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Abstract: Paulownia is a deciduous fast-growing tree with intensive sprouting ability and is well
adapted to various climatic and soil conditions. Its native area extends from the middle to the lower
section of the Yangtze River. The aim of our research was to test the potential of Paulownia Clon
in vitro 112% for production of saw timber in the conditions of the Czech Republic. In 2016, three
private plantations were established—Stfelice, Vi¢atin and Vorel. The parameters that were measured
were the total height, the height of the live above-ground part of each plant after the winter, the stem
thickness at 10 cm above the ground, and the stem thickness at breast height. The measurements were
taken from 2016 to 2021. At all plantations, the plants achieved very small mean annual increments
in height (under 1 m) and thickness (under 1 cm). On average, 39% of the upper above-ground part
of each plant was damaged by frost each winter and the cumulative mortality was 28% to 53%.

Keywords: ligniculture; fast-growing species; height; thickness; increment; mortality; frost damage;
Central Europe; Eastern Europe

1. Introduction

Paulownia is a fast-growing deciduous tree [1]. The native area of Paulownia spp.
Siebold & Zucc. extends from the middle to the lower section of the Yangtze River [2].
Currently, Paulownia grows on all continents except Antarctica—as a decorative tree in
parks and gardens, or as a source of wood in plantations and stands [3].

Paulownia spp. is a genus that is characterized by extremely fast growth, intensive
sprouting ability and good adaptability to different climatic and soil conditions. One-year-
old plants have an average height of 4 m, but some plants can reach a height of over 6 m [2].
According to Oxytree [4], six-year-old plants should reach up to a height of 18 m, and their
average stem thickness should exceed 30 cm. In 2013, UCLM [5] published a report in
which they describe the growth characteristics of six-year-old plants, where the average
stem thickness was 30 cm, the height was 16 m and the volume of the saw timber was
0.5 m®. Del Cerro-Barja [6] stated an average stem thickness of 30-40 cm and a volume of
the saw timber of 0.3-0.5 m> from a 10-year-old plant. Zhao-Hua et al. [2] show that, under
optimal conditions, 10-year-old plants can have a volume of 4.0-4.5 m® and an annual stem
thickness increment of up to 4 cm per year.

In the past 20 years, there has been a massive promotion of Paulownia spp. as a renew-
able source of saw timber and chips. Paulownia tomentosa is considered an invasive species
in many countries of the world [7,8] and was described as a species with a potentially high
environmental risk in the CR [9]. Also, the law in the CR only allows for the establishment
of plantations on agricultural land with the State Administration’s approval [10]. However,
owners usually establish small Paulownia plantations in their gardens and orchards, where
approval is not required, and with plant hybrids, which sellers declare as non-invasive and
as having a high production potential [10-14].
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Paulownia species are classified according to the level of cultivation as: wild, semi-wild
(also “naturally crossed species”) and art (also “artificially crossed hybrid”, hereinafter
referred to as “hybrid”) [15]. However, only hybrids are the most suitable for cultivation
in plantations. They have been cultivated in China since the 1980s [15,16]. Breeders have
been trying to breed (via crossing and artificial selection) a strong and resistant hybrid
with a wide ecological valence and a high yield of quality wood [15-17]. At present,
there are dozens of hybrids on the market, which are cultivated for different climatic
conditions, from the first hybrids C020, C125 and PHO1 to the newly cultivated hybrids,
for example: Paulownia Biomass, P. Oxi, P. Shan Tong, P. Bellissia®, P. Paulemia®, P. Shan
Dong, P. Cotevisa 2® and P. Clon in vitro 112°.

The Paulownia Clon in vitro 112% hybrid was cultivated in 2003 [1] as a non-invasive [18]
hybrid of Paulownia elongata and P. fortunei [19]. After achieving the required quality, these
individuals were reproduced using the vegetative method in vitro [20]. The clone was culti-
vated in the laboratory of the company IN VITRO S.L. (Barcelona, Spain). Researchers from
the University of Castilla-La Mancha tested the adaptability of the growth characteristics to
various types of soil [6]. The World Intellectual Property Organization has assigned the
trademark application number 1181727 to this hybrid, expiring on 25th September 2023 [21].
Paulownia Clon in vitro 112® was cultivated for semi-arid climatic conditions [22] but,
according to Bikfalvi [10], it is highly adaptable to local climatic conditions. This clone
tolerates a temperature range of —25 to +40 °C [23]. Breeders from the Department of
Forestry and Genetics at the University of Castilla-La Mancha consider this clone to be one
of the most valuable paulownia varieties in terms of utility [24].

The Czech Republic (CR) is, according to maps based on the USDA Hardiness Zone
Map [25], located in the 7th zone, which stretches from the south-eastern part of Germany,
the foothills of the Alps, throughout the CR, Slovakia (except the Tatra Mountains), almost
all of Poland and the eastern part of Hungary, up to the southern Balkans (in the south) and
the Baltic states (in the north). According to the Képpen Climate Classification Map [26],
the CRis located in the Dfb zone, which extends from eastern Germany, throughout Austria,
the CR, Slovakia, Hungary and Romania to the upper part of the southern Balkans (in the
south), the southern part of Scandinavia (in the north) and across the Baltic states, Belarus
and Ukraine to the south-western part of Russia.

In 2016, three plantations were established in the Czech Republic, where the P. Clon
in vitro 112® was intended as a source for saw timber. The measurements were taken in the
period 2016-2021. Its aim was: (1) to evaluate the production potential of P. Clon in vitro
112% in the conditions of the Czech Republic and, also, due to similar climatic conditions,
in central and eastern parts of Europe; and (2) to present verified data on the growth of
P. Clon in vitro 112®, which there are few of to date.

2. Materials and Methods
2.1. Description of Research Plots

The plants of Paulownia Clon in vitro 112 were planted at three plantations in 2016.

2.1.1. St¥elice

This plantation, with an area of 5.2 ha and an altitude in the range 320-350 m a.s.l,
is situated near Stfelice (49°09'13.9” N; 16°28'21.1” E) and was divided into two fenced
plots (300 m apart). This area has been farmed in the past and, according to the pedological
survey, there is Cambisol luvic soil [27]. In 2016, a total of 1523 plants were planted in holes
30 cm in diameter and 80 cm deep, with 4 m x 4 m spacing. The mean air temperatures and
precipitation, obtained from the weather station in Troubsko (49°10’16.5” N; 16°30'09.1" E)
during 2016-2020, are entered in Table 1 [28].
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Table 1. The mean monthly air temperatures and precipitation in Stfelice, VI¢atin and Vorel.

Temperature
L IL III. Iv. V. VL VIL VIIL IX. X. XL XIL
2016 —2.5 2.5 2.7 7.0 12.9 16.9 18.2 16.4 15.0 6.9 1.8 -1.6
2017 —6.5 0.1 54 6.2 13.5 17.7 17.9 18.7 11.3 8.7 3.0 -0.1
g 2018 0.5 —4.5 0.0 12.5 16.3 17.2 19.5 20.7 14.0 9.6 4.0 —-0.3
= 2019 =31 0.5 4.7 9.1 10.3 20.2 18.2 19.0 12.6 8.6 52 0.6
2020 —-1.4 2.7 3.4 8.4 10.5 16.1 17.0 18.4 13.2 8.4 3.1 0.8
2016 -1.3 44 49 9.0 149 18.8 20.1 18.2 17.0 8.7 3.6 —-0.5
° 2017 -5.5 1.3 7.4 8.4 15.2 20.1 20.4 20.8 13.2 10.1 4.6 1.6
% 2018 1.9 -2.0 2.1 14.1 18.0 19.6 21.5 22.8 16.0 111 5.6 1.5
» 2019 -09 2.4 6.7 11.1 12.2 22.0 20.3 20.8 14.6 9.9 6.8 2.0
2020 —-0.2 4.6 53 9.9 12.6 18.0 19.2 20.6 15.0 10.1 45 24
2016 -2.0 3.3 3.5 7.8 13.9 18.2 19.6 17.4 15.8 74 24 -1.0
g 2017 —6.1 0.6 6.0 7.0 14.6 19.3 19.5 19.6 119 9.2 3.6 0.4
:é 2018 1.3 -3.5 0.9 13.0 171 18.2 20.2 21.3 14.2 9.8 43 0.3
> 2019 -21 1.1 52 9.4 11.0 21.0 19.2 19.6 13.0 8.6 5.8 0.9
2020 —-0.9 3.3 41 8.8 11.2 16.7 18.0 18.9 13.4 8.7 3.4 1.4
Precipitation
L II. II. Iv. V. VL VIL VIIL IX. X. XL XII.
2016 30.6 72.8 444 51.8 83.5 75.7 122.3 30.5 15.5 424 35.2 29.0
2017 36.6 23.3 50.4 62.3 57.4 79.2 114.6 40.6 73.6 84.4 38.4 24.7
g 2018 43.7 16.9 21.0 22.3 49.0 61.0 36.6 15.4 91.9 27.4 20.0 53.0
- 2019 69.7 25.8 52.4 12.3 1171 69.0 32.3 69.4 64.4 37.8 49.5 46.0
2020 23.3 98.2 42.7 20.6 70.7 146.4 100.9 160.2 82.4 96.3 27.3 31.8
2016 17.6 64.5 20.3 41.1 17.0 54.7 113.6 46.9 10.7 20.9 20.0 9.3
° 2017 19.1 7.8 21.0 30.5 53.2 419 82.7 422 63.4 36.1 19.0 10.6
% 2018 334 10.6 12.4 10.7 36.1 35.7 39.7 15.0 86.4 14.3 22.7 25.8
N 2019 23.0 17.2 26.5 16.9 78.1 65.4 62.6 55.9 72.6 31.5 40.1 429
2020 8.5 27.1 25.7 20.3 67.3 87.2 58.9 105.9 81.6 130.1 23.4 36.8
2016 25.0 42.0 29.7 39.8 42.1 39.7 97.6 21.0 154 33.7 29.9 29.9
c 2017 26.2 14.3 423 58.8 26.1 36.7 82.9 38.7 79.7 64.1 429 23.6
E 2018 43.0 16.8 21.9 241 73.5 69.5 30.5 18.5 70.6 34.1 252 66.6
> 2019 76.6 245 52.9 16.2 97.9 85.2 37.2 60.7 86.6 33.8 47.4 43.2
2020 14.6 65.1 27.2 374 71.8 197.8 72.6 150.7 66.9 77.7 31.2 24.5

2.1.2. Vl¢atin

This plantation, with an area of 0.08 ha and an altitude of 525 m a.s.1, is situated
in Vl¢atin (49°18'22.6" N; 15°57'02.7" E). This area has also been farmed in the past and,
according to the pedological survey, the soil type here is Cambisol gleyic [27]. In 2016, a
total of 50 plants were planted in holes 50 cm in diameter and 60 cm deep, with5m X 5m
spacing. The mean air temperatures and precipitation, obtained from the weather station in
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2.1.3. Vorel

This plantation, with an area of 0.48 ha and an altitude in the range 505-525 m a.s.1,, is
situated on the periphery of Liskovec (49°28'56.5” N; 16°18'53.7"" E). This area has also been
farmed in the past and, according to the pedological survey, the soil type here is Cambisol
mollic [27]. In 2016, a total of 135 plants were planted in holes 30 cm in diameter and 40 cm
deep, with 4 m x 3 m spacing. The mean air temperatures and precipitation, obtained
from the weather station in Bystfice pod Pernstejnem (49°31'25.3" N; 16°15'40.8" E) during
2016-2020, are entered in Table 1 [28].

2.2. Description of Planting and Method of Cultivation

The planting material was supplied by Oxytree Solutions s.r.o. The plants had a height
of 20 4+ 2 cm with a root neck thickness of 5 + 1 mm (mean + SE) and the volume of the
root ball was 0.2 L. The planting material was watered and then transported in paper boxes.

At the beginning of the second growing season, all trunks were removed, leaving
stumps about 5 cm high. After sprouting, the strongest stump shoot was selected, and all
others were removed. The main aim of this generally recommended cultivation interven-
tion [1,2,5] is to create a strong root system and, subsequently, to ensure more intensive
growth of newly formed plants [2].

Each winter, the top parts of all plants were damaged by frost. Zhao-Hua et al. [2]
describe frost damage to the terminal bud and the first two internodes of Paulownia fortunei
and P. elongata as a common phenomenon. The highest newly formed stem shoot of the
plants damaged in this way takes over the role of the terminal shoot [29].

2.3. Method of Measurement

The measurement of all plants was conducted from the spring of 2016 to the spring of
2021, where the total height, the height of the live above-ground part of each plant after
the winter, the stem thickness (i.e., diameter) at 10 cm above the ground, and the stem
thickness at breast height (hereinafter: height, live stem part, D10 and DBH, respectively)
were measured. Mortality was also quantified. The height was measured from the base
of the trunk to the top of the plant each autumn after the plant stopped growing. Since
the top part of the trunk of all plants was extensively damaged each year, the live stem
part was measured from the trunk base to the first undamaged bud each spring before the
plant sprouted. Both heights were measured using a folding rule. The D10 was measured
each autumn. When the live above-ground part of the plant reached more than 1.3 m after
the winter, the DBH was measured in the spring. The D10 and DBH were measured from
two opposite sides using a digital calliper and, subsequently, were averaged. The mortality
of the plants was observed from the time they were planted and recorded each autumn
(throughout the vegetation period) and spring (throughout the winter).

2.4. Statistical Analysis

Statistical analysis of the data was performed using TIBCO Statistica® (TIBCO Sta-
tistica™, Palo Alto, CA, USA) with a reliability interval of 95%. Normality of the data
distribution was examined before the main analysis. The main effects were analysed using
ANOVA, after which Fisher’s LSD test was applied, in order to identify differences among
the main effects and interactions (values of Fisher’s LSD test (“p”) are always in parentheses
in the results or as homogeneous groups in the figures).

3. Results
3.1. Height and Live Stem Part

After the first growing period (Figure 1), the plants grew the tallest in Vorel
(78.7 £ 46.5 cm) and the smallest in St¥elice (48.1 &£ 23.6 cm; p = 0.0068). After the first
winter, the live stem parts were the longest in Vorel (45.5 £ 33.4 cm) and the shortest in
Strelice (only 10.9 & 12.3 cm), which means that, on average, ca. 77%, 47% and 42% of the
lengths of the trunks froze in Stfelice, VI¢atin and Vorel, respectively. After the growing
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period in 2019, the plants grew the tallest in VI¢atin (217.9 £ 89.7 cm) and the smallest in
Vorel (149.2 & 64.0 cm; p = 0.0001). After the 2019/2020 winter, on average, ca. 42% of the
lengths of the trunks froze (the most in Stfelice: 51%). In the last year of measurement,
Vlc¢atin had the tallest plants (295.0 & 97.0 cm), then Sttelice (237.8 &+ 120.7 cm) and Vorel
had the smallest (154.0 £ 60.9 cm), where the plants in VI¢atin were statistically significantly
different from those in Stfelice (p = 0.0215) and in Vorel (p = 0.0001), and the plants in
Stfelice from those in Vorel (p = 0.0008). After the last winter, on average, ca. 22% and 36%
of the lengths of the trunks froze in Stfelice and in VI¢atin, respectively.

450 ~ a b ab a a a a a a ab a b a b c r 450 A
a00 . A B AB A A A A A A A A B A A 400
350 - ~ 350 —
— 300 - - 300 E
=
e — -
-E 250 250 a
® 200 - - 200 g
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T 150 - ~150 @
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100 - - 100 |
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0 ‘ ‘ 0
2016 2017 2018 2019 2020
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100 | 0 = I = B
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E 40 a
[
20 -
0 T T T - - T - - T T T T T T T - - T - - 1
2016 2017 2018 2019 20202016 2017 2018 2019 2020|2016 2017 2018 2019 2020
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E More than 1.3 m OUptol3m

Figure 1. Development of the height and live stem part and the ratio in Stfelice, Vl¢atin and Vorel:
(A) Development of the height and live stem part; (B) development of the ratio between the plants,
which are taller or smaller than 1.3 m. The number 1 following the plantation names (i.e., Stielice
1, Vorel 1 and Vl¢atin 1) denotes the heights of the plants and the number 2 (i.e., Stfelice 2, Vorel
2 and Vl¢atin 2) denotes the live stem part after winter. Small letters denote homogeneous groups
among the mean heights of the plants in the plantations (where the reliability interval is 0.95). Capital
letters denote homogeneous groups among the mean live parts of stems in the plantations (where
the reliability interval is 0.95). Whiskers denote the standard deviations (gray: height and black: live
stem part).

The ratio between the plants that were taller than 1.3 m (at breast height) or smaller
each spring in the individual plantations show how different the growth is in each indi-
vidual plantation (Figure 1). The plants in Stfelice were the first to grow taller than breast
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height (3% of all plants at the plantation); this was in the spring of 2018. At this time, the
tallest plants in Vlcatin and Vorel reached a maximum of only 1.25 m. In the springs of
2019 and 2020 (corresponding to 2018 and 2019 in the Figure 1), the greatest number of
plants that exceeded breast height were in VI¢atin (38% and 53%, respectively) and the
least in Vorel (17% and 25%, respectively). In the spring of 2021 (corresponding to 2020 in
the Figure 1), 83% of the plants in VI¢atin exceeded breast height compared to only 67%
in Stfelice.

3.2. D10 and DBH

The D10s of the plants in Stfelice, VI¢atin and Vorel were not statistically significantly
different in any of the years of measurement, although the thickest plants were in VI¢atin
and the thinnest in Stfelice throughout the entire experiment (Figure 2). The DBHs of the
plants in Stfelice were 20.3 £ 3.2 mm and no plants were taller than 1.3 m in the other two
plantations (Figure 2). In the last two measurements, the thickest plants were in Vi¢atin
(31.0 & 8.8 mm in 2019 and 34.4 & 12.9 mm in 2020). These plants were statistically signifi-
cantly different from those in Stfelice (p = 0.0478 in 2019 and p = 0.0484 in 2020), which were
the second thickest, and from those in Vorel, which were the thinnest (p = 0.0169 in 2019).

D10 [mm]

A

2016 2017 2018 2019 2020
Year
@ Strelice @ Vorel @ VIcatin
50 - B
45
40
35 -
g 30 -
— 25 -
%
Q20 -
15
10
5 .
0 T T
2016 2017 2018 2019 2020
Year
@ Strelice O Vorel @ VIcatin

Figure 2. Development of D10 and DBH: (A) Development of D10; (B) development of DBH. Small
letters denote homogeneous groups among the mean D10 and DBH of the plants at the plantations
(where the reliability interval is 0.95). Whiskers denote the standard deviations.
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3.3. Mortality

The plantation in VI¢atin evinced the lowest cumulative plant mortality (28%) of all
plantations (Figure 3). Although mortality was the highest in Vorel (38%) in the spring of
2017, its increase was slower and slower towards the end of the measurements, and it was
53% in the spring of 2021. The plantation in Stfelice had a steep rise in mortality, where it
was 26% in the spring of 2017 and 43% in the spring of 2021.

Autumn  Spring Autumn Spring Autumn Spring Autumn Spring Autumn Spring
2016 2017 2017 2018 2018 2019 2019 2020 2020 2021
Year
=4 Stielice == Vorel VI¢atin

Figure 3. Development of cumulative mortality.

4. Discussion

The hybrid Paulownia Clon in vitro 112® was planted in three research plots in 2016.
After the first vegetation period, the mean height was 79 cm in Vorel, 61 cm in VI¢atin and
48.0 cm in Stfelice, which is nowhere near the 4 m that Icka et al. [2] measured. The mean
height increment was 26 cm in Vorel, 49 cm in VI¢atin and 40 cm in Stfelice, which, again, is
much less than those stated by UCLM [5] and Oxytree [4] (2.7 and 3 m, respectively). Our
mean height increments did not reach even 16% (according to the research plot) of what
the above-mentioned sources present. The growth at our research plots was very slow in
comparison with promotional information and results from Spain and Albania.

The mean thickness increments at breast height at our research plots were 4 mm in
Vorel, 6 mm in VI¢atin and 5 mm in Stfelice, which were also much less than that stated
by UCLM [5], Oxytree [4], Del Cerro-Barja [6] and Zhao-Hua et al. [2] as being 5 cm, 5 cm,
3-4 cm and 4 cm, respectively.

The frost damage during the winter period was the most significant factor affecting
mortality and growth. The lowest annual temperatures in the research areas in individual
years, according to CHMI [28], are in Table 2.

Table 2. The lowest annual temperature in °C in the research areas.

2016 2017 2018 2019 2020

Vorel —-12.2 —124 —13.1 —11.1 —44

Vlcatin —10.8 —-12.4 -11.8 —8.6 -3.3
Stielice —9.0 —-114 —-10.2 —6.9 -3.8

Mostly, the lowest temperatures were recorded in Vorel and the highest in Stfelice.
The air temperature that causes severe damage or death is —20 °C [30] or —25 °C [31].
Icka et al. [1] state that plants are not damaged down to a temperature of —25 °C, which
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are temperatures that even the coldest areas of our research area did not reach. We,
however, recorded frost damage to all trunks in all research plots after every winter.
Zhao-Hua et al. [2] describe frost damage to the above-ground part during the winter as a
common phenomenon, where it is usually no more than the terminal bud and the first two
internodes that are damaged. However, in our case, the damage to the above-ground part
was more extensive.

In Stfelice during the 2016-2017 winter, on average, about 77% of the trunk was killed
by frost. Also, mortality after this winter increased by about 17% (25% in total) in this area.
In Vl¢atin, more than 46% of the lengths of the trunks were killed by frost each winter,
and the mortality always increased by about 10% and 6% after the first two winters. In
Vorel, more than 42% of the lengths of the trunks were killed by frost each winter. The total
mortality was 38% after the first year and almost 8% after the second. These results do not
correspond to the frost resistance reported by the above-mentioned authors.

Another factor that could negatively affect the growth of the plants is the lack of
water. The average amount of precipitation (during the existence of the plantations) is in
Table 3 [28].

Table 3. The average amount of precipitation in mm in the research areas. The growing period was
from May to September, inclusive.

Vorel Vlcatin Stielice
Mean annual precipitation 650 600 480
Mean monthly precipitation (from the annual) 55 50 40
Precipitation during the growing period 390 370 320
Mean monthly precipitation (from the growing period) 65 60 55

There is less precipitation in the research plots than what is necessary for the growth
of paulownia according to the data from UCLM [5], who state that the minimum amount
is 750 mm, and that by Jablonski [32], who claims that 800 mm is the minimum amount.
Zhao Hua et al. [2] reported that paulownia grows in areas with precipitation in the range
of 500-3000 mm. In the event of less precipitation, most of the precipitation must fall
during the growing period [2,33,34]. This was not evident in our research plots. TGG [33]
states that at least 150 mm of monthly precipitation is necessary during the first year. The
mean monthly precipitation through the growing period was 55 mm, 60 mm and 65 mm
in Stfelice, VI¢atin and Vorel, respectively. These values are only about one third of those
stated by TGG [33].

Another factor that affected the plant growth was the length of the growing period.
Paulownia spp. originates at a humid subtropic climate [2], where there are 8 months of
mean temperatures higher than 10 °C [35], whereas the climate in the region of our research
plots can, on average, offer only 5-6 months of such temperatures—the shorter the growing
period, the smaller the plant increment.

5. Conclusions

We observed growth and mortality of Paulownia Clon in vitro 112® in three research
plots that were established in 2016. The plants achieved a very small mean annual height
increment (under 1 m) and thickness increment (under 1 cm), compared to those in Spain
and Albania or those promoted by the seller. Although Paulownia Clon in vitro 112° was
cultivated for high adaptability to various climates, and with a higher resistance to frost,
its growth here in the CR is slower than in countries with climatic conditions similar to
those in the area of origin (i.e., subtropical areas, which have mild winters, hot and humid
summers and at least eight months when the mean temperature does not drop below 10 °C).
We assume that the values regarding frost resistance given by Barton et al. [30], EI-Showk
and El-Showk [31] and Icka et al. [1]—all within similar limits—undoubtedly relate to adult
plants, because the trunks of our juvenile plants were significantly damaged by frost (on
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average, 38% of the lengths of the trunks) at temperatures of around —13 °C. There was less
precipitation in our research areas than needed by Paulownia, which significantly limited
its growth. It is therefore necessary to irrigate the plants until they form a rich root system,
via which they can access underground water. This is why, in the conditions of the CR (and,
also, presumably of Central and Eastern Europe), the rotation period of Paulownia Clon
in vitro 112° will always be longer than expected.
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