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Abstract

This work is part of a broader approach to characterising and understanding the mechanisms of cell
collapse and within-ring checking in hardwoods during drying. Understanding the causes of such timber
degrade gives us options for dealing with it in the future, such as identifying collapse-prone timber prior to
drying, or developing drying methods that avoid the conditions that cause checking and collapse. In this
microscopy approach we characterise and measure collapse and checking responses, and spatial
relationships, at a cellular level but can do this over a size scale closer to which they occur and are an
issue during timber processing. A conventional, stereo light microscope was used to image polished
wood surfaces. This was done at cellular resolution, over size-scales of the growth-ring or larger. An
image analysis approach was developed that enabled cell collapse to be identified, located and
measured. The analysis of air, kiln, and oven-dried Eucalyptus nitens showed that cell collapse was
highly variable but generally more prominent in the outer third of growth rings. There were significant
changes in vessel shape across the growth-rings and vessel area was significantly reduced by drying.
The technique provides an intermediate step between detailed microscopy and macroscopic imaging that
allows spatial analysis at the wood cell level. The result is the detailed imaging and analysis of cell
collapse and its relationships to wood morphology and the major hydraulic pathways. This will allow for
the investigation of cell collapse and checking mechanisms and how they related to the broader growth
ring and wood morphology and structure.
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Spatial distribution of cell collapse in
Eucalyptus nitens wood due to drying
treatment

Introduction

Cell collapse is a common issue during the drying of many woody species (Kauman, 1960), and is
often a limiting factor for utilising these species for sawn timber. The purpose of this work is to
provide an approach to imaging woody materials over large regions of interest that allows for the
measurement and spatial analysis of cell collapse and deformation due to drying. Eucalyptus
nitens, which makes up a small percentage of the exotic plantation but has a good growth rate and
shows economic potential within New Zealand (Satchell, 2016), was evaluated. A conventional,
stereo light microscope fitted with a motorized XY stage, was used to directly image polished wood
samples. The goal was to determine if the stereo microscope gave sufficient cell detail over large
areas for successful image analysis. Of particular interest were that the setup was able to
determine significant differences in E. nitens morphology (cell shape and arrangements) due to
drying treatments.

Microscopic analysis of woody samples is generally limited to small regions of interest constrained
by the field of view of the microscope lens and the difficulty in preparing large samples. However,
imaging at high resolution over large areas is sometimes required where spatial relationships,
outside the microscope’s field of view, are being investigated. For example, when investigating
cambial dynamics in Pinus radiata, images with a dimension >2mm were routinely required to fully
capture the cambial zone (Dickson, et al., 2017; Nanayakkara, et al., 2019). It was also identified
that imaging over large areas is required to understand the cell dimension changes due to wood
drying in Eucalyptus nitens (Dickson & Dawson, 2020). In such cases overlapping images and
image stitching to form a single mosaic image are required and algorithms are available to achieve
this (Preibisch, et al., 2009).

Materials and methods

Material

The morphological changes due to drying were evaluated on 24 boards of Eucalyptus nitens (H.
Deane & Maiden). The board samples were produced for a previous study (Dawson, et al., 2020).
Wood from eight trees of E. nitens was cut into 37 x 37 x 200 mm boards. The boards were either
air-dried at 25°C/65% relative humidity (RH), which is equivalent to 12% equilibrium moisture
content (EMC); oven-dried at 103°C until a constant mass was reached, or kiln-dried using a kiln
schedule (70°C/65°C). More details of the wood material and the kiln-drying schedule are given in
Dawson et al. (2020). After drying treatment, a 5 mm thick sub-sample was cut from the middle of
each of the 200 mm long boards. These sub-samples (approximately 37 x 37 x 5 mm — depending
on shrinkage) were then prepared for microscopy.

Sample preparation

A white, oil-based paint was used to fill the cell lumens and provide contrast with the cell walls for
image analysis. The transverse surface was sanded using a 320-grit paper to expose the wood
surface beneath the paint. It was then polished using an 800-grit paper to remove scratches.

A stereo microscope with a motorized XY scanning stage was used to image the polished wood
surface at cell resolution (a total of 1760 images) and stitch the images together using freeware
(ImageJ).
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Image analysis was limited to a single growth-ring within the image so comparisons could be made
at the growth-ring level using an area of approximately 13.9 x 13.9 mm. Each point within the
growth-ring could be assigned a position relative to the growth-ring boundaries.

Example images from macro to micro-level of the same sample of an E. nitens board are shown in
Figure 1. Further details used to determine features are shown in Figure 2.
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Figure 1. Overview (oven-dried sample of E. nitens board). (A) Filled (paint) and polished sample.
(B) Imaged region after stitching. (C) Binarised image of selected growth-ring. (D) Detail of the
binarized image showing cell perimeters. (E) Corresponding greyscale image.

Vessels were identified by automatic thresholding. Cell collapse was estimated from the cell wall
thickness map. In Figure 2A, collapsed cells appear dark and because cell lumens are not present,
cells are generally not detected (Fig. 2B). Therefore, these appear to be regions of high wall
thickness (actually, the distance between detectable cell lumens) (Fig. 2C).

Analysis was performed with R (version 4.0.3) (R Core Team 2020) using RStudio
(Version 1.3.1093) (RStudio Inc, Boston, MA, USA). Analysis and presentation primarily used
“dplyr” (Wickham, et al., 2019) and “ggplot2” (Wickham, 2016)
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Figure 2. Image analysis of a selected region of an oven-dried sample of E. nitens. (A) Greyscale
image of cell detail with dark regions of cell collapse (Coll.) and vessels (Ves.). (B) Overlay (yellow)
of cells. (C) Map of cell wall thickness (colour scale in um). (D) Map of distances between vessels
(colour scale in um) with lines in white (farthest positions from vessel lumens) used to determine
vessel-free diameters (example in green).

Results

Good image quality was generally achieved but required care being taken during sample
preparation. Cell detail and checks were sufficiently preserved for the analysis of wood morphology
(Fig 1). Block-face imaging avoided distortion due to sectioning.

Combined maps of vessel distribution, cell lumen deformation, and cell collapse for one selected
tree (Fig. 3D-F) show largely undeformed cell lumens in the air-dried sample (green-coloured
regions, Fig. 3D) with greater deformation (magenta) mostly associated with higher concentrations
of vessels. The kiln-dried sample had increased deformation associated with the vessels (Fig. 3E)
and the oven-dried sample showed tangential bands of cell collapse, predominantly on the
latewood side of the growth ring (Fig. 3F). In the unprocessed images, the latewood is seen as
dark bands due to the increased density (increased wall area, decreased cell perimeter). The maps
show that in the oven-dried sample (Fig. 3F) the dark colouration is also due to increased
densification resulting from cell collapse. In places, there is a diagonal alignment of regions of cell
deformation related to the vessels (Fig. 3H), possibly related to shear stresses generated during
timber processing.

Maps also show the oblique alignment of vessels generally expected in E. nitens (Dadswell, 1972).
In Eucalyptus, vessels may be absent in the beginning of the earlywood and tend to be smaller in
the latewood (Dadswell, 1972).
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There were large differences in the degree of cell collapse due to drying treatment but little
significant difference due to position in the growth ring within a drying treatment, although there

were indications that collapse was greater between 50-70% across the growth ring for the Air and
Kiln drying treatments.

Figure 3. Growth ring images. Earlywood is on the left. Stitched, unprocessed images of (A) Air-
dried (B) Kiln-dried (C) Oven-dried. (D) to (I) after image analysis with vessels in cyan. The green-
magenta-white colours represent cell lumen deformation with undeformed lumens in green and
collapsed cells in white. (G) to (1) are the regions in the white boxes in (D) to (F) respectively.
Asterisks (*) show dark bands of latewood in (B) and (C) that show cell collapse in (F) but little
deformation or collapse in (E). The arrow in (E) is a stitching artefact.
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Discussion

The investigation of wood anatomy and morphology over large regions of investigation better
enables the analysis of spatial relationships between them. Some challenges of sectioning large
woody specimens can be overcome by sanding and polishing followed by imaging of the exposed
block-face (Cerre, 2016; Gartner, et al., 2014; Gartner & Nievergelt, 2010). The microscopic
analysis of drying-induced cell collapse in wood has not been extensively investigated, largely due
to difficulties in sample preparation (Yang & Liu, 2018). Analysis that quantifies the position and
magnitude of collapse is even rarer.

Often microscopic analysis of drying effects on wood cells is limited to qualitative analysis of
selected regions using scanning electron microscopy (Bariska, 1992; Yang & Liu, 2021). Or, where
quantification is performed, it is often used to determine the relative effects of moisture on
earlywood and latewood (Derome, et al., 2011; Ma & Rudolph, 2006).

There is no strong relationship between cell collapse and position within the growth ring. Where
collapse does seem slightly more prevalent, it is in the middle part of the growth ring corresponding
to the highest vessel area fraction. This agrees with Chafe (1985) who showed the relationship
between cell collapse and high moisture content was greater than it was with low density alone.
The presence of water-saturated cells is a requirement for drying-induced cell collapse (Kauman,
1964) and plants invest considerable resources into maintaining the hydraulic integrity of their
vascular system (Pfautsch, et al., 2018).

Conclusions

As wood is a composite material, its spatial relationships and complexity need to be taken into
account to understand the variability of properties. Mosaic microscopy combined with image
analysis at the cellular level and spatial analysis provides the opportunity to characterise a large
number of features over large regions. Block-face imaging of polished wood samples using a
stereo microscope provided sufficient resolution to measure cell dimensions and drying effects over
a wide field of view.

Drying treatment had a significant effect on profiles of cell collapse and vessel shape and size
indicating that drying effects vary in relation to position. This kind of detailed spatial analysis
enables the investigation of collapse phenomena over size-scales more representative of the scale
at which they occur and at the scale at which they cause issues during timber processing.
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