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Summary –Resin canals produce and transport oleoresins that are important for tree defenses within the Pinaceae family. Rapid
measurement techniques are needed to better understand how resin canal characteristics vary due to genetic and environmental
effects. Here we describe a semi-automated microscopy imaging system that was built for quantifying longitudinal resin canals.
Tree increment cores from 210 loblolly pine (Pinus taeda L.) trees were prepared into radial strips and the transverse surface of
the samples polished with 400 and then 600 grit sandpaper. Each sample was imaged along its entire length (pith to bark) with
the images collected from a monochrome camera connected to a Plan Fluorite 4× objective lens. The samples were imaged on
the transverse surface via transmitted 850 nm near-infrared light directed at the radial surfaces of the samples. A total of 24 153
images were collected and then processed offline in Python using the Open Computer Vision Library (OpenCV) using a series
of algorithms including contrast correction, noise removal, thresholding, contour identification, erosion, and dilation. A total
of 24 491 resin canals were identified and their size quantified. The resin canals were assigned into annual rings and positioned
within the earlywood or latewood of a ring using cross-correlationwhereby a pseudo-density valuewas derived from the images
andmatchedwithdensity valuesmeasuredbyX-raydensitometry.Of the total resin canals identified, 51.5%were in the earlywood
and 48.5% in the latewood, with the majority being detected in the earlywood in the first six years and the latewood in years 7
and above. This study represents themost information collected on the resin canals of loblolly pine. The detailed description of
the hardware and image analysis methods should serve as a useful guide to others interested in imaging resin canals as well as
other anatomical features.
Keywords – loblolly pine, nondestructive evaluation, resin ducts, tree defense mechanisms, wood anatomy, wood and fiber
quality.

Introduction

Resin (oleoresin) is a complex mixture of terpenoids, resin and fatty acids, waxes, and phenolic compounds
transported via resin canals to provide chemical and physical defenses (Sjöström 1993; Raffa 2014) to various genera
within the Pinaceae family; these genera include Cathaya, Larix, Picea, Pinus and Pseudotsuga (LaPasha & Wheeler
1990; Krokene et al. 2008). A resin canal complex consists of a resin canal, epithelial cells and subsidiary cells
(Wiedenhoeft & Miller 2002; Richter et al. 2004). Epithelial cells surround the canal and secrete resin into the
lumen of the canal (Wu & Hu 1997; Evert 2006). The subsidiary cells surround the epithelial cells and provide
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structural support to the canal, but despite having a structural function, they may later be crushed as the canal
widens (Kibblewhite&Thompson 1973; Cabrita 2018). Resin canals are formed in twoways: constitutive resin canals
provide a proactive defense system, while traumatic resin canals provide a reactive defense system to an event such
as wounding (Lombardero et al. 2000; Bollschweiler et al. 2008; Krokene et al. 2008; Krokene&Nagy 2012; DeRose et
al. 2017). In the Abies, Cedrus, Sequoia and Tsuga genera, traumatic resin canals can be formed as a reactive defense
mechanism against environmental disturbances (Wu 1997; Kane et al. 2010; Cabrita 2018, 2021).

In secondary xylem, resin canals are oriented both longitudinally (axial resin canals) and horizontally (radial resin
canals) along the tree bole, and these two types allow for resin to be transported throughout the stem (Blanche et
al. 1992; Arbellay et al. 2014). Axial and radial resin canals can appear to be connected but are typically separated
by common epithelial cells (Bosshard & Hug 1980; LaPasha & Wheeler 1990; Zhang et al. 2008). The total resin
canal volume in a tree depends on their size and frequency, and therefore, the amount of resin stored within a
tree available for excretion in response to wounding varies (Rodríguez-García 2014; Hood & Sala 2015). Axial resin
canals are generally larger and formmore frequently than radial resin canals (Zhao& Erbilgin 2019; Hood et al. 2020;
Vázquez-González et al. 2020). In Pinus species, axial resin canals are typically large enough to be visible to the naked
eye (60-300 μm) (Larson 1994; Ruffinatto et al. 2023). Resin canals are generally smaller in the other genera as follows:
Larix (40-80 μm), Picea (40-70 μm), and Pseudotsuga (40–45 μm) (Larson 1994). In the genus Pinus, the frequency
of axial resin canals (4–5 canals/mm2) is more than twice that in the radial direction (0.5–2 canals/mm2). Focusing
on the axial resin canals, their frequency is lower for the other genera as follows: Cathaya (0.32 canals/mm2), Larix
(2.5–2.8 canals mm2) and Picea (2.4–3.5 canals/mm2) (Koch 1972; Cabrita 2021).

Quantification of resin canal size and/or frequency is of considerable interest to many different disciplines,
including quantifying resin canal formation in relation to phenotyping genetic variability (Levkoev et al. 2017; Neis
et al. 2019; Fabián-Plesníková 2021), determining the effects of silvicultural treatments (Knebel et al. 2008; Beleko
et al. 2021), and measuring changes as a response to abiotic and biotic disturbances (Susilowati & Rachmat 2018;
Catherwood et al. 2022). An important consideration when quantifying the size and frequency of resin canals in a
group of specimens is how to tailor the methodology to efficiently image the resin canals to a sufficient resolution
allowing size measurements in addition to their frequency. Imaging protocols generally involve sample preparation,
image acquisition, image processing, feature identification, and data extraction (Nixon & Aguado 2019). For resin
canals, the first two steps are especially critical to achieve quality images needed for the latter three steps involving
the use of image processing software. To date, the most common methods for imaging resin canals have used either
flatbed scanners for larger samples prepared by sanding (Chen et al. 2008; Thomas&Collins 2017; Hood et al. 2020), or
microscopy of smallwood sections prepared by using amicrotome (Gärtner et al. 2015; Guillén et al. 2017; Chauhan et
al. 2022). Flatbed scanners are generally used to image a larger sample area thanmicroscopy: this allows formore resin
canals to be detected at a time, but due to the lower resolution, measuring the size of the canals can be challenging,
with smaller resin canals being difficult to detect at all (Griffin et al. 2021). The challengewith traditionalmicroscopy
operations is the extremely tedious and time-consuming process of sequentially preparing microtomed samples,
compounded by handling issues arising from the inherent fragility of these thin samples (1–60 μm) (Verhertbruggen
et al. 2017).

An innovative approach to imaging resin canals would be to still retain the resolution afforded by microscopy, but
to prepare the samples in a manner that does not require their segmentation for microtome sectioning. To this end,
themethods used in the development of the SilviScan system are of particular interestwhereby increment cores (or
pith-to-barkwood strips cut fromdisks) are cut to give a 2mm tangential by 7mm longitudinal sample along the entire
length of wood core or radial strip of wood (Evans 1994; Chen&Evans 2005, 2010; Schimleck et al. 2019). Cut samples
are prepared for imaging by sanding the transverse surface with a progressive series of sandpapers. For softwoods,
the transverse surface of the sample is illuminated by applying longer wavelength light (650–880 nm) to the radial
surfaces of the sample. The resulting image is that of bright cellwalls and dark lumens, withwood dust (via sanding)
in the lumens contributing to the contrast between the cellwalls and the cell lumens (Evans 1994). Alternatively, some
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applications, such as imaging vessels inEucalyptus trees, still require the use of reflected light rather than transmitted
light (Chen& Evans 2005). The general approach of transmitted light utilized by Evans (1994) was adapted by Vahey
et al. (2007) whereby they built a prototype instrument they called the “Ring Profiler”, which was used to quantify
tracheid dimensions on a small number of samples.

In this paper, we describe a methodology to image and then measure both frequency and sizes of the axial resin
canals for a set of loblolly pine (Pinus taeda L.) increment cores using a microscopy-based imaging instrument that
was designed and fabricated in-house. Detailed here are all aspects of the process/system developed, including the
sample preparation, hardware, software, and image processing algorithms. The algorithmswere developed in Python
(Van Rossum 2007), and most of the operations carried out under the Open Computer Vision Library (OpenCV;
Bradski & Kaehler 2008), both of which are open source. We envision this paper being a valuable resource to
researchers interested in developing their own in-house capabilities for quantifying resin canal size and frequency
for increment cores. The need for such an instrument in our laboratory was driven by a study to investigate tree
mortality issues occurring inplanted loblolly pine stands growing in the southeasternUnited Statesnear the “fall line”
of Georgia andAlabama; the fall line is the divider between the Piedmont and theUpperCoastal Plain physiographic
regions (Eckhardt et al. 2010; Ryu et al. 2013). It is important to note that loblolly pine is the most important and
widely planted among the various southern pine species (Wear & Greis 2012). The exact reasons for the mortality
are not known (Coyle et al. 2015); however, the possible relationships between tree mortality and the role of resin
canals in tree defenses warranted investigation. To assess whether treemortality could be associatedwith resin canal
properties necessitated the development of a means to efficiently conduct resin canalmeasurements on a relatively
large sampling of wood cores.

Materials andmethods

Sampling and pith-to-bark sample preparation

The increment cores used in our process/system developmentwork came from 210 trees sampled from 14 planted
loblolly pine stands, all located in Georgia. From each tree, two 12 mm diameter bark-to-bark cores were collected at
breast height (1.37m) using an increment borer; thesewere placed in individually labeled plastic bags, transported to
the laboratory, and stored in a freezer until needed. Each bark-to-bark core was split at the pith to yield two pith-to-
bark samples (radial samples), with oneprocessed for the currentwork and the other kept as abackup.After removing
any adheringbark, the sampleswere dehydratedby soaking in 100% ethanol for threeweekswith the ethanol changed
once per week (Downes et al. 1997); this alternative drying method was employed to reduce cracking due to wood
shrinkage that can occur during the drying process. The samples were then soaked in acetone for oneweek to further
remove resinous extractives (Eberhardt & Samuelson 2015). After solvent evaporation and equalizing to laboratory
conditions, the samples were glued in between two wood core holders sawn from yellow poplar (Liriodendron
tulipifera L.) lumber. The dry assemblies were then cut using a twin-blade saw to yield a radial strip with a constant
width (2.3 mm tangential dimension) comprised of the remaining increment corewood bordered by adhering strips
of wood from the coreholders. Another cutwith a single blade sawgave a flat transverse surface to the radial strip,now
having a constant height (17 mm longitudinal of which 10 mm was core holder and 7 mm was sample). All samples
afforded from this process were conditioned at approximately 22°C and 52% relative humidity to achieve a constant
moisture content of ∼10% before X-ray densitometry.

Annual ring and specific gravity determinations

Delineation of the growth rings in an increment core is needed to assign the resin canals to the specific annual
ring inwhich they are present. The samples were scanned on a QTRS-01X Tree Ring Scanner (QuintekMeasurement
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Fig. 1. Imaging setup with 4× objective lens and side 850 nm transmitted lights (top reflected lights not used in this study).

Systems, Knoxville, TN, USA) using a 0.04 mm radial step resolution and the X-ray beam passing through the sample
on the radial face. The values measured by the instrument were calibrated to basic specific gravity (SG), that being
on an oven-dry weight and green volume basis. Latewood was differentiated from earlywood based on a threshold
SG value of 0.48 (Antony et al. 2012; Eberhardt& Samuelson 2015). Ring counts determined with said 0.48 threshold
weremanually checked for accuracy.

Surface preparation for imaging

Resin canal imaging requires even polishing of the transverse surface along the length of each pith-to-bark radial
strip. This was accomplished by sanding the transverse surface with a custom-built pneumatic polishing unit we
designed and fabricated for this purpose. Aluminum oxide sandpapers (400 and then 600 grit) were used for sanding.
The use of silicon carbide sandpaper is not advised since early efforts showed that they left grit on the surface that
later interfered with image processing. The samples were sanded until the tracheid walls and lumens were clearly
visible; this required approximately eight strokes on each grit of sandpaper.

Imaging system: hardware

The automatedmicroscopy-based imaging systemwasdesignedby adapting the capabilities foundon the SilviScan
(Evans 1994) and the Ring Profiler (Vahey et al. 2007) systems. Our custom-built instrument (Fig. 1) provides
illumination through the radial surfaces of the sample using six infrared light emitting diodes (LED) at an 850 nm
wavelength (LED851L, Thorlabs, Newton, NJ, USA). Thus, light is transmitted through the sample to the polished
transverse surface and not supplied from reflected light from the LED lights above. Using this innovative illumination
strategy, Evans (1994) found thatwood sanding dust in the lumens (for both tracheids and resin canals) appears dark
and the tracheid cellwalls appear bright.

Because we used infrared light (>700 nm), an important requirement for the imaging system is the transmittance
of wavelengths extending beyond the visible range. The imaging system utilizes Olympus parts (Olympus, Tokyo,
Japan) including a Plan Fluorite 4× objective lens (UPLFLN 4X) with wavelength range from 380 to 900 nm. The
objective is threaded onto a custom-mademetal adapter (alternatively one could useOlympus parts) which connects
to a tube lens with 22 mm field of view, a 1× camera coupler, and C-mount adapter. An Allied Vision G-235 (Allied
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Vision, Stadtroda, Germany) monochrome camera with sensor size of 21.2 mm and resolution of 1936 × 1216 pixels
is connected to the microscope system. This particular camera was selected because it has relatively large pixels
(5.86 μm)which affords it a relatively high saturation capacity and dynamic range, and it also has suitable sensitivity
in the wavelength range of interest. Note that color (RGB) cameras have an infrared filter and thus would not work
for this application involving infrared light.

Focusing and pith-to-bark movement were performed using two linear translation stages (x-axis and z-axis),
controlled by stepper motors and stepper motor drivers. The initial height of the sample is detected using a U-
shaped laser sensor. The samples are then moved under the camera to perform focusing and imaging. The hardware
is controlled using an Arduino (Arduino, Somerville, MA, USA) with a 24V Industrial I/O Shield (Rugged Circuits,
Wayland, MI, USA).

Software to control image collection

The instrument is connected to a computer using a graphic user interface (GUI) programmed in Python and
the tkinter library (Python Software Foundation, https://www.python.org/). Communication between Arduino and
Python was done using serial commands. The camera control was done using the pymba library (https://github.
com/morefigs/pymba). Most aspects of the image collection were automated through the GUI, except for manually
entering the sample name and the length of the sample.

The contrast of the imageswas adjusted automatically. For eachmeasurementpoint, a sample imagewas collected,
and the maximum pixel intensity was calculated. The exposure time was then adjusted to have the maximum pixel
intensity between 230 and 240. These values provided an image that was sufficiently bright but not saturated in any
area. The focus of each image was adjusted by moving the sample along the z-axis. For each measurement point,
the Laplacian operator (Pech-Pacheco et al. 2000) was used to differentiate between blurry and out-of-focus images.
The Laplacian operator finds the edges within an image, and the more edges found indicates images that are more
in focus. These two operations (contrast adjustment and focus) were done for every measurement point. Only the
in-focus and contrast-optimal images were saved by theGUI. The process of adjusting the focus and the contrastwas
done for each image collected along the pith-to-bark radial sample.

The images from each sample were saved into their own unique folder, and the images were labeled in sequence,
starting from the pith end of the sample, and progressing to the bark end of the sample. The images were saved
as greyscale images with 8-bit depth. The 210 pith-to-bark radial samples yielded 24 153 images that contained
overlapping information. Image processing was done offline and not during image collection.

Image processing

The images were processed using Python version 3.7 (Van Rossum 2007) in the Spyder integrated development
environment (IDE; Raybaut 2009) using OpenCV (Bradski & Kaehler 2008), NumPy (Oliphant 2006) and pandas
(McKinney 2011) libraries. The camera was calibrated using a microscope stage calibration slide of 1 mm total length
(AmScope, Irvine, CA, USA) (Bradski & Kaehler 2008). The calibration resulted in 1 mm of length being equal to 623
pixels. Based on the camera calibration and the sensor size of 1216 pixels, the tangential width imaged was 1.95 mm,
and each pixel represented 1.6 μm.

The first and last images weremanually cropped to the start and end of each sample. Each imagewas then cropped
in the radial direction to keep the central portion of the images as they were clearer than the edges of the images;
the tangential image width was not cropped and thus the area imaged was equal to the width of the camera sensor
(1216 pixels). Except for the first and last images, the center portion of each image was cropped starting from 668 to
1336 pixels from the original 1936 pixels width of the image. The first images were cropped to provide any information
from the sample’s start to the 668th pixel of the 2nd image. The last image was cropped from the 668th pixel to the
end of the sample.
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A seriesof image operationswere done to improve the imagequality prior to resin canal identification. The contrast
of the image was adjusted by using the contrast limited adaptive histogram equalization (CLAHE) algorithm of tiles
size 14 × 14 pixels (Pizer et al. 1990; Sasi& Jayasree 2013). Noise removalwas then done by using the non-localmeans
denoising algorithmusing a templatewindow size of 7 and a searchwindow size of 21 pixels (Buades et al. 2011; Zhang
2022). The images were then converted into binary images by applying the gaussian adaptive threshold algorithm
(Yan et al. 2005) and then inverted to yield a binary image with the cell walls being dark (pixel value = 0) and the
lumensbeingbright (pixel value=255).To separate resin canals fromany tracheid lumens and the rays,morphological
operations were then done on the inverted images. First, the bright lumens were eroded using a kernel size of 25 ×
25 pixels. The contours were then found by using hierarchical contour retrieval models (Arbelaez et al. 2010). The
smaller contours of the tracheid lumens, having an area of 800 pixels or less, were removed. The remaining contours
were then dilated using a kernel size of 25 × 25 pixels to restore them to their original size. To separate the rays from
the resin canals, the aspect ratio of the remaining contours was calculated and objects with a ratio of the height to
thewidth of more than 2 (rays) were converted to 0. The rays touching the resin canals were then isolated by erosion
using a kernel size of 15 × 1 pixels and then the resin canals were dilated using the same kernel size.

The contrast-fixed and noise removed image, the binary image containing the resin canals as white and the rest
black, and theweighted imagewhich is a combination of the first two images were saved together as a three-channel
image. There were some errors in the resin canals delineation process, particularly near the pith; these errors were
fixedmanually, whereby missing resin canals were added, and any areas thatwere labeled incorrectly as resin canals
were deleted.

Extracting resin canal information

To extract the resin canals frompith to bark in each sample, the binary images were horizontally concatenated and
then the contours of the concatenated imagewere found. From each contour, the radius, area, perimeter, coordinates
for the centroid, maximumandminimumpoints were all calculated using imagemoments (Teague 1980; Rocha et al.
2002). The extracted information thus contained the resin canal area in pixels and coordinates (centroid, minimum,
maximum) for the x-axis and y-axis for each resin canal. The resin canal information was exported to a comma-
separated values (CSV) file.

Merging resin canal data with X-ray densitometry data

After completing the image analysis in Python, we used R (R Core Team 2024) and RStudio (RStudio Team 2024)
interface for all further steps. The resin canal information was aligned with X-ray densitometry data to assign each
resin canal to each annual ring and whether the resin canal was found within the earlywood and latewood. This
alignment was done using the normalized cross-correlation method (Keane & Adrian 1992; Yoo & Han 2009). To
facilitate comparison between 2 different signal types, a pseudo-SG valuewas calculated from the contrast corrected
and noise removed images. This was accomplished by averaging the pixel values in the images in the tangential
direction for each radial position. Because each image pixel represents a higher resolution (0.0015 mm) than each
X-ray data point (0.04 mm), the image data were averaged into 0.04 mm increments in the radial direction. Both the
SG and the image data were then normalized by:

Z = X − μ
σ (1)

where Z is the normalized pseudo-SG value (ranging from 0 to 1), X is themean pixel/SG value, μ is the overallmean
and σ is standard deviation. The normalized values from the images and the X-ray densitometer were then aligned
using the normalized cross-correlationmethod (Keane&Adrian 1992; Yoo&Han 2009). The imagewas shifted from
left to right and the highest cross correlation value was found. A plot for each sample was then constructed with
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Fig. 2. Image of resin canals of loblolly pine after sanding with 400 grit sandpaper (A) and 600 grit sandpaper (B).

the normalized values overlaid onto each other to confirm the image data was accurately matched with the X-ray
densitometry data.

The resin canal data were thenmergedwith the annual ring information. The resin canals were assigned to either
earlywood or latewood based on the 0.48 threshold and then manually checked for accuracy. Ring level resin canal
informationwas then calculatedwhich included the resin canal number, area, average size (area divided by number),
and resin canalpercent (resin canal areadividedby sample areaof each annual ring); the same informationwas found
for the earlywood and latewood proportion of each annual ring. Any resin canal not fully in frame was counted as a
half resin canal if its area was less than the median resin canal size for those that were fully in frame (not touching
top or bottom edge).

Results and discussion

The automated microscopy-based imaging system produced high-quality images (Fig. 2) from the bark-to-pith
samples with one exception, images collected for the growth rings near the pith where significant variation in the
image quality seemed to occur; this was attributed to this part of the sample being less amenable to polishing.
Specifically, the first 2–3 images at the pith were less clear, with visible scratches, and generally poor contrast with
the cell walls being not very bright. We found that the material near the pith was removed quickly while polishing
because of the soft and spongy nature of both the pith itself and thewood near the pith.

The developed algorithms worked well for most images, the exception being the poor-quality images collected
near the pith as noted above, and some of the images with empty resin duct lumens (withoutwood sanding dust, so
illuminated as white) (Figs 3 and 4). The images at the pith also had low contrast owing to the poor light transmission
from the pith itself and the particularly thin-walled tracheids found in the first few growth rings (Chen et al. 2008).
As such, the regions near the pith requiredmoremanual correction than the images collected at older cambial ages.

Figure 5 shows a portion of the normalized pseudo-SG data for one sample, derived both from the images and
the X-ray densitometry data. The unaligned pseudo-SG profiles are shown in the top figure; the pseudo-SG profiles
after alignment via optimized cross-correlation are shown at the bottom. For all samples the procedurewas effective
at aligning the image within the X-ray densitometry data and no manual corrections were needed. This algorithm
allowed us to assign resin canals accurately into cambial age (ring number) tomatch our X-ray densitometry data.
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Fig. 3. Example of the sequence of image processing techniques of resin canals of loblolly pine: (A) Image before cropping, (B)
image after cropping; red dotted line indicates the croppedportion of the image, (C) contrast corrected andnoise removed image,
(D) image after applying the binary threshold, (E) inverted image, (F) isolated resin canals and rays, (G) image after ray removed
using an aspect ratio of contours, (H) weighted imagewhere the image is merged with the identified resin canals.

Fig. 4. Example of the image concatenations: (A) Image subsamples showing seven concatenated images, (B) image showing
isolated, and now quantifiable, resin canals for the seven concatenated images in loblolly pine.
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Fig. 5. A subset of normalized data from an increment core sample showing unaligned (top) and aligned (bottom) signals based
on image pixel and pseudo-SG (X-ray) values, respectively.

Table 1. Resin canal summary within the area imaged and separated into resin canals found in earlywood versus latewood for
various ring number ranges of loblolly pines.

Ring number ranges (years) Growth ring zones Resin canals

Number
observed (N )

Percentage per
zone (%)

Total area in each
zone (mm2)

Average size
(mm2)

All Earlywood 12 603 51.5 334.4 0.0265
Latewood 11 888 48.5 404.8 0.0340
Both 24 491 739.2 0.0302

1-6 Earlywood 9389 74.3 216.9 0.0231
Latewood 3241 25.6 96.3 0.0297
Both 12 630 313.2 0.0248

7+ Earlywood 3214 27.1 117.5 0.0366
Latewood 8647 72.9 308.6 0.0357
Both 11 861 426.1 0.0359

A total of 24 491 resin canals were identified in the pith-to-bark concatenated images of the increment cores from
210 trees; these resin canals had a total area of 739.2 mm2 (Table 1). Of the total number of resin canals identified,
slightly more than half of them (51.5%) were found in the earlywood. This result is in contrast with literature for
other conifer species. For instance, Reid&Watson (1966) found that 80% of the resin canals in Ponderosa pine (Pinus
contortaDougl.) are locatedwithin the later 40% of the growth ring.Wimmer et al. (1999) and Cown et al. (2011) both
report a common occurrence of resin canals between the earlywood and latewood transition in Radiata pine (Pinus
radiata D.) and Norway Spruce (Picea abies L.). For loblolly pine, Blanche et al. (1992) observed an increase in resin
canal frequency from 3 per square cm to 44 per square cm from the early to late growing season. Figure 6 shows
unimodal distributions of resin canal areas found in the earlywood and the latewood for all resin canals identified.
While the number of resin canals was quite similar between the earlywood and the latewood, the resin canal size
distributions show that for our loblolly pine trees, the individual sizes of the resin canals were larger in the latewood.
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Fig. 6.Histogram size classes of individual resin canal areas determined for earlywood (top) and latewood (bottom) growth ring
zones in loblolly pine.

As a preliminary assessment of our findings, we examined annual variation of resin canals within the earlywood
and latewood and found that there were more earlywood resin canals in years 1 to 6 (ring numbers), and from 7
and above there were more resin canals found in the latewood. After ring 6, the latewood resin canals were much
more numerous than the earlywood resin canals, although their size was similar. These results generally match the
findings by Yang et al. (2006) and Chen et al. (2008) who found that resin canals are smaller in dimension and more
randomly distributed near the pith. Figure 7 shows the relativewithin-ring distribution of the resin canals for annual
rings 1 to 6 years and for 7+ years; the relative position, starting at the onset of earlywood formation, was calculated
by dividing each ring position increment by the total ring width. For years 1 to 6, the average latewood percentage
was 20%, and resin canals were found to be fairly uniform on either side of the earlywood-to-latewood boundary. For
years 7 and greater, the average latewood percentagewas 50%, and resin canals weremostly concentratedwithin the
latewood next to the earlywood-to-latewood boundary. Note that the position and distribution of resin canal within
annual rings is generally thought tobe a functionof numerous factors includingdrought, temperature, pressure, wind,
photoperiod, and available growth substances (Bailey & Faull 1934; Fahn & Zamski 1970; Fahn et al. 1979; Wimmer&
Grabner 1997; Cown et al. 2004). In the present report, it is beyond the scope to assess relationships between the
resin canal quantifications and the health and vigor of the study trees; however, with the data provided, it is clearly
demonstrated that the imaging system developed in our laboratory is a powerful tool to gather detailed information
from a large sampling of increment cores.

Limited literature exists on loblolly pine regarding the distribution of resin canals across annual rings. For other
conifer species, some of the available literature divides the distribution of resin canals into three zones; earlywood,
earlywood-to-latewood transition, and latewood (Cown et al. 2011). Despite the detailed information that can be
gleaned from our imaging system, classifying resin canals into the earlywood-to-latewood transition is inherently
problematic because any such separation depends upon the definition for latewood selected (Koubaa et al. 2002;
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Fig. 7. The relative position of resin canals within annual rings separated into two ring number groups: years 1–6 years (top) and
years 7+ (bottom) in loblolly pine. The vertical red lines indicate the relative position within the ring separating earlywood and
latewood using a 0.480 specific gravity threshold.

Eberhardt&Samuelson 2015; Cartenì et al. 2018).Handling anomalies such as false rings are alsoproblematic. Loblolly
pine typically has a distinct earlywood-to-latewood transitionwhich allowed us to separate the two using a threshold
SG value (0.48) (Eberhardt & Samuelson 2015; Dahlen et al. 2018, 2023); we then visually verified the classification.
For species with a gradual transition from earlywood to latewood, classificationwould bemore difficult.

It is acknowledged that the quantification of resin canals, as well as other wood anatomical features, can be
achieved through other means, with the most traditional being the use of a microscope with thin sections prepared
using a microtome (LaPasha &Wheller 1990). Flatbed scanners are relatively inexpensive for their resolution (2400
dpi) and they have been widely adopted in the dendrochronology field for ring counting, although others have used
them for studies on resin canals (Chen et al. 2008; Thomas & Collins 2017). Because of the relatively limited resolving
power of scanners, whereby scanning at 2400 dpi would provide a theoretical pixel size of 10.6 μm (resolving details
at this resolution is likely not feasible) versus the 1.6 μm pixel size here, smaller resin canals and resin canals in the
earlywood can be difficult to detect. Griffin et al. (2021) recently developed dendrochronological techniques coupled
with ‘gigapixelmacro photography’, which utilizes a DLSR camera coupledwith reflective light and focus stacking to
capture tree rings from increment cores at the macroscopic level. This imaging technique provides high-resolution
images compared to flatbed scanners at themacro level, and it could be adapted for resin canals,however the reflected
light setup means that sample preparation is more critical than the transmitted light setup used here and adapted
from Evans (1994). X-ray computed tomography (CT) is another alternative method to measure wood macroscopic
and microscopic features. Relative to the methods used here, X-ray CT can provide higher resolution information
and information in 3D from tissue to the subcellular level (e.g., cell walls and pits) and does not require sample
preparation, however, the hardware setup is astronomically more expensive, and slower than what we used here
(Van den Bulcke et al. 2019).
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We intend to continue to develop the hardware and software used herewith the intent to extractmore anatomical
features in the future such as the diameters of the tracheids. Evans (1994) combined image data with X-ray
densitometry data to infer cell wall thickness and fiber coarseness. We routinely use X-ray densitometry to measure
annual ring, earlywood, and latewood width and SG (Dahlen et al. 2018; Dahlen et al. 2023), and herein demonstrate
the ability to align the density profile to the annual rings imaged, thus with further development we anticipate our
system will also have the capacity to measure tracheid anatomical features. Extracting tracheid diameters will likely
require polishing samples with higher grit sandpaper than used here (600-grit) (Evans 1994; Schimleck et al. 2019).We
anticipate a number of software improvements could be implemented in the future to improve image quality prior to
extracting features from the images as follows: (1) multiple frames averaged togethermay increase the signal-to-noise
ratio by reducing the random electronic noise; (2) by combining different exposures together to further reduce noise
and increase dynamic range (Robertson et al. 1999), different focal lengths may be combined to create an image that
is more in focus using the scale-invariant feature transformalgorithm (Lowe 2004) whichwas recently implemented
inOpenCV(Bradski&Kaehler 2008). Finally, this study captured 8-bit images that contain values from0 (dark) to 255
(bright) for eachpixel; we intend to explore the improvement that higher bit (e.g. 12-bit) imageswouldprovide (Klette
2014). We also intend to concatenate the images via stitching instead of the method used here, although this will be
done outside of theOpenCV library since that implementation is designed for panorama images (Bradski& Kaehler
2008). Here, the separation of resin canals from other cell types were isolated using traditional image processing
techniques, we intend to explore deep andmachine learning techniques in future studies using this data for training
themodels.

Conclusion

This paper describes the hardware, software, image processing and data analysis techniques used here to image
radial wood samples from pith to bark to measure resin canal information. To our knowledge, this represents the
largest study quantifying resin canal information in loblolly pine. A custom-built imaging system was built and was
proven to be an effective instrument for capturing images on large scales. The use of near-infrared light to illuminate
a sanded samples’ surface helps to separate resin canals from surrounding features. The semi-automated program
facilitated rapid image processing, resin canal delineation and quantification.
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