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Abstract Tree improvement programs on loblolly pine
(Pinus taeda) in the southeastern USA has focused pri-
marily on improving growth, form, and disease tolerance.
However, due to the recent reduction of design values for
visually graded southern yellow pine lumber (including
loblolly pine), attention has been drawn to the material
quality of genetically improved loblolly pine. In this study,
we used the time-of-flight (TOF) acoustic tool to assess the
effect of genetic families on diameter, slenderness, fiber
length, microfibril angle (MFA), velocity and dynamic
stiffness estimated using green density (DMOEg) and basic
density (DMOEg) of 14-year-old loblolly pine stands
selected from two sites. All the 184 and 204 trees of the
selected eight half-sib genetic families on sites 1 and 2
respectively were tested using TOF acoustic tool, and two
5 mm core samples taken at breast height level (1.3 m)
used to for the anatomical and physical properties analysis.
The results indicated a significant positive linear relation-
ship between dynamic MOEs (DMOEg and DMOEg)
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versus tree diameter, slenderness, and fiber length while
dynamic MOEs negatively but nonsignificant correlated
with MFA. While there was no significant difference in
DMOEy between sites; velocity” for site 1 was signifi-
cantly higher than site 2 but DMOEg was higher for site 2
than site 1. Again, the mean DMOEg and DMOEg reported
in the present study presents a snapshot of the expected
static MOE for green and 12% moisture conditions
respectively for loblolly pine. Furthermore, there were
significant differences between families for most of the
traits measured and this suggests that forest managers have
the opportunity to select families that exhibit the desired
fiber morphology for final product performance. Lastly,
since the dynamic MOE based on green density (DMOEg),
basic density (DMOEg) and velocity2 present difference
conclusions, practitioners of this type of acoustic technique
should take care when extrapolating results across the sites.

Keywords Genetic families - Loblolly pine - Time-of-
flight - Resonance-based - Modulus of elasticity - Modulus
of rupture

Introduction

In the southeastern U.S., loblolly pine (Pinus taeda L.) is
the most dominant tree species in the southern yellow pine
(SYP) group in terms of cultivation, utilization and genetic
improvement (McKeand et al. 2003). One of the most
important premium products from this species is dimen-
sional lumber used for structural applications. There are
several mechanical properties used to categorize solid
wood and wood products. The two most widely measured
for stiffness and strength are the modulus of elasticity
(MOE) and modulus of rupture (MOR), respectively (FPL
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2010). Isik et al. (2011) emphasized that MOE is one of the
most important mechanical properties of wood and engi-
neered wood products derived from loblolly pine. Conse-
quently, in 2013 the design values for visually graded
southern yellow pine lumber were adjusted in an attempt to
reflect the material strength and stiffness of today’s market
(ALSC 2013). For many product dimensions, these values
dropped, making U.S. southern yellow pine lumber less
competitive on the international market. In the southeastern
USA, tree improvement programs on loblolly pine over the
years focused primarily on improving growth, form, and
disease tolerance with no consideration to material quali-
ties such as stiffness and strength. However, due to this
reduction in design values for visually graded southern
yellow pine (including loblolly pine), attention has been
drawn to material quality of genetically improved loblolly
pine in our plantations. There is, therefore, a need to study
the wood quality properties of plantation-grown trees.
Traditionally, small, clear wood samples have been used to
directly determine the effect of site, genetic source and
planting density on MOE and MOR. For instance, Clark
et al. (2008) studied the effect of planting density on MOR
and MOE for loblolly pine using small clear samples and
reported that these properties decreased with decreased
planting density. MOE has been found to be highly or
moderately heritable (Johnson and Gartner 2006; Lenz
et al. 2013), indicating that trees with a superior modulus of
elasticity can be bred and deployed for plantation
development.

Given that MOE is used to nondestructively classify
lumber quality in the manufacturing plant using machine
stress grading technology, estimation of MOE in both
standing trees and logs would be of considerable use to tree
breeders, mill managers, and silviculturists. For this pur-
pose, several non-destructive instruments have been
developed that can directly and/or indirectly measure the
intrinsic wood quality of small samples, logs or trees
(Wang et al. 2001, 2004; Mora et al. 2009; Essien et al.
2017b). Among these instruments are acoustic—based
nondestructive tools which are simple, compact, and easy
to operate. (Dickson et al. 2004). Several researchers have
found a strong linear relationship between the static MOE
of small clear samples against the predicted dynamic MOE
of small clear samples, logs and trees for different species
(Wang et al. 2001, 2004; Lachenbruch et al. 2010; Vikram
et al. 2011; Raymond et al. 2008; Essien et al.
2016, 2017b). Currently, the most popular acoustic tech-
niques are ‘‘time-of-flight’” and ‘‘resonance’’ for standing
trees and logs respectively (Wang et al. 2001; Raymond
et al. 2008).

The time-of-flight (TOF) method measures the time it
takes for an introduced stress wave to travel from point to
point and currently is the only practical acoustic method for
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estimating the dynamic MOE in standing trees (Lasserre
et al. 2007; Wang 2013; Essien et al. 2016). Therefore,
TOF tools can be used for pre-harvest and progeny
screening programs. Additionally, they can be used to
predict the effect of edaphic, environmental, silvicultural
and genetic factors on MOE of standing trees. This presents
a unique opportunity for inclusion of stiffness screening in
tree breeding programs.

Lasserre et al. (2007) studied the effect of genetic
source, planting density and site on MOE of 11-year-old
radiata pine. They observed MOE increased with greater
planting density but there was a significant interaction
between site and genetic source. Roth et al. (2007)
observed similar results for the effect of planting density,
genotype, and management operations on MOE for 6-year-
old loblolly pine. Furthermore, Essien et al. (2016) reported
thinning operations for loblolly pine at 13 and 22 years
after planting significantly increased the MOE of standing
trees by the 29th year. Essien et al. (2017a) attributed the
acoustic signal to be sensitive to the same suite of fiber
morphology and chemistry as a real stick of wood which is
important if acoustics are to be used for the determination
of stiffness in juvenile or younger wood. This is because
Via et al. (2009) found MFA and lignin to be more relevant
to stiffness in younger tissue, while density and cellulose
were more important for older growth material.

Different authors have reported different trends for the
relationship between velocity and dynamic stiffness against
diameter at breast height (DBH) of trees. Lasserre et al.
(2005) and Carson et al. (2014) noted a negative relation-
ship between stiffness and DBH for 11- and 17-year-old
radiata pine respectively. Briggs et al. (2007), on the other
hand, found a positive relationship for Douglas-fir between
32- and 36-years-old while the relationship was negative
for 42-year-old trees. The relationship between velocity
and DBH was positive for the thinned stand while it was
negative for the unthinned stand (Essien et al. 2016). The
relationship between velocity and stiffness against DBH
appears to be affected by age, species and silvicultural
operations (Wang et al. 2004; Briggs et al. 2007; Essien
et al. 2016). This divergent relationship between diameter
and dynamic MOE estimated by TOF might be due to the
fact that the generated sound waves are restricted to the
sapwood portion that is penetrated by the probes. Since
fast-growing species produce wood with thin and large
lumen cells, one would expect a lower velocity and stiff-
ness. Furthermore, the velocity of fast-growing trees will
be reduced due to a higher percentage of free water in the
cell lumen.

Since loblolly pine constitutes the major part of SYP,
understanding the main and interactive effects of available
planting stock and site in relation to MOE is of utmost
importance for the growth and sustainability of the forest
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industry. If statistically, significant relationships exist
between the main and interactive effects of site and genetic
sources, then a predictive model for loblolly pine must
consider the site and genetic sources of the materials. We
hypothesize that there will be a significant site and genetic
sources effect on the diameter, velocity, and dynamic
MOE. Therefore, the main objective of this study is to
determine the main and interactive effects of genetic
sources on physical, anatomical and quality properties of
fifteen genetically improved, half-sib loblolly pine families
selected from two sites.

Materials and methods

Trees were selected from a plantation of genetically
improved, open-pollinated half-sib families of loblolly pine
established at two sites in the southeastern U.S. in 2000.
Site 1 was in Nassau County, Florida near Yulee (latitude
30°63'N and longitude 81°57'W), and Site 2 at Brantley
County, Georgia near Nahunta (latitude 31°12'16”"N and
longitude 81°58'56”"W. Soils of Site 1 are poorly drained
and formed from a thick bed of alkaline loamy and clayey
marine sediment with slopes less than 1%. The mean long-
term temperature and precipitation from 1981 to 2010 are
21 °C and 1350 mm respectively. The topography of Site 2
is relatively flat with a slope less than 2% and 20 masl.
Soils are fine sandy loams, poorly drained and generally
poor in nutrients, and formed from loamy and silty Coastal
Plain sediments. Mean annual temperatures range
17-19 °C and annual precipitation from 1981 to 2010
averaged 1315 mm (NOAA 2016).

A randomized complete block design was used on both
sites. Site 1 was 6744 m? and site 2 8027 m” and each site
was divided into fifteen blocks measuring 450 and 535 m?
respectively. A single tree per block design was used with
80 seedlings from eighty different genetically improved
half-sib families randomly planted at 1.6 m x 3.2 m and
1.8 m x 3.6 m for site 1 and 2, respectively. The stands
had not been commercially thinned since establishment at
the time of data collection.

Fifteen out of the eighty loblolly pine families were
selected a priori based upon their tolerance to fusiform rust
(Cronartium quercum (Berk.) Miyabe ex Shirai f. sp.
fusiforme) and tested on both sites in the spring of 2014
when the trees were 14-years-old. Although 15 seedlings
per genetic family were planted, seedling mortality over
time reduced the number of trees in some families. In all,
388 trees comprising 184 and 204 for sites 1 and 2,
respectively, were assessed. Heights and diameters were
measured using clinometer and diameter tape.

Acoustic measurements of standing trees

All of the trees from the selected fifteen families were
acoustically tested using the FAKOPP Microsecond Timer
acoustic tool, (Fakopp Enterprise, Agfalva, Hungary),
which relied on the time-of-flight (TOF) principle (Wang
et al. 2007, Mora et al. 2009; Essien et al. 2016). The
accelerometers (transmitter and receiver probes) were
positioned on the same side of the tree 120 cm apart with
the center of the path at breast height. Both probes were
positioned 45° to the tree axis and the stress wave was
generated by striking the transmitter probe with a steel
hammer at a steady force (Mora et al. 2009). The generated
wave was detected by the receiver and the time lapse for
the sound wave to travel the distance between the probes
was recorded by the data logger. Seven readings were taken
on each tree and velocity was estimated as the ratio of the
distance to time (Eq. 1). The dynamic modulus of elasticity
estimated with green density (DMOEg) used Eq. 2 (Wang
et al. 2007; Essien et al. 2016). However, acoustic velocity
has been found to decrease with increasing moisture con-
tent until the fiber saturation point, above which changes in
moisture insignificantly affect velocity (Olivito 1996; Chan
et al. 2011; Gao et al. 2012). Since the moisture in healthy
trees, including loblolly pine, is above the fiber saturation
point, we assumed that velocity will be constant hence
basic density was used to estimate the dynamic MOE of the
tree (DMOEg) using Eq. 3. Basic density is the ratio of the
oven-dry weight to the green volume of a piece of wood
(FPL 2010). Given that the oven-dry weight is the smallest
constant weight of the material and the green volume is the
largest volume, basic density is the smallest possible den-
sity of wood. Therefore, using basic density and velocity
should provide important information about wood quality.

Two 5-mm thick core samples were taken at breast
height of each tree to determine moisture content, basic
density, green density, and anatomical properties. One of
the 5-mm samples meant for moisture content and densities
determination was cut into 2-cm long segments, yielding
3-12 wood segments. The dimensions of the segments
were measured using a digital caliper to the nearest
0.0025 mm and weight to the nearest 0.001 g following the
procedure described in ASTM D2395-2007. The diameter
of the segmented cores was measured at both ends and the
average used for volume determination. A digital caliper
was used to determine the volume of the core samples
because, according to Via (1998), the displaced determined
volume was highly correlated with the caliper determined
volume (R? = 0.99). However, 3—12 replicates were used
to reduce potential errors in volume determination. The
average of all the segments from the same core was used
for analysis. Weight (M;) and dimensions of the samples
were measured while green and were subsequently dried to
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constant weight in an electronic oven at 103 °C (M,). The
moisture content (MC), basic (ppasic) and green densities
(Pgreen) Of the cores were determined according to Eqs. 4,
5, and 6 respectively.

Vi = D/s (1)
DMOEG = V7 X Pyreen (2)
DMOEg = V7 X ppaic (3)
MC = ((M;—M,)/M,) x 100 (4)
Pereen = Mi/ Vreen (5)
Prasic = Mo/ Vigreen (6)

where Vris tree velocity in m/s, D the distance between the
probes in meters, s the time for the stress wave to travel the
distance between the probes in seconds, DMOEg the
dynamic modulus of elasticity estimated by green density,
DMOEg the dynamic modulus of elasticity estimated by
basic density. MC is green moisture content of the core, M;
the initial green weight, M, is the oven dried weight, pgreen
is the green density of the core, Vgeen is the green volume
of the core.

MFA and fiber geometry determination

Subsamples of eight families were selected from the fifteen
families used for the study. The 15 families were ranked
based on DMOEG for each and the combined sites.
However, most the families ranked differently on each site,
hence the subsampling was based on the combined site.
Two families from the mid-rank (T34 and T37) while three
families each from the higher (T18, T26, and T33) and
lower (T3, T15, and T21) stiffness groups were selected for
the anatomical study. Thin sections of samples measuring
20 um were sliced from along the entire length of the
samples from each family using a sliding microtome
(Yamato Kohki ROM 380, Japan). The samples were
macerated using equal volumes of hydrogen peroxide
(30.0%) and glacial acetic acid (99.6%) at 80 °C for 24 h
(Peter et al. 2003; Essien 2011; Essien et al. 2017a). The
macerated cells were rinsed thoroughly with deionized
water and the fibers left in deionized water for 48 h, after
which it was shaken rigorously prior to measurement. This
was to ensure that the fibers separated for easy visualiza-
tion. Slides were prepared from the macerated fibers and
fiber length, diameter, and thickness measured on forty full
fibers per family with 20 each selected from the earlywood
and latewood using Differential Interference Contrast
(DIC) Microscope (Olympus BX53, Janpan) (Essien 2011;
Essien et al. 2017a) and the digital images of the MFA
taken using the DIC microscope (Peter et al. 2003). The
Imagel] software was used to measure the MFA.
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Data analysis

Standing tree variables were DBH, height, slenderness
(ratio of total height to DBH), velocity (V1) and dynamic
modulus of elasticity (DMOEg and DMOEg). Pearson’s
correlation coefficients were used to determine the level of
linearity among the variables. The standing tree variables
were analyzed using a generalized linear model (GLM)
procedure in SAS 9.4 (SAS Institute 2014) to determine the
effect of families, block, site and their interactions on
diameter, velocity and dynamic MOEs (DMOEg and
DMOEjg). If site x family interaction was significant at
5%, it indicated that slopes of the model were different and
thus the two populations were different and were analyzed
separately. However, if the interaction was not significant,
then the two populations were similar and therefore they
could be combined for analysis. In order to account for
diameter and ratio of height to diameter (slenderness),
variability effect on velocity, DMOEg and DMOEjg, they
were introduced as a covariate in the model (8). The
covariates were assessed the effect of site and family on
velocity and dynamic modulus of elasticity.

Y = p+ B, site + f, family + f; block + f, site
x family + e (7)

where Y is DBH, slenderness, tree velocity, microfibril
angle, fiber length or tree dynamic modulus of elasticity
(DMOEg and DMOEgp), f; is the mean change in Y due to
site (site 1 = 1 and site 2 = 0), f3, is the mean change in Y
due to genetic family, fi3, and 34 is the mean change in Y due
to block and site x family interaction term, e is the residue.

Y = u+ f, diameter + f5; site 4+ 3, family + f3; block
+ p; site x family + e

(8)

where Y is tree velocity (V) or tree dynamic modulus of
elasticity (DMOEg and DMOEg), f§y is mean change in Y
due to DBH or slenderness (taper). If the interaction term
was significant at 0.05, then the slopes of the two sites are
statistically different from zero. In such cases, least square
means are generated for the fixed main parameter and the
multiple comparisons performed using Tukey—Kramer
adjustment at 0.05.

Results and discussion

Relationships between anatomical, morphological,
and mechanical properties

There was a significant positive linear relationship between
diameter and the two quality parameters, but diameter was
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negatively related to slenderness (Table 1). The negative
linear relationship between diameter and slenderness
(R = — 0.129) was expected since slenderness is the ratio
of the total tree height to diameter (Roth et al. 2007). This
confirmed previous studies where a significant positive
relationship existed between standing tree stiffness and
stem slenderness (Roth et al. 2007; Lasserre et al. 2007,
Antony et al. 2012).

Wood is an anisotropic material with most properties
varying in radial, tangential, and longitudinal directions.
Modulus of elasticity as one of the major mechanical
properties of wood varied radially and axially as a result of
the interactive effect of density and microfibril angle
(Megraw et al. 1999; Via et al. 2009). Depending on the
age, between 76 to 96% and 66 to 94% of the variation in
MOE of loblolly and longleaf pines, respectively, could be
explained by density and MFA. Generally density has a

positive correlation with dynamic MOE (R = 0.75,
R = 0.42 for green and basic densities respectively) while
increasing MFA reduces DMOEg (— 0.13) (Table 1). Via
et al. (2009) explained that, in the mature wood zone,
density becomes a very important predictor of MOE since
the magnitude of MFA becomes relatively small and sta-
bilizes in this zone, while a high MFA with considerable
variation assumes more influence in the core wood zone.
This iteration leads to the formation of stiffer wood
material in the outer wood than in the core wood zones.
However, this is affected by the edaphic, environmental
and silvicultural practices of the stands. Consequently, if
the plantation is established at a high planting density,
taller and thinner trees are produced due to the high inter-
tree competition for light at the juvenile stage. Therefore,
the core wood attains stable and small MFA earlier as
compared to those established at low planting density,

Table 1 Pearson correlation coefficients among morphological, anatomical and quality parameters

Vr DMOE; DBH Taper DMOE; FL MFA BD GD FD FWT
Vr 1.0 0.60%**  (.32%%* 0.12% 0.87%%% 0.13%* - 0.07" 0.60%** 0.54%%%  — 0.07™ 0.007™
DMOEg 1.0 0.12% 0.21%%%  (.83%#* 0.15% — 0.09™ 0.42%% 0.75%%%  — 0.05™ 0.007™
DBH 1.0 — 0.13* 0.26%%* 0.09™  —0.01™ —o0.16* — 0.13* —0.03™ 0.04™
Taper 1.0 0.22%#%  — 0.02" 0.06"™ 0.217%%% 0.15% 0.02™ 0.04™
DMOEg 1.0 0.15%%  — 0.13* 0.54%%% 0.38***  — 0.14* 0.02™
FL 1.0 — 0.04™ 0.05™ 0.08™ —0.07™ 0.01™
MFA 1.0 0.10™ 0.06™ —-0.11" —0.05"
BD 1.0 0.24%%* —0.03™ 0.06™
GD 1.0 —0.01™ 0.04™
FD 1.0 0.10™
FWT 1.0
n = 388

DMOE; dynamic MOE estimated with green density, DBH diameter at breast height, DMOEg dynamic MOE estimated with green density, FL
fiber length, MFA microfibril angle, BD basic density, GD green density, FD fiber diameter, FWT fiber wall thickness, V velocity

ns = not significant at 0.05; * significant at 0.05; ** significant at 0.01; *** significant at 0.001
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leading to increased MOE with slenderness as reported in
this study.

The positive relationships between the dynamic MOEs
(DMOEg and DMOEg) and slenderness confirm the theory
that a slender tree requires higher stiffness to support itself
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Loblolly pine families
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from buckling under its own weight (Greenhill 1918).
Fundamentally, a taller tree is subject to higher wind load
and the longer distance to the bottom causes a higher
moment. Therefore, the tree requires stiffer material to
withstand wind loading.
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Table 3 Analysis of variance of the main effect of site, genetic
sources and block on anatomical, morphological, and quality prop-
erties of 388 trees from both sites studied

df Mean square F valve p value
DBH (cm)
Site 1 542.79 55.22 < 0.0001
Family 14 30.36 3.09 0.0002
Block 14 23.58 2.40 0.0033
Site x family 14 30.56 2.69 0.0009
Slenderness (cm/cm)
Site 1 345.74 343.65 < 0.0001
Family 14 962.85 957.03 < 0.0001
Block 14 1.06 1.03 0.4037
Site x family 14 925.45 919.84 < 0.0001
MFA (°)
Site 1 300.40 7.78 0.0057
Family 7 83.22 2.15 0.0098
Block 14 23.31 0.60 0.8616
Site x family 7 38.98 1.01 0.4252
Fiber length (um)
Site 1 4,171,959 6.86 0.0093
Family 7 2,581,841 4.24 < 0.0001
Block 14 1,027,576 1.69 0.0578
Site x family 7 742,582 1.22 0.2915
Velocity (km/s)
Site 1 1.41 6.63 0.0105
Family 14 0.33 1.55 0.0909
Block 14 0.27 1.27 0.2206
Site x family 14 0.31 1.48 0.1179
DMOEg (GPa)
Site 1 128.39 14.26 0.0002
Family 14 74.89 8.32 < 0.0001
Block 14 11.02 1.22 0.2554
Site x family 14 79.38 8.82 < 0.0001
DMOEg (GPa)
Site 1 0.034 0.01 0.9281
Family 14 19.38 4.72 < 0.0001
Block 14 4.57 1.11 0.3453
Site x family 14 37.53 9.14 < 0.0001
However, correlations between MFA, velocity

(R = —0.07), and DMOEg (R = —0.09) are nonsignificant
as shown in Table 1. This result is unexpected, as it has
been reported that a decrease in MFA will result in an
increase in velocity because sound waves travel through
the axis of the cellulose along the MFA (Hasegawa et al.
2011). This may be due to the sampling method used in this
study. Most studies investigating the effect of MFA on
other wood properties optimize the range of MFA values
through sampling, separating the mature outer wood from

@ Springer

the juvenile core (34-63 years), such that MFA values
cover a wider range (Via et al. 2009; Hasegawa et al.
2011). In this study, the random natural MFA range present
in the 14-year-old samples were used, and there was no
intention of selecting a wide MFA range to optimize its
variance.

The positive relationship between the dynamic MOEs
and diameter has been reported by several authors (Wang
et al. 2004; Briggs et al. 2007; Essien et al. 2016).
However, other studies such as Lasserre et al. (2005) and
Carson et al. (2014) reported a negative relationship
between stiffness and diameter of 11- and 15-year-old
Pinus radiata D. Don at different planting densities. Since
MOE is moderately or highly heritable (Lenz et al. 2013),
diameter is not genetically correlated with MOE (Li et al.
2007). Therefore, it is possible for a large diameter tree to
produce stiff wood, and at the same time, for a large
diameter to produce less stiff wood. An individual family
by family analysis for diameter (Figs. 1, 2), velocity
(Figs. 3, 4) and dynamic MOEs show families that, (e.g.,
T26 and T18) have higher diameter, velocity and dynamic
MOEs. Roth et al. (2007) made a similar observation
when they studied 6-year-old elite loblolly pine.

Effect of site and genetic families on anatomical,
morphological, and mechanical properties

The descriptive statistics of the parameters studied are in
Table 2. All the parameters studied, with the exception
DMOEg and fiber double-wall thickness, varied signifi-
cantly with the site (p < 0.05). Though the mean velocity
averaged across the family was significantly higher for site
1, DMOEg, MFA, slenderness, and fiber diameter were
larger on site 2 (Table 2).

This is interesting because, based on Egs. 2 and 3, one
would expect the site with higher velocity (Figs. 3, 4) to
exhibit a higher dynamic MOE, since the higher order of
velocity dominates the variation in the response variable
for the equation. However, density, which is a function of
fiber diameter and wall thickness on site 2, was higher than
on site 1 (Table 2). Consequently, both green and basic
densities of trees on site 2 will be higher than on site 1 due
to the large fiber lumen (for potential space for free water
which inflates the weight of the wood) and the thicker wall
thickness, respectively, hence causing the dynamic MOE to
lean towards site 2. Therefore, using velocity” (Roth et al.
2007), dynamic MOE based on basic density (DMOEg)
and based on green density (DMOE), lead to different
conclusions. While there is no significant difference in
DMOEy, between sites, velocity” for site 1 is significantly
higher than for site 2, but DMOEg is higher for site 2 than
site 1. Therefore, practitioners should take care when
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Table 4 Mean (GPa) and

standard error (SE) (GPa) of Families Site 1 Site 2 Between sites Combined

dynamic MOE (DMOEg) for Mean + SE Rank  Mean + SE Rank Rank

each of the 15 genetic families

per site for 388 trees T26 15.41 + 0.86%4 3 18.05 + 0.79* 1 ns 1
T18 16.61 + 0.80% 2 16.42 £ 0.76*>4 4 ns 2
T33 17.59 + 0.76° 1 15.69 £ (.773dcdet 8 ns 3
T34 15.12 + 0.88% 4 13.53 =+ 0.80%f® 10 ok 4
T10 9.96 + 0.84° 13 16.82 & 0.73% 3 ok 5
T1 9.90 + 0.83° 14 17.68 + 0.79%° 2 ok 6
T9 11.97 £ 0.90°% 9 16.17 £ 0.76%0c4t 6 ns 7
T37 14.07 £ 0.80%¢ 6 12.45 £ 0.76 & 13 ok 8
T23 10.71 + 0.79° 11 16.18 + 0.76%°4 5 ok 9
T3 13.21 + .82 7 12.86 + 0.79°4te 12 ns 10
T5 9.89 + 0.83° 15 15.81 =& 0.790cdef 7 s 11
T17 11.53 + 0.86% 10 14.14 + (.73bcdfe 9 sk 12
T21 14.58 + 0.86%%° 5 11.83 + 0.878 14 ok 13
T15 12.92 + 0.96°% 8 12.97 £ 0.80°% 11 ns 14
T2 10.07 £ 0.77° 12 11.25 £ 0.748 15 ns 15

Families within the same site with different letter are significantly different at 0.05

**The families are significantly different between sites at 0.05 while “ns” indicate not significantly

different at 0.05

Table 5 Mean (GPa), standard

error (SE) (GPa), and rank of Families Site 1 Site 2 Between sites Combined

dynamic MOE (DMOEg) for Mean + SE Rank Mean + SE Rank Rank

each of the 15 genetic families

per site T26 10.08 & 0.65%¢ 4 11.13 £ 0.52° 1 ns 1
T18 11.03 + 0.60% 2 9.66 + 0.50%¢ 6 ns 2
T33 11.21 + 0.55% 1 8.32 + 0.50°¢ 10 ek 3
T9 8.72 + 0.65% 7 10.11 + 0.50%¢ 3 ns 4
T10 7.84 + 0.62°¢ 11 10.62 + 0.49® 2 ok 5
T34 10.52 + 0.66™ 3 7.45 £ 0.529f 12 ok 6
Tl 8.13 £ 0.62"¢ 10 9.61 £ 0.528%4 7 ns 7
T21 9.99 + 0.65%4 6 7.42 + 0.57%f 13 ok 8
T23 7.38 + 0.60¢ 12 9.90 =+ 0. 50%¢ 4 ek 9
T5 7.20 + 0.62¢ 14 9.81 =+ 0.52%4 5 ok 10
T17 7.29 + 0.62¢ 13 9.42 + 0.48%¢ 8 ok 11
T2 7.10 £+ 0.57¢ 15 9.20 £ 0.48>°4 9 ok 12
T3 8.38 + 0.63%4 8 7.81 £ 0.52¢0f 11 ns 13
T37 10.02 + 0.572>4 5 5.65 £ 0.50° 15 ok 14
T15 8.32 + 0.65%¢ 9 6.95 + 0.53° 14 ns 15

Families within the same site with different letter are significantly different at 0.05

**The families are significantly different between sites at 0.05 while “ns” indicate not significantly

different at 0.05

extrapolating velocity readings of trees from different
locations.

FPL (2010) reported a mean static MOE for loblolly
pine at green and 12% moisture conditions of 9.7 GPa and
12.7 GPa, respectively. This suggests that the mean
DMOE§g and DMOEg in the present study are very similar

to static MOE for green and 12% moisture conditions,
respectively. Generally, the analysis of variance indicates a
significant (p < 0.05) effect of site and families on tree size
and form, MFA, fiber length, velocity, and dynamic MOEs
(DMOEg and DMOEg) (Table 3, Fig.3). The
site x family interaction was significant for the tree size,
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Table 6 Mean (um), standard

error (SE) (um), and rank of Families Site 1 Site 2 Between sites Combined

fiber diameter for each of the 8 Mean + SE Rank Mean + SE Rank Rank

subsampled genetic families and

combined per site T15 34.31 £ 2.40* 2 36.60 & 2.17* 3 ns 1
T21 27.24 £ 2.40° 7 34.73 + 2.35%¢ 5 *% 7
T26 30.39 + 2.40% 4 39.61 + 2.15% 1 ok 2
T33 32.80 £+ 2.11* 1 33.60 + 2.07% 6 ns 5
T34 29.02 + 2.40° 6 33.57 + 2.16™° 7 Hk 6
T37 30.81 + 2.09* 3 33.27 + 2.07%° 8 ns 4
T3 25.04 £ 2.28% 8 36.05 + 2.15% 4 *ok 8
T18 29.24 £ 2.19% 5 38.17 £ 2.07* 2 *% 3

Table 7 Mean (°), standard

Families within the same site with different letter are significantly different at 0.05

**The families are significantly different between sites at 0.05 while “ns” indicate not significantly

different at 0.05

error (SE) (). and rank of fiber Families Site 1 Site 2 Between sites Combined

diameter for each of the 8 Mean + SE Rank Mean + SE Rank Rank

subsampled genetic families and

combined per site T15 26.92 + 1.75® 4 2246 + 1.75° 7 ns 6
T21 28.81 + 1.76™ 3 26.90 + 1.91° 1 ns 2
T26 2434 + 1.76™ 5 26.38 + 1.74* 2 ns 4
T33 28.85 + 1.54% 2 24.53 + 1.67° 4 ns 3
T34 27.57 + 1.76™ 6 22.34 + 1.74* 8 ok 5
T37 30.50 £+ 1.53* 1 25.92 + 1.68* 3 ns 1
T3 23.11 + 1.67° 8 22.83 £ 1.74° 5 ns 8
T18 23.47 + 1.60° 7 2260 £ 1.68° 6 ns 7

Families within the same site with different letter are significantly different at 0.05

[Tt}

**The families are significantly different between sites at 0.05 while “ns
different at 0.05

indicate not significantly

Table 8 Mean (um), standard

error (SE) (um), and rank of Families Site 1 Site 2 Between sites Combined

fiber diameter for each of the 8 Mean + SE Rank Mean + SE Rank Rank

subsampled genetic families and

combined per site T15 2652 + 247.18° 8 2553 + 213.56° 7 ns 8
T21 3061 + 247.83% 4 2878 + 232.08%° 3 ns 4
T26 3127 £ 24757 3 2976 + 212.4% 2 ns 3
T33 2713 + 217.67° 7 2694 + 204.08° 5 ns 5
T34 2893 + 247.82*® 5 2467 + 212.46° 8 ns 6
T37 2779 + 215.55° 6 2554 + 204.11° 6 ns 7
T3 3865 + 235.56° 2 2743 + 212.37% 4 ok 2
T18 3879 + 224.57° 1 3712 + 204.12° 1 ns 1

Families within the same site with different letter are significantly different at 0.05

**The families are significantly different between sites at 0.05 while “ns” indicate not significantly

different at 0.05

On the other hand, families 3 and 34 were the main causes
of the significant interaction term observed for diameter
(Fig. 1), MFA (Table 7) and fiber length (Table 8). After
adjusting for slenderness (ratio of height to diameter),

form, and dynamic MOEs (Table 3). This was mainly due
to the changing in ranks of some families between sites.
For example, half the families studied changed ranks in
dynamic MOEs (Tables 4, 5) and fiber diameter (Table 6).
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Table 9 Analysis of variance of the main effect of site, genetic
sources and block on anatomical, morphological and quality proper-
ties of 388 trees after adjusting for diameter and slenderness

df Ms F value p value
Vr (km/s)
DBH (cm) 1 5.96 31.46 < 0.0001
Site 1 0.008 0.04 0.837
Family 14 0.349 1.84 0.0315
Block 14 0.236 1.24 0.241
Site x family 14 0.313 1.65 0.0641
DMOEg (GPa)
DBH (cm) 1 215.01 23.47 < 0.0001
Site 1 270.00 38.71 < 0.0001
Family 14 73.12 9.22 < 0.0001
Block 14 9.090 1.13 0.328
Family x site 14 76.35 9.63 < 0.0001
DMOEg (GPa)
DBH (cm) 1 215.01 23.47 < 0.0001
Site 1 270.00 38.71 < 0.0001
Family 14 73.12 9.22 < 0.0001
Block 14 9.090 1.13 0.328
Site x family 14 76.35 9.63 < 0.0001
Vr (km/s)
Slenderness (cm/cm) 1 5.69 29.93 <.0001
Site 1 0.15 0.80 0.3718
Family 14 0.327 1.72 0.0505
Block 14 0.231 1.22 0.2605
Site x family 14 0.300 1.58 0.0826
DMOEg (GPa)
Slenderness (cm/cm) 1 206.17 25.59 < 0.0001
Site 1 233.21 28.95 < 0.0001
Family 14 70.25 8.72 < 0.0001
Block 14 8.89 1.10 0.3524
Site x family 14 75.27 9.34 < 0.0001
DMOEg (GPa)
Slenderness (cm/cm) 1 100.47 27.35 < 0.0001
Site 1 8.76 2.39 0.123
Family 14 18.45 5.02 < 0.0001
Block 14 3.69 1.01 0.4468
Site x family 14 34.63 9.43 < 0.0001

Bold p-values are the significant factors at alpha 0.05

neither the main effects nor the interaction significantly
(p > 0.05) affects velocity (Table 9).

However, when similar adjustments were performed on
the dynamic MOEs, both the main and the interaction
between site x families were significant (Table 9). The
stiffness of juvenile pines is significantly influenced by
genetics (Dungey et al. 2007) and edaphic conditions
(Lasserre et al. 2007). In this study, the significant main
and interactive effects of site and families of dynamic

MOEs persist, even after adjusting for slenderness. This
indicates a strong effect of site and families on MOEs.

Site selection is one of the important management
decisions in plantation establishment because, besides its
effect on growth, form, and yields, site also influences the
pest and disease management systems to use. For instance,
for a given family on different sites, a fertile, well-aerated
and drained site will produce larger, longer and healthy
trees whereas those planted on less fertile and compact
fields will be smaller, thinned crown and eventually show
dieback. Generally, most of the families shared similar
morphological and internal quality values, indicating the
stability of the planting stock across the two sites. There-
fore, there is a good potential for landowners and foresters
to select families with superior wood qualities and fast-
growing performance for plantation establishment. How-
ever, for site sensitive families, resource managers should
allocate the appropriate family to the require site for
desired wood quality and growth performance.

Conclusions

The effect of site and genetic families on morphological,
anatomical and wood quality properties of fifteen 14-year-
old loblolly pines stock were studied The results indicate
significant positive linear relations between dynamic
MOEs (DMOEg and DMOEg) versus diameter, slender-
ness, and fiber length, while negatively and non-signifi-
cantly correlated with MFA.

Furthermore, while there are no significant differences
in DMOEy between sites, velocity® for site 1 is signifi-
cantly higher than for site 2 but DMOEg is higher for site 2
than site 1. Therefore resource managers should take care
when extrapolating velocity readings from different loca-
tions. The mean DMOEg and DMOEg reported in the
present study presents a snapshot of the expected static
MOE for green and 12% moisture conditions, respectively.

Additionally, 50% of the selected families had statisti-
cally similar morphological and quality properties between
the sites, suggesting that half the planting stock exhibit
stability and homogeneity. Therefore, farmers and resource
managers have the opportunity to select families which are
superior in both the morphological and quality traits for
plantation development across sites with varying soils and
environments. Furthermore, there is the opportunity to
place elite planting stocks to specific site for greater pro-
ductivity and quality output due to the significant effect of
site by family interaction.

Acknowledgements The materials for the study were supplied by the
Auburn University Forest Health Cooperation. We appreciated the
technical and logistical support from students and staff of Forest

@ Springer



C. Essien et al.

Health Dynamics Laboratory and Forest Products Development
Center of Auburn University.

References

ALSC (2013) American Lumber Standard Committee. Board of
review board of review minutes. American Lumber Standards
Committee, Germantown

Antony F, Schimleck LR, Jordan L, Daniels RF, Clark A (2012)
Modeling the effect of initial planting density on within tree
variation of stiffness in loblolly pine. Ann For Sci 69:614-650.
https://doi.org/10.1007/s13595-011-0180-1

ASTM D2395-2007 (2007) American standard for testing method.
Standard test methods for specific gravity of wood and wood-
based materials. ASTM International, West Conshohocken.
www.astm.org. Accessed 5 Jan 2016

Briggs DG, Thienel G, Turnblom EC, Lowell E, Dykstra D, Ross RJ,
Wang XP, Carter P (2007) Influence of thinning on the acoustic
velocity of Douglas fir trees in western Washington and Western
Oregon. In: Proceedings of the 15th international symposium on
nondestructive testing of wood, 10-12 Sept 2007, Duluth,
Minnesota-USA, pp 113-123

Carson SD, Dave J, Cown DJ, Russell B, McKinley RB, Moore JR
(2014) Effects of site, silviculture and seed lot on wood density
and estimated wood stiffness in radiate pine at mid-rotation. N Z
J For Sci 44(1):26-37. https://doi.org/10.1186/s40490-014-0026-
3

Chan MJ, Walker CJ, Raymond CA (2011) Effect of moisture content
and temperature onacoustic velocity and dynamic MOE of
radiata pine sapwood boards. Wood Sci Technol 45:609-626.
https://doi.org/10.1007/s00226-010-0350-6

Clark A, Jordan L, Schimeleck L, Daniels RF (2008) Effect of initial
planting spacing on wood properties of unthinned loblolly pine
at age 21. Forest Prod J 58(10):78-83

Dickson RL, Joe B, Harris P, Holtorf S, Wilkinson C (2004) Acoustic
segregation of Australian grown Pinus radiata logs for structural
board production. Aust For 67:261-266

Dungey HS, Matheson AC, Kain D, Evans R (2007) Genetics of wood
stiffness and its component traits in Pinus radiate. Can J For Res
36:1165-1178

Essien C (2011) Physical, Anatomical and Treatment characteristics
of the wood of Cola gigantea and Ficus sur. Master of
Philosophy Thesis, Submitted to Faculty of Renewable Natural
Resource-Kwame Nkrumah University of Science and Technol-
ogy, Kumasi, Ghana, p 196

Essien C, Cheng QZ, Via BK, Loewenstein EF, Wang XP (2016) An
Acoustic operations study for loblolly pine standing saw timber
with different thinning history. BioResources 11(3):7512-7521.
https://doi.org/10.15376/biores.11.3.7512-7521

Essien C, Via BK, Cheng QA, Gallagher T, McDonald T, Wang XP,
Eckhardt LG (2017a) Multivariate modeling of acousto-mechan-
ical response of fourteen year old suppressed loblolly pine (Pinus
taeda) to variation in wood chemistry, microfibril angle, and
density. Wood Sci Technol 51:475-492. https://doi.org/10.1007/
$00226-017-0894-9

Essien C, Via BK, Gallagher T, McDonald T, Eckhardt LG (2017b)
Sensitivity of acoustic tools to variation in equilibrium moisture
content of small clear samples of loblolly pine (Pinus taeda L.).
J Indian Acad Wood Sci. https://doi.org/10.1007/s13196-017-
0202-1

FPL (2010) Forest Products Laboratory Wood handbook—wood as an
engineering material. General Technical Report FPL-GTR-190.
U.S. Department of Agriculture, Forest Service, Forest Products
Laboratory, Madison

@ Springer

Gao S, Wang XP, Wang LH, Allison RB (2012) Effect of temperature
on the acoustic evaluation of standing trees and logs: part 1—
laboratory investigation. Wood Fiber Sci 44(3):286-297

Greenhill AG (1918) Determination of the greatest height consistent
with stability that a vertical pole or mast can be made, and of the
greatest height to which a tree of given proportions can grow.
Proc Camb Philos Soc 4:65-73

Hasegawa M, Takata M, Matsumura J, Oda K (2011) Effect of wood
properties on within-tree variation in ultrasonic wave velocity in
softwood. Ultrasonics 51(3):296-302

Isik F, Mora CR, Schimleck LR (2011) Genetic variation in Pinus
taeda wood properties predicted using non-destructive tech-
niques. Ann Forest Sci 68:283-293. https://doi.org/10.1007/
$13595-011-0035-9

Johnson GR, Gartner BL (2006) Genetic variation in basic density
and modulus of elasticity of coastal Douglas fir. Tree Genet
Genomes 3:25-33

Lachenbruch B, Johnson GR, Downes GM, Evans R (2010)
Relationship of density, microfibril angle and sound velocity
with stiffness and strength in matured of Douglas fir. Can J For
Res 40(1):55-65

Lasserre JP, Mason EG, Watt MS (2005) The effect of genotype and
spacing on Pinus radiata [D. Don] corewood stiffness in an
11-year-old experiment. For Ecol Manag 205:375-383. https://
doi.org/10.1016/j.foreco.2004.10.037

Lasserre JP, Mason EG, Watt MS (2007) Assessing corewood
acoustic velocity and modulus of elasticity with two impact
based instruments in 11-year-old trees from a clonal-spacing
experiment of Pinus radiata D. Don. For Ecol Manag
239:217-221

Lenz P, Anty D, Achim A, Beaulieu J, Mackay J (2013) Genetic
improvement of White Spruce mechanical wood traits—early
screening by means of acoustic velocity. Forest 4(3):575-594.
https://doi.org/10.3390/f4030575

Li XB, Huber DA, Powell GL, White TL, Perter GF (2007) Breeding
for improved growth and juvenile corewood stiffness in slash
pine. Can J For Res 37(10):1886—1893. https://doi.org/10.1139/
X07-043

McKeand S, Mullin T, Byram T, White T (2003) Deployment of
genetically improved loblolly and slash pine in the South.
J Forest 101:32-37

Megraw RA, Bremer D, Leaf G, Roers J (1999) Stiffness in loblolly
pine as a function of ring position and height, and its relationship
to microfibril angle and specific gravity. In: Third workshop-
connection between silviculture and wood quality through
modeling approaches, La Londeles Maures, France, 1999.
IUFRO, pp 341-349

Mora CR, Schimleck LR, Isik F, Mahon JM, Clark A, Daniels RF
(2009) Relationship between acoustic variable and different
measures of stiffness in standing Pinus taeda trees. Can J For
Res 39(8):1421-1429. https://doi.org/10.1139/X09-062

NOAA (2016) National Oceanic and Atmospheric Administration.
State, regional and national monthly precipitation: area weighted
monthly normal, 1981-2015. Historical Climatography

Olivito RS (1996) Ultrasonic measurements in wood. Mater Eval
54:514-517

Peter GF, Benton DM, Bennett K (2003) A simple direct method for
measurement of microfibril angle in single fibers using differ-
ential interference contrast microscopy. J Pulp Paper Sci
29:274-280

Raymond CA, Joe B, Anderson DW, Watt DJ (2008) Effect of
thinning on relationships between three measures of wood
stiffness in Pinus radiata: standing trees vs. short clear
specimens. Can J For Res 38(11):2870-2879. https://doi.org/
10.1139/X08-124


https://doi.org/10.1007/s13595-011-0180-1
http://www.astm.org
https://doi.org/10.1186/s40490-014-0026-3
https://doi.org/10.1186/s40490-014-0026-3
https://doi.org/10.1007/s00226-010-0350-6
https://doi.org/10.15376/biores.11.3.7512-7521
https://doi.org/10.1007/s00226-017-0894-9
https://doi.org/10.1007/s00226-017-0894-9
https://doi.org/10.1007/s13196-017-0202-1
https://doi.org/10.1007/s13196-017-0202-1
https://doi.org/10.1007/s13595-011-0035-9
https://doi.org/10.1007/s13595-011-0035-9
https://doi.org/10.1016/j.foreco.2004.10.037
https://doi.org/10.1016/j.foreco.2004.10.037
https://doi.org/10.3390/f4030575
https://doi.org/10.1139/X07-043
https://doi.org/10.1139/X07-043
https://doi.org/10.1139/X09-062
https://doi.org/10.1139/X08-124
https://doi.org/10.1139/X08-124

Effect of genetic sources on anatomical, morphological, and mechanical properties of ...

Roth BE, Li XB, Huber DA, Peter GF (2007) Effects of management
intensity, genetics and planting density on wood stiffness in a
plantation of juvenile loblolly pine in the southeastern USA. For
Ecol Manag 246:155-162. https://doi.org/10.1016/j.foreco.2007.
03.028

SAS Institute (2014). Statistical Analysis Software version 9.4 Cary,
NC, USA

Via BK (1998) Relationship between tooth withdrawal strength and
specific gravity for metal plate truss connection. MS thesis
submitted to Virginia Polytechnic Institute and State University,
p 96

Via BK, So CL, Shupe TF, Groom LH, Wikaira J (2009) Mechanical
response of longleaf pine to variation in microfibril angle,
chemistry associated wavelengths, density and radial position.
Compos A 40(1):60-66

Vikram V, Cherry ML, Briggs D, Cress DW, Evans R, Howe GT
(2011) Stiffness of Douglas-fir lumber: effect of wood properties
and genetics. Can J For Res 41(6):1160-1173

Wang XP (2013) Acoustic measurement on trees and logs: a review
and analysis. Wood Sci Technol 47(5):965-975

Wang XP, Ross RJ, McClellan M, Barbour RJ, Erickson JR, Forsman
JW, McGinnis GD (2001) Nondestructive evaluation of standing
tree with a stress wave method. Wood Fiber Sci 33(4):522-533

Wang XP, Ross RJ, Brashaw BK, Punches J, Erickson JR, Forsman
JW, Pellerin RE (2004) Diameter effect on the stress-wave
evaluation of modulus of elasticity of logs. Wood Fiber Sci
36(3):368-377

Wang XP, Ross RJ, Carter P (2007) Acoustic evaluation of wood
quality I standing tree. Part 1: acoustic behavior in standing tree.
Wood Fiber Sci 39(1):28-38

@ Springer


https://doi.org/10.1016/j.foreco.2007.03.028
https://doi.org/10.1016/j.foreco.2007.03.028

	Effect of genetic sources on anatomical, morphological, and mechanical properties of 14-year-old genetically improved loblolly pine families from two sites in the southern United States
	Abstract
	Introduction
	Materials and methods
	Acoustic measurements of standing trees
	MFA and fiber geometry determination
	Data analysis

	Results and discussion
	Relationships between anatomical, morphological, and mechanical properties
	Effect of site and genetic families on anatomical, morphological, and mechanical properties

	Conclusions
	Acknowledgements
	References




