
Article 

Sight versus Sound: Do Visual Assessments of Dead Standing 
Trees Refect Acoustic Nondestructive Evaluations of 
Wood Quality? 
Tyler J. Hovde 1, John W. Forsman 2, Robert J. Ross 3, Mark Rudnick 2, Xinfeng Xie 2, Xiping Wang 3,* 
and Yvette L. Dickson 4,* 

·• check for ~ updates 

Citation: Hovde, T.J.; Forsman, J.W.; 

Ross, R.J.; Rudnick, M.; Xie, X.; Wang, 

X.; Dickson, Y.L. Sight versus Sound: 

Do Visual Assessments of Dead 

Standing Trees Refect Acoustic 

Nondestructive Evaluations of Wood 

Quality? Forests 2022, 13, 1680. 

https://doi.org/10.3390/f13101680 

Academic Editor: Luigi Todaro 

Received: 15 September 2022 

Accepted: 5 October 2022 

Published: 13 October 2022 

Publisher’s Note: MDPI stays neutral 

with regard to jurisdictional claims in 

published maps and institutional affl-

iations. 

Copyright: © 2022 by the authors. 

Licensee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license (https:// 

creativecommons.org/licenses/by/ 

4.0/). 

1 United States Department of Interior, Bureau of Land Management, Lewistown, MT 59457, USA 
2 College of Forest Resources and Environmental Sciences, Michigan Technological University, 

Houghton, MI 49931, USA 
3 Forest Service, Forest Products Laboratory, United States Department of Agriculture, Madison, WI 53726, USA 
4 New Zealand Forest Research Institute (Scion), Rotorua 3046, New Zealand 
* Correspondence: xiping.wang@usda.gov (X.W.); yvette.dickinson@scionresearch.com (Y.L.D.) 

Abstract: The forest industry typically uses visual appearance to evaluate the wood quality when 
salvaging dead standing trees. We investigated whether the visual appearance of white spruce 
(Picea glauca (Moench) Voss) defoliated by the spruce budworm (Choristoneura fumiferana (Clem.)) 
accurately refects wood quality measured using nondestructive techniques. Longitudinal and 
transverse acoustic velocities were measured on white spruce, representing three condition categories 
assessed visually, ranging from live trees to dead standing trees with signs of decay. Generalized 
linear models were used to determine whether there were signifcant differences in longitudinal 
and transverse acoustic velocities among the visual categories. Longitudinal velocities signifcantly 
differed between the live and poorest visual categories. Transverse velocities did not differ by visual 
category. We found that tree appearance provides coarse but useful insight into intrinsic wood quality. 
We recommend that forest managers use acoustic, non-destructive technologies on marginal trees to 
measure the wood quality of salvaged trees to ensure the wood is utilized for the highest and best 
use thereby optimizing possible values. 

Keywords: acoustic velocity; dead standing trees; live trees; nondestructive evaluation; spruce 
budworm; time-of-fight acoustic measurement; wood property; wood quality 

1. Introduction 

A challenge when marketing dead standing trees is the unpredictable decline in wood 
quality postmortem [1]. As a result, dead standing trees are often marketed for low-value 
products or left unsalvaged due to assumed poor wood quality. However, being able 
to accurately assess wood quality in salvage and pre-salvage timber sales would help 
stakeholders market timber for the highest value and ensure that timber is used for its 
highest and best use. This is particularly pertinent given the increasing prevalence of forest 
insect and disease outbreaks [2] and rising interest in salvaging dead standing trees. 

One species of particular interest to the salvage timber market in the Great Lakes 
Region is white spruce (Picea glauca (Moench) Voss). This region experienced three con-
secutive years of increased tree defoliation by spruce budworm (Choristoneura fumiferana 
(Clem.)) from 2015 to 2017 [3–5]. Spruce budworm is a native species to the region that 
generally persists at low population densities, attacking suppressed and weakened spruce 
and balsam fr. However, its population has been documented to grow to outbreak pro-
portions over a cycle of approximately 30–40 years [6]. During outbreaks that typically 
last 10–15 years, healthy spruce and balsam fr may be overwhelmed and succumb to 
consecutive years of spruce budworm defoliation [6]. Spruce and fr stands affected by the 
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spruce budworm outbreaks decrease in value as the wood quality of the dead standing 
trees declines through an attack from secondary insects and decay fungi [1,6,7]. In addition, 
tree mortality caused by the spruce budworm may increase wildfre severity [8] and create 
a public safety hazard [9]. 

While dead standing trees provide important ecological functions [10], discovering a 
higher-value use of salvaged white spruce affected by the spruce budworm could increase 
utilization of this wood source and ease the economic and safety problems associated with 
spruce budworm outbreaks. Currently, the industry typically utilizes visual assessments 
of wood quality in standing dead trees prior to salvaging a stand. For example, the US 
Forest Service Forest Inventory and Analysis (FIA) data collection protocol classifes dead 
standing trees into fve decay classes based on a visual assessment of fne branches, limbs, 
bark, sap, and heartwood [11]. However, it is not clear if these decay classes accurately 
refect measured wood quality characteristics. 

The development and use of technologies that accurately determine wood quality 
through nondestructive evaluation of standing live trees are increasing. The goal of these 
efforts is to develop techniques that are relatively simple to implement, do not require 
the destruction of a sample, and can provide information on intrinsic wood quality [12]. 
The improved knowledge of intrinsic wood quality in standing trees through the use 
of nondestructive evaluation may help stakeholders sort and market timber to increase 
revenue [13]. Two specifc nondestructive measurements of interest which are known 
to correlate to tree intrinsic wood quality [12] are longitudinal and transverse acoustic 
velocity. The time-of-fight (TOF) method is typically used to measure these acoustic 
velocities in standing trees [14] by inserting two probes, one sending and one receiving, 
into the sapwood of a tree’s bole. Acoustic energy is produced with a tap of a hammer 
against the sending probe, and the amount of time taken for the leading edge of the 
acoustic wave to travel from the sending to receiving probe, so-called TOF, is recorded [14]. 
The velocity of the acoustic wave can then be calculated. The placement of probes on a 
tree’s bole determines the travel direction of the acoustic wave relative to the anatomical 
direction—along the longitudinal or transverse planes. 

The acoustic velocities along the stem’s longitudinal and transverse directions provide 
distinctive information, indicating different wood quality characteristics. For example, 
Wang et al. [15] showed that dynamic modulus of elasticity (MOE) estimated from longitu-
dinal acoustic measurements on standing trees correlates well with statically determined 
MOE. On the other hand, transverse acoustic measurements may be used to indicate decay, 
or lack thereof, within the bole of standing trees [16]. Transverse acoustic waves travel 
directly across the diameter of a structurally sound tree. Internal decay and defects cause 
the path of transverse acoustic waves to deviate towards the outerwood, or circumference, 
of the bole in the transverse plane resulting in a lower acoustic velocity. Therefore, internal 
decay within standing trees of the same species can be inferred from a reduced transverse 
velocity [16]. To date, most studies of nondestructive evaluation that investigate longitudi-
nal or transverse acoustic velocities and their implications for intrinsic wood quality have 
focused on live trees. 

While a substantial effort has been made to interpret the wood quality using acoustic 
measurements on live trees, little is known about the ability of acoustic nondestructive 
evaluation to predict the intrinsic wood quality of dead standing trees. Wang et al. [17] 
found that longitudinal acoustic velocity can predict the static MOE in both live and dead 
jack pine (Pinus banksiana) logs after harvest. However, nondestructive evaluation for the 
jack pine study was conducted on butt logs rather than standing trees [17]. While Wang 
et al. [17] are applicable in determining the value of salvaged jack pine post-harvest, little 
information is available on the application of nondestructive evaluation to aid in sorting 
dead standing trees prior to salvage. In addition, considering the difference in appearance 
between live and dead standing trees, little is written about the correlation between tree 
appearance, the prevalent method of grading salvage timber, and non-destructive wood 
quality measurements. 
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Our aim in this study was to inform techniques used to effciently sort white spruce 
salvaged after a spruce budworm outbreak for the highest and best use to optimize value. 
Nondestructive evaluation of dead standing white spruce prior to harvest could help in 
predicting the quality of wood within the measured trees. However, measuring wood 
quality, via nondestructive evaluation, of every tree within salvage or pre-salvage harvests 
may not always be feasible or economical. Therefore, the specifc objective of this study 
was to investigate whether the visual appearance of white spruce defoliated by the spruce 
budworm accurately refects wood quality measured using nondestructive techniques. This 
paper is part of a Master’s Thesis by the frst author, available online at https://doi.org/10 
.37099/mtu.dc.etdr/730/ (accessed on 4 October 2022) [18]. 

2. Materials and Methods 
2.1. Study Site 

The white spruce assessed for this study were located in a stand managed by the 
Ottawa National Forest, approximately 9 miles West of Iron River, MI (46◦5.13330 N, 
88◦47.5160 W). The white spruce was planted into a degraded, sugar maple-dominated, 
northern hardwood stand at an unknown date [19]. Prior to salvage, the stand was 
dominated by white spruce with sugar maple and a minor component of other northern 
hardwood species (Table 1). Analysis of increment cores from six large, live white spruce 
at a height of 0.15 m suggests that the trees were planted in approximately the mid to 
late 1940s. 

Table 1. Stand composition data, including basal area, trees per hectare, and quadratic mean diameter. 

BA 
(m2/ha) 

Trees 
per ha 

Quadratic Mean 
Diameter (cm) Species 

White Spruce (Picea glauca) 12.67 269.6 28.2 
Sugar Maple (Acer saccharum) 9.52 598.0 27.2 
Black Cherry (Prunus serotina) 1.33 29.5 28.6 

Quaking Aspen (Populus tremuloides) 0.97 55.8 31.7 
Swamp White Oak (Quercus bicolor) 0.42 26.1 20.3 

American Basswood (Tilia Americana) 0.42 4.8 35.2 
Red Maple (Acer rubra) 0.36 26.1 18.1 

Pin Cherry (Prunus pensylvanica) 0.30 81.8 8.3 
Yellow Birch (Betula alleghanienisis) 0.24 4.7 32.5 

Ironwood (Carpinus caroliniana) 0.12 21.0 9.4 
Slippery Elm (Ulmus rubra) 0.12 6.8 19.0 
Balsam Fir (Abies balsamea) 0.06 26.4 5.4 

Eastern Hemlock (Tsuga canadensis) 0.06 0.4 41.9 
Northern White Cedar (Thuja occidentalis) 0.06 0.4 42.8 

All Species 26.67 1151.7 27.8 

Wabeno-Goodwit silt loams and Monico loam are the predominant soil types within 
the stand, with slopes within the stand ranging from 0% to 15% [20]. The annual normal 
temperature for this area ranges between −15 and 27 ◦C [21], and average annual precipi-
tation is 78 cm [22]. The site index for white spruce within the stand is 49, indicating that it 
is a moderate site for this region [23]. 

A large portion of white spruce within the stand was defoliated by the spruce bud-
worm during our initial site visit in June 2017. At that time, the condition of individual 
white spruce within the stand varied greatly, ranging from completely defoliated and dead-
standing trees to healthy, vigorous trees with almost no apparent defoliation. The year this 
increase in spruce budworm attack began, noticeably defoliating white spruce within this 
stand, is unknown [19]; however, an increase in spruce budworm defoliation in Michigan’s 
Western Upper Peninsula has been observed in forest health surveys since 2014 [3]. 

https://doi.org/10.37099/mtu.dc.etdr/730/
https://doi.org/10.37099/mtu.dc.etdr/730/
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2.2. Field Data Collection 

One hundred forty-nine mature white spruce were selected across a gradient of spruce 
budworm defoliation and decline at the study site in June 2017. To minimize disruption to 
a concurrent commercial harvest in this stand, study trees were selected in clusters that 
contained between 12 to 59 trees. Approximately 50 trees were selected in each of three 
distinct categories defned using visual characteristics of decline and decay [11] (Figure 1). 
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Figure 1. White spruce trees representing visual categories 1—(a) live trees with visible green foliage), 
2—(b) dead-standing trees with no visible green foliage, recently dead), and 3—(c) dead-standing 
trees with poorest visual appearance, obvious signs of severe decay. 

Category 1 (n = 50) included live trees with any amount of visible green foliage, 
including those with some sign of spruce budworm defoliation. Given the fndings of 
Basham [1], we expected that live trees which have been heavily defoliated by the spruce 
budworm would contain wood of the same quality as unaffected, healthy trees. In addition, 
category 1 trees may represent timber produced from pre-salvage harvests intended to 
minimize loss from expected spruce budworm outbreaks, such as those recommended 
under current forest management guidelines [4]. 

In contrast, category 2 (n = 49) included dead-standing white spruce with no visible 
green foliage. category 2 trees had reddish-brown foliage and most of the fne, needle-
bearing branches intact. White spruce within category 2 were assumed to have died 
relatively recently due to the presence of fne branches and attached brown foliage. We 
expected these recently dead trees would be suitable for salvage harvest because Basham [7] 
found that time since death was a good indicator of wood decay in balsam fr (Abies balsamea) 
attacked by the spruce budworm. 

Lastly, category 3 represented dead standing white spruce with the poorest visual 
appearance. The category 3 trees (n = 50) were characterized as having no visible green 
foliage and fne, needle-bearing branches largely absent. Trees with no visible green foliage 
and broken tops were also included in category 3. Insect and fungal attacks within trees’ 
stems are the major cause of post mortem wood decay [1,6,7]. We expected that standing 
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trees with no green foliage and few fne branches to have been dead for some time and 
have poorer wood quality due to the longer duration of insect and fungal damage. Further, 
we expected that the wood quality of Category 3 trees would be unsuitable for utilization. 

To compare measured wood quality between the visual categories, we evaluated each 
tree using two acoustic non-destructive evaluation tools. Longitudinal acoustic velocity 
(km·s−1) was measured using a Hitman ST300 (Fibre-gen Ltd., Christchurch, New Zealand; 
Figure 2). Longitudinal acoustic wave velocity measurements were centered at breast 
height (1.4 m), with the tool’s probes vertically spaced 1.2 m apart on the East side of each 
tree (Figure 2). The sending probe was located at a height of 0.8 m, while the receiving 
probe was inserted at a height of 2.0 m. Longitudinal acoustic velocity was measured three 
times per tree, and the mean velocity was calculated. 
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In addition, transverse acoustic velocity was measured on each tree using the Fakopp 
Microsecond Timer (Fakopp Enterprise, Agfalva, Hungary; Figure 3). These measurements 
were taken at breast height (1.4 m) on each tree in two orthogonal directions: North-South, 
and East-West. To measure transverse velocity, sending and receiving probes were inserted 
horizontally into the sapwood of each tree at opposite sides of the bole. The diameter of 
the tree between the probes was measured using a tree caliper, and the sending probe 
was tapped with a hammer 3–5 times until the readings ranged within 2 microseconds of 
each other. This procedure was repeated to produce three recorded TOF data. Transverse 
acoustic velocity was calculated using the tree diameter at the point of measurement and 
the time taken for the leading edge of the acoustic wave to travel from sending probe to 
receiving probe. Six transverse acoustic velocities were calculated per tree—three in the 
North-South direction and three in the East-West direction, and the overall mean velocity 
was calculated. 
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crosecond Timer. 

Moisture content affects the acoustic velocity of wood [24–27], and the moisture 
content of stems of trees attacked by the spruce budworm is expected to decline after 
death [1]. Therefore, the moisture content of each tree was measured and included as a 
covariate in our analyses. A moisture sample of each white spruce was collected as the 
tree was harvested in October 2017. A 7.6 cm thick disc was cut from the lower end of 
each tree’s butt log and stored in a sealed bag to prevent moisture loss during transport. A 
wood strip of 5.1 cm by 5.1 cm cross-section intersecting the pith of the disc and spanning 
the disc’s diameter was cut. The wet weight of each wood sample was recorded, and the 
samples were stored in a freezer to further reduce potential moisture loss. The samples 
were oven dried in batches at a temperature of 105 ◦C for 7 days until a consistent weight 
was achieved. The moisture content of each sample was calculated using oven-dry and wet 
mass according to the oven-dry method [28]. 

2.3. Data Analysis 

Initially, ANOVA with a post hoc Tukey test was used to determine if there were 
statistically signifcant differences among the decay categories in terms of wood moisture 
content. Following this, generalized linear models with post hoc Tukey tests were used to 
determine if there were statistically signifcant differences in longitudinal and transverse 
acoustic velocities among the three visual categories. Specifcally, a generalized linear 
model was used to determine whether visual category explained variations for each of 
the two acoustic nondestructive evaluation measurements. The mean acoustic velocity 
calculated for each tool was the dependent variable in each generalized linear model, 
with visual decay category as an independent explanatory variable. Moisture content was 
also included as an independent covariate in each model because it was determined that 
there were statistically signifcant differences among the decay categories. To fulfll the 
assumptions of linear models, moisture content (%) was log-transformed, and transverse 
acoustic velocities were raised to the fourth power. All models were evaluated using 
an alpha value of 0.05. Where acoustic velocity varied signifcantly among the visual 
categories overall, post hoc Tukey tests were used to compare each of the three visual 
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categories. R 3.5.1 (R Foundation for Statistical Computing, Vienna, Austria) was used for 
all data analysis, with the multcomp [29] and margins [30] packages. 

3. Results 
3.1. Moisture Content 

Mean moisture contents (% by oven-dry weight) varied signifcantly among the visual 
categories (p = 0.002, Figure 4). The contrast between living (category 1) and dead (cate-
gories 2 and 3) white spruce moisture content suggests that a considerable decline in post 
mortem moisture content occurred (p = 0.006 for both comparisons). There was no signif-
icant difference between visual categories 2 and 3 (p = 0.999). This variation in moisture 
content likely infuenced the velocity of both longitudinal and transverse acoustic waves. 
Therefore, we included moisture content as a covariate in further analyses to account for 
its infuence. 
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3.2. Longitudinal Acoustic Velocity by Hitman ST300 

Longitudinal acoustic velocity, measured with the Hitman ST300, ranged from 2.57 km/s 
to 5.50 km/s across all measured trees, with a mean of 4.40 km/s. Furthermore, the 
longitudinal acoustic velocity was higher in dead trees compared with live trees (Figure 5). 
The post hoc Tukey test indicated that visual categories 1 and 2 did not have signifcantly 
different mean longitudinal velocities (p = 0.157). Similarly, visual categories 2 and 3 did 
not have signifcantly different mean longitudinal velocities (p = 0.556). However, visual 
category 1 (live trees) had signifcantly lower mean longitudinal velocities than category 3 
(dead trees) (p = 0.013). This was expected, given that the moisture content of the standing 
dead trees declined after death (Figure 4). 
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Figure 5. Mean longitudinal acoustic velocity (km/s) by visual category. Acoustic velocity was 
measured with the Hitman ST300. Error bars represent the 95% confdence interval. 

However, the general linear model indicated that both visual category and moisture 
content were statistically signifcant variables in explaining variation in longitudinal acous-
tic velocity measured with the Hitman ST300 (Table 2). The marginal effects of visual 
category and moisture content on acoustic velocity suggest that longitudinal acoustic 
velocity similarly increases as moisture content decreases for all three visual categories 
(Figure 6). Furthermore, holding moisture content constant, longitudinal acoustic velocities 
were fastest for category 3 trees, and slowest for category 1 trees (Figure 6). The estimated 
coeffcients for the general linear model (Table 2) suggest that there was an expected in-
crease in longitudinal acoustic velocity of 0.16 km/s between visual category 1 (live) and 
visual category 2, holding moisture content constant. Likewise, there was a marginal 
increase in longitudinal acoustic velocity of 0.25 km/s between visual category 1 (live) and 
visual category 3. 

In general, higher longitudinal velocities indicate better wood quality than lower 
velocity [13]. Holding moisture content constant, the lower quality trees of categories 2 and 
3 have a higher longitudinal velocity than category 1. This discrepancy is largely caused by 
the reduced moisture content in categories 2 and 3. In this study, the measured moisture 
content of each wood sample is an average value for the disk. Figure 4 indicates about a 10% 
decrease in moisture content for categories 2 and 3 compared with category 1. Assuming 
the same wood quality among the three categories, just considering the effect of moisture 
content, the longitudinal acoustic velocity is expected to increase for categories 2 and 3. 
In addition, the dead-standing trees in categories 2 and 3 might have a moisture content 
gradient in the radial direction as a result of natural drying post mortem, drier outerwood, 
and wet corewood. The increased acoustic velocity in categories 2 and 3 is most likely the 
result of the drier outerwood, which can overshadow the effect of wood deterioration. 
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Table 2. Coeffcients and p-values of a general linear model to test relationships between decay 
category, moisture content, and stand average velocity. 

Variable Estimated Coeffcient p-Value 

Intercept 
Decay cat 2 
Decay cat 3 
MC_log10 

6.3861 
0.1592 
0.2449 
−1.2440 

<0.001 
0.068 
0.005 

<0.001 
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Figure 6. Modeled effect of moisture content (% by oven-dry weight) on longitudinal acoustic velocity 
(km/s) for visual categories 1 (live trees, solid black line), 2 (dead with no visible green foliage, dashed 
black line), and 3 (dead with poorest visual appearance, dotted black line). 

3.3. Transverse Acoustic Velocity by Fakopp Microsecond Timer 

There was less variation in mean transverse acoustic velocity across visual categories 
(Figure 7) in comparison with differences in mean longitudinal acoustic velocities (Figure 5). 
The general linear model indicated that neither visual category (p = 0.118) nor moisture 
content (p = 0.484) had signifcant statistical relationships with transverse acoustic velocity. 
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95% confdence interval. 
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4. Discussion 

Visually assessed categories can provide coarse wood quality information, as measured 
by longitudinal acoustic velocity in dead standing trees. The most visually deteriorated 
white spruce (visual category 3) had signifcantly different wood quality compared with 
the live trees (visual category 1), considering longitudinal velocity measurements. This 
fnding is important as longitudinal velocity measured on standing trees correlates to 
MOE of wood within measured trees [15,24,31], and MOE is commonly used to defne 
acceptable standards of wood for utilization in building codes. Therefore, we suggest 
sorting live trees with green foliage (category 1) and those with obvious signs of severe 
decay (category 3) based on their respective visual indicators. However, dead standing 
trees with no visible green needles but most fne branches intact (category 2) represent a 
wide range of longitudinal acoustic velocities, and visually assessed decay categories were 
unable to provide precise wood quality information for these trees. Therefore, longitudinal 
velocity should be measured to appropriately evaluate trees within visual category 2 to 
allow for the utilization of this wood for its highest and best use. Measuring the wood 
quality of category 2 trees would help loggers and foresters more precisely sort them for 
utilization by appropriate markets, such as pulp or lumber, which may increase overall 
fnancial returns. 

Conducting nondestructive evaluation on standing trees prior to a salvage harvest 
using hand-held devices like those utilized in our study may be cost-prohibitive. These 
tools take more time to assess the wood quality compared with standard visual assessments 
currently used in forest inventory. However, technological advances that incorporate non-
destructive evaluation equipment into felling heads are now commercially available [32]. 
Using felling heads that contain nondestructive evaluation tools would enable the evalua-
tion and sorting of salvaged timber at the time of harvest—likely reducing costs associated 
with nondestructive evaluation. 

Visual appearance did not signifcantly explain the variation in the transverse acoustic 
velocity of the white spruce trees in this study. Transverse acoustic velocity correlates to 
the extent of internal decay in standing trees [16]. Upon harvest, we anecdotally noticed a 
tendency of standing dead study trees (categories 2 and 3) to show more decay in the sap-
wood, near the cambium, than heartwood. Furthermore, the Fakopp probes may have been 
inserted beyond this decayed sapwood region, and therefore a disproportionate amount 
of structurally sound wood was likely measured in the transverse direction. Furthermore, 
analysis of transverse acoustic velocities may have failed to show differences between visual 
categories because of the lack of heart rot in our study trees. Only one tree of 149 trees in 
the study was found to have heart rot upon harvest. The lack of heart rot likely led to more 
uniform transverse acoustic velocities among the visual categories (Figure 7) compared 
with stands containing trees with varying amounts of heart rot. We recommend conducting 
transverse acoustic measurements when information on the presence and extent of internal 
decay is desired. This information could be helpful to stakeholders, such as landowners, 
loggers, and pulp and lumber mills, when valuating or purchasing standing timber. 

A challenge when using acoustic velocity to sort both live and dead trees is the need to 
account for moisture content differences. Lower moisture content in dead trees (visual cate-
gories 2 and 3) likely caused increased longitudinal velocity (Figure 5). Several published 
studies that measured longitudinal velocity on live trees didn’t account for moisture content 
variations [15,33,34]; however, live trees have relatively consistent moisture content values. 
Standing trees lose moisture after mortality, and this drying infuences wave propagation 
velocities. The need for moisture content data to interpret acoustic velocity fndings makes 
acoustic nondestructive evaluation slightly more diffcult to interpret when working with 
dead standing trees. Future work could overcome this challenge by creating a reduction 
factor for longitudinal velocity measured on dead standing trees. A standard reduction 
factor would make comparisons between live and dead trees within a species simple and 
allow for easier industry adoption of acoustic nondestructive evaluation. 
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The second challenge of applying acoustic nondestructive testing to dead trees is the 
need to confrm the statistical relationship with mechanical properties of interest. Ross [12] 
summarizes many studies that have found statistically signifcant relationships between 
acoustic nondestructive evaluation to mechanical properties of live trees, including the 
MOE and the presence of internal decay pockets. However, little information is available 
regarding the species-specifc relationships of acoustic measurements on dead standing 
trees to static measurements of internal wood properties. Further understanding of the esti-
mation of mechanical properties, like MOE, from acoustic measurements of dead standing 
trees, would provide important knowledge to the industry. Future work focused on relating 
nondestructive acoustic measurements to mechanical properties for dead standing trees 
would help in utilizing this timber to produce higher-value products such as structural 
lumber and engineered components. In addition, relating standing-tree acoustic mea-
surements to nondestructive lumber measurements, taken at standard conditions, could 
provide information on the wood properties of dead standing trees. 

The ability to predict the intrinsic wood quality of dead standing trees based solely 
on visual cues is limited. While coarse wood quality information of dead standing trees 
can be determined visually, nondestructive evaluation using acoustic measurements likely 
offers a better prediction of wood quality. It can help sort dead standing white spruce 
for appropriate markets. With the recent focus on salvage and utilization of wood after 
insect outbreaks, the ability to infer the wood quality of salvage trees becomes valuable. 
This inference may allow land managers and the forest products industry to increase value 
by asserting known quality attributes to salvage timber. Continued work to elucidate 
species-specifc relationships between acoustic measurements of dead standing trees and 
their mechanical properties will aid in the appropriate utilization of salvaged timber. 

5. Conclusions 

Standing dead trees may have reduced value; however, the utilization of acoustic, non-
destructive evaluation methods for assessing wood quality may be helpful in optimizing 
the values recovered during salvage. Currently, white spruce and balsam fr affected by 
the spruce budworm are utilized in low-value products or left unutilized based on visual 
assessments of wood quality. Accurately quantifying the wood quality of a salvaged stand 
prior to harvest could limit economic loss from budworm defoliation. We assessed the 
ability to determine the wood quality of salvage white spruce from visual appearance. We 
found the visual appearance of white spruce only coarsely correlated to wood quality mea-
surements of longitudinal acoustic velocity, a good indicator of the modulus of elasticity 
(MOE) of wood. Therefore, wood quality should be measured rather than assumed prior to 
or during salvage harvests. The forestry and forest products industries should include fast, 
low-cost wood quality measurements like longitudinal acoustic velocity during timber sale 
preparation using handheld devices or during harvest using systems integrated into the 
mechanized felling head to increase the value recovery from salvaged timber and increase 
revenue for stakeholders. 
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