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Wood stiffness (modulus of elasticity, MOE) is an important property for conifer wood, with the variability in MOE
largely being a function of both the specific gravity (SG) (wood density) and the angle of the microfibrils within the
S, layer of longitudinal tracheids. Rapid analysis techniques can be used together to quantify MOE; while SG can
be determined with relative ease, this is not the case for microfibril angle, requiring expensive X-ray diffraction
equipment. An alternative to microfibril angle is to measure longitudinal acoustic velocity. The objective of this
study was to measure and then model the within tree variation in dynamic MOE (MOEg,,) by developing the
methodology to measure ultrasonic velocity (USV) in radial samples from pith to bark using ultrasonic frequencies
(>20 kHz). A total of 419 pith-to-bark radial strips, collected from multiple height levels in 92 loblolly pine (Pinus
taeda) trees, were processed to obtain matching SG (2mm longitudinal) and USV (8.2-mm longitudinal) samples.
Ring-by-ring SG was measured using X-ray densitometry and time-of-flight USV was measured at a 10-mm
radial resolution from pith to bark. A subset of samples was sent to SilviScan to determine microfibril angle
using X-ray diffraction. The relationship between microfibril angle and USV was strong (R* = 0.91, RMSE = 2.6°).
Nonlinear mixed-effects models were then developed to predict radial variation in SG, USV and MOEgy,. Fixed
effects for the models, which included cambial age and height of disk within tree, had pseudo R? values of 0.67
for SG (RMSE = 0.051), 0.71 for USV (RMSE = 316 m/s) and 0.69 for MOEgy,, (RMSE = 1.9 GPa). When combined
with SG measurements from X-ray densitometry, USV measurements from pith to bark are a powerful tool for

assessing variability in wood stiffness.

Introduction

Longitudinal tracheids (hereafter referred to simply as tracheids)
comprise over 90 per cent of the wood of conifer trees. Their two
major functions are mechanical support of the stem and water
conduction and storage (Domec and Gartner, 2002; Lachenbruch
et al., 2011; Hale et al., 2012; Gardiner et al., 2016; Dargahi
et al., 2019). This dual role results in hydraulic and mechan-
ical trade-offs (Lachenbruch et al,, 2011). Lachenbruch et al.
(2011) hypothesized that the narrow diameter tracheids in young
conifer trees are optimized to decrease the risk of embolism
that can occur when water is limited. As trees become larger
and water transpiration increases, larger diameter and longer
tracheids are required for greater water transport (Gartner, 2006),
while at the same time, the wood needs to support the increasing
weight of the tree and withstand the wind-induced mechanical
stresses (Booker and Sell, 1988; Lachenbruch et al., 2011; Hale
et al.,, 2012; Gardiner et al., 2016; Dargahi et al., 2019).

Radial changes in tracheid anatomy lead to concomitant
changes in the physical and mechanical properties of the wood.

Based on the magnitude of these changes, two wood zones
are often described in the literature and by wood products
industries: the juvenile wood zone extending out from the
pith, and the mature wood zone in the outer part of older
stems (Larson et al.,, 2001). Burdon et al. (2004) expanded on
the juvenile and mature wood concept, accounting for radial
changes with zones designated as corewood and outerwood,
and longitudinal variation (with height in the stem) associated
with the maturity of the tree at the time the wood was
formed (i.e. botanical maturation). Corewood typically has low
stiffness, but this increases with cambial age (Burdon et al,
2004). In a series of linked papers on longleaf pine (Pinus
palustris), Groom et al. (2002a), Groom et al. (2002b) and Mott
et al. (2002) tested individual tracheids to failure in tension.
Tracheids produced at older cambial ages had significantly higher
mechanical properties compared with tracheids produced when
the cambium was younger.

In conifers such as loblolly pine (P. taeda) or radiata pine
(P. radiata) that display the type 1 pattern of radial variation in

Handling Editor: Dr. Alexis Achim

© The Author(s) 2023. Published by Oxford University Press on behalf of Institute of Chartered Foresters. All rights reserved. For permissions,

please e-mail: journals.permissions@oup.com.

588

€20z 1snBny g| uo Jasn ainynouby 1o 1deq S N Aq ¥08EY0.2/885/¥/96/81011e/Ansai0l/woo dno olwapeoe//:sdiy Woll papeojumo(]
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specific gravity (SG, or wood density), i.e. @ monotonic increase in
SG from pith to bark (Panshin and de Zeeuw, 1980), the increase
in stiffness is associated with decreasing microfibril angle and
increasing SG. The changes in SG occur due to the production of
larger-diameter tracheids that have thicker cell walls (Megraw,
1985; Cave and Walker, 1994; Larson et al., 2001; Jordan et al.,
2007; Ando et al., 2018; Dahlen et al., 2018). Ando et al. (2018)
showed a strong relationship between longitudinal stiffness of
tracheid cell walls and microfibril angle of the S, layer of the
tracheids in several species, while Cave and Walker (1994) con-
cluded that radial changes in stiffness in radiata pine are due
more to changes in microfibril angle than in SG. Xu et al. (2004)
also found in radiata pine that differences in wood stiffness
between the stump height and the top of the first 5-m log were
also more closely associated with changes in microfibril angle.

Because wood stiffness is a function of both SG and microfibril
angle, and because SG and microfibril angle are independent
from each other (Donaldson, 2008), information on each of these
properties is needed to map within-tree variation in wood stiff-
ness at a fine resolution (i.e. annual ring). While measuring the
radial and longitudinal variation in SG is fairly routine with the use
of X-ray densitometry systems (Jacquin et al., 2017), measuring
microfibril angle can be far more complex. For example, microfib-
ril angle can be measured directly or indirectly using different
microscopy techniques, but sample throughput is extremely lim-
iting (Senft and Bendtsen, 1985; Donaldson, 2008). The capacity
to rapidly collect microfibril angle data significantly improved
with the development of the SilviScan-2 system that included a
radial scanning X-ray diffraction system and automated diffrac-
tion pattern analysis to estimate microfibril angle (Evans et al.,
1998; Evans, 1999; Jordan et al., 2005, 2007; Auty et al.,, 2013;
Moore et al., 2014; Schimleck et al.,, 2019). However, the num-
ber of SilviScan systems available globally is limited (3), as are
other comparable X-ray diffraction setups specifically designed
for radial scanning of wood samples (only 1 to the authors’
knowledge), which severely limits research on tracheid/wood
mechanical properties (Schimleck et al,, 2019). Measurement
of microfibril angle via commercial X-ray diffraction systems is
possible (Evans et al., 1998; Schimleck et al.,, 2019), but these
systems are not designed for radial scanning, and thus, sample
acquisition is still laborious, with measurements being conducted
one radial segment at a time. As a way to extend expensive
X-ray diffraction measurements, near-infrared spectroscopy can
be used to develop calibration models with SilviScan-provided
data (Schimleck and Evans, 2002), but calibration models must
be robust to allow for accurate prediction when applied to new
samples.

An alternative to measuring microfibril angle is to measure
acoustic velocity, a technique that is now commonplace for
standing trees, logs and lumber (Carter et al., 2006; Ross, 2015).
Fundamental material science properties allow for the calcula-
tion of the dynamic modulus of elasticity (MOE4yn) using the
relationship

MOEqy, = p x V2, (1)

where p is the density of the material and V is the acoustic veloc-
ity (Ross, 2015). In standing trees, the time-of-flight approach is

used to measure acoustic velocity, whereby a transmitting trans-
ducer sends a sound wave via a mechanical impact to a receiving
transducer, and the time to send and the distance of the signal
path are recorded (Grabianowski et al., 2006; Auty and Achim,
2008; Mora et al., 2009; Wessels et al., 2011; Emms et al., 2012,
2013; Paradis et al., 2013). These systems use audible frequencies
(<20 kHz) to measure acoustic velocity; most tree-based systems
typically using transducers with frequencies in the low kHz range
(Schimleck et al., 2019). For specimens that have two cut ends,
e.g. logs, lumber and small defect-free bending samples (e.g.
400-mm longitudinal length), the resonance approachis typically
used. Measuring acoustic velocity via the resonance approach
results in the average velocity within the entire sample cross-
section; thus, it is more closely related to static MOE than if using
the time-of-flight method (Carter et al., 2006; Moore et al., 2014;
Wang, 2013; Wang et al., 2013; Yang et al., 2015; Vaughan et al.,
2021).

To measure acoustic velocity in samples prepared from disks
or cores, the frequency of the transducers needs to increase to
account for the small sample thicknesses because the wave-
length should be smaller than the sample thickness as well as
the distance between the transducers (Bucur, 2006; Vazquez
et al., 2015). The wavelength is a function of the velocity and the
frequency

(2)

where A is wavelength (m), Vis velocity (m s~1) and fis frequency
(Hz). Decreasing the wavelength to a size appropriate for con-
ducting measurements on disks or increment cores requires the
use of ultrasonic transducers (>20 kHz) (Senalik et al., 2014). At
ultrasonic frequencies, the coupling between the transducer and
the sample becomes critical, thus gels or elastomer materials
are often used as an interface material between the two (Bucur,
2006; Schimleck et al., 2019). Gels absorb into the wood surface
which will interfere with certain follow-up analyses including
near-infrared spectroscopy and wet chemistry analyses; for these
situations, the use of gels should be avoided. Another consider-
ation is that the wavelength should be longer than the length
of an individual tracheid to minimize signal attenuation within
the sample (Bucur, 2006). While measuring ultrasonic velocity
(USV) in samples prepared from disks or cores requires great care,
Mason et al. (2017) concluded that it is an effective surrogate
measurement relative to measuring microfibril angle using an X-
ray diffraction system.

Research that describes measurement techniques and/or
equipment would help address a fundamental gap in wood
and fiber quality studies identified by Briggs (2010)—the ‘weak
scientific infrastructure’. The lack of infrastructure is particularly
limiting for studies measuring within-tree variation of wood
stiffness because microfibril angle is expensive to measure, with
the high cost largely due to the complexity of X-ray diffraction
systems (Schimleck et al, 2019). Accurate measurement of
USV, when combined with X-ray densitometry measurements
of SG, would allow for the determination of wood stiffness
at a lower cost compared with X-ray diffraction systems.
Furthermore, advancements in USV instrumentation would
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provide researchers with the ability to map wood stiffness
within trees through quantification of MOEg,. In this study,
our primary goal was to (i) develop laboratory procedures to
measure radial variation in USV using stepwise measurements
collected from pith-to-bark. On a subset of the samples, we (ii)
compare and validate the USV measurements against SilviScan-
measured properties. We then demonstrate an application of
the instrumentation using loblolly pine samples collected from
disks from a forest-through-mill study (Butler et al., 2016; Dahlen
et al.,, 2018) by (iii) developing predictive models of SG, USV and
MOEgy, as functions of cambial age and height along the stem.
Finally, we (iv) build ‘maps’ showing the within-tree variation in
these properties. We envision this paper as being a helpful guide
for researchers interested in measuring USV variation from pith-
to-bark in radial samples.

Methods

Sample locations

Atotal of 472 loblolly pine stem disks were used in this study. The
disks were collected as part of a study that assessed the quality of
lumber produced from intensively managed plantations (Butler
etal, 2016; Dahlen et al., 2018). Briefly, 93 trees from five stands
near Brunswick, GA (USA), age 24-33 years, were felled and cut
into 5.2-m logs for use in the lumber study. Disks were cut from
the base of the tree and from the top of each log to give the
following disk samples: stump height (0.15 m), top of the first
(5.2 m), second (10.4 m) and third (15.6 m) logs, and at the height
where stem diameter was 130 mm, and if the stem diameter of
130 mm occurred at a height above 20.8 m, then a disk was also
cut at 20.8 m. From each height level sampled, two disks were
cut; the first was used for measuring whole disk wood properties,
including disk SG. The second disk was cut into a bark-to-bark
radial strip with one of the pith-to-bark samples previously pro-
cessed into a X-ray densitometry sample for a prior study (Dahlen
et al., 2018). Here, we used the second pith-to-bark sample for
both SG and USV measurements, and a subsample of these for
SilviScan measurements. Of the original 472 disks, 53 did not
have the second pith-to-bark strip (e.g. sample defects were
discovered in the first strip and thus the second opposing strip
had already been cut), thus leaving 419 disks for the preparation
of new samples. One tree did not yield any usable radial strips;
each of the remaining 92 trees yielded at least one set of samples
needed for the SG and USV measurements. An overview diagram
of the various sample processing steps and measurements is
shown in Figure 1.

Sample dimensions and preparation

The longitudinal sample thickness for the USV samples was
selected to be 8.5 mm to ensure that they were thicker than
the ultrasonic wavelength used for the measurement. Using an
estimated maximum velocity for wood of 6000 m s~ and a
transducer frequency of 1 MHz, the wavelength calculated using
equation 2 would be 6 mm (Bucur, 2006). This wavelength is also
longer than the length of a tracheid, which helps to reduce signal
attenuation.

The pith-to-bark samples were glued between two wood core
holders ~1 m in length and then cut into 3 sub-samples on a

Dried pith-to-bark

radial sample
T

Sample glued in
wood core holder

Sample cutinto 3
samples using 4-
blade tablesaw

Samples

L_

1 - ‘Other’
14 mm longitudinal

2 - Specific gravity

3 - Ultrasonic velocity

2 mm longitudinal

8.5 mm longitudinal

[

[

l

20 samples sent to

Soxhlet extract

Sand transverse

SilviScan with acetone surfaces
[ [ I
Measure: Measure: Measure:
Microfibril angle Specific gravity Ultrasonic velocity
Specific gravity

Calculate SilviScan
MOE (MOESilviScan)

|

| Calculate dynamic MOE

Figure 1 Overview diagram of the sample processing and measurements
conducted.

table saw with 4 blades. A power feeder was used to feed the
samples through the table saw. This sawing setup yielded one
‘other’ sample measuring 14 mm (longitudinal), an X-ray den-
sitometry sample measuring 2 mm (longitudinal) and the 8.5-
mm (longitudinal) USV sample (Figure 2). The cutting technique,
whereby the samples were obtained directly on top of each other,
allows us to utilize the densitometer ring counts for the USV
sample as well as the ‘other’ sample. The thickness of the 14-mm
sample was selected to allow for versatility in measuring other
properties, such as tracheid length.

X-ray densitometry measurements

The X-ray densitometry samples were soaked in acetone for
24 h to remove extractives. Although the contribution of the
resinous extractives to SG may be small for planted loblolly pine,
solvent extraction can remove their effect on SG, especially for
growth rings near the pith (Eberhardt and Samuelson, 2015).
The samples were then conditioned at ~22°C and 52 per cent
relative humidity to achieve a moisture content of ~10 per cent.
The densitometry samples were scanned on a QTRS-01X Tree
Ring Scanner (Quintek Measurement Systems, Knoxuville, TN, USA)
using a 0.06-mm radial step resolution and the X-ray beam
passing through the sample on the transverse face. The instru-
ment was calibrated to express SG on an oven dry weight and
green volume basis (basic SG). On the instrument, latewood was
differentiated from earlywood based on a threshold SG value
of 0.48 (Antony et al., 2012q; Eberhardt and Samuelson, 2015).
Ring counts were initially done using the 0.48 threshold and then
manually checked for accuracy.

Ultrasonic velocity measurements

The 8.5-mm-thick USV samples were sanded with 320-grit sand-
paper on both transverse faces using a modified thickness sander
(Brynes Model Machines, Orlando, FL, USA). Sanding was done,
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Figure 2 Top left—diagram of the samples cut with the longitudinal sample thickness determined from the spacing of the sawblades; top right—
sawblade setup, bottom—matched X-ray densitometer (left sample) and ultrasonic velocity (right sample) sample.

while the samples were still glued in the 1-m core holder. After
sanding, the USV longitudinal sample thickness was ~8.2 mm.
Sanding provides a more uniform surface that improves contact
between the acoustic transducers and the sample, resulting in a
stronger signal and less signal attenuation. Sanding does result
in sawdust being deposited into lumens on the surfaces of the
wood, which may have a slight impact the MOEgy, (equation #1)
due to minor additions to the density. To evaluate the impact
of sawdust being added to the lumens, on a sub-set of sam-
ples (15), we measured the acoustic velocity before and after
removing sawdust from sanding. The sawdust was removed via
a combination of vacuuming, then using compressed air to blow
off the surface, then vacuuming again. From the 15 samples, a
total of 202 readings were compared for each type (‘with dust’
versus ‘without dust’), and the values were divided by each other.
We found that the values are comparable (average =0.9990,
median = 0.9996, first quantile =0.9965, third quantile =1.002,
range =0.9763-1.0172). Based on the small magnitude of the
values found, combined with the differences being both higher
and lower but not consistently higher or consistently lower, we
conclude that sawdust deposition in the surface lumens does
not change the acoustic velocity. The differences we did find

can likely be explained based on the tangential positioning of
the samples relative to the transducers, which is determined
manually (described below). The samples were conditioned to a
moisture content of ~10 per cent before measuring USV.
Samples were measured for USV on a SoniSys OPUS instru-
ment (SoniSys, Atlanta, GA, USA) using the time-of-flight
approach (Figure 3). The instrument uses two 1 MHz longitu-
dinal transducers (WRD75-1) with 16-mm-thick replaceable
polystyrene delay lines (Ultran, State College, PA, USA). Delay
lines increase the length of the acoustic signal path by increasing
the distance between the transducers, thus increasing the time
required for a sound wave to travel between the transducers,
which increases the accuracy of the signal measurement,
particularly for thin samples. Honey was used to couple the delay
line with the transducer. The top transducer sends the acoustic
signal to the lower receiving transducer. The measurement
system contacts the wood via a 0.9-mm layer of neoprene;
the neoprene is attached to the delay lines using 3 M #465
transfer tape (3 M, Saint Paul, MN, USA) (465 DRF K5071-323).
We used a 10-mm metal punch to cut out the neoprene and
transfer tape. The SoniSys instrument was designed for testing
paper, and neoprene was used as alternative to gel couplants
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Figure 3 Image showing the ultrasonic velocity transducer setup. Visible
is the sample, sample holder, top transmitting and bottom receiving
transducer with machined 10-mm diameter delay line with neoprene
used as the surface couplant. The top transducer moves vertically, while
the bottom transducer is fixed.

that would absorb into thin paper and thus affect the velocity
readings (Habeger et al., 1988). We found neoprene to be
an effective couplant for solid wood samples, assuming the
surface of the wood is not too rough. Neoprene is also an
effective couplant for the calibration materials tested here. The
transducer loading force used was ~180 kPa; note that not
enough pressure results in poor contact between the transducer
and the sample, while too much pressure results in deformation
in the neoprene. The surface diameter of the replaceable delay
lines for the transducers was machined to 10 mm from the
starting 19 mm diameter, and thus, the radial resolution of the
USV measurements was 10 mm. Although the delay lines can be
machined to smaller diameters to increase the radial resolution
(or smaller transducers could be used which come with smaller
delay lines), we found that adhering the neoprene to the delay
lines becomes challenging as the surface diameter decreases.
The instrument measures the sample thickness at each mea-
surement step using a linear variable differential transformer
sensor. This sensor was calibrated using two reference thickness
shims. The acoustic signal path was also calibrated against an
aluminum reference ~13 um in thickness. To confirm the cal-
ibration, the instrument was checked against reference mate-
rials of aluminum (6320 m s~ 1), brass (4430 m s~1) and PVC
(2395 m s71) blocks of varying thicknesses (R? > 0.99). For each
acoustic reading, the instrument measures the thickness of the
sample using the LVDT sensor, and the time required to transmit
from the sending to receiving transducer; each time reading is an
average value of 100 readings taken on the instrument. The USV
is then calculated using the time and thickness measurements.
Because the USV instrument was not designed to measure
samples automatically from pith to bark, we constructed an
automated linear translation system to move the sample in a
stepwise manner radially (Figure 4). The system consists of a
linear stage, a stepper motor, an Arduino programmable logic
controller (Arduino AG, Somerville, MA, USA) with 24 V Industrial
I/0 Shield (Rugged Circuits, Wayland, MI, USA) and a Raspberry
Pi touch screen interface (Raspberry Pi Foundation, Cambridge,
England). Communication between the touch screen interface

Figure 4 Image showing the ultrasonic velocity instrument with the
equipment used to move the sample radially to collect pith-to-bark
measurements.

and the programmable logic controller was done using serial
commands in Python (Python Software Foundation, https://www.
python.org/). The touch screen interface was used to input the
length of the sample. The programmable logic control system
moves the linear stage after each reading when the top trans-
ducer returns to its starting position; the position is monitored
using a photoelectric U-Frame fork sensor (visible in the back-
ground of Figure 3). Because readings were done in 10-mm radial
increments along the length of the sample, when the last mea-
surement reading is conducted, the sample is moved only the
remaining distance, as opposed to the typical 10-mm distance.
This measurement overlap occurs at the bark side of the sam-
ple, typically where changes in USV are low relative to the pith
side. The bottom transducer is fixed, while the top transducer
moves vertically to contact the sample, and in the process, it
pushes down the sample to contact the bottom transducer. The
sample is positioned on a hinged holder and the system has
been constructed to ensure that the sample is perfectly aligned
with the transducers in the longitudinal direction. The hinged
holder is mounted on a second linear stage that is manually
moved forward or back when loading samples. The transducers
are manually positioned by the operator in the center of the
sample with regards to the tangential direction.

The USV data at 10-mm radial resolution were matched with
the densitometer data (0.06-mm resolution); pseudo ring-level
USV measurements were then calculated by weighting the mea-
sured USV values by the SG values within the ring, calculated as

z (USV] X SGj)

Usv =
>sG

(3)

where USV is the calculated ring level USV value, USV; is the
ith USV measurement within a ring and SG; is the jth SG mea-
surement within a ring. Estimated ring-level dynamic MOE was
calculated using the ring SG and ring USV measurements, using
equation 1, with SG converted to wood density (kg m=3). From the
starting 472 tree disks, 8271 annual rings were measured for SG.
Out of the 419 tree disks that yielded both USV and SG samples,
7232 annual rings were measured for SG and 4507 USV readings
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were collected. Thus, on average, there were 1.6 rings for each
10-mm USV reading.

SilviScan measurement of wood properties

A subset of 20 samples was sent for SilviScan analysis at FP
Innovations (Vancouver, Canada). The SilviScan samples were
prepared from the 14-mm longitudinal sample. The purpose of
this subset of samples was to evaluate the relationship between
USV and MOEgy, with similar properties estimated using SilviScan,
which measures wood density by X-ray densitometry (Evans
et al., 1998; Schimleck et al., 2019) and estimates microfibril
angle by X-ray diffraction (Evans, 2006). Modulus of elasticity
(MOEsjiscan) is then calculated using information from the SilviS-
can X-ray densitometer and X-ray diffraction instruments (Evans,
2006). The SilviScan samples were selected to maximize the
range of measured USV values and included samples from each
height level within the trees as follows: 6 samples from disk
1 (height ~0.15 m), 4 samples from disk 2 (height~5.2 m), 3
samples from disk 3 (~10.4 m) and disk 4 (~15.6 m), and 4 total
samples from disks 5 and 6 (>15.6 m).

Model development and statistical analysis

Models, statistical analyses and associated graphics were devel-
oped in the R statistical programming environment (R Core Team,
2021) using the RStudio interface (RStudio., 2021). Data wran-
gling was done using the tidyverse series of packages (Wickham,
2021), and data visualizations were produced using the ggplot2
package (Wickham, 2016). Nonlinear mixed-effects models were
developed using the nlme library (Pinheiro et al., 2021); models
were compared using AIC values, likelihood-ratio tests, fit indices
(pseudo-R?) of the fixed and fixed plus random (stand, tree) com-
ponents of the models and root mean square error (RMSE) values.
All models were developed iteratively, and only those parameters
with P-values <0.05 were retained. Serial correlation (autocorre-
lation) due to the repeated measurements (multiple measure-
ments of rings within each disk, and multiple disks per tree)
was addressed by adding a first-order continuous autoregressive
AR(1) autocorrelation structure (Pinherio and Bates, 2000). Tree
maps were produced using the gstat (Pebesma, 2004; Grdler
etal., 2016), raster (Hijmans, 2021) and spatstat (Baddeley et al.,
2015) packages.

SilviScan comparison

We modelled microfibril angle from SilviScan as a quadratic func-
tion of USV (USV?)

MFA = By + By x USV?, (4)

where MFA is microfibril angle and By and B are the regression
parameters for the model. We also compared SilviScan MOE
(MOEsjiscan) Using a multiple regression model with SG and USV?

MOEsiyiscan = Bo + B1 x SG + B, x USV?, (5)

where By, B; and B; are the regression parameters for the model.
Because SilviScan reports wood properties at 7.7 per cent mois-
ture content, we first adjusted the SilviScan values to basic SG
(weight of wood at 0 per cent moisture, volume at fiber saturation
point) using the moisture content SG adjustment equation in
Simpson (1993); we then recalculated SilviScan MOE using the
adjusted SG values.

Nonlinear model form

We evaluated a number of different model forms for modelling
ring SG, USV and MOEy,. Based on model fit, we ultimately chose
to use the 4-parameter logistic function (Ratkowsky, 1990) for
each response variable, which is the same model used by Dahlen
et al. (2018) for SG. The general form for the 4-parameter logic
function is

B: —Bo

Y =By + 41 +exp (BZB;CA)y

(6)

whereY is the dependent variable (SG, USV, MOEgy,), CA is cambial
age (years) (the main independent variable), By is the intercept of
the model which represents the lowest average value at cambial
age 1, B; is the asymptote of the model which represents the
highest average value, B, is the inflection point of the curve, B is
the rate parameter and exp is the mathematical constant e. Note
that the intercept term (By) is subtracted from the asymptote
term (B;) in the numerator so the asymptote term is equal to
the maximum value, and not the increase in the value over the
intercept term. To account for the nested structure of the data,
equation 6 becomes

B1 —Bo

—aa (7)
B, CA-
1+ exp (72 - U"’)

Yju = Bo +

where Y and cambial age (CA) represent the [th annual ring of the
kth disk from the jth tree at the ith stand. Mixed-effects models
contain both fixed and random effects; here, we allowed the
B; parameter to vary randomly for each stand and trees within
stands. The decision to vary the B; parameter was decided after
experimentation, whereby we first varied each individual param-
eter by stand and tree within stand, and then, we selected the
best model. For each variable (SG, USV, MOE), the best model was
obtained when the asymptote (B;) parameter varied by stand
and tree within stand. Varying the non-asymptote parameters
resulted in very little variation to be attributed to the random
factors (stand, tree within stand) compared with the asymptote
parameter. To account for variation in wood properties with
height in the stem, we allowed different parameters of the model
to vary with disk height (DH).

SG model

SG increases with cambial age, and for a given age, SG is highest
at the base of the tree and decreases with height in the stem.
To account for these changes, we modified the B; asymptote
parameter in equation 7 to vary it with DH (Bimoq) and let it vary
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randomly by stand and tree within stand

B —B
SGj = Bo + %, (8)
1+exp (733 )

where SGjq and cambial age (CAjj) represent the [th annual ring
of the kth disk from the jth tree at the ith site, By, B, and B; are
the model parameters described above and Bimoqg is equal to

Bimod = B1 + b1 + byj + B4 x log (DHjx + 1), (9)

where by; and b represent the random effect on the asymptote
(Bimod) parameter at the stand and tree-within-stand levels, B,
is the model parameter corresponding to the DH effect, DH
represents the height in m of the kth disk from the jth tree and
the ith stand, 1 m is added to the DH to reduce the slope below
1 m and DH was log-transformed as we have found that using
the logarithm of DH more accurately reflects variation in wood
properties with height in the stem (Dahlen et al., 2021).

Ultrasonic velocity model

At cambial age 1, we found that USV is lowest at the stump and
thenincreases with height in the tree. At stump height, USV takes
arelatively long time to reach an asymptote; however, we did not
find that the asymptote values varied by DH. To vary equation 7
to reflect the changes with height in the stem, we varied the B,
(Bamod) and B3 (Bsmoa) parameters with the logarithm of DH, and
let the B; asymptote parameter vary randomly at the stand and
tree levels (Bimod)

B1M0d - BO (10)

B —CA;: ’
2Mod ijkl
L+exp ( B3Mod )

USVjj = Bo +

where USVjjq represents the [th annual ring of the kth disk from
the jth tree at the ith site, Bimod is equal to

Bimod = B1 + byj + byj, (11)

with the parameters are the same as equation 9. Bymeqd is equal
to

Bamod = B2 + B4 x log (DHj) , (12)
where B, is the effect of height within tree on B;. Bsuog is equal to
Bsmod = B3 + Bs x log (DHj) , (13)

where Bs is the effect of height within tree on Bs_Unlike in the SG
model (equations 8 and 9), adding 1 m to the DH within the log
function did not improve the model fit.

Dynamic MOE model

The within-tree trends for MOEgy, are largely controlled by vari-
ation in SG and USV. Because SG has a similar starting value in
the first annual ring near the pith, the starting MOEgy, variation
by height is largely determined based on the variation in USV,
where USV is low at the base of the tree and increases with
height. However, because USV reaches a common asymptote for
all height levels, the MOEy, at older cambial ages largely reflects
variability in SG, where SG decreases with increasing height. Thus,
at older cambial ages, the MOEy, is higher at the base of the tree
than further up the stem. To manipulate equation 7 to reflect the
changes in height, we varied the B; parameter with DH and let it
vary randomly by tree and stand (Bimoq) and varied the B, (Bomod)
and Bs (Bsmod) parameters with DH

BimMod — Bo

B —CAi\ ’
2Mod ijkl
1+exp ( B3mMod )

MOEgyn.ji = Bo + (14)

where MOEgyn jj« represents the [th annual ring of the kth disk from
the jth tree at the ith site, Bimod is equal to

Bimoq = B1 + b1 + bw + Bs x lOg (DHUk + 1) , (15)

with the parameters are the same as equation 9. Baweqg is equal
to

Bomod = Bz + Bs x lOg (DHuk) , (16)
where Bs is the effect of height within tree on B;. Bsuog is equal to
B3mod = B3 + Bs x log (DHjx) , (17)

where Bg is the effect of height within tree on Bs.

The within tree variation in MOEg, can be predicted using
two approaches, either by multiplying the predictions from the
SG model (equations 8-9) and the USV model (equations 10-
13) together using equation 1, or using the nonlinear model
developed directly for MOEgy, (equations 14-17). We compared
both sets of predictions to determine which set of models was
more accurate at predicting the within tree variation in MOEg.

Tree property map development

Within tree wood property maps were produced for SG, USV and
MOEyn following the procedures described by Auty et al. (2014),
Dahlen et al. (2018) and Dahlen et al. (2021). To produce the
smoothed maps, the data within each tree map were interpo-
lated using an inverse-distance weighted interpolation algorithm
(Baddeley et al., 2015).

Results

Table 1 shows the mean, standard deviation, minimum and max-
imum values for SG, USV and MOEg,. The mean attenuation
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Figure 5 Comparison between SilviScan microfibril angle with ultrasonic velocity, and SilviScan MOE compared with a multiple regression model from

SG and ultrasonic velocity squared (USV2).

Table 1 Mean, standard deviation (SD), minimum (Min) and maximum
(Max) for SG, ultrasonic velocity and dynamic MOE

Mean SD Min Max
SG 0.466 0.088 0.222 0.803
Ultrasonic velocity (m s~1) 4523 586 2420 5567
Dynamic MOE (GPa) 9.74 3.42 2.13 22.11

Table 2 Relationships between SilviScan measured MFA with ultrasonic
velocity (USV) and SilviScan modulus of elasticity (MOEgjyiscan) cOM-
pared against SG and USV

Property Equation and parameters R? RMSE

Microfibril angle (°) MFA=48.314 - 0.00000146 0.91 2.6
*USV?

MOEgjyiscan (GPa) MOEgsjiscan =—9.321+13.028 0.93 1.12

* SG + (6.24x1078) * USV?2

value for the USV measurements was 14.1 decibels with a stan-
dard deviation of 3.1. The correlation (r) between SG and USV
measurements was 0.36. Table 2 and Figure 5 show the relation-
ships between SilviScan measured microfibril angle and USV, and
SilviScan MOE (MOEsjyiscan) Modelled from SG and USVZ. Overall
relationships between microfibril angle and USV, and MOEsjyiscan
and SG and USV? were both quite strong, which helps to vali-
date the USV measurements. The microfibril angle values for the
subset of samples analyzed by SilviScan ranged from 5° to 39°.
Estimating microfibril angle from all of the USV samples using
equation #4 resulted in predictions ranging from 3° to 40°.

The estimated model coefficients for SG, USV and MOEgyn
are shown in Table 3, while Table 4 shows summaries of the fit

indices of the models. All the properties of interest increased with
cambial age, and all varied significantly with height in the stem.
The fixed effects of the SG model had a pseudo-R? of 67 per cent
and the RMSE was 0.051. For SG, the random effects of the model
were associated with an additional 8 per cent of the variation,
with the asymptote (B;) parameter ranging from 0.550 to 0.678
with a mean of 0.613. The fixed effects of the USV model had a
pseudo-R? of 71 per cent and the RMSE was 316 m/s. For USV, the
random effects of the model were associated with an additional
5 per cent of the variation, with the asymptote (B;) parameter
varying between 4700 and 5093 with a mean of 4918 m s1.
For MOEqyn, the fixed effects had a pseudo-R? of 69 per cent
and the RMSE was 1.9 GPa. For MOEgy,, the random effects were
associated with an additional 10 per cent of the variation, with
the asymptote (B;) ranging from 12.63 to 17.22 with a mean of
14.74 GPa.

Scatterplots of variation in SG, USV and MOEgy, as functions
of cambial age are shown in Figure 6 and include model predic-
tions by height level within the tree. For the SG model, values
near the pith were similar for all height levels, and as cambial
age increased, the lower height levels had increasingly higher
SG. Asymptotic values for ring SG are reached around age 20,
regardless of height level within the tree. For the USV model,
there were pronounced differences in the values near the pith for
the different height levels. Specifically, at stump height (0.15 m),
values were ~3000 m/s, and at the uppermost height level
(20.7 m), values were ~4000 m/s. We did not find differences
in the asymptotic value of USV by DH; on average, all heights
reached an average value of 4918 m/s. The rate at which the val-
ues reached the asymptote varied by height level, from ~25 years
at stump height, versus ~10-15 years for the other height levels.
Values of MOEgy, at stump height are lowest at the pith due to
the low USV values, but over time, the values become the highest
due to higher SG values in the outerwood. The time to reach
the asymptote is longer at stump height than the other heights;
specifically, the stump reached an asymptote after more than
30 years, versus a little over 10 years at other heights. Using
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Table 3 Parameter estimates and standard errors for the SG, ultrasonic velocity and dynamic MOE models.

Property Parameter Description Parameter estimate Standard error
SG (Eq. #9) Bo Intercept 0.338 0.004
B1 Asymptote 0.613 0.008
B, Inflection 5.952 0.184
B3 Rate 3.151 0.145
B, DH effect on B4 —0.050 0.001
Ultrasonic velocity (m s—1) (Eq. #11) Bo Intercept 3038 53
B1 Asymptote 4918 33
B, Inflection 7.30 0.18
B3 Rate 2.79 0.12
B, DH effect on B, —2.04 0.05
Bs DH effect on B3 -0.27 0.38
Dynamic MOE (GPa) (Eq. #15) Bo Intercept 2.40 0.27
B1 Asymptote 14.74 0.37
B, Inflection 8.65 0.25
B3 Rate 4,18 0.23
B, DH effect on B -1.93 0.08
Bs DH effect on By —0.43 0.06
Bg DH effect on B3 -1.13 0.08

Table & Fit indices and model errors for the SG, ultrasonic velocity and dynamic MOE models.

Property AIC Fit indices (R?)
Fixed Fixed +stand Fixed +stand +tree  RMSE (fixed effects only)
SG! —-29217 0.67 0.69 0.75 0.051
Ultrasonic velocity (m s~1)? 91938 0.71 0.72 0.75 316
Dynamic MOE (GPa)3 22457 0.69 0.72 0.79 1.90

LEquations #8-9 2Equations #10-13 3Equations #14-17

the mean parameter estimates, SG increased by a factor of 1.8
from pith (0.338) to bark (0.613). USV increased by a factor of 1.6
from pith (3038 m/s) to bark (4918 m/s); however, the increase
was a factor of 2.6 if factoring in velocity squared (equation 1).
MOEqy, increased by a factor of 6.1 from pith (2.14 GPa) to bark
(14.74 GPa).

Figure 7 shows the comparison in the within tree data
between MOEq4,, with the predictions generated using the SG
model (equations 8-9) multiplied by the square of the USV model
(equations 10-13) using equation 1 (R?=0.70, RMSE=1.9 GPa)
(Figure 7A), versus using the predictions from the MOEgy, model
(equations 14-17) (R?=0.69, RMSE=1.9 GPa) (Figure 7B). Both
models have similar fit statistics, but when MOEyy, is calculated
using the SG and USV models (Figure 7A), the results are slightly
closer to the 1:1 line than when using the MOE4, model
(Figure 7B). However, the MOEq,, model (equations 14-17) better
predicts high MOEgy values in the outerwood (Figure 7B). As such,
we generated the tree map using MOEgyy, calculated from the
average value of these two predictions.

Figure 8 shows the within-tree variation maps. The SG tree
map illustrates the average within-stem variability at different
heights within the tree as cambial age increases. The USV map
illustrates the variability present in the first 5 m of the tree near

the pith, with particularly low USV values near the ground level.
The MOEgy, map essentially merges the SG and USV maps with
the variability near the pith being comparable to the USV map,
and variability as cambial age increases being more like the
SG map.

Discussion

Measuring acoustic velocity using audible (<20 kHz) or ultrasonic
(>20 kHz) frequencies to estimate wood stiffness is increasingly
used in non-destructive testing and evaluation studies (Bucur
et al, 1994; Hasegawa et al.,, 2011; Ross, 2015; Mason et al.,
2017; Kharrat et al, 2019; Schimleck et al., 2019; Kumar
et al, 2021). Measuring ultrasonic velocity is a lower-cost
alternative to measuring microfibril angle, and both can be
used to obtain within-tree variation in wood stiffness when
combined with wood density measurements. When measuring
ultrasonic velocity, particular care needs to be given to all
aspects of the measurement process. We selected our sample
dimensions for USV such that we could prepare them from
either disks or 12-mm increment cores. The 8.2-mm longitudinal
dimension of the samples is longer than the wavelength (6 mm)
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Figure 7 Comparison of the within-tree variation in dynamic MOE calculated using equation 1 (MOE gy, =SG * USV2) from values obtained from the
predictions from the nonlinear models of specific gravity (SG) (equations 8 and 9) and ultrasonic velocity (USV) (10-13) (A), and the same comparison

using the dynamic MOE model (equations 14-17) (B).
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Figure 8 Tree maps showing modelled specific gravity (SG) (left), ultrasonic velocity (USV) (middle) and dynamic modulus of elasticity (MOEg4yp) (right).

when using a 1-MHz transducer and assuming a 6000 m s™!
maximum velocity for wood (Bucur, 2006); here, the maximum
velocity measured was 5567 m s, Increasing the distance
between the transducers, via a combination of a thicker sample
and/or the use of delay lines, also results in higher accuracy
(Vézquez et al., 2015).

Measuring USV requires good contact between the sample
and the transducer. During the development process for this
method, we found that samples with greater surface rough-
ness had higher signal attenuation values. Here, we improved
the contact by sanding the USV samples before taking the USV

measurements. Sanding improved the coupling by decreasing
the surface roughness, which helps increase the signal strength
and decrease attenuation. Sanding, however, results in deposi-
tion of sawdust into the lumens on the sample surfaces, which
subtly increases the density. Interpretation of the dynamic MOE
equation (Equation 1) (Ross, 2015) implies that an increase in
density would also increase dynamic MOE, or if dynamic MOE
is unchanged then velocity should decrease. Panshin and de
Zeeuw (1980) group the components of wood into primary com-
ponents which consists of cellulose, hemicellulose and lignin, and
secondary components which consists of extractives and ash.
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Deposition of sawdust into lumens might be considered as a sec-
ondary component, so perhaps a strict interpretation of dynamic
MOE increasing or acoustic velocity decreasing as sawdust is
deposited in the lumens is not intuitive; however, some types of
extractives have been found to increase mechanical properties,
although most types have no effect (Brémaud et al., 2011; Longui
et al., 2012; Roohnia et al., 2015). Additionally, acoustic velocity
decreases as moisture content increases, even at moisture con-
tents above the fiber saturation point (Wang and Chuang, 2000;
Oliveira et al., 2005; Chan et al,, 2011; Yang et al., 2015; Llana
et al,, 2018). These questions led us to measure acoustic velocity
on a subset of samples before and after removing sanding dust.
We found that removing sanding dust did not impact the velocity
values. We did not specifically measure the density due to the
samples having supporting strips of wood glued onto the side.
This result combined with the papers mentioned above present
interesting interactions that may occur between dynamic MOE,
acoustic velocity and density as secondary components change.

Contact between the transducer and the sample is also
dependent on the interface material, whether it be an elastomer
or a gel. We used neoprene as the couplant instead of gels,
since gels would absorb into the wood surface, preventing
subsequent use of the samples for other purposes (e.g. near-
infrared spectroscopy hyperspectral imaging). With regards to
durability, we have conducted thousands of measurements with
the transducer, couplant, delay line, transfer tape and neoprene
combination described in the methods section and have found
no signal degradation. The 10-mm resolution was selected
for practical purposes and provided sufficient surface area to
adequately adhere the neoprene to the plastic delay line using
3 M #465 transfer tape (3 M, Saint Paul, MN, USA).

Relatively few studies have reported links between acoustic
velocity and tracheid anatomical properties, such as microfibril
angle. Here, we developed models on a subset of the samples
using USV and microfibril angle measured by SilviScan and
found strong relationships (R? =0.91). The relationships between
microfibril angle and USV are slightly stronger than the results
found by Hasegawa et al. (2011) and Mason et al. (2017).
Hasegawa et al. (2011), using 500-kHz transducers with 30-
mm-thick samples, and silicone grease as a couplant, found
moderate to strong relationships between microfibril angle
and USV in Japanese cedar (Cryptomeria japonica, R?=0.81)
and Japanese cypress (Chamaecyparis obtusa, R*=0.67) with
the microfibril angle measured on latewood tracheids using
microscopy. Mason et al. (2017) measured USV on 60-mm-
thick radiata pine samples and found strong relationships
(R? =0.75) with microfibril angle measured by SilviScan. Because
the instrumentation, sample dimensions, number of samples
tested and species differed in all three studies, we cannot
explain the stronger relationships in the current study, but we
suspect that species rather than measurement technique have
a greater influence over the differences. There are clearly species
differences between studies, as evidenced by the correlation
between USV and SG. For most softwood species, microfibril angle
decreases monotonically with cambial age (Lachenbruch et al.,
2011), whichimplies that USV would also increase monotonically,
whereas SG can increase from pith to bark (Type 1 species),
decrease monotonically from pith to bark (Type 3 species) or
decrease for several years and then increase monotonically

towards the bark (Type 2 species) (Panshin and de Zeeuw, 1980;
Auty et al., 2013; Moore et al.,, 2014; Erasmus et al., 2018). We
found a weak positive relationship between SG and USV (R=0.36)
because SG and USV both increase from pith to bark (Type 1).
Mason et al. (2017) however reported no relationship (R=0.03)
for radiata pine (Type 1). Hasegawa et al. (2011) reported
strong negative relationships for Japanese cedar (R=-0.83) and
Japanese cypress (R=—0.74), both species are Type 3 in that SG
decreases from pith to bark.

Kharrat et al. (2019) developed an ultrasonic velocity system
using 10-MHz transducers, with the system designed to measure
USV at 40-um radial resolution using petroleum jelly used as the
coupling agent. The high radial resolution (40 xwm) allows for the
calculation of dynamic MOE within annual rings. They measured
USV in black spruce (Picea mariana) (Type 2) and jack pine (Pinus
banksiana) (Type 1) from samples collected at breast height,
but they did not report relationships between microfibril angle
and USV. They found a strong positive relationship between ring
ultrasonic velocity and density for jack pine (R=0.85), and when
data for both species are combined the correlation were still
strong (R=0.81). While the correlation for black spruce was not
reported, examination of the corresponding figure in their paper
would generally suggest a poor relationship between velocity and
density for black spruce. Alteyrac et al. (2006) collected black
spruce samples at 2.4 m and found that static MOE and microfibril
angle were strongly negatively correlated (R=—0.78), but static
MOE was not significantly correlated with wood density, likely due
to the Type 2 SG pattern. While these two studies (Alteyrac et al.,
2006; Kharrat et al., 2019) do not report results on exactly the
same variables, they both suggest that the MOE of black spruce
is influenced more by the acoustic velocity and the microfib-
ril angle than the wood density. For jack pine, Kharrat et al.
(2019) found that acoustic velocity was higher in earlywood than
latewood, and also they report stronger correlations between
acoustic velocity and wood density in earlywood (R=0.74) than
latewood (R=0.67). These results are somewhat surprising, but
perhaps the relatively strong correlations at the ring level are the
result of only one height level within the trees sampled (DBH).

Applying the relationship found between microfibril angle and
USV, our predicted microfibril angle range (3° to 40°) was essen-
tially the same as that measured using SilviScan (5° to 39°). In
a study by Jordan et al. (2007), microfibril angle measurements
ranged from 5° to 51°, for which the low microfibril angle values
are comparable to those measured here, but at the other end
of the range, microfibril angle values were 10° higher. Jordan
et al. (2007) measured microfibril angle at 1-mm resolution on
295 samples, which is a significantly larger sample size than the
subset of 20 samples measured here. The higher resolution would
make it more likely to measure higher microfibril angles near
the pith, as well as measuring compression wood within rings;
compression wood has a higher microfibril angle, lower acoustic
velocity and lower stiffness than normal wood (Long et al., 2000;
Saadat-Nia et al., 2011).

We compared our measurements with SilviScan MOE
(MOEsiscan) and found strong relationships (R?=0.93) from
a multiple regression model using SG and USV? as predictor
variables. SilviScan MOE is calculated using wood density
data from X-ray densitometry and information from X-ray
diffractometry, and the MOE values are calibrated using sonic
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resonance measurements obtained from small clear samples
(Evans, 2006). The minor differences found here could be due to
the X-ray diffractometry measurements representing an average
taken across the measurement section, whereas a time-of-flight
velocity measurement is the fastest velocity measured within
the 10-mm measurement section.

Ultimately, any measurement of wood and fiber properties
is a compromise between cost, accuracy, speed and resolution
(Schimleck et al., 2019). While USV is measured radially, the
resolution we selected (10 mm) is much lower than what can
be obtained from X-ray diffraction instruments such as SilviScan
(e.g. Keunecke et al., 2009), which can provide measurements
at 0.2-mm radial steps (Evans et al., 1998). Using SilviScan, Jor-
dan et al. (2005) developed separate earlywood and latewood
microfibril angle models for loblolly pine using data obtained
in 1-mm radial increments. The separation between earlywood
and latewood USV information is not feasible using the 10-
mm diameter probe tips used here; however, whether this extra
resolution is needed is dependent on the objectives of the study.
Evans et al. (1998) showed that integration lengths of 0.2 and
10 mm provide essentially the same overall patterns of microfibril
angle within a tree; the higher resolution integration length of
0.2 mm requires 250 min scanning time per sample, versus just
5 min per sample at 10-mm increments. The scanning speed
per sample of the ultrasonic system used here is comparable to
the SilviScan system at the same 10-mm resolution (Evans et al.,
1998; Schimleck et al., 2019). Examining the impact of climatic
effects on within-ring variability is one such study where a high-
resolution X-ray diffraction system is needed because it can
provide within-ring information even on narrow ring widths (Drew
et al., 2012). A study combining the USV measurements with a
hyperspectral near-infrared spectroscopy imaging system could
result in some inferences being drawn on within-ring variability
on the earlywood and latewood in USV assuming the calibration
models are accurate (Schimleck et al., 2019). As demonstrated by
Kharrat et al. (2019), gel coupling agents could be used in place
of the elastomer material which would allow the delay line to be
machined to smaller dimensions to increase spatial resolution.

While measuring USV is not simple, it is demonstrably easier
and cheaper and provides a more direct measurement of wood
stiffness compared with X-ray diffraction systems. Thus, USV
could be measured for studies where obtaining microfibril angle
measurements from SilviScan would be prohibitively expensive.
Alternatively, given the same budget, more samples could be
analyzed, and these larger sample sizes could result in improved
models. For example, a limitation using the microfibril angle
model developed by Jordan et al. (2007) is that it results in
biologically inaccurate predictions above (>13.7 m) and below
(<1.4 m) the measured height levels.

We developed nonlinear mixed-effects models for SG, USV
and MOEgy, using cambial age and height along the stem as
explanatory variables (fixed effects). We varied the asymptote
parameter (B;) by stand and tree within stand (random effects).
While there is considerable variation in wood properties for each
cambial age, we did not find that varying the other parame-
ters of the models resulted in any meaningful amount of varia-
tion that could attributed to the random effects. This suggests
that variation within loblolly pine corewood is not consistent
within stand or tree within stand and this finding fits with the

description by Burdon et al. (2004) that corewood is ‘anomalous’.
The SG model presented here has improved fit statistics (R* =0.67
vs. 0.56, RMSE=0.051 vs. 0.058) compared with our previously
reported model (Dahlen et al., 2018) even though the samples
were collected from the same trees. This improvement in model
performance is largely attributed to the removal of the resinous
extractives, resulting in less variability in SG values near the pith.
Specifically, Dahlen et al. (2018) reported that SG values ranged
from 0.2 to ~0.75 at cambial age 1. Here, corresponding SG
values ranged from 0.2 to 0.62. The models presented here better
represent wood SG as the cell wall polymer matrix alone rather
than the cell wall matrix and the extractives deposited later,
especially during heartwood formation. The impact of extractives
is realized with the change in the intercept value (Bo) of the
model, which was 0.377 in Dahlen et al. (2018) versus 0.338 here.
Eberhardt and Samuelson (2015) showed radial trends in SG for
mature southern pines (age 50 years) before and after extraction,
with rings 1-10 showing the greatest differences in SG.

Along with the improved nonlinear mixed effects models for
SG, here, we provide what are likely the first USV and MOEgyn
models for loblolly pine. Since the models are new, we cannot
draw direct comparisons from the literature; however, we can
note that the USV models presented here have similar within-tree
trends as the Jordan et al. (2005, 2007) microfibril angle models.
At the lower height levels within the tree, USV has lower starting
values near the pith and microfibril angle has higher starting
values, and it takes a considerably longer time to reach the
upper/lower asymptote values than at 5 m and above within the
tree. Antony et al. (2012b), modelling static MOE on short clear
samples collected from 2.4-, 7.3- and 12.2-m height levels within
the trees, showed general trends of increasing wood stiffness by
height for a given cambial age that are similar to those found
here with our MOEg,, model. Similar within-tree trends in MOE
have been found in radiata pine by Xu and Walker (2004).

The maps of within-tree variation in SG, USV and MOEgy, are
similar in appearance to those in previous studies with loblolly
pine, but for different parameters of interest. Schimleck et al.
(2018, 2020) presented interpolated maps using measured data
(not modelled) for SG, microfibril angle and SilviScan-derived
MOE. Dahlen et al. (2018) presented maps using the same proce-
dures used here for SG; tracheid length and width were modelled
in a subsequent study (Dahlen et al., 2021). Overall, our USV map
(Figure 8) shows similarities to the microfibril angle map, and to
some extent to tracheid length and width maps, with property
values appearing in zones extending from the base of the tree to
the top, especially at the lower cambial ages near the pith. The
MOE4y» map (Figure 8) shares attributes of both the SG and USV
maps. Overall, the MOE4y, map is more like the SG map because of
the separation in these two properties as cambial age increases,
whereas USV values reach the same asymptote value at higher
cambial ages; however, the MOEg4y, and USV maps both show the
respective properties to be relatively constant from the base of
the tree to the top for cambial ages near the pith. The low USV
values at the pith near the base of the tree indicate the region
where longitudinal shrinkage during drying is high, which results
in warp in lumber (Xu et al., 2009).

The models and the wood property tree maps developed
here are useful in predicting physical/mechanical properties
for straight grain and defect-free wood. Predicting end-product
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quality, such as lumber or veneer produced from the same trees,
would require more information on the branches contained
with the trees (Harrington, 2002; Trincado and Burkhart, 2009;
Hassegawa et al., 2019; Erasmus et al., 2020). Knots introduce
slope-of-grain deviations within the wood which reduces the
acoustic velocity (Senalik et al, 2020a, 2020b). Longitudinal
acoustic velocity is also much higher than radial (e.g. 2.3 times)
or tangential (e.g. 3.2 times) velocity (Jones and Emms, 2010;
Hasegawa et al., 2011). Compression wood will also reduce USV
and MOEgy, which will further decrease product performance
(Thumm et al., 2010; Saadat-Nia et al., 2011). While there are
differences between clear wood and wood containing branches,
Kumar et al. (2021) recently found strong relationships (R?
between 63 and 79 per cent) between MOE measured on logs
with MOE measured on increment cores.

Several other factors also need to be considered when predict-
ing product properties, including the higher values obtained when
determining MOE using dynamic methods than in static bending
(Divos and Tanaka, 2005). It should also be noted that moisture
content differences are measurement specific, with basic SG
reported here as an oven dry weight for a green volume, while
USV is reported at 10 per cent moisture content. For example, an
appropriate comparison to lumber design values would be at 15
per cent moisture content. This moisture content change would
result in an increase in SG but a decrease in USV values reported
here. Ferreira et al. (2021) found that, on average, acoustic veloc-
ity decreased from 4888 to 4721 m s~ and MOE decreased from
11.14t0 10.77 GPa in slash pine (Pinus elliottii) when the moisture
content changed from 11 to 15 per cent. Considerations related
to test method (e.g. tension, compression, bending, etc.) and the
associated testing variables should also be accounted for when
comparing clear wood values to product properties.

Conclusions

In this study, we developed a laboratory method to measure
ultrasonic velocity (USV) on pith to bark samples. We then applied
the method to plantation loblolly pine growing in the southeast-
ern US. We also measured SG and then calculated dynamic mod-
ulus of elasticity (MOEq4yn) using SG multiplied by USV squared.
On a subset of samples, we compared USV measurements with
SilviScan-derived properties. A linear model between SilviScan
microfibril angle and USV (R?=91 per cent) was strong, as was
a multiple linear regression model between SilviScan modulus of
elasticity (MOEsjyiscan) Versus SG and USV? (R? =93 per cent).

We developed nonlinear mixed-effects models for SG, USV and
MOEg4yn as a function of cambial age and height within tree to
predict within-tree trends. The fixed effects of the models had
R?=0.67 for SG (RMSE=0.051), R?=0.71 for USV (316 m s71)
and R?2=0.69 for MOEgyn (1.9 GPa). We then constructed maps
of the within-tree variation in SG, USV and MOEy,, to illustrate
changes in these properties with cambial age and height in the
stem.

Measurement of USV provides important information on wood
stiffness when combined with SG information measured using
X-ray densitometry. To predict end-product properties, such as
lumber or veneer stiffness, future work is needed that develops
a framework that combines clearwood values of SG and USV
together with knot and grain angle information.
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