). In 1L and 2L containers, the influence of this factor did
not exceed 10 %. Probably, in the case of black poplar G2, the influence of genotype has a decisive
impact on the growth processes taking place. The positive influence of phenotypic features is
manifested with the increase of the root zone, which improves conditions for the growth of above-
ground and underground parts of the plant.
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Taking into account the detected variability of rooting and growth of cuttings depending on the
genotype and cuttings variants, a correlation analysis of the relationship between seedling organ
biomass formation for the parameters root, stem and leaf dry weight was performed. The growth
peculiarities of genotypes in the studied variants of the experiment were revealed (Figure 7).
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Figure 7. Diagram of correlation coefficient depending on poplar genotypes and experiment variant: (a) for

‘DMS/DML’ pair, (b) ‘DMS/DMR’, (c) DMR/DML.

The data indicate a high degree of positive relationship between root and stem dry biomass, and
for hard-to-root genotype 2 this was observed for all variants of the experiment (the exception is
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variant 1L14cm with a decreased relationship). For genotype 1, rs varies from minimum 0.1 to
maximum 0.97. Maximum correlation was observed in variants with small container volume and
cuttings length (1L10cm, 1L14cm, 2L10cm) and in case of large container volume and small length of
initial cuttings (3L10cm, 3L14cm).

Thus, for the hard-to-root genotype, the f value of the root system depends on the size of the
initial stem cuttings.

Interesting results were obtained when evaluating the relationship between leaf and root, leaf
and stem dry biomass. For hard-to-root G2, in general, the relationship between leaf and stem
biomasses is low, the exceptions being variants of the high-yielding group (3L18cm, 3L22cm), as well
as some of the medium-yielding groups. At the same time, the correlation between root and leaf
biomasses for these variants is significantly high (s from 0.73 to 0.91). Thus, in the hard-to-root
genotype, the growth of the root system depends on the biomass of leaves and, consequently, on their
photosynthetic activity. The absence of a strong correlation between cuttings size (with their equal
thickness) and leaf size shows that the stock of carbohydrates contained in the initial cuttings is
redistributed to the root, and the root formation process prevails over stem and leaf growth at the
first stages of rooting.

For fast-growing genotype 1, the correlation between leaf and stem biomasses is higher than for
genotype 1, rs exceeding 0.45 in 7 variants of the experiment out of 11. The highest relationship is
shown for high yielding variants in medium volume container (2L18cm, 2L22cm). The correlation
between root and leaf biomasses, is lower in comparison with genotype 2. The maximum relationship
is characteristic of low and medium-productive (intermediate) variants 1L10cm, 1L14cm, 2L10cm,
2L14cm (rs from 0.51 to 0.72), as well as two high-productive variants. In the fast-growing G1 poplar,
organ growth is more proportional, the dependence of stem and leaf biomass is higher. Thus, during
rooting there is a rapid increase in leaf biomass, simultaneously with the growth of the root system.

Regarding the values of the raw leaf specific surface density and dry leaf specific surface density
(SSD), no regular variation among the variants could be distinguished for both genotypes. The mean
values of specific surface density of raw and dry leaf weight for G1 are 0.024 + 0.0004 and 0.0057 +
0.000142, respectively. The mean values of specific surface density of crude and dry leaf weight for
G2 are 0.025 + 0.0005 and 0.007 + 0.0002, respectively.

Differences between genotypes are reliable according to Fisher’s criterion (p< 0.01; p< 0.001,
respectively). However, no differences were found among the selected groups in terms of
productivity. Thus, there is no change in leaf thickness depending on the rooting and growth
characteristics of the variants.

However, changes were found, as mentioned above, in the share of leaf mass relative to the mass
of the whole plant (Figure 4). The most pronounced regularity was revealed for hard-rooting G2: the
greater the productivity, the smaller the proportion of leaves relative to the weight of the whole plant
(in variants of high-yielding groups the proportion of leaves - 8.2 - 9.0 %, in low-yielding groups -
10.6 - 14.6 %). Thus, it can be assumed that for variants of cuttings with lengths of 10 and 14 cm the
carbohydrate reserve is insufficient for root formation and there is an increase in photosynthetic
activity due to an increase in leaf mass.

4. Discussion

The first thing to note is the differences in growth parameters of the studied genotypes. Despite
relatively identical growing medium conditions, one of the genotypes showed a higher growth rate
and a developed root system. This supports the hypothesis that genetic factors may play a
predominant role in determining growth rate and rhizogenesis compared to the effects of
environmental or agronomic measures®.

Containerised seedling cultivation has its own specific characteristics, such as space limitations
for the root system and the need to maintain optimal microconditions. Genotypes more adapted to
such conditions will exhibit better adaptive performance, which is related to their natural tendency
to utilise the resource more efficiently. These findings correlate with the works of Konatowska, M.
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and co-authors’, where enhanced root formation is observed in certain genotypes of Willow under
container cultivation.

Comparative analysis of the obtained seedlings of two contrasting poplar genotypes in terms of
growth intensity and rhizogenesis showed a significant contribution of genotype when growing
planting material in containers, which is consistent with the results of studies on the evaluation of
container cultivation of poplar and willow genotypes. Poplar is characterised by the persistence of
genotype influence on growth features not only in the first year of rooting, but also in subsequent
years, as well as the selection of genotypes and genomic groups with the highest rooting ability based
on growth parameters [46,47]. In Salix and Populus clones, significant differences in the initiation of
root formation, total root length and dry mass of plants have been established, which will affect the
growth characteristics of seedlings both in the container and in the open ground [48]. Significant
differences in the development of root biomass within 2 years after planting have also been found
[49]

Modern studies show differences in rooting and growth of contrasting poplar genotypes at both
morphological, physiological, and genetic levels. In experiments to study the effect of light on rooting
of P. tremula stem cuttings, it was shown that in darkness root growth slows down within 24 hours,
and on the second to third day it stops completely. After removal of leaves or steam destruction of
tissues on the stem cuttings under the leaves - stops already within 24 hours [50]. In the case of using
root cuttings, it is shown that there is no effect of light on their germination, but light inhibits rooting
of root cuttings.

At the same time, stored carbohydrates are consumed during rooting of stem cuttings, but this
does not determine the biological rooting potential of genotypes. For example, in a rooting study of
P. tremula, there was no evidence to support the view that failure to root was due to inadequate
carbohydrate reserves. In leafless hardwood cuttings, carbohydrate content was initially very high
(14-19 %) but declined rapidly (to 5-10 %) as roots, callus or shoots developed. One of the differences
between easily rooted P. x euramericana and hard-to-root P. tremula was the apparent downward
transfer of assimilates in P. x euramericana cuttings [51].

Analyses of plant dry mass and the distribution of dry mass between plant parts are similar to
those of other poplars. Fast-growing poplars have a greater root mass per unit leaf area and a higher
rate of root elongation after transplanting compared to very slow-growing clones, indicating a better
water balance and drought prevention, at least at the beginning of growth [52].

Thus, both the process of photosynthesis and carbohydrate supply from leaves and downward
transfer of assimilants in cuttings are important for rooting of stem cuttings. This explains the results
we obtained on productivity in the selected groups and the revealed differences in the strength of
correlations between the masses of plant organs.

The type and volume of the container have a significant influence on the development of the
root system of plants. Our study has shown that due to genotypic differences and peculiarities of the
source material it is necessary to carefully select appropriate containers. The use of maximum volume
containers is not always justified from an economic point of view, as it may lead to increased
cultivation costs and difficulties in transporting the plants [53]. It is expected that seedling
characteristics generated according to cultivation methods will remain influential in the early stages
of field cultivation [54]. In addition, the length of the initial cuttings is an important factor influencing
the development of the root system.

In studies conducted on Populus clone Max 4 and Salix clone Inger, it was found that using 20
and 40 cm cuttings, longer cuttings showed an increase in biomass, but had different effects on shoot
growth and root system distribution in both clones. It was found that longer cuttings of Populus cl.
Max contribute to greater aboveground biomass, mainly at the expense of leaves, compared to 20 cm
long cuttings. At the same time, 40 cm cuttings of Salix cl. Inger develop longer but thinner roots.
Thus, long cuttings may be more suitable for forming clonal plantations of Salix cl. Inger on sites with
limited water and nutrient resources. Despite the difficulties associated with planting and the higher
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cost of long cuttings, their use may be justified by increased survival and aboveground productivity
for some clones.

In the future, it is necessary to determine the optimal length of cuttings, taking into account not
only different environmental conditions, but also the specifics of poplar species and clones [55]. The
possibility of regulating the biological features of seedlings opens up prospects for improving their
adaptation to open ground conditions. Moisture-deficient cuttings show a longer rooting process and
form fewer roots, whereas pre-soaking favours rooting, especially in drier soils. The initial water
potential of cuttings decreased with time, but stabilised with the formation of a root system [56].

Soil density is an important limiting factor in the development of root systems. Studies show
that poplar and willow clones show significant differences in root initiation, root length and root dry
mass. However, for both genera, more fine roots were found to form in soils with low bulk density
compared to higher density soils. Increasing soil density significantly inhibited the development of
root systems in both Salix and Populus clones [57].

Based on the results of the study on the influence of container depth and substrate heterogeneity
on the growth of nodal seedlings of Populus sibirica, an effective methodology for growing high-
quality planting material is proposed. The use of deeper containers and heterogeneous substrate
favours the formation of root systems adapted to difficult conditions, including arid and semi-arid
environments [58]. Heterogeneous soil structure in combination with deep containers favours
increased carbon supply to the root system and hence intensification of its growth [59]. The depth of
the container and the depth of planting of the cuttings influence the spatial organisation of the root
systems of seedlings, and the use of chemical pruning with copper allows the formation of planting
material with asymmetric root systems [60,61].

Our data are consistent with previous studies on the topic under study. In studies conducted by
Boytsov Al and co-authors (2023)!, similar results were obtained for several poplar genotypes,
which supports our conclusion about the significant role of genotype in the formation of growth and
root characteristics. This suggests that genotypic specificity plays a key role in the adaptive abilities
of plants when cultivation methods are altered. The identification of genotypes that can develop most
efficiently under container growing conditions has significant practical implications for silviculture
and agroecological programmes. Such genotypes have the potential to improve the efficiency of
production processes and can contribute to the success of programmes to restore disturbed
ecosystems?.

The presented study emphasises the importance of selecting suitable containers for seedling
production, taking into account genotypic differences and specific requirements of the source
material. It is found that the use of maximum volume containers is not always appropriate for
economic and logistical reasons. The choice of cuttings length is also identified as a critically
important factor affecting the development of both the aboveground part and the root system, with
particularity in the different responses observed in Populus and Salix clones.

In addition, soil density has a significant effect on the formation of root systems, where light
soils favour the development of fine roots, while higher density limits their growth. These results
emphasise the need for containers with optimal depth and the use of heterogeneous substrates to
improve the quality of planting material. Also, the proposed methods for regulating the biological
characteristics of cuttings, such as pre-soaking and chemical pruning, can enhance plant adaptation
to outdoor conditions, especially in arid and semi-arid environments.

1 Boitsov, A. K. Ten-year selection trials on growing clones of hybrid aspen and other hybrid poplars in the conditions of
northwest Russia / A. K. Boitsov, A.V. Zhigunov // Proceedings of the St. Petersburg Research Institute of Forestry. - 2023. - No
3.-P.38-52. - DOI 10.21178/2079-6080.2023.3.38. - EDN RZCNXP.

2 Mashkina, O.S. Technology of long-term storage in in vitro culture of valuable birch genotypes and growing planting
material on its basis / O.S. Mashkina, T.M. Tabatskaya, N.I. Vnukova // Biotechnology. - 2019 - T. 35. - No 3. - P. 57-67.
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Thus, an integrated approach, including selection of containers, cuttings length and substrate
parameters, can optimise seedling growth processes, opening up new opportunities to improve
seedling productivity and persistence under different environmental conditions. This study provides
valuable recommendations for improving practices in silviculture and crop production.

5. Conclusions

A study on the propagation of two poplar genotypes differing in rhizogenesis and productivity
characteristics by stem cuttings revealed the following key aspects:

1. Genotypic differences: The influence of genotype was found to be more significant than
rooting technology including selection of cuttings length and container volume. This indicates the
dominance of genetic factors over agronomic conditions in determining rooting success.

2. Comparative productivity analysis: Genotype G1 outperformed the natural species G2 in
terms of total biomass by 5.5 times, also showing superiority in height (1.74 times) and diameter (1.7
times). However, the rooting rate (RR) remains identical for both genotypes.

3. Effect of cuttings length: The strength of the effect of the factor ‘Cuttings length” on height
increment is 8-10 % for G2 and 19-41 % for G1. In terms of total biomass, this effect is 12-41 % for G2
and 15-75 % for G1, indicating variability in rooting across genotypes.

4. Productivity grouping: Genotype G1 shows high productivity in 3L18cm, 3L14cm, 2L22cm
and PiP groups, whereas for G2, PiP, 3L22cm and 3L18cm groups are highly productive. On the
contrary, poor productivity is observed in groups with cuttings length of 10-14cm for both genotypes.

5. Correlation and morphological features: Analysis of correlations between seedling height and
growth diameter and dry weight distribution indicates biological rooting characteristics that differ
between the two genotypes. The plants of the natural species G2 showed a faster root system
development, while the growth of the hybrid G1 is more proportional, especially when larger volume
containers are used.

6. Recommendations for propagation conditions: Consideration of biological traits and genetic
characteristics is critical for optimising rooting conditions under greenhouse conditions. Genotype 1
("E.s.-38") has shown high productivity, offering the potential for rapid production of standardised
planting material.

7. Recommendations for cuttings and container parameters: For genotype G1, cuttings of 10-14
cm in length with a container volume of 2 litres or more are recommended for optimal results,
including a height of more than 100 cm and a diameter of 8-10 mm. For genotypes with propagation
difficulty, containers of at least 2 litres are recommended, with cuttings 22 cm long.

8. Pot-in-pot technology: The application of pot-in-pot technology can significantly increase the
height and diameter of seedlings; for fast-growing genotypes by 47 % and 60 %, respectively, and for
genotypes difficult to cut, by 20 % and 20.3 %. These data are supported by the results of nursery
studies in different countries.

9. Need for further research: In order to optimise propagation parameters for other poplar
species and cultivars, further research is required to ensure the correct choice of container volume
and cuttings length.

Thus, a comprehensive study of factors affecting poplar rooting allows optimising stem cuttings
techniques, improving the production characteristics of planting material depending on the genetic
background and agronomic environment, and opens up new opportunities for improving the quality
and productivity of planting material, stimulating sustainable development of forestry and related
industries. This not only improves the economic efficiency of production, but also supports efforts to
conserve biodiversity and ecosystem services provided by forest ecosystems.
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