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Abstract

The trend of increasing demand for wood raw material is becoming of great global concern. Fast-growing plantations, such
as those of Paulownia, are being established in different parts of the world, as a viable alternative to quickly produce quality
wood at competitive costs. The presence and proportion of juvenile wood directly influences the capacity and possibilities of
industrial transformation for sawn timber, veneer or plywood for furniture, construction or packaging purposes. The objective
of the research is to analyze the radial variation of physical and anatomical characteristics of Paulownia elongata x fortune
hybrid Cotevisa 2 wood from fast-growing plantations. A sample of 14 trees from a seven-year-old plantation established
in Valencia (Spain) with a planting frame of 4 m X4 m was used. Although there is no data from subsequent rings to the
6th, the obtained results indicate that from the 5th year of growth, the wood of Paulownia elongata x fortunei Cotevisa 2
could stabilize in some key parameters such as the radial growth of the rings, the structure and proportion of the vessels, the
structure of the cell wall, the density of the material and the behavior in terms of dimensional stability in the drying process.
Thus, for practical purposes, we can indicate that the transition from juvenile wood to mature wood can begin from the 5th
year of growth. Enlarging the rotation in few years reduces significantly the presence of juvenile wood and contributes to
improve the roundwood quality for added-value solid wood products.

1 Introduction

Various forecasts have predicted a steady increase in the
global demand for fibrous materials in the wood-based
industry until at least 2050 (Sikkema et al. 2021; Kircher
2022). On the other hand, the natural forests have declined
as wood supply over the years, while plantation forests have
increased steadily and they will predominate in large parts of
the world as future sustainable source of wood (FAO 2022).
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For this, there is a rapidly growing interest, worldwide, in
plantations of fast-growing wood species that can be used
for production of industrial wood (McEwan et al. 2020), for
conservation of natural ecosystems (Pirard et al. 2016) as
well as for carbon fixation (Bredemeier et al. 2015). As one
of the fastest-growing tree species in the world, the genus
Paulownia Siebold & Zuccarini, has attracted enormous
interest in recent years (Jakubowski 2022).

The genus Paulownia, belonging to the family Paulow-
niaceae and indigenous to China and East Asia, consists of
nine species (Hassler 2022); the most important used and
studied species are Paulownia elongata S. Y. Hu, Paulownia
fortunei (Seem.) Hemsl. and Paulownia tomentosa (Thunb.)
Steud. (Zhao-Hua et al. 1986; Jakubowski 2022). Different
hybrids have also been developed, such as Paulownia hybrid
Cotevisa 2 produced in Spain, which is the result of the cross
between Paulownia elongata x Paulownia fortunei (Esteves
et al. 2022; Jakubowski 2022).

Paulownia species or hybrids have been introduced in
North America, Australia, Japan, Iran, Kyrgyzstan and
Kenya (Jakubowski 2022). In Europe, its presence is docu-
mented in Spain, Portugal, Hungary, Turkey, Croatia, Italy,
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Serbia, Romania, Northern Ireland, Czech Republic, and
Ukraine (Jakubowski 2022). Paulownia is a deciduous tree
capable of achieving very high growth rates under favorable
conditions (Zhao-Hua et al. 1986; Flynn and Holder 2001).

The wood of Paulownia is defined as straight grained,
with gloss after being planed, light, soft, inodorous, and
with few knots (Zhao-Hua et al. 1986). Paulownia wood
is traditionally used for a variety of applications, such as
furniture, construction, musical instrument, ship building,
aircraft, packing boxes, cabinet making, molding, kitchen
items and paper (Zhao-Hua et al. 1986; Akyildiz and Kol
2010; Jakubowski 2022). Paulownia wood also performs
well in the production of plywood, LVL or blockboards,
which act as a core layer between veneers and as an ingredi-
ent for the production of lightweight particleboards (Bee
et al. 2005; Jakubowski 2022). Nowadays, Paulownia plan-
tations oriented towards chip production for biomass or
wood-based panels are gaining in popularity (Fernandez-
Puratich et al. 2017; Esteves et al. 2022). There is currently
a lot of research being conducted that is aimed at furthering
the use of Paulownia wood in the production of wood plas-
tics and composites and in the production of biopolymers
(Jakubowski 2022).

The radial cross-section of a stem can be divided into
three zones: juvenile wood (JW), transition wood and mature
wood; but most of the time only juvenile wood and mature
wood are considered (Alteyrac et al. 2006). The juvenile
wood is the secondary xylem formed during the early life
of a tree and all trees have juvenile wood, but it has little
significance when the timber supply is primarily old-growth
trees grown in old natural forest ecosystems (Kretschmann
et al. 1993). In these old trees, the juvenile wood core is
small because early growth is suppressed by competition
from surrounding trees and thus, the juvenile wood propor-
tion in the total volume is small (Tsoumis 2009; Ruano and
Hermoso 2021). Otherwise, fast-growing trees that reach
sawn timber size are harvested at an early age on short rota-
tions in plantations and they contain a bigger core of juvenile
wood in comparison with harvested timber from natural for-
ests (Dowse and Wessels 2013; Nawrot et al. 2014; Wessels
et al. 2014; Hermoso et al. 2016; Boruszewski et al. 2017).

It is well known that juvenile wood characteristics con-
tribute to undesirable solid wood properties (sawn timber,
veneer and wood-based panels) (Zobel 1984), due to its low
bending strength and dimensional instability upon drying
(Moore and Cown 2017). Juvenile wood often has different
properties compared to mature wood (Barbour 2004). The
age of transition between juvenile and mature wood has been
difficult to determine because transition is gradual and not
abrupt and the estimate of the transition to mature wood may
vary depending on the property used (Alteyrac et al. 2006;
Clark et al. 2006; Marbun et al. 2020). The duration of the
period when juvenile wood is produced, the rate of transition
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from juvenile wood to mature wood, and the differences in
properties between juvenile wood and mature wood differ
among species (Bao et al. 2001) and are all important in
determining the suitability of wood for specific end uses
(Zobel and Sprague 1998).

Differences in chemical, physical, anatomical, and visual
characteristics have all been reported for various species,
and the importance of each depends on the wood prod-
uct to be manufactured. So, pith-to-cambium variation in
anatomical wood traits, such as ring width and latewood
proportion, differences in cell wall thickness, microfibril
angle and fiber length are frequently described in terms of
juvenile and mature wood zones and are used to estimate
transition age (Burdon et al. 2004; Lachenbruch et al. 2011;
Darmawan et al. 2015; Moore and Cown 2017), but also
different physical properties related to dimensional stability
of sawn timber, such as density, longitudinal shrinkage, or
anisotropic shrinkage coefficient, have been studied for dif-
ferent species (Harris 1977; Oliver-Villanueva and Becker
1993; Pliura et al. 2005; Zhang et al. 2021). One of the most
serious problems in drying and utilization of young plan-
tation timber is warp in the form of twist, crook and bow
(Oliver-Villanueva and Becker 1993; Kliger 2001; Johansson
and Kliger 2002; Moore and Cown 2017).

In summary, in fast rotation timbers, anatomical param-
eters like fiber length, microfibrillar angle, vessel diameter/
percentage and ring width appear to be the best indicators
of age demarcation between juvenile and mature wood,
although maturation age often varies among the proper-
ties (Bhat et al. 2001). However, for solid wood uses like
sawn timber for construction or furniture or rotary veneer
for plywood or LVL, or other ultra-light wood-based pan-
els, other physical properties are of key relevance for drying
and mechanical transformation processes, like dimensional
stability, especially longitudinal shrinkage and anisotropic
coefficient, i.e. relation between radial and tangential shrink-
age (Oliver-Villanueva and Becker 1993; Geimer et al. 1997,
Ab Latib et al. 2020). Therefore, this research combines the
analysis of morphological and anatomical characteristics and
physical properties of Paulownia wood produced in very
short rotations in intensive plantations with optimal growth
conditions to obtain results that allow us to establish the
limit between juvenile and mature wood in order to opti-
mize their industrial transformation processes, their use as
value-added solid wood products in furniture, construction
and packaging, and the production of biomass and cellulose.

Bearing in mind that the new Paulownia plantations
established in different world regions have as their main
objective the production of high quality wood in very short
rotations for use in added-value products, the objective of
the research is to reveal radial variations in wood anatomi-
cal structure and physical properties, and to determine the
beginning of the transition between juvenile and mature
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wood of Paulownia hybrid Cotevisa 2, as a clone widely
used in the Mediterranean area in fast-growing plantations.

2 Materials and methods

2.1 Paulownia elongata x Paulownia fortunei hybrid
Cotevisa 2 fast-growing plantation

For the election of a representative experimental plot of the
recently established plantations of Paulownia in the Medi-
terranean area, a plantation of 10 hectares of almost 7 years
old in Navarrés (Valencia, Spain, 39°6' 5" N, 0°41' 36" W)
at an average altitude of 276 m.o.s.l. was selected. In this
location, as an example of a Mediterranean climate, sum-
mers are short, hot and mostly clear. Winters are long, cold,
windy and partly cloudy and it is dry throughout the year,
with an average rainfall of less than 400 mm, with very dry
summer months. During the course of the year, the tem-
perature generally varies from 3 to 33 °C, with an average
of 20 °C.

The plantation was established on land previously used
for agriculture on predominantly calcareous soil, which
allows localized drip irrigation and fertilization, favoring the
fast growth regime of the young trees. Weed competition due
to mechanized tillage has also been regularly eliminated. It
is, therefore, an intensive crop for a forest plantation, just as
this type of plantations have been established during the last
years in Mediterranean areas as an alternative to traditional,
less profitable agriculture. For the plantation, the Cotevisa
2 clone was used, which is a hybrid of Paulownia elongata
x Paulownia fortunei widely used in different regions of the
European Mediterranean area (Zuazo et al. 2013). The plant-
ing frame has been of 4 m x4 m with a stocking density
of 625 trees/ha. The silvicultural treatments were an initial
pruning to form the crown the first year and quality prunings
in the following years, avoiding removing more than 25% of
the living crown on its lower branches.

An inventory of the breast height diameter (BHD) and
the height (H) of the entire regular and even-aged plantation
was carried out for the selection of the representative trees.
Firstly, selecting the 40 most representative trees, straight
with uniform crowns and without visible defects following
the indications of Hapla and Saborowski (1987) and from
these, 14 individuals were randomly chosen to be felled.

2.2 Wood sample preparation

Discs of approximately 15 cm thickness were cut from the
trunk at BH of each felled tree (Fig. 1a and Fig. 2a, b). Maxi-
mum and minimum diameter (d,,, and d,;,) without the
bark, maximum and minimum radius (r,,, and r_; ) without
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Fig. 1 Paulownia hybrid Cotevisa 2 wood. a Sample of disc used for
morphological characteristics. b Half disc after extraction of core
board by the representative diameter. ¢ Dimension of core board used
for evaluation of the physical properties of wood. d Sample of physi-
cal properties core board before the extraction of individual samples
from each ring. e Individual samples of each ring obtained from the
physical properties core board and used for evaluation of the physical
properties of wood

the bark, pith diameter and bark thickness were measured
on each disc.

Ovality (Ov) and eccentricity (Ec) of each disc were also
calculated as follows:

Ov = dmax/dmin and Ec = rmax/rmin

After seasoning to final moisture content of 12%, trans-
verse sections of all discs were sanded and then the repre-
sentative diameter of each disc at 22.5° clockwise from the
maximum diameter was obtained according to Siostrzonek
(1958) (Figs. 1b and 2b).

Two central cores of 20 mm wide were obtained on the
representative diameter in each disk (Fig. 2b, c): one dia-
metrical core of 80 mm thickness for physical properties
analysis (Figs. 1c, d and 2c, d) and another diametrical core
of 20 mm thickness anatomical analysis (Figs. 2c, e and 3a).

2.3 Macroscopic anatomical analysis
The complete anatomical core board of 20 mm thickness

was used for evaluation of the macroscopic wood structure
(Figs. 2c and 3a). Annual ring width was measured using
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Fig.2 Schematic of sample preparation used for the analysis of Pau-
lownia hybrid Cotevisa 2 wood. a Position of disc in the trunk. b
Representative diameter for the extraction of the core board. ¢ Extrac-
tion of the core board used for the wood analysis. d Dimension of
the individual samples of wood used for determination of the physical
properties. e Dimension of the complete core board of wood used for
the macroscopic anatomical analysis

an electronic caliper (0.01 mm of resolution) in each com-
plete core in both opposite radii (Figs. 2e and 3a). The total
number of vessels and vessel density (vessels/mm?) were
measured in each ring in the central area of 10 mm thickness
in both opposite radii of the core (Fig. 3a, b). The vessels
were classified in two categories to determine their typology:
solitary vessels (Fig. 3c-S and d-S) and radial multiple ves-
sels (2, 3 or more vessels) (Fig. 3c-R and d-R). The vessel
number and typology were determined using a Leica S9i
stereomicroscope, which is equipped with a camera con-
nected to the computer software Leica Application Suite.

2.4 Physical properties

Each physical properties core board of 80 mm thickness
(Figs. 1c, d and 2c, d) was cut in annual ring boundaries
of six rings in both representative opposite radii to obtain
the individual samples used for the evaluation of the wood

@ Springer

Fig.3 Sample of Paulownia hybrid Cotevisa 2 wood used for the
macroscopic anatomical analysis. a Complete core board with the
area used for the macroscopic anatomical analysis. b Magnified
image (6X) showing a complete annual growth ring. ¢ Magnified
image (30x) with detail of earlywood showing the typology of ves-
sels. d Magnified image (30x) with detail of latewood showing the
typology of vessels. Solitary vessels (S) and radial multiple vessels
(R)

physical properties (Figs. le and 2d). The oven-dry den-
sity (D,), basic density (Dy), tangential, radial, longitudinal
(S, 1.1,) and volumetric shrinkages (fy,), anisotropic coef-
ficient (S/Sg), fiber saturation point (FSP), percentage of
the cell wall (V(), porosity (Vy;), and maximum moisture
content (M) of each individual sample were measured.
The oven—dry density (D,) was calculated as follows:

DO = MD/VU

where M, is the oven-dry mass (g) and V is the oven-dry
volume (cm?) of the sample, respectively.

The basic density (D,) was determined by gravimetric
methods (Bowyer et al 2005) as follows:

Db = Mo/vs
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where My, is the oven-dry mass (g) and V| is saturated vol-
ume (cm’) of the sample.
The volumetric shrinkage p(y) was determined as follows:

ﬂ(v) = (VS - Vo)/VS(%)

where V is saturated volume (cm®) and Vg is the oven-dry
volume (cm?) of the sample.

Radial (Sy), tangential (St) and longitudinal (S; ) shrink-
ages were determined as follows:

S(rr) = (Ls—L,)/Ls(%)

where Lg is the length in saturated conditions (mm) and
L, is the length in oven-dry conditions (mm) of the sample
in radial, tangential or longitudinal directions, respectively.
The length was measured using an electronic caliper with a
resolution of 0.01 mm.

Fiber saturation point (FSP) was calculated by the fol-
lowing equation:

FSP = (y)/(Dy)

where f(y) is volumetric shrinkage (%) and (D) is basic
density (g/cm?).

The percentage of the cell wall (V) and porosity (Vi)
were calculated by the following equations:

Ve =D, /D % 100(%)
and
Vi =100 — V(%)

where V(. is the percentage of the cell wall (%), D, is oven
density 100 (g/cm?), D is oven-dry density of the wall cell
(1.5 g/cm®) and Vy is the percentage of porosity (%).

The maximum moisture content (MMC) was calculated
by the following equation:

MMC = (1.5-D,) /(1.5 X D) x 100(%)

2.5 Statistical analysis

For the data analysis, analysis of variance (ANOVA) was
performed using Statgraphics plus software. For each
parameter, a simple factorial ANOVA was carried out
using the year ring as the main factor. Tukey multiple
comparison test was used for each ANOVA to determine
the significance of any differences between the different
rings (p <0.05).

Table 1 Morphological characteristics of the sample Paulownia
hybrid Cotevisa 2 trees

Average+SD Maximum Minimum Coef. varia

d,.x (cm) 30.86+2.84 35.0 259 9.20
din (cm) 26.25+2.63 31.8 22.0 10.05
Ipax (€M) 18.19+2.34 22.0 14.3 12.86
[pin (€M) 11.34+148 143 53 13.05
Growth rate 4.04+£0.38 477 3.44 9.42
(cm/year)
Bark (cm) 0.29+0.05 0.37 0.22 16.65
Pith (cm) 1.59+0.41 2.16 0.70 25.83
Ovality 1.18+0.10  1.49 1.09 8.86
Eccentricity 1.62+0.26  2.14 1.20 15.99

3 Results and discussion
3.1 Morphological characteristics

The sample trees of Paulownia hybrid Cotevisa 2 at breast
height have an average diameter of 29.6 cm, with a min-
imum of 22.4 cm and a maximum of 35.1 cm without
the bark. The average annual diametric growth rate is of
almost 40 mm/year (Table 1). These results are consistent
with the growth data achieved by different Paulownia spe-
cies in their natural distribution area for 10-year-old trees
(Zhao-Hua et al. 1986). In the case of Paulownia elongata
trees, the diameters reached are 18 cm for 5-year-old trees
and 40 cm for 10-year-old trees (Zhao-Hua et al. 1986) and
from 41 to 49 for 13-year-old trees (Bao et al. 2001). For
the other parental species of this hybrid, Paulownia fortu-
nei, the average diameters reached are 15 cm for 5-year-old
trees from plantations in China (Zhao-Hua et al. 1986) and
average diameters greater than 40 cm for 6-year-old trees
from plantations in Iran (Kiaei 2013). The annual diamet-
ric growth rate of almost 40 mm/year is comparable with
that of Paulownia elongata and slightly higher than the
growth rate of Paulownia fortunei (Zhao-Hua et al. 1986).

Furthermore, the sample trees have an average bark
thickness of 3 mm, which is extremely narrow with its
positive consequences for easier debarking processes in
the sawmill and peeling processes in the plywood-mill
(Olson and Carpenter 1985). On the contrary, the pith is
relatively large with an average width of 16 mm (Table 1).
The special problem, however, is that it is hollow through-
out its length, which is a major defect in sawn timber.
Thus, in the sawmill, all the pieces that contain pith should
be rejected, destined for chipping (boiler feed or sale to
wood-based panels).

Regarding ovality, the largest diameter is on average
approximately 20% higher than the values of the smallest

@ Springer



824

European Journal of Wood and Wood Products (2023) 81:819-831

diameter. Regarding eccentricity, the larger radius is on
average approximately 60% higher than the values of the
smallest radius (Table 1). These differences imply an accept-
able mean ovality of 1.2 for sawing or peeling processes,
but the mean eccentricity reaches a ratio of 1.6, which is
a high value that influences directly the quality of the logs
for sawn timber or veneer uses, at least at the analyzed stem
height. This is an important weakness of the Paulownia
hybrid Cotevisa 2. Paulownia tomentosa planted in Hungary
showed a similar eccentricity estimated from the maximum
and minimum radius (Koman et al. 2017). This may be an
important reason to lengthen the rotation for a few more
years, since some studies show that eccentricity is reduced
and compensated in some species of hardwoods with age,
for example in ash (Oliver-Villanueva and Becker 1993) and
oak (Peters 1996).

3.2 Structural and anatomical parameters

The wood of Paulownia hybrid Cotevisa 2 is clearly very
light (Fig. 4a, b) and soft, like the wood of the different
species and hybrids of the Paulownia genus. At the age
of seven years, the very fast-growing stems of Paulow-
nia hybrid Cotevisa 2 have a light yellow to light grey
heartwood (Figs. 1e and 3a, b). The boundary between
the sapwood and heartwood cannot be clearly defined. On
the other side, annual growth rings are clearly visible in
all cross-sections (Fig. 3a, b). The wood has a semi-ring-
porous structure (Fig. 3b—d). The vessels are visible in the
early wood (Fig. 3a), and the rays are visible only under
optical magnification (Fig. 3b—d).

Fig.4 Physical properties of a Oven-dry density b Basic density
Paulownia hybrid Cotevisa 2 03 d d 03
wood. Means +SD (n=28). ' c ’ cd d
Different letters denote statisti- 0,25 ab be — 0,25 b Z
 oni : & a oo b
cally significant differences by = IS a
a Tukey’s multiple comparison o 02 Q 02
test (p<0.05) 3 =0
p<b. 2 0,15 > 0,15
> +
= ‘@
ZENR S 01
5 a
9 0,05 0,05
0 o
1 2 3 4 5 6 1 2 3 4 5 6
Annual ring Annual ring
¢ Fiber saturation point d Maximum moisture content
. 50 3 _ 490 a
X X I
R 5 X 440 b X
k< ‘G'CJ' 390 c
S 40 b = cd
] 340
S bc S d
O 35 d ; 290
(] Cc
5 d d 5 240
3 30 5
S S 190
=2 = 140
20 20
1 2 3 4 5 6 1 2 3 4 5 6
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e % Cell wall
25
20 - d d
bc
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15
x
10
5
o
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Annual ring
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3.2.1 Ring width

The 1st year presents the wider ring with an average
of 42 mm. Figure 5a shows a significant and continu-
ous decrease in the ring width the homogeneous group
formed by the 5th and 6th rings (12 and 8 mm, respec-
tively). Therefore, after a very rapid radial growth during
the first years of intensive plantation, this growth gradually
declines until it stabilizes after the 5th year, with values
around 10 mm per year, as other studies have also found
for other Paulownia species and hybrids (Zhao-Hua et al.
1986; Jakubowski 2022).

3.2.2 Vessels

The vessels were counted and grouped into two typologies:
solitary (1 vessel, Fig. 3c-S, d-S) and in radial multiples
vessels (2-3 vessels, Fig. 3c-R, d-R). Solitary vessels are
clearly the majority in the Paulownia hybrid Cotevisa 2
wood. In the 1st ring, solitary vessels represent 80% of
the total. The percentage of solitary vessels is slightly, but
significantly higher (between 85 and 88%) in the following
rings (Fig. 5b).

The results obtained for the vessel density also indi-
cate a tendency to increase the number of vessels from
the 1st to the 6th ring. Thus, the 1st ring has 7 vessels/
mm?, increasing slightly and gradually until the 6th ring
(10 vessels/mm?). This observed vessel density variation,
however, cannot be evaluated as significant, since after
the ANOVA and the multiple rank test, no significant dif-
ferences were found among the first five rings, only sig-
nificant differences can be detected between the 6th and
all previous rings (Fig. 5c¢). A higher vessel density was
also found in mature wood compared to juvenile wood for
Paulownia elongata (Bao et al. 2001).

3.3 Physical properties
3.3.1 Density

The oven-dry density is increasing progressively from the
Ist ring (0.216 g/cm?) to the 5th and 6th ring (0.281 and
0.288 g/cm?, respectively) (Fig. 4a). The ANOVA analy-
sis indicates significant differences in the oven-dry den-
sity among the growth rings, although the multiple range
test does not detect significant differences between the
5th and 6th rings (Fig. 4a). The obtained results demon-
strate the ultra-light density of this species. The results
are very comparable with the results obtained in other
studies with Paulownia elongata in China (0.209 g/cm?;
Zhao-Hua et al. 1986) and Hungary (0.294 g/cm?; Koman
et al. 2017), as well as Paulownia fortune planted in China

825
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Fig.5 Structural and anatomical parameters of Paulownia hybrid
Cotevisa 2 wood. Means + SD (n=28). Different letters denote statis-
tically significant differences by a Tukey’s multiple comparison test
(p<0.05)
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(0.258 g/cm?; Zhao-Hua et al. 1986) and in Iran (0.261 g/
cm?; Kiaei 2013).

The basic density shows a similar behavior to the oven-
dry density. So, it is increasing progressively from the
Ist ring (0.202 g/cm?) to the 5th and 6th ring (0.264 and
0.268 g/cm?) (Fig. 4b). As expected, significant differences
between the basic density values in the different rings were
also detected, but the multiple rank test includes the 5th
and 6th rings in the same group (Fig. 4b). As expected,
the basic density values are between 5 and 7% lower than
the values of oven-dry density of the wood in the same
rings (Fig. 4a, b). These differences are similar to those
observed for the parental species of the hybrid, other spe-
cies and hybrids of Paulownia in ranges from 4 to 9%
(Akyildiz and Kol 2010; Kiaei 2013; Koman et al. 2017;
AD Latib et al. 2020; Koman and Feher 2020; Sedlar et al.
2020).

Usually, juvenile wood is characterized by lower density
when compared with mature wood. The current results also
demonstrate that oven-dry density and the basic wood den-
sity of the different growth rings of the Paulownia hybrid
Cotevisa 2 increased significantly (Fig. 4a, b). These signifi-
cant differences suggest that the wood from the Ist to the
4th rings could be considered as juvenile wood and from the
5th ring as mature wood. So, considering the mean values
for rings 1-4 (0.225 g/cm?) and for rings 5 and 6 (0.266 g/
cm?), the difference in basic density between juvenile wood
and mature wood in the Paulownia hybrid Cotevisa 2 is of
19%. Lower (7%) and non-significant differences in basic
density between juvenile and adult wood were measured for
the species Paulownia elongata (Bao et al. 2001). The values
of oven-dry and basic density for the juvenile wood of the
Paulownia hybrid Cotevisa 2 are similar to those described
for the juvenile wood of 4-year-old trees of the hybrids of
Paulownia, 501 and Shan Tong planted in Croatia (Sedlar
et al. 2020).

3.3.2 Fiber saturation (FSP) point and maximum moisture
content (MMC()

The FSP is decreasing progressively from the Ist ring
(45.0%) to the 5th and 6th ring (28.5%) (Fig. 4c). The sta-
tistical analysis indicates significant differences in FSP
among the growth rings and it separates the 5th and 6th
rings from the previous ones (Fig. 4c). So, the FPS of the
wood of the Paulownia hybrid Cotevisa 2 shows the same
trend as that observed for density: it decreases significantly
and progressively in the wood of the different growth rings
and stabilizes at a value of 28.5% in the 5th and 6th rings
(Fig. 4c). The current results are similar to the measured
FSP for other species of the Paulownia genus: 28.8% for
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Paulownia tomentosa (Akyildiz and Kol 2010) and 31.2%
for Paulownia fortunei (Kiae 2013).

The MMC shows very high values of over 400%, espe-
cially in the Ist ring (Fig. 4d), which are comparable with
the results reported for juvenile wood of Paulownia elongata
(403%) by Bao et al. (2001). The MMC gradually and sig-
nificantly decreases to values between 317 and 308% in the
5th and 6th rings, respectively (Fig. 4d). These are lower
values than that of the mature wood of Paulownia elongata
(372%) reported by Bao et al. (2001) and Paulownia tomen-
tosa (350%) reported by Kiaei (2013), but clearly higher
than MMC hybrid Shan Tong (around 200%) reported by
Sedlar et al. (2020). The ANOVA and multiple rank test also
demonstrate a significant difference between the first four
rings and the 5th and 6th ring (Fig. 4d).

3.3.3 Cellwall

The percentage of the cell wall of the wood of Paulownia
hybrid Cotevisa 2 was increasing gradually from the 1st ring
(14%) to the 5th and 6th ring (18% and 19%, respectively)
and in parallel, the porosity of the wood in the different
growth rings decreases from 86% in the 1st ring to 81% in
the 5th and 6th rings (Fig. 4e). The statistical tests denote
significant differences between the 5th and 6th rings and the
first four rings (Fig. 4e).

Xylem density is theoretically a product of porosity and
proportion of cell wall in an analyzed volume or surface,
i.e., the dimensions of the cell walls divided by the dimen-
sions of the wood sample (Elliott and Brook 1967; Polge
1978; Jagels and Telewski 1990). However, xylem density
is modulated by the chemical composition of the solid cell
walls, which in turn controls the density of the cell walls
(Vaganov et al. 2006). Xylem density is thus an aggregate
of both the cell wall dimensions and cell wall composi-
tion (Tsoumis 1964). Cell wall dimensions are clearly the
most important driver of intrannual and interannual wood
densities (Bjorklund et al. 2021). The decline in the cell
wall proportion from juvenile to mature wood has also been
observed in other fast-growing hardwoods (Bhat et al. 2001)
and softwoods (Bjorklund et al. 2017).

The very high MMC observed is directly related to the
low percentage of the cell wall and therefore, the high poros-
ity that the Paulownia hybrid Cotevisa 2 wood presents
(Fig. 4e), which in turn determines the ultra-low density
(Fig. 4a, b). The results are consistent with previous studies
on Paulownia fortunei (17.4% cell wall, Kiaei 2013) and
Paulownia tomentosa (19.6% cell wall, Kiaei 2013). The
progressive increase in the cell wall percentage (Fig. 4e)
and the decrease in porosity confirm the trends observed for
density, FSP and maximum moisture content (Fig. 4a—d).
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Fig. 6 Dimensional changes
of Paulownia hybrid Cotevisa
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3.3.4 Dimensional stability

The longitudinal shrinkage (S;) shows very low values and
in the same order of magnitude, and although no marked
differences are observed, a tendency to reduction along the
rings could be reflected (Fig. 6a). The multiple range test
denotes significant differences in S; between the 1st and 2nd
(0.25% and 0.24%, respectively) rings in comparison to the
Sth and 6th rings (0.11% and 0.11%, respectively) (Fig. 6a).

Annual ring

The tangential shrinkage (St) also presents the highest
values in the wood of the 1st ring (5.9%), while decreasing
progressively and significantly in the rest of the rings, until
the 5th and 6th rings (4.5% and to 4.4%, respectively). This
represents a decrease of 25% in comparison to the 1st ring
(Fig. 6b).

The radial shrinkage (Sy) presents similar average val-
ues in all rings. Nevertheless, the values in the first four
rings are not significantly different (2.1-2.4%), in com-
parison with the slightly higher, but significantly different
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increased values of the 5th and 6th rings (2.7% and 2.9%,
respectively) In any case, the minimal differences observed
for Sy in this statistical sample do not show a clear trend
(Fig. 6¢).

The mean values of all linear shrinkages (S;, Sy and Sy)
are consistent with previously published data for different
Paulownia species and hybrids (Zhao-Hua et al. 1986; Bao
et al. 2001; Kiaei 2013; Koman et al. 2017; Koman and
Feher 2020; Sedlar et al. 2020). The joint analysis of the
results of the contractions in the three linear axes, indi-
cates a different dimensional behavior between the wood
of the 5th and 6th rings of the previous ones. This differ-
entiation between the different rings coincides with that
established for the previously measured parameters and
reinforces the idea of considering the 1st to 4th growth
rings as juvenile wood and the wood formed after the 5th
year as adult wood.

Moreover, the resulting volumetric shrinkage (By,) also
presents the average highest value in the first ring (8.4%).
However, By, decreases significantly from the Ist to the
2nd ring (7.4%) and remains more or less constant until the
6th ring (7.2%) (Fig. 6d). So, the multiple range test does
not denote significant differences in longitudinal shrinkage
among the last five rings (Fig. 6a). The obtained values can
be considered as low for the Paulownia hybrid Cotevisa
2 wood, which allows little reduction in volume between
green and dry wood, and, therefore, little loss of yield after
the industrial drying process. These results coincide with
other studies for different species and hybrids of Paulow-
nia, which are 7.45% for Paulownia fortunei (Kiaei 2013),
8.12% for Paulownia elongata (Zhao-Hua et al. 1986) and
between 7 and 8% for other Paulownia hybrids (Koman
et al. 2017; Koman and Feher 2020; Sedlar et al. 2020).

Finally, the anisotropic coefficient (S;/Sg), as a key
parameter for the dimensional stability of solid wood and
for the drying quality, decreases continuously and progres-
sively from the 1st ring (2.7) to the 6th ring (1.6). The
ANOVA and multiple rank test demonstrate that the last
two rings form a homogeneous group significantly lower
than the previous four younger rings (Fig. 6e). According
to the classification for drying behavior (Fernandez-Golfin
and Conde 2007; based on Kollmann and Co6té 1968) the
wood of Paulownia hybrid Cotevisa 2 would be cataloged
as very nervous wood in the first rings and as calm wood
in the 5th and 6th rings, contributing to reduce warping
risk, mainly twist, cup and bow. This is a result of a com-
bined almost opposite behavior in both linear shrinkages:
while tangential shrinkage decreases significantly and pro-
gressively from the st to the 6th ring, the radial shrink-
age does not present high variations and even increases
slightly in the 5th and 6th rings.
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4 Conclusion

The present work aimed to analyse radial variations in
wood anatomical structure and physical properties of Pau-
lownia hybrid Cotevisa 2 from fast-growing plantations.
Based on the results of this study, the following conclu-
sions can be drawn:

a) Paulownia hybrid Cotevisa 2 trees can grow very quickly
in intensive plantations with localized irrigation on land
previously used for agriculture in the Mediterranean
area, reaching DBH dimensions of approx. 30 cm in less
than 7 years, thus allowing the production of minimum
dimensions of logs for use in sawmills and for veneer
and plywood.

b) While the stems grow straight, with a very small per-
centage of bark and free of knots thanks to quality prun-
ing, the main quality problem lies in the presence of a
large hollow pith, which runs eccentrically in the trunk
length, especially in the first years of growth of the
young trees. Undoubtedly, lengthening the rotation time
by a few years would significantly reduce this defect,
increasing the quality wood of the logs for the best per-
formance in the sawing and rotary veneer processes.

¢) Annual growth of the xylem is very accelerated during
the first years, even reaching more than 40 mm of radial
growth per year. However, after the 5th year, the ring
width stabilizes significantly around 10 mm of annual
radial growth.

d) Although the paulownia wood is extremely light in
weight, significant differences are observed between
the first rings and the stabilization of the values from
the 5th growth ring onwards, both for oven-dry density
(approx. 0.285 g/cm?) and for basic density (approx.
0.265 g/cm?).

e) Fiber saturation, maximum moisture content and cell
wall thickness and proportion also show a similar behav-
ior, with significant differences between the first four
growth rings and after the 5th ring.

f) Regarding the dimensional stability, the differences
are very clear and consistent in all directions and at the
volumetric level. However, the most important result is
the significant variation in the anisotropic coefficient of
shrinkage, which is of key importance for the indus-
trial process of drying sawn timber. Due to the sharp
drop in tangential shrinkage and the practically constant
behavior of radial shrinkage from pith-to-bark, the wood
goes from being very nervous wood during the first four
years of growth to being calm wood from the 5th year
onwards.
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As the final conclusion, although we do not have data
after the 6th ring, all results indicate that from the 5th year
of growth, the wood of Paulownia hybrid Cotevisa 2 stabi-
lizes in some key parameters such as the radial growth of
the rings, the structure and proportion of the vessels, the
structure of the cell wall, the density of the material and
the behavior in terms of dimensional stability in the drying
process. That is why, for practical purposes, we can indicate
that the transition from juvenile to mature wood can begin
from the 5th year. Taking into account the growing con-
ditions in the experimental plantation and the production
rotation established originally for 7 years, (DBH of 30 cm in
the lower part of the trunks), the total proportion of juvenile
wood reaches more than 60% of the total volume of the trunk
in the first sections for sawn or veneer wood. Following the
observed growth regime, if the rotation was extended to
10 years, the DBH would increase to 35-40 cm and the pro-
portion of juvenile wood would decrease to approximately
40%. Finally, if it was extended to 12 years, the DBH would
reach 40-45 cm and the proportion of juvenile wood would
barely be 25-30%, which would considerably increase the
yield, in terms of quality of the roundwood produced, in
this type of plantation, with eminently productive purposes
for supplying sawmills, veneer and plywood mills, as well
as other wood-based panels for furniture, construction and
packaging, and even if it is destined to the production of
biomass and cellulose.
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