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Abstract

Fast-growing hardwoods like poplar often lack natural durability in outdoor use and require
homogeneous impregnation with protective agents, though achieving homogeneity remains a known
challenge. Various anatomical structures influence fluid transport in wood. This study compares
characteristics of pits in libriform fibres, between ray—vessel interfaces, and between vessel-to-vessel
connections in normal wood and tension wood of a hybrid poplar genotype (Populus x canadensis,
‘Gelrica’), including both impregnated (with an aqueos, dye-containing solution) and non-
impregnated regions, to identify anatomical barriers to impregnation. Light and scanning electron
microscopy revealed significant differences in pit morphology and frequency in libriform fibres
between normal wood and tension wood. In non-impregnated regions, pits were often encrusted.
Vessel-ray pits did not differ between normal wood and tension wood but showed distinct
differences between impregnated and non-impregnated regions: in the latter, pits were occluded by
tylose-forming layers. Intervessel pits differed in border and aperture size between earlywood and
latewood in both normal wood and tension wood. Hence, fluid transport is strongly impeded by
occluded vessel-ray pits and, to a lesser extent, by encrusted fibre pits.

Keywords: poplar; wood anatomy; tension wood; pit characteristics; impreganation

1. Introduction

Fast-growing hardwood species are gaining increasing importance from both economic and
research perspectives. However, their practical use in outdoor applications is often limited by low
natural durabilty to biological degradation [1,2]. To ensure sufficient durability, effective and
homogeneous impregnation with wood preservatives or chemical modification agents is essential
[3,4]. In practice, fast-growing hardwoods, such as poplar, frequently exhibit limited and
inhomogeneous penetration and distribution of such agents within the wood matrix (Figure 1) [5-9].
Studies on Gmelina arborea have schown that impregnation is even next to impossible, [10,11]. A recent
study demonstrated the inhomogeneous distribution of liquids among different genotypes of Populus
x canadensis, with non-impregnated regions occurrung particulary within the transition zone at the
sapwood-heartwood boundary [12]. The underlying cause of this phenomenon, which has also been
reported in other studies [6-8], has not yet been fully identified, although it is evidently related to the
microstructure of poplar wood [13,14]. In comparison with softwoods, the anatomical structure of
hardwoods [15] and the associated fluid transport pathways are significantly more complex [16,17].
This increased complexity is primarily attributable to the more heterogeneous cellular composition
that characterises hardwood anatomy. In fast-growing hardwoods with low natural durability,
irregular fluid uptake may contribute to a reduced service life in exterior applications. This highlights
the necessity for further investigations into the underlying anatomical causes of imhomogeneous
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impregnation, with the aim of improving the understanding of fluid transport processes and their
structural determinants [12].

The term liquid permeability refers to the extent to which wood can absorb and transport fluids.
It is a physical parameter that characterises the capacity of a porous medium to allow fluid movement
under the influence of a pressure gradient [13,18,19]. The main structural elements that influence the
permeability of hardwoods are vessels (diameter, length, frequency, distribution), radial pits (type,
size) and extractives content [20]. Other anatomical elements including the lumen diameter of fibres
and parenchyma cells, the frequency of individual cell types, as well as the number and size of
tangential pits play a secondary role [13,16,21,22]. In addition, the formation of tyloses within the
vessels of hardwoods can significantly reduce the axial permeability of the wood by obstructing the
longitudinal pathways for fluid movement [13,23-25].

Figure 1. Representative images illustrating heterogeneous distribution patterns in poplar wood impregnated

with an aqueous, dye-containing solution [26].

Another potential factor that has so far been insufficiently investigated could be reaction wood.
Tension wood (TW), as a type of reaction wood only occurring in hardwoods, is frequently observed
in fast-growing hardwood species [27]. TW is characterised by the thickening of fibre walls through
the formation of a gelatinous layer (G-layer), predominantly composed of cellulose [28,29]. Recent
studies by Buschalsky et al. [12,26] found a significant presence of TW areas in Populus x canadensis,
but their influence on impregnability could not be conclusively determined. However, studies have
shown that the high fibre content and abundant mesopores in TW do not significantly increase
permeability [30]. Furthermore, fungal degradation of the G-layer does not lead to improved
permeability. Therefore, radial permeability in TW is primarily influenced by ray-vessel and
intervessel pits in TW [9]. Investigations on beech wood (Fagus sylvatica L.), as a non fast-growing
hardwood species, revealed that the radial air permeability of TW is reduced in comparison to normal
wood (NW). This reduced permeability is assumed to be caused by a lower number and smaller
diameter of intervessel pits [31,32]. Studies on poplar (Populus nigra) have shown no differences
between NW and TW with respect to the diameter and frequency of intervessel and vessel-ray pits
[33].

Due to the limited availability of research data, this study aims to compare pit characteristics
(number, dimensions, and morphology) between TW and NW in a hybrid poplar genotype. To enable
a comprehensive analysis, both impregnated and non-impregnated regions from the transition zone
at the sapwood-heartwood boundary were examined, as this area in particular has been identified
as a refractory zone in previous studies on poplar. The investigation considered ray—vessel interfaces
(vessel-ray pits), vessel-to-vessel connections (intervessel pits), and libriform fibres. The objective is
to identify anatomical differences between TW and NW, as well as between impregnated and non-
impregnated regions, that may affect permeability.

2. Materials and Methods

This study used hybrid poplar stem sections (Populus x canadensis, 'Gelrica', Moench) originated
from 25- to 28-year-old plantation-grown trees cultivated in the Netherlands (n =4). A comprehensive
description of the wood material can be found in the study by Buschalsky et al. [12]. For the
investigations, air-dried boards were impregnated after reaching treatability (moisture content <
20%) with a dye-containing aqueous solution (0.05% rhodamine B) using a 2-hour vacuum followed
by 5 hours of pressure at 1 MPa. The light red hue of rhodamine B allows for macroscopic and
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microscopic visualisation of the distribution of the absorbed impregnation solution within the wood.
This allows both impregnated and non-impregnated regions to be identified.

For microscopic analysis, TW and NW areas were extracted from the transition zone at the
boundary between sapwood and heartwood. One central board was used from each stem section.
The extensive presence of TW was macroscopically identifiable based on the woolly surface texture
of the specimens (Figure 2a,b) and was used for preliminary sample selection. The occurrence of
tension wood within the samples was subsequently evaluated using the safranin/astrablue staining
method (see below). From both areas (TW and NW), specimens (n = 5) encompassing entire annual
rings, including both upper and lower ring boundaries, were prepared from impregnated and non-
impregnated areas, respectively. After 24-hour water storage, cross-sectional thin sections (15 pum)
were prepared using a sliding microtome from every specimen. To differentiate between TW and
NW, the thin sections were stained with safranin and astrablue according to Gerlach [34]. Safranin
stains the lignin in lignified cell walls red, while astrablue stains cellulose blue. Prior to staining, the
sections were decolorised by immersion in 70% ethanol to remove residual rhodamine B. This step
ensured that only areas predominantly composed of TW or NW were selected for the subsequent pit
analysis. Figure 2b shows an exemplary NW region of a specimen, while Figure 2c depicts a TW
region.

For the examination of pit characteristics, radial thin sections (15 um) were prepared from the
aforementioned different specimens from earlywood (EW) and latewood (LW) regions. The sections
were prepared at sample positions located near the annual ring boundaries. The respective positions
for both EW and LW are exemplarily indicated in Figure 2b,c. From each specimen 5 thin sections
were prepared and for each thin section, 10 grids were evaluated (Figure 3). The specimens were
examined using a transmitted light microscope (TLM) of the type BZ-X810 (Keyence Deutschland
GmbH, Neu-Isenburg, Germany) as well as a scanning electron microscope (SEM) of the type EVO
LS 15 (Carl Zeiss Microscopy GmbH, Oberkochen, Germany). The following subsections describe the
methodlogies applied for the different cell types.

2.1. Vessel-Ray Pits and Intervessel Pits

Pit frequency [n 100 um=] was assessed on safranin/astrablue-stained radial thin sections (15
um) using the TLM equipped with a 40x objective lens. Representative images of vessel-ray pits and
intervessel pits are presented in Figure 3a and Figure 3b, respectively. To facilitate quantification, a
100 pm x 100 um square grid was overlaid on the micrographs, and all pits within the defined area
were manually marked using the microscope software (black dots). The resulting images were
exported in TIFF format and further processed to binary images (Figure 3d) and subsequently
analysed with Fiji image analysis software [35]. The image processing is shown schematically in
(Figure 3e).

Pit dimensions were determined using the TLM at 100x objective magnification by performing
orthogonal measurements (x and y) of pit length and width (see magnified sections in Figure 3a,b).
For intervessel pitting, both the pit apertures and the surrounding pit borders were measured.
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Figure 2. Overview of specimen selection. (a,b) Comparison of specimens with a smooth surface (left) and a
“woolly” surface (right). The woolly surface serves as a macroscopic indicator for tension wood (TW). (b) Light
microscopic image of an annual ring from an area of normal wood (NW). (c) Light microscopic image of an
annual ring from an area of tension wood (TW). Safranin stains the lignin in lignified cell walls red, while
astrablue stains cellulose blue. Since the distinctive G-layer of TW consists primarily of cellulose, TW areas can
be identified by their blue staining, whereas NW areas appear red.

2.2. Pits of Libriform Fibres

The determination of pit frequency in libriform fibres [n 250 um™] was carried out according to
the methodology described above for vessel-ray and intervessel pits (Figure 3c). Although fibre pits
could be identified using TLM, their dimensions were difficult to measure reliably, necessitating
analysis via SEM. For this purpose, samples from NW and TW regions were mounted on aluminium
stubs (Plano GmbH, Wetzlar, Germany). Subsequently, the stubs were placed in a sputter coater of
the type SC7620 (Quantum Design GmbH, Darmstadt, Germany) and made electrically conductive
by coating with gold/palladium for 120 s at a plasma current of 18 mA. This coating time resulted in
an approximate layer thickness of 10 nm. Focused electron images of the investigated sample areas
were generated and saved using the following SEM parameters: accelerating voltage = 3-6 kV; probe
current = 10-150 pA; working distance = 2.5-10 mm; OptiBeam Mode = Depth.

2.3. Statistics

A one way analysis of variance (ANOVA) was conducted to identify significant differences in
pit frequency and pit dimensions (significance level a = 0.05) among the different cell types,
considering EW and LW of both NW and TW. For pit dimensions, x- and y-values were analysed
separately and compared independently.
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Figure 3. Methodology for assessing pit frequency and dimensions using representative light microscopy
images. (a) Radial section showing pitting at the interface between a ray cell and a vessel (vessel-ray pits). (b)
Radial section showing intervessel pitting. (c) Radial section showing pits of libriform fibres. (d) Representative

binary images for determining the pit frequency. (e) Flowchart of the image editing procedure.
3. Results and Discussion

3.1. Vessel-Ray Pits

The frequency of vessel-ray pits was quantified by comparing NW and TW, with further
differentiation between EW and LW (Figure 4a). While the mean frequency for NW (EW:71+11; LW:
69 + 12) is slightly higher compared to TW (EW: 67 + 13; LW: 67 + 12), the difference was not
statistically significant. Similarly, no significant differences in mean pit dimensions NW (EW: x = (8.8
£0.9) um, y=(7.0£0.9) um; LW: x=(8.7+0.9) um, y = (6.8 £ 0.7) um) and TW (EW: x= (8.5 £1.1) um,
y=(6.9+0.7) pm; LW: x= (8.4 +0.7) um, y = (6.8 + 0.7) um) were observed (Figure 4b). These results
align with those of Emaminasab et al. [33], who also reported no significant differences in vessel-ray
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pit frequency or dimensions between NW and TW in poplar wood. Accordingly, for these two
parameters, no impact on wood impregnability could be inferred.

However, the comparative examination of pits in impregnated and non-impregnated regions
revealed distinct differences. In impregnated regions, the pits appeared freely permeable, as they
were not occluded. This can be seen in both the TLM (Figure 5a,b) and the SEM (Figure 5g,h) images.
In contrast, the apertures of pits in non-impregnated regions are occluded. Blue staining of these
occlusions with astrablue indicated that they are composed of a cellulose-based substance (Figure
5¢,d). Figure 5e shows occluded vessel-ray pits and a blue-stained structure identified as a tylose.
Figure 5f supports this interpretation by presenting tyloses within vessels in cross-section. These
structures are also composed of cellulose, as indicated by the staining. The SEM images in Figure 5i,j
further illustrate that almost all pits are occluded. Residues of tylosis structures are also visible in
these images (yellow arrows). The mechanism of tylosis formation was comprehensively described
in the review paper by De Micco et al. [36]. Tyloses are predominantly formed in parenchyma cells
of wood rays that are adjacent to a vessel. From these contact cells, a special cell wall layer develops,
which extends over the portions of the cell wall that are in contact with the vessel [37-40]. This so-
called “protective layer’ or ‘tylose-forming layer’ is primarily composed of pecto-cellulose [38] and
serves as a physical barrier against the swelling of parenchyma cells [39].
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Figure 4. Results of the investigation of pit characteristics within the contact areas between wood rays and
vessels (vessel-ray pits). Comparison of (a) pit frequency, and (b) pit dimensions between normal wood (NW)

and tension wood (TW). The methodology for determining the x- and y-dimensions is shown in Figure 3a.

Once the hydrostatic pressure exceeds a critical threshold and the cell wall layer can no longer
resist the osmotic pressure of the parenchyma cells, it bulges through the vessel-ray pits into the
vessel lumen, resulting in the formation of tyloses [39,41]. A recent study demonstrated that the
proportion of tyloses was significantly higher in non-impregnated regions compared to impregnated
ones [12]. The pecto-cellulosic composition of the protective layer is consistent with the staining of
the pit occlusions with astrablue. Given the high prevalence of tyloses, it can be assumed that the
occluded vessel-ray pits in the non-impregnated regions constitute the physical barrier formed by
the protective layer. In the radial direction, the parenchyma cells of the wood rays are generally
considered to play a major role in fluid transport [16,22]. However, these pathways are interrupted
by the end walls of the parenchyma cells, which are further characterised by small inter-ray pits
(Figure 5gh; yellow arrows) [42,43]. In poplar, the predominantly uniseriate wood rays are
connected to adjacent vessels via large vessel-ray pits (Figure 5). Consequently, it is more likely that
fluids are redirected into adjacent vessels over short distances through ray cells rather than being
transported through the entire wood ray [33]. If the vessels in non-impregnated regions are occluded
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by tyloses and, in addition, the vessel-ray pits are blocked by the protective layer, the redirection of
fluid flow through the wood rays to adjacent vessels is no longer possible.

Figure 5. Representative TLM (a-f) and SEM (g-j) images for characterising vessel-ray pits. (a,b) Radial section
showing non-occluded pits of an impregnated area. (c,d) Radial section showing occluded pits of a non-
impregnated area. The astrablue staining clearly indicates that the occlusion consists of a cellulose-based
substance. (e) Radial section showing occluded pits of a non-impregnated area. A tylose is visible, which is also
composed of cellulose. (f) Cross-sectional image demonstrating that the blue-stained tyloses are composed of
cellulose. (g/h) Radial section showing non-occluded pits of an impregnated area. Through the pit apertures,
inter-ray pits are visible (yellow arrows). (i,j) Radial section showing predominantly occluded pits in a non-

impregnated area. The pits are partially covered by residues of tylosis material (yellow arrows).
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3.2. Intervessel Pits

The frequency of intervessel pits was quantified by comparing NW and TW, with further
differentiation between EW and LW (Figure 6a). The mean pit frequencies for NW (EW: 56 + 12; LW:
54 £ 9) and TW (EW: 56 + 8; LW: 55 + 11) are comparable, and no statistically significant variations
were identified. Comparing the dimensions of the pit borders (Figure 6b), differences between NW
and TW were observed in x- and y-dimensions, respectively. Pit borders in TW were smaller in both
directions, for both EW (x = (10.1 £ 0.8) um, y = (8.9 £ 0.7) um) and LW (x = (8.7 £ 1.1) um, y = (8.2 +
0.8) um) compared to NW (EW: x =(10.9 £ 1.2) um, y = (9.0 £ 0.9) pm; LW: x= (9.9 + 1.2) um, y = (8.7
+ 0.8) um). Although the differences were relatively small, they were statistically significant
according to the ANOVA. Comparing the dimensions of the pit apertures between NW and TW
(Figure 6c¢), statistically significant differences were found only in the x-dimensions within EW. These
findings contrast with those reported for Populus nigra [33], where no significant differences in
average intervessel pit diameter were observed. However, the results regarding pit frequency are
consistent. Studies on Fagus sylvatica [32,44] showed that the intervessel pits in TW are significantly
smaller compared to NW. Nevertheless, the differences reported in the cited studies were
substantially greater than those observed in the present investigation.
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Figure 6. Results of the analysis of intervessel pit characteristics. Comparison of (a) pit frequency, (b) dimensions
of pit borders, and (c) dimensions of pit apertures between normal wood (NW) and tension wood (TW). The

methodology for determining the x- and y-dimensions is shown in Figure 3b.

Moreover, significant differences in both dimensional parameters were observed comparing EW
(Figure 7a—c) and LW (Figure 7d). The most pronounced differences occurred in the x-dimensions of
the pit borders (Figure 6b) in both NW and TW (see values in the previous paragraph), as well as in
the pit apertures (Figure 6c) of NW (EW: x = (4.4 + 0.8) um; LW: x = (3.6 + 0.7) um). Differences in the
size of bordered pits between EW and LW have previously been described for tracheids in softwoods
[45]. The present findings confirm that these differences also apply to vessels in Populus x canadensis.
This suggests that the vessels in EW are more permeable than those in LW because intervessel pits
are the main pathways for fluid movement between vessel elements. In this context, the structure
and frequency of the pits are particularly important [46].
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Figure 7. Representative TLM (a-d) and SEM (e-g) images for characterising intervessel pits. (a) Radial section
showing intervessel bordered pits in earlywood (b) Pits at higher magnification. The focal plane was adjusted to
provide a top-down view of the pit borders. (c) The focal plane is adjusted to allow visualisation of the inner
structure of the pit borders. (d) Radial section showing bordered pits in latewood. (e,f) Radial sections showing
pits at different magnifications. Pit borders are not visible under the applied SEM imaging parameters. (g) Tylose
residue partially covering several of the intervessel pits in a non-impregnated area. Vessel-ray pits are occluded.

3.3. Pits in Libriform Fibres

The frequency of pits in libriform fibres was quantified by comparing NW and TW, with further
differentiation between EW and LW (Figure 8a). The mean frequency in NW (EW: 90 + 25; LW: 92 +
29) was significantly higher —approximately twice as high—compared to that observed in TW (EW:
54 +15; LW: 46 £ 17).

Regarding pit morphology, TLM (Figure 9a) and SEM (Figure 9c—f) images showed that NW
fibres have simple, slit-like pits. In contrast, pits in TW fibres (EW: (16.6 + 2.8) um; LW: (17.9 + 2.6)
um) are significantly more elongated (Figure 9b,i,j), exhibiting a longitudinal expansion more than
four times greater than that of pits in NW fibres (EW: (4.0 + 1.0) um; LW: (4.6 + 1.3) um) (Figure 8b).
The significantly greater pit elongation in TW suggests that fewer pits occur per area compared to
NW, which provides a plausible explanation for the observed differences in pit frequency.

Furthermore, differences in aperture size were observed (Figure 8c). The results of the
orthogonal measurements revealed that the transversal diameter (x-dimensions) of the apertures in
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NW fibre (EW: (2.4 = 0.2) um; LW: (2.4 + 0.3) um) pits is significantly larger —approximately twice
as high—than that in TW fibre pits (EW: (1.2 £ 0.2) pm; LW: (1.2 + 0.2) pm). In contrast, the
longitudinal diameter (y-dimensions) exhibited only minor differences. Consequently, the pits in NW
and TW fibres can be clearly distinguished based on their morphology. For Populus nigra, similar
descriptions of pronounced morphological differences between the pits of NW and TW fibres have
been reported, with the latter being oriented in the direction of the microfibrils [33].
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Figure 8. Results of the analysis of pit characteristics in libriform fibres. Comparison of (a) pit frequency, (b)
longitudinal expansion of pits, and (c) dimensions of pit apertures between normal wood (NW) and tension
wood (TW).

In addition to fibre pits with clearly identifiable apertures, pits lacking a well-defined or even
completely absent aperture were also observed in non-impregnated regions, in both NW (Figure
9g,h) and TW (Figure 9k,1). These pits appear to be partially or completely occluded by a substance.
Similar observations of pit encrustations have been reported in hardwoods [47,48], including poplar
[6]. The exact composition of these encrustations has not yet been conclusively determined. It is
evident that encrustation of fibre pits results in a reduction in permeability. However, given the
substantially higher permeability of vessels compared to fibres [42], caused by their numerous inter-
and intravessel pits, the overall impact of such fibre pit encrustations on total wood permeability is
likely to be negligible.
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Figure 9. Representative TLM (a,b) and SEM (c-1) images for characterising pits in libriform fibres. Radial
sections showing pits (a) in normal wood, and (b) in tension wood; the inset squares show magnified views. (c-
f) Slit-like pits in normal wood. (g,h) Encrusted pits in normal wood from a non-impregnated area. (i,j) Pits in
tension wood that are significantly more elongated compared to those in normal wood. (k,1) Encrusted pits in

tension wood from a non-impregnated area.

4. Conclusions

The study confirmed previously reported distinctive anatomical differences between libriform
fibres in normal and tension wood, while providing more detailed characterisations based on high-
resolution microscopic imagery. Scanning electron microscopy revealed fibre pit encrustations in
non-impregnated regions of both normal wood and tension wood.

As a novelty of the study, both the pit frequency and the size of the pit apertures of libriform
fibres were compared between the two wood structures. The results showed that tension wood
exhibited nearly half the pit frequency of normal wood, and the transverse aperture diameters were
approximately 50% smaller in tension wood. The combination of lower pit frequency and smaller
aperture size suggests a reduced radial permeability of tension wood compared to normal wood.
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However, the overall impact of both the morphological differences between normal wood and
tension wood and the encrustations of fibre pits on on the overall radial permeability is likely to be
negligible.

In agreement with previous studies, no significant differences were found between vessel-ray
pits comparing normal wood and tension wood. However, as a key finding of the study, pit
occlusions of vessel-ray pits, which are predominantly composed of cellulose-based material, were
observed in non-impregnated regions, presenting a distinct physical barrier. In addition to the
significantly reduced axial permeability of vessels due to tylose formation reported in earlier studies,
fluid transport via the large vessel-ray pits and the parenchyma cells of the wood rays to adjacent
vessels is not possible in non-impregnated areas.

Regarding intervessel pits, significant differences in pit dimensions were observed when
comparing earlywood and latewood within both normal wood and tension wood, suggesting that
the vessels in earlywood are more permeable than those in latewood. This observation has been well
documented for softwoods, but has only been sporadically reported for hardwoods.
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