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Research and development efforts are currently underway worldwide to exam-
ine the potential use of a wide range of non-destructive technologies (NDT) for
evaluating wood and wood-based materials, from the assessment of standing
trees to in-place structures. For this purpose, acoustic velocity by the Fakopp
time of flight (TOF) tool was used to estimate the influence of four thinning
treatments performed in Southern Italy. The objective of the study was to
determine if the effects of silvicultural practices on wood quality can be iden-
tified using acoustic measurement to assess the MOEd of standing trees with
non-destructive method in Calabrian pine (Pinus nigra Arnold subsp. cala-
brica). Four hundred and fifty standing trees from four sites were non-
destructively tested using a time-of-flight acoustic wave technique. The thin-
ning trials were conducted on 60-year-old plantations of Calabrian pine in four
plots under different treatments: Control (T), light thinning (A), intermediate
thinning (B) and heavy thinning (C). Statistical analysis demonstrated signifi-
cant stress wave time differences between the stands with moderate thinning
(A and B) and those with heavy thinning (C). The results showed that tree
diameter has significant influence on acoustic wave measurements and a valid
relationship exists between diameter at breast height and tree velocity. The
results of these studies proved that the stress wave technique can be success-
fully applied on standing trees.
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Introduction

Assessing the wood quality of individual
trees and overall forest stands has become
an important procedure in forest opera-
tions, as forestry and wood processing
industries are under increasing economic
pressure to maximize extracted value
(Wang et al. 2007a). For this reason, the
estimation of timber species, quantity, and
quality is critical for quantifying the pro-
ductive value of a forest (Marziliano et al.
2012, Proto et al. 2014). The worldwide shift
in the wood supply from old-growth for-
ests resources to intensively managed
plantations increases the need of evaluat-
ing tree quality prior to harvest (Wang &
Ross 2008).

Significant efforts have been made to de-

velop robust, non-destructive technologies
(NDT) capable of predicting the intrinsic
wood properties of individual living trees
and assessing wood quality by stand and
forest. In addition, non-destructive tech-
nologies including (mini) rhizotrons and
ground-penetrating radar have been re-
cently proposed to assess plant rooting dis-
tribution and growth (Sanesi et al. 2013,
Marziliano et al. 2015). The use of such
technologies not only leads to greater
profitability for the forest industry, but can
also help foresters to make economic and
environmental management decisions for
treatment of individual trees and forest
stands, improve thinning and harvesting
operations, and efficiently allocate timber
resources for optimal utilization (Wang et
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al. 20073, Proto et al. 2014). Acoustic tech-
nologies have become well established as
material evaluation tools, and their use has
become widely accepted for quality control
by the wood industry (Wang et al. 2007b).
With the development of portable and sim-
ple-to-use, time-of-flight and resonance-
based tools, the use of acoustics in the for-
estry sector has increased, particularly in
countries such as New Zealand (Walker &
Nakada 1999, Tseheye et al. 2000, Chauhan
& Walker 2006), Australia, USA (Wang et al.
2001, 2004), Hungary (Brashaw et al. 2009,
Divos 2010) and the United Kingdom (Sear-
les & Moore 2009). In Japan, Nakamura
(1996) used ultrasonically-induced waves
to assess larch trees and observed signifi-
cant differences in acoustic velocities and
modulus of elasticity (MOE) for trees in for-
est stands at different locations and with
different density. The non-destructive tech-
nologies, equipment, and evaluation proce-
dures arising from those efforts are now
widespread, and their use is becoming
more and more common also for European
forest industries. This paper reports a case
study using these tools in managed conifer
forests in Italy.

The objective of the study was to deter-
mine if the effects of silvicultural practices
on wood quality can be identified using
acoustic measurement to assess the MOEd
(dynamic modulus of elasticity) of standing
trees with non-destructive method in Cal-
abrian pine (Pinus nigra Arnold subsp. Cal-
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abrica) plantations. In Calabria, where the
tests were conducted, forest cover is 40.6%
compared to the national average of 34.7%.
Each year, the average increase in wood
volume in this region (equal to 6-8 m*> ha™)
exceeds and sometimes doubles the esti-
mated increase in other forests in and
around southern Italy (Zimbalatti & Proto
2009, Proto & Zimbalatti 2016). A second-
ary aim was to determine if the effects of
silvicultural practices on wood quality can
be identified using this technique.

Materials and methods

The time-of-flight method

The system used for measuring acoustic
velocity in trees involves inserting two sen-
sor probes (a transmit probe and a receiver
probe) into the sapwood for few centime-
tres in a vertical plane, according to the
manufacturer’s instructions, and introduc-
ing acoustic energy into the tree through a
hammer impact. Wave propagation veloc-
ity in the tree is determined by measuring
the time-of-flight of a single pulse wave.
Time-of-flight (TOF) essentially measures
the time for the stress wave to travel from
the transmit probe to the receiver probe.
Piezoelectric sensors inside the two probes
are used to sense the wave passing.

The acoustic velocity is then calculated
from the distance between the two sensor
probes and the TOF data using the follow-
ing equation (eqn. 1):

__S 1
CT=—= Q)
where (T is the acoustic velocity (m s™), Sis
distance between the two probes (sen-
sors) (m), and AT is the time-of-flight (s).
The FAKOPP TreeSonic™ (Fakopp Enter-
prise, Agfalva, Hungary) is an acoustic tool

specifically designed to study standing
trees (Booker & Ridoutt 1997, Lindstrom et
al. 2002, Huang 2005, Chauhan & Walker
2006, Brashaw et al. 2009, Divos 2010,
Wang 2011, 2013). The tool is comprised of
a hand-held hammer and two probes, a
transmitting accelerometer, and a receiv-
ing accelerometer. The vibration transduc-
ers (patented by the Weyerhaeuser Com-
pany) are equipped with a sliding hammer,
resulting in quick operation (Huang & Lam-
beth 2006). To measure the acoustic veloc-
ity wave, the start and stop sensors are
driven through the bark at a 45° angle into
the wood of the standing tree. Unlike
other similar tools (Hitman Resonance
Tool, IML Impulse Hammer and Microsec-
ond FAKOPP) which are specifically mod-
elled for radial measurement, the FAKOPP
TreeSonic™ was developed to operate in
the longitudinal direction along the stem
(Fig. 1). During field acoustic measure-
ments, the probes are aligned within a ver-
tical plane on the same face.

For this study, a 1.00-meter testing span
was roughly centered at breast height. The
lower probe was placed about 40-60 cm
above the ground. In conjunction with the
acoustic measurement, the diameter at
breast height of each tree was measured
according to the common practice in for-
estry measurement (Proto & Zimbalatti
2016). Four readings in the same position
were recorded for each tree. Stress wave
times were then converted to mean acous-
tic velocity for each tree.

The modulus of elasticity equation

The next step was to calculate the modu-
lus of elasticity, which is the most impor-
tant parameter in assessing wood quality.
The dynamic modulus of elasticity (MOEd -
Urhan et al. 2014) can be estimated from

Fig. 1 - Schematic repre-
sentation of the acoustic
wave system used for
field-testing of standing
trees.
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the velocity of acoustic waves (acoustic
velocity, CT) passing through the wood, ac-
cording to the following formula (eqgn. 2):

MOEd =WD-AV* )

where WD is the wood density, expressed
in kg m?, and AV is the velocity in km s
(Pellerin & Ross 2002, Chauhan et al. 2005,
Lasserre et al. 2007). Wood density was
determined by volumetric methods, which
required measuring the volume and mass
of dry wood in the laboratory. The density
was computed starting from basic density
measured on a small wood core (roughly 10
x 10 mm, after removing the bark) taken
from the same section of the stem where
the NDT measurement was carried out. To
compute the basic density, the oven-dry
mass (MCo%) was divided by its green vol-
ume, and measured based on the Ar-
chimedes’ law using a beaker with distilled
water placed on a lab electronic balance
(0.001 g of resolution) set to zero; a
mechanical arm connected to the needle
able to correctly immerse the wood speci-
men in the water, the top of the wood
being just below the meniscus, thus avoid-
ing a significant immersion of the needle. A
small specimen from the core was devoted
to get the moisture content of the wood
via gravimetric test (UNI-ISO-3130 1985).
Although the specimens were green, they
had been stored in distilled water for 48
hours in order to saturate the wood. From
basic density raw data, by taking into
account the shrinkage percentage (Sh% =
100 - [decrease in size/ original size], apply-
ing a shrinkage rate of 0.14 and 0.25% for
every % of mc, respectively for radial and
tangential directions - Sell & Kropf 1990)
from fibre saturation point down to 12%
MG, the normal density (kg m? 12%) was
computed. The original velocity recorded
on green timber was considered, as it was
not corrected according to the moisture
content, following the manufacturer’s
specification.

Study sites and tree samples

Four research plots were selected in 60-
year-old Calabrian pine plantations located
at Varco San Mauro in the municipality of
Rose (Cosenza Tyrrhenian Presila). The
four plots were previously subjected to dif-
ferent thinning treatments (Fig. 2): control
(T - no thinning, approx. 1300 trees ha™);
light thinning (A - 800 trees ha”); interme-
diate thinning (B - 600 trees ha™); and
heavy thinning (C - 400 trees ha™). Thin-
ning treatments have been carried out at
intervals of 8-10 years each other. Plots A,
B, and C were subsequently targeted for
final harvest and regeneration. The histori-
cal information and the stand structural
characteristics of the plots are reported in
Tab. 1.

Field tree measurements and acoustic
wave tests were conducted from October
2014 to February 2015. A total of 450 trees
were tested and tagged with a unique
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Fig. 2 - The four treat- §
ments in the study §
area. Rl

CrA AL A

]

s

1"
¥

>
1 S
-
wn
)
1
o
[F 9
o
c
(1}
w
]
1Y)
c
A
v
v
o)
o
o0
2
()
I
o]
v
)
15
()
L.

number. The sampled trees were stratified Tab. 1 - Main characteristics of the plots selected for non-destructive evaluation of
in four classes based on diameter at breast  Wood quality in Calabrian pine plantations. Thinnings were carried out in 1987, 1995
height (DBH): 30, 35, 40 and 45 cm. Such ~ and 2005. (T): control; (A): light thinning; (B): intermediate thinning; (C): heavy thin-
classes were chosen as considered repre-  NiNg; (Hg): height (m); (DBH): diameter at breast height (cm); (hg/dbh): slenderness
sentative of the typical size for commercial coefficient or ratio; (G): basal area; (V): standing volume.

trees. 5 DBH " v
ensity g

Statistical analysis Year  Plot (n ha) (cm) (m) he/DBH iz ha') (m’ha”)

Analysis of tree stress wave time and tree 1987 T 1651 22.0 14.45 66 62.71 477.84
diameter at breast height was performed A 1769 21.2 15.50 73 62.72 476.05
at both individual tree and site level. The B 1699 22.1 15.07 68 65.42 497.85
tree diameter at breast height (DBH, cm) C 1757 21.5 14.98 70 63.62 482.86
and tree density (d, number of trees ha’, 1995 T 1460 25.4 18.12 70 7426  674.98
varying across treatments) were selected A 1339 26.0 19.87 76 71.12 648.35
as independent vari.ables (two groups in B 1176 27.4 19.35 71 69.39 636.48
;?cl));fldeqnmc;(;ill)a’\s :I\'llzllc?ep,:lr?:gnt(\f::;ublfeti?‘ ¢ 1103 27.6 19.63 7 66.07 606.58

C . . 2005 T 1460 27.5 22.25 81 86.87 796.39
the regression analysis (eqn. 3):
A 1001 30.5 22.70 74 73.14 677.62
MOEd=f(DBH ,d) (3) B 827 32.0 22.97 72 66.62 619.79
C 664 32.9 23.04 70 56.54 527.26

Ana|ysis of variance (ANOVA) was con- 2015 T 1315 30.9 27.79 90 97.55 905.84
ducted to test for differences in MOEd A 803 34.2 28.13 82 72.58 670.30
between DBH classes and thinning re- B 605 36.6 27.89 76 60.61 569.94
gimes. The post-hoc Tukey’s test (a=0.05) C 407 38.1 28.37 74 47.36 458.21

was applied to detect significant differ-

ences among group means. . . .
The software packages SPSS® ver. 20.0 Tab. 2 - Wood density (MC,,;) computed from basic density of sample wood cores

(IBM, Armonk, NY, USA) and MS Excel® measured in the four study plots. (T): control; (A): light thinning; (B): intermediate
2012 (Microsoft, Redmond, WA, USA) were  thinning; (C): heavy thinning; (STD): standard deviation; (CoV): coefficient of varia-

used for the analysis. tion.

Results Parameter Statistic T A B C
The wood density computed from basic Stem density (n ha™) 1315 803 605 407
density measured on the collected speci- Specimens per area (n) 118 115 111 106
mens is reported in Tab. 2. Tree wood density Average (kg m?) 603 587 580 563
Mean Fakopp velocity did not signifi-  (MCp) STD (kg m?) 39.7 33.7 37.5 40.4
cantly differ among treatments T, A and B CoV (%) 6.58 5.74 6.47 7.18

(4.36 £ 0.56 SD, 4.57 + 0.29 and 4.46 + 0.31
km s7, respectively), whereas it was signifi-
cantly lower in treatment C (3.98 * 0.52 km

5% perc. (kg m?) 542 527 519 491
95™ perc. (kg m?) 664 634 635 617

iForest 10: 700-706 702
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Fig. 3 - Minimum, maximum and
mean values of velocity (km s™)
recorded at the four study sites.
Error bars represent the standard
deviation. (T): control; (A): light thin-
ning; (B): intermediate thinning; (C):
heavy thinning.

Tab. 3 - Data registered at the four study plots. (T): control; (A): light thinning; (B): intermediate thinning; (C): heavy thinning.

Plot Stress wave time (ps) Fakopp Velocity (kms™) MOEd (MPa)
Min Mean Max St.Dev. Min Mean Max St.Dev. Min Mean Max St.Dev.
T 162.4 233.5 303.8 31.8 3.21 4.36 6.15 0.56 5611.4 9982.98 19624.6  2580.0
A 190.1 219.3 281.4 15.3 3.55 4.57 5.26 0.29 6537.0 10901.48 14328.1 1401.6
B 200.0 225.3 279.4 16.8 3.57 4.46 4.99 0.31 6631.2 10352.71 12931.7 1454.6
C 218.1 256.6 439.8 45.6 2.27 3.98 4.58 0.52 2677.3 8364.57 10885.3  1989.1

s' - Fig. 3, Tab. S1 in Supplementary mate-
rial). The average stress wave time of trees
for plot A (light thinning) was about 5%
higher than for the control (T); in plot C
(heavy thinning), the value was lower by
about 9% (Tab. 3).

MOEd ranged from 6,537 to 14,328 MPa
(mean = 10,901 MPa) in plot A, while in plot
B it varied from 6,631 to 12,931 MPa, with a
mean of 10,352 MPa (Tab. 3). Statistical
analysis revealed significant differences in
MOEd between the stands with moderate
thinning (A and B) and those with heavy
thinning (C — Tab. S1 in Supplementary ma-
terial). Moreover, the MOEd values esti-
mated for treatment C were lower than
those for the control plot (Tab. 3).

Among the different diameter classes,

14000
12000
10000

8000

(MPA)

6000

MOEd

4000

2000

703

the highest values of MOEd were regis-
tered for classes 30 and 35 cm (Fig. 4),
though the differences were not statisti-
cally significant (p>0.05). This suggests
that the thinning treatment affects the
wood quality of standing trees. Indeed, it is
expected that, for trees of the same age,
larger trees with higher growth rate gener-
ally produce wood of lower density and
stiffness (Zhang 1995, Koubaa et al. 2000).
Our results confirmed that light and mod-
erate thinning produced significant bene-
fits in terms of wood quality. The reduced
stand density of plot C promoted a faster
radial growth, which led to a lower wood
density of the mature trees.

The analysis of variance confirmed that
the average MOEd of standing trees was

DBH (cm)

significantly influenced by DBH and thin-
ning regimes (Tab. 4). The results of the
Tukey’s test confirmed the existence of sig-
nificant differences (p < 0.05) in MOEd val-
ues among treatments (Tab. S1 in Supple-
mentary material).

The results of the regression analysis car-
ried out are reported in Tab. 5. Both param-
eters may be considered as fairly good pre-
dictors of MOEd, as they account for a sig-
nificant portion of the total variance (R* =
0.34). The regression model obtained was
as follows (eqn. 4):

MOEd =12556.68—52.852 DBH (@)
~551.522d

where DBH is the diameter at breast height
(cm), and d is the stand density (n ha”).

Fig. 4 - Mean MOEd values of stand-
ing trees estimated in the different
diameter classes. Error bars repre-
sent the standard deviation. (T):
control; (A): light thinning; (B): inter-
mediate thinning; (C): heavy thin-

T ning.

VEA

uB

EC
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Tab. 4 - Results of the analysis of variance on MOEd values using tree DBH and treat-

ment (stand density) as factors.

Factor Model Sum of Squares df  Mean Square F Prob
Treatment Between Groups 153555296.89 3 51185098.965 15.460 0.000
(tree Within Groups 635655126.90 192 3310703.786

density) potal 789210423.79 195 -

DBH Between Groups 282716298.739 35 8077608.535 2.552  0.000

Within Groups
Total

506494125.058 160
789210423.797 195 -

3165588.282

Tab. 5 — Results of the regression analysis using DBH and treatment as predictors of

MOEd.
Unstandardized Standardized

Variable coefficients coefficient t Prob R2
B St.dev. B

Constant 12556.680 658.414 17.071  0.000 0.34

DBH -52.852 18.151 -1.990 -2.192  0.004

Treatment -551.522 120.731 -0.312 -4.568 0.000

Discussion shown that the increased diameter of fast-

This study demonstrates that the effect
of silvicultural practices on wood proper-
ties can be successfully identified based on
stress wave MOEd. Indeed, thinning caused
a significant variation in terms of MOEd
among DBH tree classes (Fig. 4). Similarly,
Todaro & Macchioni (2011) registered a sig-
nificant variation of wood properties
caused by thinnings in a Douglas-fir stand
in Southern Italy. These results confirms
that the reduction of stand density by thin-
ning may cause a faster radial growth of
the remnant trees, which involves a reduc-
tion of wood quality in terms of wood den-
sity and stiffness.

Acoustic waves based techniques aimed
to assess the intrinsic wood properties of
standing trees have been applied in many
studies worldwide (Nanami et al. 1992,
Wang 1999, lkeda & Kino 2000, lkeda &
Arima 2000, Huang 2000, Wang et al. 2001,
Lindstrom et al. 2002). Wang (2012) found
that a range of wood and fibre properties
can be predicted through a simple acoustic
measurement of standing trees. Moreover,
many studies reported that, for softwood
trees of the same age, stress wave velocity
is higher for trees with slower growth rates
and narrower rings. The species tested
included Sitka spruce (Picea sitchensis),
western hemlock (Tsuga heterophylla), jack
pine (Pinus banksiana), ponderosa pine
(Pinus ponderosa), and radiata pine (Pinus
radiata — Wang et al. 2003).

In this study, the repeated intensive thin-
nings in the plot C have reduced the within-
stand competition, allowing a faster tree
growth, and this may explain the relation-
ship between the acoustic velocity and
DBH in this stand. Zhang (1995) and Todaro
& Macchioni (2011) observed that the big-
ger trees with higher growth rate within a
stand generally produced wood of lower
stiffness. Chauhan & Walker (2006) have

iForest 10: 700-706

growing trees, with its second moment of
inertia, entails a smaller need of high mate-
rial stiffness, while for trees of the same
age, slow growing trees tend to have
higher stiffness, enhancing tree resistance
to various stresses like wind, crown
weight, etc. Furthermore, younger wood
has lower specific gravity and stiffness,
while fast-growing trees has a larger diam-
eter core of juvenile wood (Clark & Daniels
2002). All the above evidences may explain
how wood quality and intrinsic wood prop-
erties are generally affected by silvicultural
practices, especially those affecting stand
density (Fioravanti 1999, Macdonald & Hu-
bert 2002, Todaro 2002, Eriksson et al.
2006).

The lower wave velocity with increased
DBH observed in this study appears to be
associated with a higher growth rate of
trees, which adversely affects specific grav-
ity as well as the strength and stiffness of
the wood. The fairly high variability de-
tected among trees of the same DBH class
(age) across different sites may reflect the
natural variation between individual trees
as well as the thinning effect (Wang & Ross
2008).

Wang (1999) examined the effect of thin-
ning treatments on both acoustic and
static bending properties of young western
hemlock and Sitka spruce trees from seven
sites in southeast Alaska, finding that most
trees with higher acoustic velocity and
stiffness were growing in unthinned con-
trol stands and in stands subject to light
and medium thinning, whereas the lowest
values of acoustic velocity were found in
heavily thinned stand.

The technology based on acoutic waves
used in this study may also be applied to
determine how environmental conditions
and silvicultural treatments affect wood
and fibre properties, thereby the most

effective treatment can be selected for the
desired fibre quality in future plantations
(Wang 2012). Since tree DBH is easy to
measure, appropriate multivariate regres-
sion models using velocity and DBH as pre-
dictors can be established to estimate
wood quality of standing trees.

Conclusions

A strong positive association was ob-
served between MOEd of standing trees,
their DBH and the stand thinning regime
(in terms of stand density) in Calabrian pine
plantations in southern Italy. Moreover,
our results showed that tree diameter has
a significant influence on acoustic wave
measurements and a significant relation-
ship with MOEd.

Acoustics is a practical, low-cost method
to assess the wood quality of standing
trees (Lindstrom et al. 2009). Our results
confirm that non-destructive stress wave
techniques may be used to track wood
property changes in standing trees, thus
helping forest managers and industries in
managing forest plantations to meet the
desired wood and fibre qualities (Wang et
al. 2001). Moreover, the information ob-
tained by acoustic techniques may be rele-
vant for tree breeding, pre-harvest assess-
ment, and decision support at time of thin-
ning. With continuous advances and refine-
ments, this technology could assist in man-
aging wood quality, assessing forest value,
and improving the timber quality of future
plantations (Wang et al. 2007b).
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