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Abstract: Eastern spruce budworm (Choristoneura fumiferana Clem.) is considered the most impor-
tant disturbing insect in coniferous stands in eastern North America. During an outbreak, spruce
budworm can cause severe defoliation in balsam fir (Abies balsamea (L.) Mill.), which can affect wood
properties such as moisture content and mechanical properties. This project aimed to assess the
influence of the duration of spruce budworm defoliation on the wood quality of mature balsam fir
trees. To do this, we studied sapwood proportion, decay, moisture content, mechanical properties
and tracheid dimensions in stands that had suffered three, four or five years of defoliation. We also
compared living and dead balsam firs and evaluated the change in wood properties with time. Our
results showed that dead balsam firs suffered from a loss of wood quality rapidly after their death,
particularly in terms of moisture content and decay in the sapwood. Sapwood proportion was similar
between living and dead trees, but the sapwood of dead trees contained more decay and had a lower
moisture content than living trees. Mechanical properties and tracheid dimensions were 10% and 4%
lower in dead trees than in living trees. We did not observe any major differences in wood properties
between the three durations of defoliation, suggesting that wood degradation occurs before that. The
study did not make it possible to determine the optimal duration of defoliation to harvest the stands.

Keywords: decay; mechanical properties; moisture content; sapwood proportion; tracheid dimensions

1. Introduction

Balsam fir (Abies balsamea (L.) Mill.) is a widespread conifer in the boreal forest of
Quebec, Canada. It is important ecologically as it is present in a large territory and in many
ecosystems, and economically as it is the most harvested by the forest industry after black
spruce (Picea mariana (Mill.) B.S.P.). The dynamics of balsam fir stands are mainly governed
by insect epidemics [1], most notably Eastern spruce budworm (Choristoneura fumiferana
Clem.; hereafter SBW). SBW, a defoliator insect native to North America [2], is considered
the most important disturbing insect in coniferous stands in eastern North America [3] and,
more particularly, in the boreal forest of Quebec [4]. During an outbreak, SBW can cause
severe defoliation in balsam fir, its preferred host, but also in white spruce (Picea glauca
(Moench) Voss) and black spruce [5]. This preference for balsam fir can be explained by the
synchronism that exists between the bud burst and the feeding phase of the SBW larvae [6].

SBW populations reach epidemic levels according to a cycle of 30 to 40 years [7–9].
During an outbreak, SBW density increases by several orders of magnitude, with hundreds
of larvae per branch [10], whereas during an endemic period, SBW populations are nearly
undetectable [11]. An outbreak may last several years, during which host trees are con-
tinually defoliated [12]. In balsam fir, mortality generally occurs after 4–5 years of severe
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defoliation [13,14]. In general, mortality ranges from 30% to 70% in immature balsam fir
stands but can reach 100% in mature stands after a severe outbreak [13–15].

Before the mortality phase, defoliation by SBW affects tree physiology and wood
properties. After two or three years of defoliation, the loss of photosynthetic biomass
leads to a decrease in radial growth [16,17] and latewood density [18]. At the cellular level,
defoliation causes a reduction of carbon sequestration in cell walls [19], a decrease in the
width of the cell walls [18] and a decrease in the number of tracheids produced, especially
in latewood [20].

When the tree dies, its wood begins to deteriorate rapidly [21]. The moisture content is
greatly reduced [21,22], which directly influences the moisture level of the wood chips [22].
The mechanical properties (modulus of elasticity (MOE) and modulus of rupture (MOR))
decrease compared to living trees, making the products made from these dead trees more
brittle [22]. Dead trees are also more prone to invasions by saprophytic fungi and xylophagous
insects [22,23]. The coloration of sapwood due to fungal activities can also reduce yield in
pulping and increase the cost of bleaching in chemothermal mechanical pulping [24,25], affect
the brightness of papers and decrease the aesthetics of sawn products [26].

Since 2006, an outbreak of the spruce budworm has been expanding in Quebec,
Canada [27]. Large volumes of wood are wasted during the SBW epidemic periods.
Harvesting moribund or recently dead trees could reduce wood losses for the forest industry.
However, many sawmilling and pulp industries complain about the wood being more
brittle and the wood fibers being shorter, which affects the profitability of their operations.
According to Zobel and Van Buijtenen [28], insect-killed wood is not suitable for solid-wood
products for more than a year or two after the death of the tree. However, there might
be a gradient of deterioration of the wood properties depending on the duration of the
defoliation period, i.e., wood properties might be more severely affected with increasing
duration of defoliation by SBW in balsam fir. It appears necessary to make a more in-depth
evaluation of the wood quality of severely defoliated trees, and of recently dead trees
following an outbreak of SBW in order to determine until when and how these trees could
be used in the forest production chain.

This project aimed to assess the influence of the duration of spruce budworm de-
foliation on the wood quality of mature balsam fir trees. To do this, five wood quality
parameters (sapwood proportion, decay, moisture content, mechanical properties, tracheid
dimensions) were studied in stands that had suffered three, four or five years of severe
defoliation. We also compared living and dead balsam firs and evaluated the change in
wood properties with time since the last tree ring was formed by the tree in the hope of
establishing a link between defoliation by SBW and wood quality parameters.

2. Materials and Methods
2.1. Experiment Design and Sampling

Six even-aged mature stands were sampled in the Saguenay-Lac-Saint-Jean region in
Quebec, Canada (Table 1). Moderate and severe defoliation by the SBW is important and
has been present for some years in this region [27]. The stands were located in the balsam
fir-white birch and spruce moss bioclimatic zones and were part of a larger project aiming
to present predictive models of mortality rates on the basis of defoliation duration and
intensity, stand age, and forest composition [29]. All six stands were mature and dominated
by balsam fir and had been defoliated by spruce budworm for either three, four or five
years (two stands each).
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Table 1. Characteristics of the six stands sampled and mean age and DBH of the trees sampled in
each stand.

Stand Characteristics Sample Trees

Stand GPS Coordinates Duration of Defoliation
(Years) Intensity of Defoliation * Stand Density

(stems.ha−1)
Mean Age

(Years)
Mean DBH

(cm)

S1 49◦31′8.9976′′ N
72◦18′43.9056′′ W 3 Moderate 979.3 60.0 14.3

S2 49◦37′32.4876′′ N
72◦11′19.2192′′ W 3 Moderate 858.3 55.0 13.7

S3 49◦27′28.9980′′ N
72◦25′47.1504′′ W 4 Severe 1099.2 60.3 14.2

S4 49◦42′56.9988′′ N
72◦15′53.8272′′ W 4 Severe 1357.9 76.1 14.3

S5 49◦36′1.6812′′ N
72◦9′47.1024′′ W 5 Moderate 871.9 54.2 13.2

S6 49◦28′32.8584′′ N
72◦21′14.9760′′ W 5 Moderate 1548.7 75.2 13.4

* Moderate defoliation: loss of foliage in the upper half of the crown of the majority of trees. Severe defoliation:
affects the full length of the crown of the majority of trees.

In each stand, we sampled 13 mature balsam fir trees (diameter at breast height
(DBH) > 10 cm) from a 400 m2 plot, 10 trees without green foliage (visually classified as
dead in the field) and 3 with green foliage (visually classified as living in the field). DBH
was recorded for each tree. Stand and mean tree characteristics are presented in Table 1.
Intensity of defoliation was assessed by aerial surveys carried out by the Ministère des
Forêts, de la Faune et des Parcs du Québec (MFFP): moderate defoliation is the loss of
foliage in the upper half of the crown of the majority of trees, whereas severe defoliation
affects the full length of the crown of the majority of trees.

2.2. Wood Quality Analyses

We collected two logs from the stem of each sample tree. The first log (0.7 m to 1.0 m
from the ground) was used to measure the proportion of sapwood, as well as decay and
moisture content in sapwood and heartwood. The second log (1.0 m to 1.3 m from the
ground) was used to perform mechanical static bending tests and to measure tracheid
dimensions and fiber coarseness. To keep the logs fresh and maintain moisture content
after harvesting, each log was covered in paraffin after being cut from the tree and put in a
refrigerator once back from the field sampling. The analyses were then carried out rapidly
in the following days.

2.3. Moisture Content

We removed the paraffin and used a 10 cm disk from the log collected between 0.7 and
1.0 m from the ground to measure sapwood and heartwood moisture content. Sapwood
was visually identified and marked with a permanent marker (n = 78 trees). Sapwood and
heartwood were separated with a band saw and were weighed while still fresh. All pieces
of wood were then oven-dried at 103 ◦C [30] for seven days and weighed dry. Moisture
content was calculated as:

Moisture content (%) =
mwet −mdry

mdry
(1)

where mwet is the green weight (g) and mdry is the oven-dry weight (g).

2.4. Sapwood Proportion and Stem Decay and Coloration

We collected another 10 cm disk from the log used to evaluate sapwood proportion
and decay and coloration. Sapwood was also marked with a permanent marker, along with
contours of the decayed areas in each disk (n = 78). Coloration was marked in the same
way. Wood that was soft and brittle, with a fibrous appearance and that a pen could easily
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penetrate was identified as decay. Stained but sound, hard and normal-looking wood was
considered as coloration (See Supplementary Materials, Figure S1). We then scanned the
disks and measured the disc area, sapwood area, and decay and coloration areas in the
sapwood and heartwood for each tree using the WinDENDRO software (Version 2017a;
Québec, QC, Canada) [31]. With these data, the proportion of sapwood and the proportion
of decay and coloration in sapwood and heartwood could be calculated.

2.5. Mechanical Properties

To measure bending strength and stiffness, small clear specimens of 10 mm × 10 mm
× 150 mm (R× T× L) were prepared from the log collected between 1.0 and 1.3 m from the
ground. For each tree, two specimens were prepared in mature wood formed during the
most recent SBW outbreak and two specimens in mature wood formed during an endemic
period. Specimens were placed in a conditioning room at 20 ◦C and 65% relative humidity
until they reached a 12% equilibrium moisture content. We performed three-point bending
tests with an MTS Alliance RT/100 machine (TestResources Inc., Shakopee, MN, USA)
according to the ASTM D-143 standard for small clear specimens [32]. The specimens were
placed pith side up with a span of 110 mm (L) and speed of 1.3 mm.min−1. We calculated
the modulus of elasticity (MOE) and the modulus of rupture (MOR) (in N.mm−2) according
to the following formulas:

MOE =
P1L3

4bd3y1
(2)

MOR =
3PL
2bd2 (3)

where b and d are the width and thickness (mm) of the specimen measured just before
testing, P1 and y1 represent the load (N) and L the deflection (mm) at the limit of the range
of elasticity and P is the maximum load (N) before rupture [33]. We used an average of the
MOE and MOR values of the two specimens of wood formed during the outbreak and of
wood from the endemic period for further analyses, for a total of n = 154 samples.

2.6. Tracheid Dimensions and Coarseness

After the mechanical tests were performed, we used a 15-mm-long piece of wood
from one extremity of the small clear specimens used for the bending tests to determine
tracheid dimensions and coarseness. For each tree (n = 75 because some samples were
lost due to a problem during sample preparation), we prepared two samples containing
wood formed during the current SBW outbreak and two samples containing wood from
a period that was outside of an outbreak. The samples were cut with a razor blade and
macerated for 15 h in a solution (1:1, v/v) of glacial acetic acid and hydrogen peroxide at
75 ◦C to remove lignin [34]. The macerated samples were rinsed with distilled water and
air-dried for a day. The samples were weighted to the nearest 0.0001 g, placed in distilled
water, and gently shaken to obtain a uniform suspension of tracheids. We used an L&W
FiberTester (ABB Inc., Kista, Sweden) to obtain mean tracheid length, mean tracheid width,
and coarseness based on image analysis [35]. We used a length-weighted mean calculated
from the measurements of 5000 tracheids to reduce the bias caused by the large number of
fines generated during preparation [36–38]:

Mean tracheid length =
∑ niL2

i
∑ niLi

(4)

where i = 1, 2, 3, . . . , n are categories, n is the fiber count in the « ith » category and L is
the contour length. Coarseness, i.e., fiber mass (weight) per unit length, was automatically
calculated by the software for each sample.
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2.7. Dendrochronology

We counted and measured tree rings on each sample tree from the wood disk used to
measure decay using the WinDENDRO software (Version 2017a; Quebec, QC, Canada) [31].
Tree ring widths were visually crossdated using PAST5 software (Version 5.0.576; SCIEM,
Vienna, Austria) [39] and statistically verified using the COFECHA program (Version 6.06P,
Tucson, AZ, USA) [40]. From this dendrochronological method, we could then obtain the
year the tree formed its last tree ring. However, we could not consider that year or the next
as the year the tree died because a tree can still be alive and produce green foliage even
if it does not produce a tree ring in the lower part of the stem. Indeed, some trees that we
sampled and classified as living trees because they still had green needles had not produced a
tree ring for the last two or three years. Since it was not possible to determine precisely the
time of death for a tree, we used instead the time since the last tree ring was formed.

2.8. Statistical Analyses

A two-way between-subjects mixed model analysis of variance (ANOVA) was con-
ducted to compare the effect of tree status (living or dead trees) and duration of defoliation
(three years, four years or five years) on the wood quality parameters studied (sapwood
proportion, decay and coloration in sapwood/heartwood) and the interaction between the
two in living and dead trees. In the case of moisture content, we used a three-way mixed
model ANOVA to compare the effect of tree status, duration of defoliation and type of
wood (sapwood or heartwood), and the interaction between the three factors on moisture
content. For tracheid dimensions, coarseness and mechanical properties, we compared
the effect of tree status, duration of defoliation and time period (during or outside of an
outbreak period) and their interaction on our dependent variables. Tree status, duration of
defoliation, type of wood and their interaction were entered in the models as fixed effects,
whereas site was entered as a random effect. All models were fitted using the lme function
of the “nlme” package [41], with estimation of the restricted maximum likelihood (REML).

To assess how wood quality varied over time for the wood properties that we studied,
we used a general additive model (GAM). The time variable used here is the time since the
last tree ring was formed by the tree. Each dependent variable (sapwood decay, sapwood
moisture content, tracheid length, MOE) was thus expressed as a function of time since the
last tree ring was formed by the tree:

y = α + s(Time since last ring formed) + ε (5)

where y is the vector of the dependent variable, Time since last ring formed is the vector of
the time since the last tree ring was formed by the tree, α is the intercept, s is a non-parametric
smoothing function specific to each term, determined by the statistical software and ε is the error
term. Variables were log-transformed when necessary to meet the assumptions of normality
and homoscedasticity [42]. The analysis was conducted using the R package “mgcv” [43].

2.9. Discriminant Analysis

The multivariate dataset was also analyzed with a linear discriminant analysis with
the R package “candisc” [44]. Tree status (living or dead trees) was used as the classifica-
tion variable, and all the measured wood quality parameters were used to perform the
discriminant analysis to derive canonical variables.

Standard procedures for model diagnostics were conducted and verified for all analy-
ses. Differences were considered significant when p was <0.05. All statistical analyses were
performed using R (Version 4.2.1) [45].

3. Results

The trees sampled in all six stands had a similar mean DBH varying between 13.2
and 14.3 cm and a mean age comprised between 54 and 76 years (Table 1). Stand density
showed more variation, ranging between 858 stems/ha and 1548 stems/ha.
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3.1. Proportion of Sapwood and Proportion of Decay and Coloration

Trees visually classified as living and dead had a similar proportion of sapwood in the
stem (Figure 1A, Table 2). The mean proportion of sapwood was 27.2% and 23.2% in living
and dead trees, respectively. The proportion of sapwood did not differ significantly either
between trees that had been defoliated for three, four or five years (Table 2).
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Figure 1. Proportion of sapwood (A) and decay and coloration in sapwood (B) for trees visually
classified as living and dead from stands that have been defoliated for three, four or five years.

Table 2. Mixed model ANOVA results for all the wood quality parameters evaluated in balsam fir.
Significant results are highlighted in bold.

Effect df F Value Pr (>F) F Value Pr (>F)

Sapwood proportion Total decay and coloration

Tree status (living or dead) 1 3.7856 0.0556 0.1019 0.7504
Duration of defoliation 2 0.7926 0.5292 0.7282 0.5523
Tree status:Duration of defoliation 2 0.1558 0.8560 2.6591 0.0772
Residuals 72

Decay in sapwood Decay in heartwood

Tree status 1 5.4624 0.0223 2.5191 0.1171
Duration of defoliation 2 1.0347 0.4552 0.2427 0.7985
Tree status:Duration of defoliation 2 2.0455 0.1371 1.7078 0.1888
Residuals 72

Moisture content

Wood type (sapwood/heartwood) 2 571.9985 <0.0001
Tree status 1 5.2559 0.0059
Duration of defoliation 2 151.4218 <0.0001
Wood type:Tree status 2 10.7478 0.0428
Wood type:Duration of defoliation 4 33.1195 <0.0001
Tree status:Duration of defoliation 2 0.0217 0.9991
Wood type:Tree status:Duration of defoliation 4 10.8929 <0.0001
Residuals 216

MOE MOR



Forests 2022, 13, 1926 7 of 17

Table 2. Cont.

Effect df F Value Pr (>F) F Value Pr (>F)

Tree status 1 12.6899 0.0005 18.0281 <0.0001
Time period (during or outside SBW outbreak) 1 4.8330 0.0296 6.7606 0.0103
Duration of defoliation 2 2.2843 0.2495 0.9020 0.4935
Tree status:Time period 1 0.0096 0.9220 0.0748 0.7848
Tree status:Duration of defoliation 2 0.1524 0.8588 0.0779 0.9251
Time period:Duration of defoliation 2 1.2650 0.2855 1.1723 0.3127
Tree status:Time period:Duration of defoliation 2 0.8222 0.4416 0.7366 0.4806
Residuals 142

Tracheid length Tracheid width

Tree status 1 9.6030 0.0021 10.6350 0.0012
Time period 1 240.1850 <0.0001 43.6780 <0.0001
Duration of defoliation 2 5.2270 0.1053 1.3120 0.3896
Tree status:Time period 1 1.3190 0.2518 0.0580 0.8104
Tree status:Duration of defoliation 2 2.1560 0.1176 5.6380 0.0040
Time period:Duration of defoliation 2 0.7250 0.4851 2.3740 0.0950
Tree status:Time period:Duration of defoliation 2 0.0240 0.9762 0.5480 0.5788
Residuals 288

Coarseness

Tree status 1 1.4987 0.2220
Time period 1 5.5787 0.0189
Duration of defoliation 2 1.2281 0.4077
Tree status:Time period 1 0.6376 0.4253
Tree status:Duration of defoliation 2 2.0052 0.1367
Time period:Duration of defoliation 2 1.3322 0.2657
Tree status:Time period:Duration of defoliation 2 0.7919 0.4541
Residuals 260

The total proportion of decay and coloration was not significantly different between
the two tree statuses or between the three durations of defoliation (Table 2). When looking
only at the sapwood part of the samples, we observed a lower percentage of decay and
coloration in living trees than in dead trees (Figure 1B), but it was not significantly different
according to the duration of defoliation (Table 2). In heartwood, we did not observe any
significant difference in the percentage of decay between living and dead trees or between
durations of defoliation (Table 2).

3.2. Moisture Content

Moisture content was significantly different between sapwood and heartwood (Table 2).
We observed a higher moisture content in the sapwood of trees visually classified as liv-
ing (mean = 161.5%) than in dead trees (mean = 52.6%; Figure 2). There was much less
difference in the heartwood, but moisture content was also higher in living trees (80.9%
compared to 60.5% in dead trees). Moisture content varied differently in sapwood and
heartwood according to tree status, as indicated by the significant interaction between
wood type and tree status (Table 2). The significant interaction between tree status and
duration of defoliation also indicates that moisture content varied differently between
durations of defoliation depending on whether the tree was dead or alive.

3.3. Mechanical Properties

The mechanical properties (both MOE and MOR) were different between tree statuses,
as MOE and MOR were 10% and 13% lower in dead trees, respectively (Figure 3). We also
observed that wood formed during an SBW outbreak had slightly higher mechanical properties
than wood formed during endemic years (Table 2). MOE and MOR did not vary significantly
between durations of defoliation, and no interactions between factors were observed.
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Figure 3. (A) Modulus of elasticity (MOE) and (B) modulus of rupture (MOR) of wood produced
during and outside of a spruce budworm (SBW) outbreak in trees visually classified as living and
dead from stands that have been defoliated for three, four or five years.

3.4. Tracheid Dimensions and Coarseness

Tracheid length differed between tree statuses (Figure 4A, Table 2). Tracheid width
varied differently between durations of defoliation depending on tree status (Table 2). We
also observed longer and larger tracheids in wood formed during an SBW outbreak than in
wood formed during an endemic period.

As for fiber coarseness, values were similar between living and dead trees, but coarse-
ness was slightly higher in wood formed during an SBW outbreak (Figure 4B, Table 2).
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3.5. Wood Quality as a Function of Time

Looking at the number of years since the tree formed its last growth ring, and including
living trees at time = 0, we can see that the wood properties studied decreased as a function
of this time, except for decay that increased (Figure 5). Moisture content decreased abruptly
in the first four years after the last tree ring was formed before stabilizing at around
30%–40% moisture content in subsequent years. Wood coloration and decay in sapwood
increased almost linearly, while MOE and tracheid length slowly decreased as the number
of years since the last tree ring was formed increased.
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Figure 5. Generalized additive model (GAM) plots for sapwood moisture content (A), decay in
sapwood (B), MOE (C) and tracheid length (D) as a function of time since the last tree ring was
formed by the tree. Trees that were still living and producing tree rings at the moment of sampling
are included in the analysis at time = 0.
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3.6. Discriminant Analysis

When all the wood parameters studied were considered together in a multivariate
dataset, a linear discriminant analysis showed that the first dimension clearly distinguishes
the living trees from the dead trees (Figure 6). The significant Wilks’ λ value (F = 17.166,
df = 12, p < 0.0001) indicated that the discriminant function is statistically significant, and
this can be interpreted as evidence of discrimination between the two tree statuses. Trees
visually classified as living were strongly associated with higher moisture content and
higher mechanical properties, whereas dead trees were more associated with a higher decay
in sapwood and a longer time since the last tree ring was formed.
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4. Discussion

Despite the fact that SBW has been extensively studied, researches on the impact
of SBW on wood properties after a prolonged period of defoliation remain limited and
generally focus on one or two wood quality parameters (e.g., [18,46]). Yet, wood quality is
an important factor for the lumber and pulp and paper industries, and wood properties
such as moisture content and decay can have a great influence on the products that can be
obtained from trees harvested in severely defoliated stands. Here, we studied the impact of
SBW defoliation with the analysis of five wood properties important for the evaluation of
wood quality.

4.1. Comparison between Balsam Firs Visually Classified as Living or Dead

We observed that sapwood proportion was similar between living and dead trees
(Figure 1A). As the repeated SBW defoliation reduced the photosynthetic capacity of the
trees in the last few years before their death, we expected a reduced sapwood proportion
in dead trees based on the observation that the proportion of sapwood decreases as trees
age and also in less vigorous trees [47,48] and can vary with vigor or with the amount of
foliage on the tree [47–49]. The time window between the beginning of defoliation and tree
mortality was short, and the process of sapwood reduction probably did not have time
to be initiated. Moreover, the living trees in our study were also submitted to moderate
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and severe defoliation, and several balsam firs that were visually classified as living trees
had limited green foliage. Thus, some of the living balsam firs were not vigorous and were
probably close to being dead.

Regarding wood quality, our results showed that wood properties tended to be better
in living trees than in dead trees, particularly in the sapwood. For instance, the sapwood
of dead trees contained 86% more decay on average than living trees (29% and 54% of the
surface of sapwood contained decay or coloration in living and dead trees, respectively).
Moisture content in the sapwood of living trees presented values around 150%–160%,
which is similar to what is presented in the literature for balsam fir [50,51], while dead trees
had moisture content values around 40%–50% in sapwood, which is also in range with
what was observed for spruce budworm-killed balsam fir [46,50]. Lewis and Hartley [52]
showed that during the first year after death, the moisture content of standing dead trees
can decrease rapidly, especially in sapwood. Moisture content also decreases in heartwood
but much less strongly and less quickly than in the sapwood [52].

As tree vigor decreases with consecutive years of defoliation, the production of defense
components is reduced in balsam fir [19], which can make the trees more susceptible to
infection by fungi and thus favor an increase in coloration and decay. In our study, decay
and coloration were observed in the sapwood and heartwood of both living and dead trees.
Among the coniferous species of Quebec’s boreal forest, balsam fir is considered the species
most vulnerable to wood decay [53]. Stem decay causes the cell walls to degrade and break
down, thus weakening the wood. This decay is caused by fungi capable of degrading
the lignin and cellulose component of the cell walls. This process results in a progressive
reduction in the strength of invaded wood [54]. We indeed observed that MOE and MOR
were slightly lower in dead trees than in living ones. This result is somewhat similar to
results obtained by Barnes et al. [55], who observed that MOE in small clear specimens was
higher in living trees than in trees dead for 3 months and 12 months, but not in trees dead
for 22 months. Barnes et al. [55] also observed a significantly higher MOR in living trees.

Tracheid length was also different between the two tree statuses, that of the dead
trees being shorter. Basham [56] stated that stem rot can cause a degradation in cellulose
that leads to a tendency for fibers to be shorter and weaker than normal. The maceration
process for the measurements of tracheid dimensions could also explain our results. Since
the cellulose and lignin in wood cells can already be degraded by microorganisms in the
decayed parts, these tracheids could be more likely to break during the chemical maceration
treatment used to separate individual tracheids. We took special care to select our samples
mostly free of defects, decay or coloration, but with the more important proportion of decay
in dead balsam firs, this was not always possible and could have negatively influenced
tracheid dimensions. Moreover, Watanabe and Ohno [57] revealed that insect defoliation
affects the formation of the secondary cell walls of tracheids and induces non-lignified
tracheids in larch trees. Furthermore, Paixao et al. [18] showed that cell-wall thickness
was significantly reduced in both earlywood and latewood after 3–4 years of defoliation
by spruce budworm in black spruce and balsam fir. This may explain the lower tracheid
dimensions that we observed in dead trees.

4.2. Comparison between Durations of Defoliation

We did not observe any major differences in wood properties between the three
durations of defoliation. In dead trees, sapwood moisture content was very low (45%–80%)
for all three durations of defoliation, while it remained stable at 150%–160% for living trees.
Significant differences were detected between the durations of defoliation for MOE, tracheid
length and coarseness, but we did not observe a clear increasing or decreasing trend. Thus,
from what we observed, three years, four years or five years of severe defoliation in a stand
does not make a big difference in the degradation of the wood properties that we evaluated.
However, the number of sites that we sampled was very small, with two sites per year.
Further studies, with a greater number of sites and a broader range of severity and duration
of defoliation, would be required to draw more solid conclusions.
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4.3. Comparison between SBW Epidemic and Endemic Periods

We observed higher MOE and MOR in wood that has been formed during an SBW
outbreak compared to an endemic period. At first glance, this result might seem illogical
since an SBW defoliation affects cell-wall formation [57], causing a decrease in cell-wall
thickness and in wood density in balsam firs [18]. However, tree ring width decreases
during a defoliation period [17,58], and the thin growth rings composing our samples
formed during the SBW outbreak might be responsible for the higher MOE and MOR. The
clear wood samples taken during an outbreak contained a higher number of tree rings that
were thinner, while the samples of wood formed during the endemic period contained a
smaller number of larger rings. Thin tree rings contain a higher proportion of latewood
than the larger growth rings formed outside of an outbreak period [59], and latewood cells,
with small lumens and thick cell walls, have better mechanical properties [60,61]. Moreover,
tracheid lengths were also significantly longer during the SBW outbreak compared to
the endemic period. A well-established correlation exists between mechanical properties
and tracheid length, as longer tracheids induce higher mechanical properties [62]. As
latewood tracheids are longer than earlywood tracheids [63–65], this might explain the
higher tracheid dimensions and coarseness that we observed and the higher mechanical
properties of wood formed during an epidemic period. Pyörälä et al. [66] also showed that
latewood proportion had a significant influence on tracheid dimensions. Cambial age has
been shown to influence the tracheid length and mechanical properties. Longer tracheids
are formed with increasing cambial age, as the fusiform initials of the cambium tend to
grow in length with cambial age [64,66,67]. In our study, samples of wood formed during
an SBW outbreak had a slightly higher cambial age than the samples from the endemic
period, but in both cases, the samples were taken in mature wood.

4.4. Variation of Wood Properties with Time since the Last Tree Ring Was Formed

Our results clearly showed that the wood properties and the overall wood quality
deteriorated as a function of time since the tree formed its last ring (Figures 5 and 6). The
most significant effect of time is the decrease in moisture content and the proportion of
decay in sapwood. Trent et al. [68] also observed a significant negative relationship between
time since death and moisture content, while Barnes and Sinclair [46] showed that sapwood
moisture content averages decreased from 155% for living trees to 84%, 68% and 52% for
trees dead 6, 12 and 22 months, respectively. Similarly to Barnes and Sinclair [46], the results
of our model showed that moisture content in the sapwood area decreased continuously
before stabilizing at around 45% five years after the last tree ring was formed. However,
trees can remain alive and not produce a tree ring for 1–2 years before their death, meaning
that tree death in our study probably occurred around three years after the last tree ring was
formed and that sapwood moisture content began to stabilize at its lowest point three years
after tree death. This is in agreement with Hudak et al. [69], who showed little variation of
moisture content in balsam firs dead for three, four or five years. Therefore, the decrease
in moisture content of the wood from trees killed by spruce budworm occur very quickly
after tree death, as early as he first few weeks or months after death.

As for decay and coloration, it increased continuously in sapwood as the time the last
tree ring was formed increased. SBW defoliation reduces leaf biomass and photosynthetic
capacity of balsam firs during outbreak periods, limiting the carbon allocation to growth
and the amount of energy reserves in the form of soluble sugars and starch [19]. Because of
this deficit in carbon reserves, fewer defense components (such as terpenoid and phenolic
compounds [70,71]) are produced during the growing season [19], which might weaken the
sapwood’s ability to generate chemical barriers to fight infection and render the trees more
vulnerable to invasion by fungi [23]. In our living defoliated balsam firs, the health and
vigor of the trees seemed sufficiently reduced to allow the fungus to infect the sapwood
area even though moisture content was still high. Infection and degradation continued
with increasing time since the last tree ring was formed (Figure 5B).
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Three years after death seems to be an important period in the deterioration of trees.
According to Basham and Belyea [72], the rate of deterioration decreased noticeably after
trees had been dead for about three years, and although the average depth of sap stain or
sap rot and percentage of merchantable volume deteriorated continued to increase, they
did so at a much slower rate. Lewis and Thompson [21] also observed that wood quality
was significantly modified within the first 1–2 years post-mortality in lodgepole pine, with
slower decreases in wood quality after that. These results are similar to what we observed
in our study with sapwood moisture content and decay and, to a lesser extent, with MOE.
These wood properties decreased more rapidly until four years after the last tree ring was
formed and then stabilized or decreased more slowly. The more gradual degradation of
wood properties after that could be because of a greater decay resistance in the heartwood
than in the sapwood due to the presence of growth-inhibiting extractive substances or
because of the lower moisture content [72].

The mechanical properties (MOE, MOR) and tracheid dimensions were less affected
by degradation when the time since the last tree ring was formed increased. Trent et al. [68]
also noted no deterioration of modulus of elasticity over time-since-death measures in
lodgepole pine. A possible reason for this is that we used clear specimens for the mechanical
tests and tracheid dimensions measurements, meaning that the wood samples were mostly
clear of apparent defects or decay. This is also supported by the results for tracheid length
showing little variation with time (Figure 5D). A significant reduction in tracheid length
or coarseness across the time since the last tree ring was formed continuum could have
indicated a cell-wall deterioration of the tracheids due to decay [68], but we did not observe
a significant change in tracheid length or coarseness, thus confirming that our samples
were mostly free of decay.

4.5. Implications for Forest Managers and Industries

With severely defoliated trees, it is often difficult to determine if a tree is alive or
dead [50]. Budworm-damaged stands include trees dead for different lengths of time
and the exact year of death or mortality peak are generally unknown [23]. When SBW-
killed balsam firs are used for lumber, trees should be harvested as soon as possible after
death, preferably within a year, as they become dry and brittle with reduced moisture
content. What is most important is to ensure that the stand is harvested before mortality
occurs in order to be able to avoid a decrease in moisture content in dead trees and thus
avoid degradation of wood quality. Dead trees, with their low moisture content, usually
require more energy to saw than do green logs, reducing the productivity of sawmills,
and the mixing of dead (dry) lumber with green tree lumber in the kiln dryer may also
lead to overdrying of the initially dry lumber, which can lead to twist or other lumber
defects [73–75]. The decay that we observed in trees from stands that have been defoliated
for three to five years certainly contributes to a decrease in the harvestable volume and
product value, causing considerable monetary losses. Wood deterioration due to decay
and a decrease in the moisture content of dead stems can also seriously affect the yield
and quality of pulp and paper produced from budworm-killed trees [26]. Wood chips
that are too dry because of the loss of moisture in dead trees tend to lower productivity
and destabilize the kraft pulping process because cell wall pits close upon drying, thus
restricting the penetration and saturation of the pulping liquor. In addition, a mix of wood
chips with highly variable moisture is not desirable and can lead to uneven delignification
in chemical pulping processes and to variable energy consumption in mechanical pulping
processes, both of which lead to heterogeneous pulps [73]. Thus, SBW-killed trees remain
suitable for a limited period of time for pulpwood before deterioration progressively
reduces the yield and quality of the pulp. However, the study does not consider the
proportion of dead and living trees in stands, which could influence the profitability of
harvesting operations from stands affected by SBW and the value of wood products.
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5. Conclusions

This study shows that dead balsam fir trees suffer from a loss of wood quality rapidly
after their death, particularly in terms of moisture content and decay in the sapwood, which
were the most negatively affected parameters. We did not observe any major difference
between the durations of defoliation of three years, four years and five years, suggesting
that wood degradation occurs before that. The study did not make it possible to determine
the optimal duration of defoliation to harvest the stands before there is too much mortality
and loss of quality. A study with a larger range of defoliation durations, i.e., including a
single year and two years of defoliation, as well as an undefoliated control, would have
been necessary. However, during severe outbreaks such as the one currently taking place
in the province of Quebec, it is nearly impossible to find undefoliated or lightly defoliated
areas of balsam fir forests. These could be very helpful to fully understand the impact of
defoliation and to determine the best timespan for harvesting affected balsam fir forests
with a minimum impact on wood properties.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f13111926/s1, Figure S1: Decay and coloration in balsam fir (Abies
balsamea (L.) Mill.) trunk wood. (A) Decay in sapwood and blue coloration in part of heartwood;
(B) Small decayed area in heartwood; (C) Brown coloration in part of heartwood and sapwood;
(D) Decay in all the sapwood area and in a large portion of heartwood, with blue coloration covering
the rest of the surface.
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