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ABSTRACT  

Resin canals are of particular importance to conifer tree defense. The study examined resin 

canals and wood properties of mature loblolly pine stands that were showing signs of dieback. 

From Georgia, seven symptomatic stands experiencing dieback and seven asymptomatic stands 

were sampled with the symptomatic stands sampled just prior to being clearcut. Bark-to-bark 

core samples were collected at breast height (1.37 m) from 10 ‘healthy’ trees from each stand, 

and 10 ‘unhealthy’ trees from each symptomatic stand. Ring by ring properties including specific 

gravity (SG), acoustic velocity, and resin canals were determined from the 210 cores from pith to 

bark. 24,865 resin canals were measured using image analysis from 24,153 images. Compared to 

symptomatic unhealthy trees, asymptomatic healthy trees had significantly lower earlywood SG, 

significantly higher latewood SG, and significantly larger resin canals. The results indicate that 

the trees experiencing dieback were suffering from stress which impacted their wood anatomy. 
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LINKING RESIN CANAL AND WOOD ANATOMY IN LOBLOLLY PINE EXPERIENCING 

DIEBACK 

1. Introduction

Forests of the southeastern United States (U.S.) supply approximately 60% of the timber 

harvested in the U.S. and approximately 18% of the timber globally (Munsell and Fox 2010, 

Wear and Greis 2012).  The major southern pines, which include loblolly pine (Pinus taeda), 

slash pine (Pinus elliottii), longleaf pine (Pinus palustris), and shortleaf pine (Pinus echinate), 

are the most important conifer species harvested in the southeastern U.S. with loblolly pine being 

the most important (McNulty et al. 1996, Fox et al. 2007).  Loblolly pine covers 21 million 

hectares (Oswalt et al. 2019) from extensive planting efforts because of its high productivity, 

strong response to forest management treatments, and adaptability to a wide range of sites 

(McKeand et al. 2006, Zhao et al. 2016, Zhao et al. 2019)  

In the past several decades, loblolly pine stands have experienced periodic unexpected 

mortality and dieback (Eckhardt et al. 2007, Eckhardt et al. 2010). Dieback is the gradual dying 

of trees branches, shoots, or roots and pine dieback symptoms include yellow chlorotic needles, 

reduced growth, premature mortality, and root and branch death (Eckhardt et al. 2007, Eckhardt 

et al. 2010). Different terms have been used by researchers to refer to pine dieback and mortality 

phenomenon as follows: loblolly pine die-off (Brown and McDowell 1968), pine decline 

(Otrosina et al. 1999, Eckhardt et al. 2007), loblolly pine decline (Hess et al. 2002), pine die-

back (Eckhardt and Menard 2009), and southern pine decline (Coyle et al. 2015, Eckhardt et al. 
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2016). The pine dieback has typically been localized in Alabama and Georgia along the fall line 

(transitional zone) dividing the Piedmont and Coastal Plain physiographic regions (Eckhardt et 

al. 2010). Pine dieback studies have focused on identifying the contributing factors to tree 

mortality because it is not clear what exactly is causing the dieback (Coyle et al. 2015). It has 

been hypothesized that pine dieback may be caused by the interaction between various abiotic 

(e.g., drought, windstorms, poor site/soil conditions) and biotic (e.g., insects and disease 

outbreaks) factors (Hanson et al. 2010, Coyle et al. 2015, Coyle et al. 2020). The fungal root 

pathogens, Heterobasidion annosum, Pythium spp., and Leptographium spp., and their root-

feeding bark beetle vector, are all suspected causes for the dieback symptoms (Otrosina et al. 

1999, Eckhardt et al. 2007).    

Plants allocate and make trade-offs of their photosynthates to growth, reproduction, and 

defense (Coley et al. 1985, Endara et al. 2011). For example, during drought, some conifer 

species produce tracheids with smaller lumen diameters but thicker cell walls having lower inter-

tracheid pit area to resist hydraulic failure (Hacke et al. 2001, Pittermann et al. 2006a). The 

trade-off of increased resistance to hydraulic failure is that the narrower diameter tracheids 

reduce the overall hydraulic efficiency (Hacke et al. 2001, Pittermann et al. 2006b) and the 

thicker cell wall tracheids require more resources to produce than thinner walled tracheids 

(Lauder et al. 2019). Other examples of trade-offs include trees retaining hydraulic efficiency by 

reducing their overall growth under severe conditions (Moran et al. 2017). Under extreme 

conditions, trees might choose to  allocate their carbon resources into defense systems, or they 

might choose to invest available resources into growth and reproduction (Lauder et al. 2019). 

Due to trade-offs between defense, growth, and reproduction, a cost-effective way to partition 
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resources into defense is needed otherwise plant growth and reproduction will suffer (Levins 

1968, Christiansen and Ericsson 1986, Miller and Berryman 1986).  

Conifers have developed constitutive and induced defense mechanisms against biological 

attacks (e.g. bark beetles and associated fungi) (Zulak and Bohlmann 2010, Hood and Sala 

2015), environmental disturbances (drought, fire, frost) (Krokene 2015), mechanical wounding 

(Lombardero et al. 2000), and climatic conditions that include variation in temperature and 

precipitation (Ayres 1993, Wimmer and Grabner 1997, Celedon and Bohlmann 2019). The 

production of resin canals is the primary defense mechanism in both constitutive and induced 

defense in the Pinaceae family (Raffa 2014).  Resin canals are open, elongated tube-like 

intercellular spaces lined with a layer of epithelial cells, which are specialized parenchyma cells 

that secrete resin into the resin canal lumen (Wu and Hu 1997, Evert 2006). Epithelial cells are 

further surrounded by specialized parenchyma cells called subsidiaries and this combination of 

the resin canal, epithelial cells, and subsidiary cells forms the resin canal complex (Wiedenhoeft 

and Miller 2002, Cabrita 2021). The resin produced from resin canals is a complex mixture of 

terpenoids, resin acids, fats, waxes, and phenolic compounds which provides physical and 

chemical defense against damage and disturbances (Sjӧstrom 1993, Raffa 2014). 

There are two types of resin canals, called axial and radial resin canals, and they are 

distributed along the axial (vertical) and radial (horizontal) directions, respectively (Wu and Hu 

1997). The size and distribution of resin canals differ between species and within species (Bailey 

and Faull 1934, Wu and Hu 1997). In Pinus species, the dimensions of axial resin canals range 

from 60-300 µm in diameter (Wimmer et al. 1999) and more than 1 cm in length (LaPasha and 

Wheeler 1990). Axial resin canals are generally 3-4 times wider than radial resin canals (Koch 

1972, Richter et al 2004). The density of axial (4-5 canals mm-2) and radial resin (0.5-2 canals 
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mm-2) canals are higher in Pinus species than Larix, Picea, and Cathaya species (Koch 1972, 

Cabrita 2021).  

Resin canal formation and resin flow is induced by external factors such as mechanical 

wounding, environmental stress, biotic attack, chemical stimulants and hormones (Ruel et al. 

1998, Moreira et al. 2012). The formation of resin canals that are induced by damage and 

wounding of the vascular cambium are called traumatic resin ducts and form from disturbances 

(Lombardero et al. 2000). Constitutive resin ducts are naturally formed during the development 

of secondary xylem and their formation is determined by genetics and prior history (Franceschi 

et al 2005, Krokene 2015). Traumatic resin ducts differ from constitutive resin ducts in the 

structure; traumatic resin ducts are tangentially and consecutively aligned and usually longer and 

wider than constitutive resin ducts (Nagy et al. 2000, Krokene et al 2008). The constitutive resin 

ducts protect trees against initial attack (Franceschi et al 2005) whereas traumatic resin ducts 

protect tree after an attack by supplying an abundant amount of resin in the damaged and 

wounded region (Keeling and Bohlmann 2006). The resin canal defense system developed from 

the integration between complex anatomical structures and chemical substances (Kolosova and 

Bohlmann 2012).  

The size and frequencies of constitutive resin ducts and/or traumatic resin ducts indicate 

the defense potential of trees because they are associated with the production and storage 

capacity of resin in the tree (Kane and Kolb 2010). For example, in ponderosa pine (Pinus 

ponderosa) trees with higher resin canal production and/or larger ducts are more likely to survive 

under pest and pathogen attacks and drought (Kane and Kolb 2010; Gaylord et al. 2013, Gaylord 

et al. 2015; Hood et al. 2015). Zhao and Erbilgin (2019) found in lodgepole pine (Pinus 
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contorta) that trees that had larger resin canals were more likely to survive from bark beetle 

attacks, even if the trees contained fewer resin canals.  

Loblolly pine trees suffering from dieback may have altered wood anatomical (e.g., 

tracheid length and diameter, microfibril angle), physical (e.g., specific gravity (wood density 

divided by the density of water), moisture content) and chemical properties (e.g., cellulose, 

lignin, and hemicellulose, and extractive content) (Megraw 1985; Briggs 2010) compared to 

‘normal’ trees. Changes in the wood properties may alter the wood utilization for both structural 

products where high mechanical properties (e.g., stiffness and strength) are desirable (Zink-

Sharp 2003) or for pulp properties where high pulp yield is desirable (Perez and Fauchon 2003). 

Wood SG has a strong correlation with the mechanical properties of solid wood products, and 

when combined with the moisture content (MC) it determines the green weight of the wood 

(Taras 1956, Phillips 2002).  Microfibril angle (MFA) is a major determinant of longitudinal 

shrinkage (Meylan 1972) and longitudinal stiffness (Cave and Walker 1994). Acoustic velocity 

(AV) is negatively related with MFA; the measurement of AV provides a less expensive 

alternative compared to measuring MFA via X-ray diffraction (Hasegawa et al. 2011, Mason et 

al. 2017, Dahlen et al. 2019).  

Assessing changes that occur in wood properties due to pine dieback requires 

characterization across the scales whereby variation occurs, this includes variation in site (Cregg 

et al. 1988), radial and vertical position, applied silviculture practices (Schimleck et al. 2018), 

and overall tree health (Essien et al. 2019). The largest source of variation within trees is radial 

variation due to cambial age changes, and then longitudinally from the stump to the top trees 

(Megraw et al. 1999, Zobel and van Buijtenen 2012, Melo 2015, Todoroki et al. 2015, Schimleck 

et al. 2020, Dahlen et al. 2021, Schimleck et al. 2021). Wood produced at young ages (near the 
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pith) is called corewood (juvenile wood) and wood produced at older ages is called outerwood 

(mature wood) (Harris and Cown 1991, Burdon et al. 2004, Zobel and Sprague 2012). Senft and 

Bendtsen (1986) estimated the corewood formation is the first 12 years of wood for loblolly pine.  

For loblolly pine, tree rings near the pith have low SG and gradually increase nonlinearly as 

cambial age increases (Jordan et al. 2008, Dahlen et al. 2018).  For a given ring, SG will 

decrease with height within stem (Megraw 1985, Dahlen et al. 2018). The MFA decreases from 

pith to bark and for a given growth ring MFA decreases with height (Jordan et al. 2005). Because 

of the strong inverse relationship between MFA and AV (Hasegawa et al. 2011, Mason et al. 

2017), AV will increase from pith to bark, and for a given ring will increase from stump to tip 

(Dahlen et al. 2019).  

Information on the wood and fiber properties of symptomatic loblolly pine stands is 

important to better enable links between the timber and its suitability for production material.  

During pine dieback events, landowners will harvest stands to recover as much value as they can 

from the stand before significant deterioration occurs. Unfortunately, no study is available on the 

wood and fiber quality of trees suffering from dieback and thus information is lacking on the 

optimum utilization of such stands. Sampling stands suffering from dieback prevents a unique 

opportunity to study initial links between resin canal size and frequency and the survival of 

loblolly pine. This study aims to quantify and compare resin canal, and wood and fiber properties 

between symptomatic stands (suffering from dieback) and asymptomatic stands. We 

hypothesized tree suffering from pine dieback will have lower SG and MC with smaller resin 

ducts compared to asymptomatic stands. This study will provide a better link between forest 

health and wood anatomy in plantation loblolly pine. 
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2. Material and Methods 

2.1. Sampling  

Fourteen planted loblolly pine stands were sampled in 2017, with 7 asymptomatic stands 

and 7 symptomatic stands suffering from pine dieback selected for sampling.  The stands were 

located near the fall line in between the Piedmont and the upper Coastal Plain regions in Georgia 

(Figure 1). Among seven asymptomatic stands, four were 4th row thinned, 2 were 5th row thinned 

and one was 3rd row thinned. From seven asymptomatic stands, six were 4th row thinned and one 

was first 5th row thinned. The plantation age was calculated using time series data of normalized 

vegetation difference index (NVDI) from the Google Earth engine (Schmid 2017).  
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Figure 1: Sampling sites; ‘A’ represents asymptomatic stand and ‘S’ represents symptomatic 

stand.  

An inventory was conducted within each stand to establish baseline stand characteristics, 

for 3 stands three 15 m fixed radius plots were established, for the remaining stands rectangular 

plots that included all of the sample trees were stablished. The average size rectangular plot was 

1774 m2 (SD = 1684). Within each plot, the DBH of every tree was measured, and from a subset 

total height and live crown ratio (ratio of crown length divided by the total height) were 

measured (Schomaker et al. 2007).  

From each asymptomatic stand, 10 seemingly healthy trees and 10 seeming unhealthy 

trees were selected across the diameter distribution. The selection of the healthy trees mirrored 

the location (next to thin row or not) of the unhealthy trees where possible. For example, if a 

symptomatic tree was selected that was located next to the thinned row, then a corresponding 

asymptomatic tree was selected next to the thinned row. The average DBH and height of the 

asymptomatic trees was 29.8 cm and 20.3 m. The average DBH and height of the symptomatic 

healthy trees was 28.6 cm and 19.1 m. The symptomatic unhealthy trees have average DBH and 

height of 26.3 cm and 17.7 m. The average DBH and height were not statistically significant 

among the treatment groups. From the selected trees, two 12 mm bark to bark cores at breast 

height (1.37 m) were collected using an increment borer. The collected samples were labeled, 

placed individually in a plastic bag, and then frozen until processing. 



9 
 

Table 1: General characteristics of the sampled stands with the standard deviation values shown in parenthesis. 

Stand Latitude Longitude 
Stand 

conditions 
Age 

DBH 

(cm) 

Height 

(m) 

Live 

crown 

ratio (%) 

Basal 

area 

 (m2 ha-1) 

Tree 

per 

hectare 

Thin 

row 

1 32.5263 -83.3883 Symptomatic 26 27.8(4.8) 19.3(2.1) 41.4(7.6) 15.0 241 4 

2 32.6144 -84.0044 Asymptomatic 24 23.1(4.5) 17.2 (2.1) 41.3(6.2) 14.9 344 5 

   3* 32.3735 -83.6298 Symptomatic 29 - - - - - 4 

4 32.3818 -83.6499 Asymptomatic 29 31.8(3.4) 21.8 (10.3) 41.4(5.1) 18.9 235 3 

5 32.3716 -83.6321 Asymptomatic 29 30.1(3.2) 22.0(11.1) 40.2(5.9) 20.8 290 4 

6 31.9115 -85.0145 Symptomatic 21 24.2(4.3) 19.5(9.8) 37.8(5.3) 21.5 452 4 

7 31.8895 -85.002 Asymptomatic 20 25.9(3.8) 18.7(8.9) 42.5(9.1) 18.6 348 4 

8 31.9066 -85.0034 Asymptomatic 21 26.1(4.5) 21.4(10.8) 40.6(5.1) 34.5 628 4 

9 32.1503 -84.4891 Symptomatic 20 25.0(6.5) 19.4(9.2) 40.1(4.1) 27.7 563 4 

10 32.1349 -84.4919 Asymptomatic 20 26.0(6.8) 19.4(9.8) 39.4(4.7) 32.9 583 4 

11 32.2922 -84.3356 Asymptomatic 23 26.1(3.3) 19.6(7.7) 39.1(7.4) 16.0 295 5 

12 32.1581 -84.4203 Symptomatic 18 19.4(6.7) 14.5(7.4) 43.4(6.2) 13.9 481 5 

13 32.5235 -83.3906 Symptomatic 26 25.3(5.4) 19.3(3.5) 46.0(6.0) 46.2 877 4 

14 31.9131 -85.0109 Symptomatic 21 22.8(3.6) 18.5(9.3) 36.9(6.7) 29.1 697 4 

*This stand was clearcut before an inventory could be conducted 

Table 2: Characteristics of the sampled trees by treatments with the standard deviation values shown in parenthesis. 

Trees 
Age DBH (cm) Height (m) 

Live Crown Ratio 

(%) 

 

Mean Mean Min Max Mean Min Max  Mean Min Max 

Asymptomatic Healthy (AH) 23.7(3.9) 29.8(5.0) 21.1 49.3 20.3(1.8) 15.7 23.9  43.7(8.1) 28.4 69.1 

Symptomatic Healthy (SH) 22.5(4.1) 28.6(5.4) 20.1 46.0 19.1(2.2) 12.2 23.2  43.2(7.9) 18.8 69.0 

Symptomatic unhealthy (SU) 22.5(4.1) 26.3(6.4) 15.5 49.0 17.7(2.4) 12.2 21.5  39.7(7.3) 25.5 66.2 
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2.2. Sample processing and data measurement 

From the two bark-to-bark cores that were collected from each tree, the ‘best’ bark-to-

bark core, having straight grain and the pith centered in the middle of the core, was selected. The 

selected cores were split from the pith using a razor blade mounted on a lever to yield two pith-

to-bark samples. The ‘best’ pith-to-bark sample (‘sample 1’) was processed into a radial strip 

which was used to measure ring SG, USV, and resin canal size and frequency. The other pith-to-

bark sample (‘sample 2’) was used to measure the whole-core specific gravity and the moisture 

content of the wood (Figure 2). The remaining bark-to-bark cores were stored in the freezer for 

possible future work. 

 

Figure 2: Sketch showing two bark-to-bark samples; a) showing two bark-to-bark samples top 

one with pith centered and second one showing curvature. b) splitting of best bark-to-bark 

sample to produce two pith-to-pith samples with ‘sample 1’ shown on the right.  

The bark of ‘sample 1’ was removed and the green volume (Vg) was measured using the 

water displacement method following ASTM D2395 (ASTM 2017). To reduce cracking due to 

wood shrinkage that occurs during drying, the samples were ‘dried’ using 100% ethanol for three 

weeks whereby the ethanol displaces the water in the wood (Downes et al. 1997). The ethanol 

was exchanged each week with fresh ethanol. Following ethanol drying, the samples were 

soaked in acetone for one week to further remove resinous extractives (Eberhardt and Samuelson 

2015). The samples were conditioned at 52% relative humidity and 22°C for 48 hours to achieve 

approximately 10% MC (Dahlen et al. 2018). The conditioned samples were weighed (W10), and 

then the weight at 0% moisture content was estimated using ASTM D4442 (ASTM 2020): 
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𝑊0 =
𝑊10

1+
10

100

         (1) 

where W0 the weight of sample at 0% moisture content, and W10 is weight of sample at 10% MC.  

The basic SG (ratio of the oven-dry weight of the sample to green volume (Vg) divided by the 

density of water) of the samples was calculated which was used to calibrate the X-ray 

densitometer.  

𝑆𝐺 =
𝑊0

𝑉𝑔
          (2) 

where SG is the specific gravity of the sample, W0 is the weight of the sample at 0% moisture 

content, and Vg is the green volume of the samples. 

 The whole core SG and MC% was measured from sample ‘2’. The green weight (Wg) of 

the samples was measured and then the green volume (Vg) was measured using the water 

displacement method. The samples were oven-dried at 103℃  for more than 24 hours and the 

oven-dry weight (W0) of the samples was measured. The basic specific gravity of the whole 

cores was calculated using equation 2. The MC% of the samples was calculated using:  

𝑀𝐶 (%) =
  𝑊𝑔−𝑊𝑂

𝑊𝑂
∗ 100      (3) 

where MC (%) is moisture content percentage, Wg is the green weight of the samples (in grams), 

Wo is the oven dry weight of the samples (grams).  

Ultrasonic velocity 

The best samples (‘1’) were glued in between two poplar core holders and cut using a 

twin-blade table saw to yield an 8 mm thick (longitudinal) radial strip. The samples were 

conditioned at 52% relative humidity and 22°C for 24 hours to achieve an approximately 10% 
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MC.  The USV of samples was measured from pith to bark on the SoniSys instrument (SoniSys, 

United States) at 10 mm radial resolution. Sound velocity is measured using two 1 MHz 

transducers by measuring the time required for a signal to be sent through the sample, combined 

with measurement of the thickness of the sample at the measurement point (Dahlen et al. 2019). 

The USV was later merged with X-ray densitometry data to assign sound velocity in each annual 

rings of the samples.  

 

Figure 3: The samples layout in poplar core holders (left). The twin-blade table saw (right). 

X-ray densitometry  

The USV samples were then glued into a poplar holder on one transverse surface. The 

samples were cut from the central portion of the USV sample to yield an approximately 2 mm 

tangential thickness sample. The SG at 40 um radial resolution from bark to pith was measured 

using the QTRS-01X Tree Ring Scanner (Quintek Measurement Systems, United States) X-ray 

densitometer.  The X-ray beam was passed through the sample on the longitudinal surface. The 

X-ray densitometer values were calibrated to the measured SG values. The latewood and 

earlywood were separated using a threshold SG value of 0.48 (Jordan et al. 2008, Antony et al. 

2012, Eberhardt and Samuelson 2015). Initial ring counts of the samples were done 
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automatically based on the differentiation between earlywood and latewood, and then each ring 

was manually checked. The data from the X-ray densitometer was used to generate annual ring 

width, ring SG, earlywood SG, latewood SG, and latewood percent data (Antony et al. 2012, 

Eberhardt and Samuelson 2015).  

Resin Canal Imaging 

Imaging samples for resin canals requires polishing the surface. The transverse surface of 

the samples was sanded in a pneumatic polishing unit using 400 and 600 grit aluminum oxide 

sandpaper. The samples were sanded until the tracheids wall and lumen were visible. Polishing 

required approximately a total of 8 back and forth strokes on each grit of sandpaper before the 

surfaces were clear. 

The samples were imaged from pith to bark in a custom-built imaging system (Figure 4). 

The imaging system consists of an Allied Vision G-235 monochrome camera with sensor size of 

1936 × 1216 pixels2 (Allied Vision, Germany) attached to an UPLFLN Olympus 4X objective 

microscope (Olympus, Japan). Six infrared (850 nm) LED sidelights were used to illuminate the 

samples. The side lights transmit the light to the polished transverse surface of the samples. The 

system is similar in operation to the SilviScan system (Evans 1994). Evans (1994) found that 

wood dust in the lumens (both tracheid and resin canals) appear dark and the tracheid cell walls 

are bright.  
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Figure 4: Imaging instrument with 4X objective lens and monochrome camera at top.  

 Focusing and pith to bark movement was done using two linear translation stages (X-

axis and Z-axis) with stepper motors. The instrument is connected to a computer using a graphic 

user interface (GUI) programmed in python (Van Rossum 2007). After placing the sample in the 

sample holder, the height of the samples is measured using a U-shape laser sensor. The samples 

are then moved under the camera. The GUI automatically adjusts the contrast of the image by 

changing the exposure time, and the GUI also automatically adjusts the focus by changing the 

distance between image and the sample. The images from each sample were saved into their own 

unique folder, and the images were labeled in sequence from pith to bark. The images were 
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saved as greyscale images with 8-bit depth. The 210 samples yielded 24,153 images that 

contained overlapping information. 

Image processing   

The images were processed using Python version 3.7 (Van Tossum 2007) in the Spyder 

integrated development environment (IDE) (Raybaut 2009) using the libraries OpenCV (Bradski 

and Kaehler 2008), NumPy (Oliphant 2006), and pandas (McKinney 2010). The camera was 

calibrated by using a microscope stage calibration slide of 1 mm total length (AmScope, United 

States) (Bradski and Kaehler 2008). The calibration resulted in 1 mm of length being equal to 

623 pixels.  

The first and last images were cropped to remove any part of the image that did not 

contain sample material and instead contained ‘free air’. Each image was then cropped in the 

radial direction to keep the central portion of the images as they are clearer than the edge of the 

images; the tangential image area was not cropped and thus the area imaged was equal to width 

of the camera sensor (1216 pixels). Except for the first and last images, the images were cropped 

to 668 pixels in length which represents the 668 to 1336 pixels from the original 1936 pixels of 

the image (Figure 5). The first images were cropped to provide any information from the start of 

the sample 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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Figure 5: Image before cropping (left) and after cropping (right). Red dotted line indicates the 

cropped portion of image.  

A series of image operations was done to improve the image quality (Figure 6). The 

contrast of the image was corrected by using the Contrast Limited Adaptive Histogram 

Equalization (CLAHE) algorithm (Pizer et al. 1990, Sasi and Jayasree 2013). Noise removal was 

then done by using the Non-Local Means Denoising algorithm (Motwani et al. 2004, Buades et 

al. 2005). The images were then converted into binary images by applying the Gaussian adaptive 

threshold algorithm (Rais et al. 2004). The binary images with the cell walls as bright (255-pixel 

value) and cell lumen as dark (0-pixel value) was then inverted. 
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Figure 6: Image sequence from left to right: contrast corrected image, noise removed image, 

image after applying binary threshold, and inverted image 

Morphological operations were then done on the inverted images (Figure 7), the brighter 

lumens (pixels value 255) were eroded to separate resin canals from any tracheid lumen. The 

contours were then found by using hierarchical contour retrieval models (Serra 1982). The 

smaller contours of the tracheid lumens, having an area of 800 pixels or less, were removed by 

changing the pixel values from 255 to 0. The remaining contours were then dilated to restore 

their original size prior to the erosion process. The above operations were effective at converting 

all of the lumens of the tracheids to pixel value equal to 0, however larger rays had pixel values 

equal to 255. To separate the rays from the resin canals, the aspect ratio of the contours was 

found. The long rectangular rays were separated from the circular resin canals by converting the 

contours to pixel value equal to 0 when the ratio of the height to the width was more than 2.  The 

contours with area less than 1600 pixels2 was converted to pixel value equal to 0 (Figure 7). 

Three-channel images were saved by merging the contrast fixed and noise removed image with 

the binary image, and the weighted image which consists of the first two images (Figure 7). 

There were some errors in the resin canals delineation process, these errors were fixed manually 
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whereby missing resin canals were added, and any areas that were labeled incorrectly as resin 

canals were deleted.  

 

Figure 7: Image sequence from left to right: details eroded and resin complex dilated image, Ray 

removed image, weighted image, and merged image. 

Extracting resin canal information 

 To extract the resin canals from pith to bark in each sample, the binary images were 

horizontally concatenated (Figure 8). The contours of the concatenated image were then found. 

From each contour, the radius, area, perimeter, coordinates for the centroid, maximum and 

minimum point was calculated using image moments (Teague 1980, Kotoulas and Andreadis 

2005). The extracted information, thus, contained sample ID, area in pixels, coordinates 

(centroid, minimum, maximum) for the x-axis and y-axis for each resin canals. The resin canal 

information was exported to a comma separated values (CSV) file.  
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Figure 8: Image subsample showing seven concatenated original image (upper) and contour 

images (lower).  

Merging resin canal data with X-ray densitometry data 

The resin canal information was aligned with X-ray densitometry data to assign each 

resin canal into earlywood and latewood of their respective annual rings. To correct for minor 

positioning errors between the images and the X-ray data, a pseudo-density value was calculated 

from the contrast corrected and noise removed images (Figure 8 upper one) by averaging the 

pixel values of each column of the images (y-axis representing the tangential direction). Because 

each pixel of the image represents a higher resolution (0.0015 mm) than each X-ray data point 

(0.04 mm), the image data was averaged in 0.04 mm increments. The pseudo density values were 

then normalized by: 

𝑃𝐷 =
𝑥𝑝−µ𝑝

𝜎𝑝
     (4)  

where PD is the normalized pseudo density value (ranging from -1 to 1), xp is mean pixel value of 

each column, µp is overall means pixel values of each columns means, σp is standard deviation of 
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each column mean. The measured density values from the x-ray densitometer were also 

normalized by the same procedure. The normalized values from the images and the X-ray 

densitometer were then aligned using the normalized cross-correlation method (Keane and 

Adrian 1992, Yoo and Han 2009). The resin canals data were then merged with the X-ray 

densitometry data in R (R Core Team 2021). Ring level resin canal information was then 

calculated and included the number, area, average size (area divided by number), and resin canal 

percent (resin canal area divided by sample area of each ring); the same information was found 

for the earlywood and latewood proportion of each ring. Incomplete resin canal found at the edge 

of the samples were counted as half resin canal throughout the calculation process. For example, 

irrespective of size, if any portion was missing, it was counted as a half resin canal.  

2.3. Data Analyses  

The statistical analysis and graphics were done using R (R Core Team 2021) and the 

RStudio interface (RStudio 2020). The libraries used in R include dplyr (Wickham et al. 2018), 

nlme (Pinheiro et al. 2021), gridExtra (Auguie and Antonov 2017), and ggplot 2 (Wickham et al. 

2016). The data generated during this study were assigned at 3 treatment levels, asymptomatic 

healthy (AH), symptomatic healthy (SH), and symptomatic unhealthy (SU), to compare wood 

and fiber properties among them. Except for significant values, the line in the graphs are plotted 

by smoothening particular values at each treatment level using locally weighted smoothing 

(LOESS) smoothers (span =0.65) (Austin and Steyerberg 2014).    

Trees whole core properties 

An analysis of variance (ANOVA) using a linear mixed effects model with tree nested in 

stands was used to compare whole core SG and MC of loblolly pine. Letting Yijk denote the 
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value of response variable (SG and MC) for the ith tree health, jth stand, and kth trees, the linear 

model is: 

𝑌𝑖𝑗𝑘 = 𝜇 + 𝛼𝑖 + 𝛽𝑖𝑗 + 𝜖𝑖𝑗𝑘         (5) 

𝛽𝑖𝑗 ∼ 𝑁(0, 𝜎𝛽)  𝑎𝑛𝑑  𝜖𝑖𝑗𝑘 ∼ 𝑁(0, 𝜎) 

where, µ is overall mean, αi is the effect of the ith treatments, βij is the random effect of the jth 

stand having ith tree health with βij ~ N (0, σβ) ,  ϵijk is the effects of the ith tree health, jth stand, 

and kth trees with ϵijk ~ N(0, σ) . The tests were carried out at 0.05 significance level.   

Tree ring level properties  

The ring level properties were modeled by using a logistic function (Jordan et al. 2008, 

Antony et al. 2011, Dahlen et al. 2018). The parameters of each function/model were assigned at 

three treatment levels to test their statistical significance. The models were compared using 

diagnostic plots, root mean square error (RMSE), log likelihood ratio tests, Akaike information 

criterion (AIC), and Bayesian Information Criteria (BIC) values. 

Specific gravity and acoustic velocity  

The four-parameter logistic function having mixed effects factors were used to model and 

compare both ring level SG and USV.  Let Yijk denote the mean SG or AV of each annual growth 

ring then the model for ring SG and AV is: 

𝑌𝑖𝑗𝑘 = 𝛽0 +
𝛽1+𝑏1𝑖+𝑏1𝑖𝑗−𝛽0

1+𝑒

𝛽2−𝐶𝐴𝑖𝑗𝑘
𝛽3

    (6) 

where CAijk is the cambial age of the kth annual ring of jth tree from ith stand, β0 is the model 

intercept, β1 is the model asymptote, β2 is the inflection point, and β3 is the scale parameter. Here 
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parameter β0, β1, β2, and β3 are fixed effect parameters whereas b1i and b1ij are the nested random 

effect parameter for the asymptote (β1) at site and tree level, respectively (Antony et al. 2011, 

Dahlen et al. 2018).  

Latewood specific gravity 

To model and compare latewood specific gravity, a three-parameter logistic function with 

mixed effects in the asymptote was used. Let Yijk denote the mean latewood specific gravity of 

each annual growth ring then the model for latewood specific gravity is: 

𝑌𝑖𝑗𝑘 =
𝛽1+𝑏1𝑖+𝑏1𝑖𝑗

1+𝑒

𝛽2−𝐶𝐴𝑖𝑗𝑘
𝛽3

     (7) 

where CAijk is the cambial age of the kth annual ring of jth tree from ith stand stand, β1 is the 

model asymptote, β2 is the inflection point, and β3 is the scale parameter. Here parameter β1, β2, 

and β3 are fixed effect parameters whereas b1i and b1ij are the nested random effect parameter for 

the asymptote (β1) at site and tree level, respectively (Dahlen et al. 2018) 

Earlywood specific gravity  

The earlywood specific gravity is modeled and compare by using a two-parameter 

logistic function with mixed effects factors at the intercept. Let Yijk denote the mean latewood 

specific gravity of each annual growth ring then the model for earlywood specific gravity is: 

𝑌𝑖𝑗𝑘 = (𝛽0 + 𝑏0𝑖 + 𝑏0𝑖𝑗) ∗ 𝑒
𝛽1

(𝛽2−𝐶𝐴𝑖𝑗𝑘)  (8) 

where CAijk is the cambial age of the kth annual ring of jth tree from ith stand, β0 is the model 

intercept, β1 is the model asymptote, β2 is the inflection point. Here parameter β0, β1, and β2, are 

fixed effect parameters whereas b0i and b0ij are the nested random effect parameter for the 

intercept (β0) at site and tree level, respectively (Dahlen et al. 2018).  
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Resin canal area and average size 

 The resin canal area and size were compared using the 3 parameters logistic function as 

mentioned in equation (7). The scale parameter (β3) was varied randomly during modeling the 

resin canal area and size. 

3. Results 

3.1 Whole core properties 

The whole core SG of the overall stands ranged from 0.38 to 0.63 having an average of 

0.48 with SD 0.036. The average SG for asymptomatic healthy trees (0.491, SD = 0.038) was 

slightly higher than symptomatic healthy (0.480, SD = 0.034) and symptomatic unhealthy 

(0.475, SD = 0.0332) (Figure 9); however, there is no statistical significance difference for the 

different treatment levels (p = 0.273 for symptomatic healthy and p = 0.120 for symptomatic 

unhealthy).  
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Figure 9: Whole-core specific gravity for each treatment level. The small square at the center of 

boxplot indicates the average and the line indicates median specific gravity.  

 

 The overall average MC was 84.72% (SD = 16.028) and ranged from 40.49% to 

134.56%. Unlike SG, the average MC (%) of symptomatic unhealthy tees (87.2%, SD = 17.6%) 

is slightly higher than symptomatic healthy (84.4, SD = 16.2) and asymptomatic healthy trees 

(82.2, SD = 13.8) (Figure 10). But there was no difference in MC (%) among the treatments (p= 

0.485 for symptomatic healthy and p= 0.105 for symptomatic unhealthy trees).  



25 
 

 

Figure 10: Boxplot showing moisture content (%) of the trees at each treatment level. Small 

square at the center of boxplot indicates the average value of moisture content and line indicates 

the median of moisture content (%).  

3.2 Ring level properties  

Cambial age  

 The cambial age of the trees represents the ring number count in the samples. The overall 

cambial age of trees at each treatment level is similar having the similar minimum and maximum 

age (Table 3).  

Table 3: Cambial age at DBH by treatment 

Treatments 
Cambial age at breast height (years) 

Mean SD Min Max 

Asymptomatic Healthy (AH) 22 3.3 17 28 

Symptomatic Healthy (SH) 21.4 3.26 17 28 

Symptomatic unhealthy (SU) 21 3.36 15 28 
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Growth over time - ring width and basal area  

 The average tree ring width is higher for symptomatic healthy trees (5.68 mm, SD = 

3.31), followed by asymptomatic healthy trees (5.61 mm, SD = 3.06) and symptomatic unhealthy 

trees (5.25, SD = 3.32).  At young cambial ages, the trees have larger ring widths and as the tree 

ages the ring width decreases (Figure 11). The symptomatic unhealthy trees have slightly 

narrower ring widths than symptomatic healthy trees after approximately 10 years.   

 

 

Figure 11: Ring width of the samples along the radius of the trees 

Unlike ring width, the ring basal area gradually increases with the age of the trees (Figure 12). At 

treatment levels, symptomatic unhealthy trees have a lower ring basal area (19.3 cm-3
, SD = 13.9) 

than the symptomatic healthy trees (22.5 cm-3, SD =14.5) with the asymptomatic healthy trees 
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being in the middle (22.7 cm-3, SD = 12.7).  At cambial age 9-14 years, the trees show a pattern 

of declining growth which might be due to competition occurring prior to thinning.   

 

Figure12:  Ring basal area of the sampled trees versus cambial age. 

 

Specific gravity and acoustic velocity  

Overall descriptions  

Overall ring specific gravity for the 14 stands is 0.482 (SD = 0.076), latewood percent is 

42.9% (SD = 18.39), and acoustic velocity is 4,322 ms-1 (SD = 606). At trees levels (averaged 

rings levels values to get one value for one tree), the average ring SG and AV were almost 

similar; however, there is a significant difference in average earlywood SG (p = 0.030) between 

asymptomatic healthy and symptomatic unhealthy (Table 4). Unlike earlywood SG, there was no 

significant difference in latewood specific gravity among treatment groups at trees levels (for 
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asymptomatic healthy and symptomatic unhealthy, p = 0.0578).  Average earlywood SG was 

higher in symptomatic healthy trees (0.319), followed by symptomatic unhealthy trees (0.324) 

and asymptomatic healthy trees (0.319). The reverse was true for latewood SG where average 

latewood specific gravity is higher in asymptomatic healthy trees (0.684) followed by 

symptomatic healthy trees (0.674) and symptomatic unhealthy trees (0.665).  

Table 4. Summary of ring, earlywood, and latewood specific gravity, latewood percent, and 

acoustic velocity (m/s).  

Treatments 
Specific gravity Latewood 

(%) 

Acoustic 

Velocity  Ring Earlywood* Latewood 

Asymptomatic 

healthy (AH) 
0.486(0.076) 0.319(0.031) a 0.684(0.075) 43(17.7) 4337(614) 

Symptomatic 

healthy (SH) 
0.480(0.074) 0.324(0.029) ab 0.674(0.069) 42(17.8) 4356(602) 

Symptomatic 

unhealthy (SU) 
0.481(0.078) 0.328(0.033) b 0.665(0.071) 43(19.7) 4274(602) 

* indicates significant differences. Different letters indicate significant differences (p<0.05) 

Acoustic velocity (AV)  

Acoustic velocity increased from pith to bark (Figure 13).  The average AV at cambial 

age 1 was 3407 m/s whereas maximum average AV at 28 years was 4844 m/s. There is not any 

noticeable difference of AV among the treatment groups.  
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Figure 13: Acoustic velocity (AV) of the samples along the cambial age. 

Ring specific gravity 

Like AV, the ring specific gravity also increased with increases in cambial age (Figure 

14). Looking at treatment differences, the intercept (cambial age = 1) and inflection point of the 

curve was almost similar. There were some minor differences between the asymptote value 

between treatments, however the differences were not significant (p = 0.2431 for symptomatic 

healthy and p = 0.0879 for symptomatic unhealthy).   
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Figure 14: Ring specific gravity of the sample versus cambial age. 

 

Latewood percentage 

 Latewood percent followed a similar pattern as ring specific gravity. With increases in 

cambial age the latewood percent also increased (Figure 15). There were not any differences 

among the treatment groups. 
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Figure 15: Latewood (%) of the samples along the radius of the trees 

 

Latewood specific gravity 

 Latewood specific gravity increases with cambial age (Figure 16). There was a 

significant difference between treatments for the latewood specific gravity model and the 

parameters values and fit indices reported in Table 5. Significant differences among the 

treatment groups in the asymptote and scale parameters were found. The asymptomatic healthy 

treatment has a higher latewood SG asymptote value than the other treatments, and the 

symptomatic unhealthy trees have the lowest latewood SG asymptote value (p = 0.0006). 

Likewise, there was a significant difference in the scale parameter (rate parameter) for the 

asymptomatic healthy trees compared to the symptomatic healthy (p = 0.0013) and symptomatic 

unhealthy trees (p = 0.0013). 
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Figure 16: Predicted and measured latewood specific gravity versus cambial age for the 3 

treatments. 

 

Table 5: The parameters value and fit indices for the latewood specific gravity. 

 Parameters  Value Standard error  p-value 

β1 (asymptomatic healthy) 0.7316 0.0061 0.0000 

β1 (symptomatic healthy) -0.0196 0.0085 0.0214 

β1 (symptomatic unhealthy) -0.0291 0.0085 0.0006 

β2 -1.2940 0.1649 0.0000 

β3 (asymptomatic healthy) 3.9528 0.1557 0.0000 

β3 (symptomatic healthy) -0.4457 0.1384 0.0013 

β3 (symptomatic unhealthy) -0.4523 0.1402 0.0013  

Fit indices and error statics 

AIC 
Fit Indices (R2) Model Errors 

Fixed Site Tree E RMSE |E|% 

-14352 0.5148 0.5405 0.6786 0.0005 0.0503 5.9400 
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Earlywood specific gravity 

 Earlywood specific gravity decreases with increased cambial age (Figure 17). There was 

a significant difference between treatments for the earlywood specific gravity model and the 

parameters values and fit indices reported in Table 6. The symptomatic unhealthy trees had the 

highest earlywood SG asymptote values, with the asymptotic healthy treatment having the lowest 

value (p < 0.001). There was a significant difference in the inflection point between the 

asymptomatic healthy and the symptomatic unhealthy trees (p = 0.002). Also, there was 

significant difference in the asymptote (p = 0.036) and infection point (p = 0.029) between 

symptomatic healthy and symptomatic unhealthy trees. 
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Figure 17: Predicted and measured earlywood specific gravity versus cambial age for the 3 

treatments. 

Table 6: The parameters and fit indices for the earlywood specific gravity.  

 Parameters Value Standard error p-value 

β1 (asymptomatic healthy) 0.2787  0.0054 0.0000 

β1 (symptomatic healthy) 0.0090  0.0044 0.0394 

β1 (symptomatic unhealthy) 0.0212  0.0045 0.0000 

β2 (asymptomatic healthy) 2.5744  0.5944 0.0000 

β2 (symptomatic healthy) -0.3502  0.2246 0.1191 

β2 (symptomatic unhealthy) -0.8686  0.2815 0.0020 

β3 8.6469 1.7703 0.0000 

Fit indices and error statics 

AIC 
Fit Indices (R2) Model Errors 

Fixed Site Tree E RMSE |E|% 

-19633 0.1823 0.2009 0.4221 -0.0002 0.0279 6.5539 
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Resin canals  

Overall description 

A total of 24,865 resin canals having a total area of 750 mm2 from 24,153 images were 

imaged from 210 samples. Overall asymptomatic healthy trees have more resin canals (8,800) 

and higher area (273 mm2) than the symptomatic healthy trees (8,013, area = 245 mm2) and 

symptomatic unhealthy trees (8,052, area = 232 mm2) (Table 7). The average size of resin canals 

is larger for the asymptomatic healthy trees (0.0356 mm) than symptomatic unhealthy trees 

(0.0323 mm) and symptomatic healthy trees are intermediate (0.0347 mm). Additionally, the 

percent of resin canal area to ring area is higher for asymptomatic healthy trees followed by 

symptomatic unhealthy trees and symptomatic healthy trees (Table 7).   

Table 7: Resin canal summary within the area imaged. 

Treatments  
Resin canals 

Number % of ring Total area (mm2) Average size (mm2) 

Asymptomatic Healthy (AH) 8800 1.82 272.79 0.0356(0.013) 

Symptomatic Healthy (SH) 8013 1.66 245.12 0.0347(0.012) 

Symptomatic Unhealthy (SU) 8052 1.76 231.51 0.0323(0.011) 

Note: Data were not statistically different at trees levels. 

Overall resin canal number and area in earlywood and latewood wood 

We found more resin canals in the earlywood than the latewood. From Table 4, the 

average amount of latewood was 43%, and we also found that 43% of the resin canals were 

within the latewood (Table 4 and Table 7). Thus, the resin canals are about equally formed in the 

earlywood and the latewood. A similar pattern of latewood and earlywood resin canals numbers 

and area were found among the treatment groups (Table 8). 

  



36 
 

Table 8: Resin canal summary found in earlywood versus latewood using a 0.48 specific gravity 

threshold. 

  Resin Canals 

Treatments 

Total  Earlywood  Latewood 

N Area (mm2) N %N 
Area 

(mm2) 
N %N Area (mm2) 

AH 8800 273 4901 55.7 136 3900 44.3 137 

SH 8013 245 4406 55.0 118 3606 45.0 127 

SU 8052 232 4544 56.4 114 3508 43.6 117 

 

Overall, earlywood, and latewood resin canal number by cambial age 

Overall, resin canals numbers followed the trend of ring width with resin canal number 

decreasing with increases in cambial age (Figure 18). The reduction in the number of resin canals 

imaged was pronounced through up to 10 years and then decreased slightly after 10 years. There 

was no apparent difference in resin canals numbers among treatments.  

 

Figure 18: Number of resin canals in each ring versus cambial age  
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 Earlywood resin canals numbers also followed the similar pattern of overall resin canal 

numbers and ring width (Figure 19). There was no apparent difference among the treatment 

groups.   

 

Figure 19: Number of resin canals in the earlywood versus cambial age. 

 

 Unlike earlywood, latewood resin canals number showed an increasing pattern up to 

cambial age 7 years then slightly decreased until 10 years and remained steady after then (Figure 

20). There was no apparent difference in the number of resin canals found in the latewood by 

treatment by cambial age. 
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Figure 20: Number of resin canals in the latewood versus cambial age.  

 

Resin canal area by cambial age  

 The overall trend of resin canal area follows the ring width trend with some observed 

treatment differences (Figure 21). The asymptomatic healthy trees have a higher resin canal area 

than symptomatic unhealthy trees; the symptomatic healthy trees are between the asymptomatic 

healthy and symptomatic unhealthy trees. 
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Figure 21: Resin canal area of the sample along with cambial age (imaged portion only). 

The resin canal area (%) decreases for approximately 9 years, after that there is a slight 

increase in area percent for the asymptomatic healthy trees (Figure 22). The symptomatic 

unhealthy trees is between the asymptomatic healthy and symptomatic healthy treatments. 
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Figure 22: Percent of resin canal area to ring area (imaged portion only). 

 

The resin canal basal area within the sample is interpolated based on the ring basal area 

of the trees. The trend follows a similar trend as the ring basal area of the trees. The 

asymptomatic healthy trees have a larger resin canal basal area than that of symptomatic 

unhealthy trees (Figure 23).  
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Figure 23: Resin canals basal area interpolated to ring basal area 

 

Average size of the resin canals 

The average size of resin canals increased with cambial age (Figure 24). As cambial age 

increased the asymptomatic healthy and symptomatic healthy trees had significantly larger resin 

canals than the symptomatic unhealthy trees based on the asymptote parameter for the nonlinear 

model (p = 0.0000 and 0.0290). Asymptomatic healthy trees also had significantly larger resin 

canals than the symptomatic healthy trees with time (p = 0.0020) (Table 9). There was 

significant difference in scale parameter between asymptomatic healthy and symptomatic healthy 

trees (p = 0.0369). Moreover, no differences in scale (p = 0.5600) parameters were found 

between symptomatic healthy and symptomatic unhealthy trees. 
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Figure 24: Predicted and measured average size of the resin canals versus cambial age. 

 

Table 9: The parameters and fit indices for the resin canal size. 

 Parameters  Value Standard error  p-value 

β1 (asymptomatic healthy) a 0.0387 0.0005 0.0000 

β1 (symptomatic healthy) b -0.0015 0.0007 0.0290 

β1 (symptomatic unhealthy) c -0.0034 0.0007 0.0000 

β1 (b vs c) -0.0020 0.0007 0.0020 

β2 2.4255 0.0976 0.0000 

β3 (asymptomatic healthy) 2.1448 0.1439 0.0000 

β3 (symptomatic healthy) -0.3962 0.1898 0.0369 

β3 (symptomatic unhealthy) -0.2920 0.1936 0.1317 

Fit indices and error statics 

AIC 
Fit Indices (R2) Model Errors 

Fixed Site Tree E RMSE |E|% 

-27441 0.2072 0.2087 0.2163 0.0001 0.0112 21.6969 

Note: Letter ‘a’, ‘b’, and ‘c’ in parameters column represent significant difference.  
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4. Discussion 

The symptomatic unhealthy trees had lower ring widths than the healthy trees (Figure 

10). The lower ring widths in symptomatic unhealthy trees was ultimately associated with lower 

tree growth (Table 2). Trees in the symptomatic stands may have been suffering from stress 

resulting in the production of fewer and smaller diameter tracheids (Lauder et al. 2019).  Rossi et 

al. (2009) found that Abies balsamea seedlings produced tracheids with up to a 50% reduction in 

cell diameter and lumen area during dry periods. The smaller tracheids and fewer number of 

tracheids leads to production of narrower rings (Wodzicki et al. 1983, Wodzicki 2001, Xu et al. 

2014). Bouriaud et al (2005) reported that soil water content is an important parameter for 

variation in tracheid size in Norway spruce (Picea abies).  Dalla-Salda et al. (2009) found 

significant growth reduction in Douglas-fir (Pseudotsuga menziesii) during a heat wave and 

drought.  

The symptomatic unhealthy trees had higher earlywood specific gravity than 

asymptomatic healthy and symptomatic healthy trees. Earlywood specific gravity may increase 

due to changes in physiological process of trees suffering from external stress (e.g. drought, low 

nutrients).  For example, earlywood specific gravity increases with moisture stress (Hacke et al. 

2001) due to the production of narrow diameter tracheids with smaller lumens with thicker cell 

walls in order to prevent implosion from the high negative tensions (Erickson and Arima 1974, 

Pittermann et al. 2006a).  This results in more energy being invested in the production of the 

thicker cell which might compromise the growth of the latewood tracheids (Hacke et al. 2001, 

Pittermann et al. 2006b).  Trees experiencing drought in the early growing season might produce 

false rings which have narrow diameter latewood tracheids (Larson 1963, Campelo et al. 2007). 

Perhaps the symptomatic unhealthy trees were experiencing moisture stress or drought 
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throughout their life which also reduced their growth. Latewood SG was lower in symptomatic 

stands than asymptomatic stands which may also be due to the moisture stress. Trees in late 

growing season may have less energy to produce enough thicker wall tracheids, as they already 

invested more energy in the early growing season tracheids (Novaes et al. 2010), which might 

lead to reduction of latewood specific gravity in the symptomatic stands.  Jordan et al. (2008) 

hypothesized that loblolly pine growing near the southern coasts had higher SG because of a 

longer growing season and more water available in late summer. 

When combining the earlywood and latewood SG results together, the ring SG, latewood 

% and MC were not significantly different. As there was no significant difference in the ring SG 

and acoustic velocity, there might be little or no impact on the utilization of the wood from 

loblolly pine experiencing dieback when used for structural purposes. The change in the 

earlywood and latewood SG may result in a difference in the amount of lignin deposited in the 

tracheids which could affect the pulp yield (Smook 2002, Barnett and Jeronimidis 2003).  

Traumatic resin canals were absent in both symptomatic and asymptomatic stands. 

Traumatic resin canals are formed when there is damage in the cambium layer of trees 

(Lombardero et al. 2000). The symptomatic unhealthy trees we sampled were suffering from 

stress and not a disturbance event which may be the reason why only constitutive resin canals 

were produced. No appreciable difference in the number of resin canals number was found, 

however the average resin canal size was larger in the asymptomatic stands than the symptomatic 

stands. Within symptomatic stands, the healthy trees produced larger resin canals than unhealthy 

trees. Larger resin canals are associated with more production, storage and translocation of resin 

in damaged regions (Franceschi et al 2005, Erbilgin et al 2017, Zhao and Erbilgin 2019). Hood et 

al (2015) found that ponderosa pine trees that died from beetle attack had smaller axial resin 
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canals with lower percentage of ring area compared to the trees that survived. Whitebark pine 

(Pinus albicaulis) surviving from mountain pine beetle outbreaks produced larger resin canals 

and area by 56% and 46%, respectively (Kichas et al 2020). The larger resin canals of 

asymptomatic healthy trees and symptomatic healthy trees than symptomatic unhealthy trees 

may lead to their defensive capacity and survival.  

The study examined wood anatomical and physical properties of symptomatic and 

asymptomatic stands. We found significant differences in the earlywood specific gravity, 

latewood specific gravity, and resin canal size between symptomatic and asymptomatic stands. 

We hypothesize that the differences might be the due to symptomatic stands suffering from soil 

moisture or nutrient stress. If pine dieback could be detected early, a future study that examined 

abiotic factors including soil water content, soil nutrients, and climate along with biotic factors 

could yield more conclusive results.  

5. Conclusions

Whole core and ring level wood properties and resin canals were compared among asymptomatic 

healthy, symptomatic healthy, and symptomatic unhealthy trees. At the ring level, trees suffering 

from dieback produced higher SG earlywood and lower SG latewood than healthy trees. We 

found that trees in asymptomatic stands produced larger resin canals than trees in symptomatic 

stands, and within symptomatic stands we found that healthy trees produced larger resin canals 

than unhealthy trees that were suffering from dieback.  The production of larger resin canals by 

the asymptomatic healthy trees were linked with their higher defensive capacity and survival. 

This study provided novel data and a framework for linking tree health defense responses with 

wood anatomy, specifically resin canals. This study provides a guide toward the interlinking 

wood anatomical properties, tree defense systems, and tree hydraulics. 
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