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Abstract
The effects of temperature (T) and moisture content (MC) on bark/wood shear 
strength (BWSS) were studied. Fifteen stems of black spruce (Picea mariana (Mill.) 
B.S.P.) and balsam fir (Abies balsamea (L.) Mill.) logs were selected and cross-cut 
into three 1.25  m log sections, corresponding to bottom (1.3  m), middle (3.8  m), 
and top (6.3 m) positions. BWSS was measured at five temperatures, ranging from 
10 to − 30 °C, and at five levels of sapwood moisture contents (SMC), obtained by 
air-drying, from green state to near to the fiber saturation point (FSP). Bark and 
sapwood properties, MC and basic density (BD) were also determined. Tempera-
ture had a significant effect on BWSS for both species. This property was similar 
between 10 and 0  °C, and significantly increased as temperature decreased below 
0  °C. However, the influence of temperature on BWSS depended on SMC and it 
varied between the two species. For black spruce, for each temperature between 
0 and − 20  °C, BWSS showed similar values for SMC between 157 and 62%. At 
− 30  °C, BWSS showed a tendency to increase with SMC. For balsam fir, the 
BWSS increase due to the decrease in temperature was more important as the SMC 
increased. BWSS increased as SMC approached the FSP of wood for both species. 
Among the studied covariates, inner bark MC and inner and outer bark BDs signifi-
cantly affected BWSS. Inner bark MC and SMC affected BWSS similarly. Multiple 
regressions were developed for prediction purposes, which explained 68 and 69% of 
BWSS variability for black spruce and balsam fir, respectively.
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LP  Log position in the stem
MC  Moisture content
SMC  Sapwood moisture content
T  Temperature
TT  Tissue type

Introduction

Debarking performance depends, among other factors, on bark-to-wood adhesion. 
Logs are easy to debark when the bark/wood bond strength is low (Baroth 2005). 
As the adherence of bark-to-wood increases, bark tends to remain attached to the 
log surface, which decreases debarking quality. Ideally, the amount of bark remain-
ing on logs in sawmills should be reduced to a minimum to meet the requirements 
of the pulp and paper manufacturers. Bark tolerance limits in wood chips depend 
on the type of pulping process, equipment, and product (Hartler and Stade 1979). 
The anatomical structure and chemical composition of bark is different compared to 
the wood. In general, softwood bark is composed of periderm (phellogen, phellem, 
and phelloderm), sieve cells, albuminous cells, phloem parenchyma, and scleren-
chyma (fibers and sclereids) (Martin and Crist 1970). Moreover, the main chemical 
component of wood is cellulose (about 50%), while the major constituent of bark is 
extractives, about 30–40%. Since bark has a 20–30% lignin content, the total con-
tent of phenolic materials amounts between 50 and 70% (Chow and Pickles 1971). 
Therefore, the presence of bark on wood chips decreases pulp yield and compro-
mises the mechanical properties of pulp (Erickson 1979). Moreover, the contamina-
tion of chips with bark produces darker pulp and thus increases the consumption of 
chemicals during the pulping process (Hartler and Stade 1979).

The adhesion between bark and wood for debarking applications is commonly 
assessed by a shearing test in the cambial region, at the bark/wood interface. The 
knowledge of bark/wood shear strength (BWSS) and the factors affecting this prop-
erty are thus of great interest for the debarking mechanism. There are several factors 
affecting BWSS, which include species, tree age, felling season, log temperature (T), 
moisture content (MC), and storage conditions before debarking (Wilcox et al. 1954; 
Perem 1958; Berlyn 1965; Calvert and Garlicki 1972; Einspahr and Harder 1983; 
Wingate-Hill et al. 1989; Duchesne and Nylinder 1996; Chow and Obermajer 2004; 
Laganière and Bédard 2009). Trees harvested during the growing season are eas-
ier to debark compared to those cut down during the dormant season (Perem 1958; 
Berlyn 1965; Einspahr and Harder 1983; Hatton 1987). According to Fiscus et al. 
(1983), the bark/wood adhesion failure zones are mainly located between immature 
initials xylem cells in the proximity of the cambium zone during the growing sea-
son, and between cells in the cambium zone located near to the fully mature xylem 
cells, during the dormant season. Therefore, seasonal variation within the cambium 
cell layers might affect bark/wood adhesion. The ultrastructure of cambium cells 
differs significantly between their active and dormant states, which can be seen in 
the different organization, distribution, number, and shape of the organelles (Prislan 
et al. 2013).
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Several studies have reported that the adhesion between bark and wood increases 
as temperature drops over the freezing point (Berlyn 1965; Calvert and Garlicki 
1974; Chow and Obermajer 2004; Laganière and Bédard 2009). Accordingly, bark/
wood adhesion would be affected by the temperature variation throughout the year, 
being more critical during winter. The winter historical weather data in the Quebec 
province reported a mean temperature variation between 6 and − 30 °C from 1981 
to 2010 (Service Info-Climat 2018). Thus, bark, cambium, and xylem in a tree can 
undergo a temperature variation of about 36 °C at variable freezing rates (depend-
ing on the local climate conditions of each year) from December through March. In 
general, boreal conifers have a high freezing resistance over winter periods (Sakai 
and Larcher 1987). In trees, bark cells adapt to subzero temperatures by extracel-
lular freezing. As the temperature declines, the water outside the cell membrane is 
first frozen. As extracellular ice growth progresses, cells undergo a freezing-induced 
dehydration, resulting in cell shrinkage and deformation. Conversely, in xylem tis-
sues of boreal trees, freezable water remains inside the cells in a supercooled state, 
in which the temperature of the cell solutions is lowered below its freezing point 
without it becoming a solid (Arakawa et al. 2018). This difference of overwintering 
mechanisms between bark and xylem cells might also influence the bark-to-wood 
adhesion during winter.

Moisture content  (MC) is another important factor affecting BWSS of logs. 
Wingate-Hill et  al. (1989) reported that BWSS increased as bark MC decreased 
below 40%. Duchesne and Nylinder (1996) indicated that the critical sapwood MC 
zone was between 20 and 40%, in which shear strengths strongly changed. Chow 
and Obermajer (2004) also reported that adhesion strength increased exponentially 
below 28% of sapwood MC. Therefore, the storage time before debarking would 
affect the bond between bark and wood, as they negatively affect bark and sapwood 
moisture contents. Moreover, high moisture content in a log could amplify the effect 
of freezing temperatures in the BWSS depending on the amount and type of ice 
formed. A few studies have reported green moisture content variation throughout 
the year in conifer trees. It is, however, known that sapwood moisture content varies 
among seasons. Coniferous trees have generally higher sapwood MC during win-
ter, closely followed by fall. Trees harvested in spring and summer showed lower 
sapwood MC, which appears to be closely related to climatic conditions (Clark and 
Gibbs 1957; Markstrom and Hann 1972; Shottafer and Brackley 1982).

The wood species selected for the present study were balsam fir (Abies balsamea 
(L.) Mill.), which has been generally recognized as difficult to debark during the 
winter months (Laganière and Hernández 2005), and black spruce (Picea mariana 
(Mill.) B.S.P.), which is less difficult to debark. Both species belong to the spruce-
pine-fir group, which are the main softwood species processed in eastern Canada 
sawmills. Overall, bark/wood adhesion depends on the raw material condition at the 
time of debarking. Moreover, it is an important property that could help to adjust 
the debarking process to the different seasonal and storage conditions. In this con-
text, the aim of this study was to assess the effects of temperature and moisture con-
tent of logs on BWSS of these two wood species. The probable influences of inner 
and outer bark moisture contents and densities on bark/wood adhesion were also 
evaluated.
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Materials and methods

Materials

Fifteen straight stems of black spruce and balsam fir, without external signs of 
decay, were harvested in early April 2017 from Montmorency forest in the prov-
ince of Quebec, Canada (47.3° N, 71.1° W). Three logs of approximately 2.5 m in 
length were cut from each stem, at 1.3 m (bottom), 3.8 m (middle), and 6.3 m (top) 
of height, making a total of 45 logs per species. The logs were transported to Laval 
University in Quebec City a day later. All logs were then cross-cut into two halves 
(1.25 m in length); the first half (closer to the ground) was used for this study and 
the second half was used in a parallel debarking study (Fig. 1). A section of 125 mm 
in length was trimmed to remove eventual loss in MC from all 1.25  m log ends. 
Log characteristics are described in Table 1. The cambial age of black spruce and 

Fig. 1  Schema showing the distribution and dimensions of samples used for BWSS measurements

Table 1  Black spruce and balsam fir log characteristics

a Values represent the average of 15 repetitions. Standard error of the mean in parentheses

Species Log position Small end 
diameter (mm)

Large end 
diameter (mm)

Taper (mm m−1) Bark 
thickness 
(mm)

Black spruce Bottom 184 (3)
a 196(3) 10(0.8) 3.7(0.1)

Middle 164(2) 168(2) 7(0.5) 3.1(0.1)

Top 144(2) 151(2) 9(0.5) 2.9(0.1)

Balsam fir Bottom 185(5) 198(5) 9(1.3) 4.0(0.1)

Middle 163(4) 172(4) 4(0.6) 3.7(0.1)

Top 141(4) 152(4) 6(1.1) 3.5(0.1)
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balsam fir trees, measured at 1.30 m above from the ground, were 63 and 56 years 
old, respectively.

Treatments

Each log was used to evaluate BWSS at five temperatures, each one at five moisture 
contents for each species. MC was determined by the oven-drying method (ASTM 
D4442-16, 2016). The first level of MC (AD1) corresponded to the time of felling 
(green state). The four other levels of MC were obtained by air-drying. Green MC 
was immediately measured a day after harvesting. A 200-mm-thick disc was cross-
cut from each log to make the first BWSS tests (AD1). Initial sapwood MC was then 
measured. Afterward, logs were stored outside under a tent, for air-drying between 
April and September 2017. Air-drying steps (AD2–AD5) depended on the climatic 
conditions, and time was adjusted to reach four sapwood MCs distributed between 
the green state and the fiber saturation point (about 30% MC) for each species spe-
cifically. Log ends were coated with a water-based sealer to prevent rapid moisture 
exchange through the cross-section. Sapwood MC was monitored over air-drying 
time by extracting 25-mm-long cores from 15 of the 45 logs per species. Once the 
target MC was reached, a 200-mm-thick disc was cut from each log. Each obtained 
disc was immediately wrapped in polyethylene and kept in a freezer at − 20 °C to 
maintain its moisture content until the beginning of the BWSS sample preparation. 
The distribution of discs within a log is shown in Fig. 1.

In addition, five temperatures ranging from 10 to − 30 °C were selected to assess 
the effect of log temperature on bark/wood adhesion (Table 1). Thus, five adjacent 
cores of 12.7 mm in diameter and 25 mm in length were obtained from each frozen 
disc in the radial direction (Fig. 1) with a drill press (General International®, model 
GEN75-150 M1) at 680 r min−1. Cores were drilled where the bark was still intact. 
Therefore, a total of 1125 cores (15 stems × 3 logs × 5 AD × 5 temperatures) were 
obtained per species for all trials. Twenty-four hours before testing, 45 cores from 
each moisture content step and species were placed in a Cincinnati Sub-Zero envi-
ronmental simulation chamber (CSZ 44 PLUS-1576), which was previously condi-
tioned at each temperature treatment. Prior to temperature treatments, cores were 
wrapped with a polystyrene foam protection (Foamular® 600 Insulation, 50-mm 
thickness, 0.029 W mK−1 thermal conductivity) to maintain their temperature dur-
ing the bark/wood adhesion tests (Fig. 1).

Shear strength tests

The adhesion strength between wood and bark was evaluated in the cambial region 
by shearing perpendicular to the grain. In a conventional ring debarker, knives 
remove bark in this direction. Measurements were taken in a MTS QT5 univer-
sal testing machine equipped with a 500  N load cell. Load was applied at a rate 
of 15 mm per min until complete failure. Shear strength (MPa) was calculated by 
dividing the load at failure (N) by the cross-sectional area of the wood/bark interface 
 (mm2).
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Bark and sapwood properties

Bark thickness (BT), including inner and outer bark, of all samples was measured 
prior to the shearing tests (Table 1). Inner bark and outer bark were separated using 
a razor blade after shearing. Green mass and volume of sapwood, inner, and outer 
bark (tissue type: TT) samples were also taken immediately after shearing tests. Vol-
ume was measured by the water displacement method according to ASTM D2395-
17 (2017). Samples were then oven-dried at 103 °C for at least 24 h to obtain their 
oven-dry mass. All mass measurements were taken to the nearest 0.0001 g. Finally, 
MC at the time of shear tests, as well as basic density (BD: oven-dry mass divided 
by green volume for AD1) were calculated.

Statistical analysis

Statistical analyses were performed with SAS software, version 9.4 (SAS Institute 
Inc. 2013, Cary-NC). Data of all covariates were analyzed separately to assess their 
variation. MC were analyzed following a split-split-plot with log position (LP) in 
the main plot, AD in the sub-plot and TT in the sub-subplot. This design allowed 
to evaluate the differences between sapwood, inner bark, and outer bark as tissue 
types following a radial position. BD was evaluated only at the initial green mois-
ture content following a split-plot design with LP in the main plot and TT in the 
sub-plot. BWSS data followed a split-split-plot design with the LP in the main plot, 
the sapwood MC (SMC) in the sub-plot, and the temperature in the sub-subplot. A 
mixed model analysis of covariance (ANCOVA) was used to evaluate the variation 
in the BWSS. Covariates were added to the model keeping only the ones that were 
significant. A summary of all the treatments and covariates used in the present study 
is shown in Table 2. Afterwards, for a practical purpose, a multiple linear regres-
sion was done to estimate BWSS as a function of temperature and SMC (at the 5% 
probability level). Finally, the normality was verified with Shapiro–Wilk test; the 
homogeneity of variance was verified with the graphical analysis of residuals in all 
the analyses.

Results and discussion

Bark and wood properties

The ANOVAs for moisture content and basic density for black spruce and balsam fir 
are shown in Table 3. In agreement with previous works (Zhang and Koubaa 2008), 
green MC of sapwood was higher for balsam fir (218%) than for black spruce (157%) 
(Table 4). In contrast, green MC in inner bark was higher for black spruce (113%) 
than for balsam fir (94%). Differences in green MC between sapwood and inner bark 
were thus lower for black spruce compared with balsam fir. This behavior is due to 
the fact that the differences in BD between the two types of tissues are low for black 
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spruce and high for balsam fir. As expected, MC decreased during air-drying for 
all tissue types in both species. Air-drying rate was generally higher for sapwood 
than for inner and outer barks. As a result, differences in MC among the three tissue 
types (sapwood–inner bark–outer bark) decreased as air-drying advanced to the last 
step (Table  4). The moisture content variation among tissue types and air-drying 
steps should be related to the differences in the anatomical and chemical composi-
tions between bark and wood (Martin and Crist 1970; Chow and Pickles 1971).

The basic density was significantly different among tissue types for both species 
(Table 3). Basic densities of black spruce and balsam fir increased significantly from 
sapwood (405 and 316 kg m−3) to inner bark (458 and 454 kg m−3) and then to outer 
bark (472 and 482 kg m−3) (Table 4). Several factors can contribute to the higher 
density of outer bark. First, the expanding periderm causes crushing of the outer 
bark cells and, second, the loss of moisture from the outermost bark tissue results in 
shrinkage and cell collapse (Martin and Crist 1970; Smith and Kozac 1971; Meyer 
et al. 1981). It is also important to notice that the inner bark BD was 138 kg m−3 
higher than sapwood in balsam fir and 53 kg m−3 in black spruce, which is a result 
of the difference between the anatomical structures of these two tissues. Inner bark 
in softwood is composed of sieve cells, albuminous cells, phloem parenchyma, and 
sclerenchyma (fibers and sclereids), whereas their xylem is composed of tracheids, 
parenchyma, and rays (Martin and Crist 1970). Previous studies from trees grown 
in eastern Canada found that sapwood BD varied from 399 to 461 kg m−3 in black 
spruce and from 323 to 351  kg  m−3 in balsam fir (Hernández and Quirion 1993, 
1995; Hernández and Lessard 1997; Hernández and Boulanger 1997; Laganière and 
Bédard 2009; Hernández et al. 2014; Cáceres et al. 2015, 2016; Kuljich et al. 2017), 
which was consistent with the present results. On the other hand, the inner and 
outer barks BDs that were found for both species were higher than those reported 
in the literature (Table 4). According to the previous findings, inner bark BD varied 
between 259 and 330 kg m−3 in black spruce and it was on average 320 kg m−3 in 
balsam fir (Lamb and Marden 1968; Isenberg 1980). Outer bark BD of black spruce 
and balsam fir varied from 424 to 460  kg  m−3 (Lamb and Marden 1968; Harder 
et al. 1975; Isenberg 1980). BD of wood and bark can be quite variable depending 
on many factors, including the geographic location of trees, which varies by species, 
diameter at breast height, age, and stem position (Miles and Smith 2009).

BT decreased from the bottom to the top of the stem for about 11 and 14% for 
black spruce and balsam fir, respectively (Table 1). Previous works have shown that 
BT is strongly associated with height level, age, and diameter of the stem (Hale 

Table 2  Treatments and covariates used in the present study

SMC sapwood moisture content, BS black spruce, BF balsam fir, BWSS bark/wood shear strength

Treatments Dependent variable Covariates

Log position in the stem (LP)  Bottom, middle, and top BWSS (MPa) Sapwood, inner, 
and outer bark 
moisture contents 
(MC, %) and 
basic densities 
(BD, kg m−3)

Temperature (°C)  10, 0, − 10, − 20, and − 30
SMCs (%) obtained after 

each air-drying step
 BS: 157, 127, 96, 62, and 34
 BF: 218, 183, 137, 59, and 24
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1955; Smith and Kozac 1971; Eberhardt 2013). Bark of the lower parts of old trees 
usually has lost its smoothness, becoming typically thick and fissured or scaly, while 
bark is relatively thin on the smaller younger logs toward the top of trees (Hale 
1955).

Table 3  F values obtained from 
the ANOVAs on the effects 
of air-drying, log position in 
the stem, and tissue type on 
the moisture content and basic 
density for black spruce and 
balsam fir logs

BS black spruce, BF balsam fir, ni not included in the ANOVA
a ANOVA was performed considering the radial position of the ana-
tomical elements (sapwood–inner bark–outer bark)
b,c significant at 5% and 1% probability levels, respectively, and ns: 
not significant
d BD was calculated only at initial moisture content

Source of variation Moisture content Basic density 
(BD)d

BS BF BS BF

Log position in the stem (LP) 2.4 ns 1.33 ns 4.1b 0.6 ns
Air-drying step (AD) 365.3c 621.4c ni ni
LP*AD 0.8 ns 0.57 ns ni ni
Tissue type (TT)a 1220.2c 1209.2c 22.1c 328.6c

LP*TT 2.4b 0.92 ns 1.97 ns 9.9c

AD*TT 69.2c 134.5c ni ni
LP*AD*TT 1.1 ns 0.4 ns ni ni

Table 4  Means of bark and sapwood properties of black spruce and balsam fir logs by air-drying step 
and tissue type

a Values represent the average of 225 repetitions. Standard errors are in parentheses. Means followed by 
the same letters are not significantly different at the 5% probability level. Uppercase letters: mean com-
parisons within a column among air-drying steps, for each species separately. Lowercase letters: mean 
comparisons within a row among sapwood, inner, and outer bark for each property separately

Species Air-drying 
step (AD)

Moisture content (%) Basic density (kg m−3)

Sapwood Inner bark Outer bark Sapwood Inner bark Outer bark

Black spruce AD1 157Aa
(1)

a 113Ab
(3) 65Ac

(1) 405c
(4) 458b

(6) 472a
(4)

AD2 127Ba
(1) 86Bb

(3) 53Bc
(1)

AD3 96Ca
(1) 76Cb

(2) 45Cc
(1)

AD4 62Da
(1) 67Da

(2) 41Db
(1)

AD5 34Eb
(1) 47Ea

(2) 32Ec
(1)

Balsam fir AD1 218Aa
(1) 94Ab

(2) 79Ac
(1) 316c

(5) 454b
(6) 482a

(5)

AD2 183Ba
(1) 77Bb

(2) 66Bc
(1)

AD3 137Ca
(2) 65Cb

(1) 54BCc
(1)

AD4 59Da
(2) 51Db

(1) 44Dc
(1)

AD5 24Ea
(0.3) 29Ea

(1) 26Ea
(1)
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Bark/wood shear strength

The BWSS of both species was significantly affected by temperature, sapwood mois-
ture content, and the interaction between these two factors (Table 5). The effect of 
temperature on BWSS was the most important factor as shown by the F values. Its 
impact was much more important for black spruce (F value: 1029) than for balsam 
fir (F value: 429). Means of BWSS as a function of T and SMC for black spruce and 
balsam fir are presented in Table 6 (all log positions in the stem are pooled). BWSS 
was similar at 10 °C and 0 °C for all SMCs and species. Temperatures above 0 °C 
had no effect on BWSS, which is in agreement with the previous studies on the bark/
wood strength bond (Laganière and Bédard 2009; Chow and Obermajer 2004) and 
with the mechanical behavior of wood (Hernández et al. 2014). In contrast, BWSS 
increased significantly as temperature decreased from 0 to − 30  °C for all SMCs 
above FSP (157–34% SMC for black spruce and 218–59% SMC for balsam fir, Fig. 2 
and Table 6). Previous studies have reported that, above FSP, MC affects mechani-
cal strength in frozen conditions as the portion of liquid water freezes, expands, and 
reinforces wood structure (Mishiro and Asano 1984; Mishiro 1990; Hernández et al. 
2014). In the same manner, at higher SMCs, the temperatures below 0 °C seem to 
reinforce the bark/wood interface, increasing the adhesion between bark and wood. 
According to Voronitsyn and Vorobyev (1965), at freezing temperatures, the bond 
at the cambium and bark interface is governed by the strength of the resulting ice. 
Laganière and Bédard (2009) reported a similar behavior for both species at green 
condition, and thus, BWSS increased linearly as temperature decreased below 0 °C. 
Consequently, the increase in BWSS as log temperature decreases under frozen con-
ditions would negatively influence the debarking efficiency (Berlyn 1965; Calvert 
and Garlicki 1972, 1974; Chow and Obermajer 2004; Laganière and Bédard 2009).

Furthermore, the effect of T on BWSS depended on the SMC level. This is con-
firmed by the significant interaction between these two sources of variation, as 
shown in Table 5. It is thus observed in Fig. 2 that slopes of curves vary for the five 
levels of SMC studied. For black spruce, Fig. 2a shows that the rate of change in 
BWSS due to temperature variation decreases slightly from 157 to 62% of SMC. 
This change in BWSS is only lower for 34% SMC. Figure 2a also shows the little 
effect that SMC between 62 and 157% has on BWSS for temperatures below freez-
ing. For practical purposes, the effect of moisture content on black spruce debarking 
could be considered negligible and, thus, log assessment before debarking should 
focus mainly on temperature variation. On the contrary, the effect of T on BWSS for 
balsam fir depended more on SMC. This effect was, in fact, higher as SMC increased 
(Fig. 2b). The influence of SMC on BWSS could be related to the way the cooling 
mechanisms occur in black spruce and balsam fir. In general, bark cells adapt to sub-
zero temperatures by extracellular freezing, while xylem tissues use supercooling 
(Arakawa et al. 2018). The amount and/or the variation of one respect to the other 
would affect bark-to-wood adhesion during winter. In addition, an increase in BWSS 
was found at AD5 for both species at unfrozen temperatures (0 °C and 10 °C), which 
could be explained by an increase in wood resistance at SMCs near and below FSP, 
which is in agreement with the previous studies. Duchesne and Nylinder (1996) 
found an important increase in the BWSS of Norway spruce and Scots pine as SMC 
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decreases from 40 to 20%. Chow and Obermajer (2004) also found the same ten-
dency for subalpine fir in samples exposed to inside storage (from 30 to 10% SMC).

The ANCOVA also showed a significant interaction between SMC and LP on 
BWSS for black spruce (Table 5). BWSS varied thus differently with the LP depend-
ing on the SMC. BWSS was similar for the three log positions in the stem for the 
two higher SMCs (AD1-2), but it decreased from the bottom log to the top log for 
the following SMCs (AD3-5) (Table 6, all temperatures are pooled). Thus, as the 
logs started to dry-out, a decrease in bark/wood adhesion with height in the stem 
occurred in black spruce. Accordingly, bottom logs would be harder to debark than 
other logs as they dry-out.

In addition, results showed that black spruce had higher BWSS than balsam fir. 
Mean BWSS at − 30 °C varied from 2.20 to 1.53 MPa for SMCs from 157% down 
to 34% in black spruce and between 1.99 and 0.79 MPa for SMCs from 218% down 
to 24% in balsam fir (Table 6). Therefore, higher moisture contents in balsam fir did 
not necessarily result in higher BWSS, not even at the lowest temperature tested. 
This indicates that there are other factors that affected BWSS. Among these fac-
tors, BD, MC, and thickness of inner and outer barks were studied as covariates. 
The ANCOVAs showed only the covariates that were found significant in each spe-
cies (Table 5). For black spruce, inner bark MC showed a negative effect on BWSS. 
BWSS increased as inner bark MC decreased. For balsam fir, all covariates posi-
tively affected BWSS. The inner bark basic density appeared as the more important 
given its highest F value in the ANCOVA (Table 5). In fact, the higher values of 
inner and outer bark BDs (454 and 482  kg  m−3, respectively) could increase the 
resistance of the bond with sapwood (316 kg m−3), which had 138 kg m−3 lower 
density than inner bark. This effect was not significant in black spruce, probably 
because the difference between its sapwood and inner bark BDs was not high 
enough (53 kg m−3). Moreover, the effect of inner bark MC on BWSS was positive 

Table 5  F values from the 
ANCOVAs on the effects 
of the log position in the 
stem, moisture content, and 
temperature on the bark/wood 
shear strength of black spruce 
and balsam fir logs with bark 
physical properties as covariates

ni not included in the ANCOVA (only the significant covariates were 
kept in each model)
a,b Significant at 5% and 1% probability levels, respectively, and ns: 
not significant

Source of variation Bark/wood shear strength

Black spruce Balsam fir

Inner bark basic density ni 56.4b

Outer bark basic density ni 8.9b

Inner bark moisture content 6.7b 20.6b

Log position in the stem (LP) 10.9b 0.2 ns
Sapwood moisture content (SMC) 6.5b 16.8b

Temperature (T) 1029.3b 429.3b

LP*SMC 2.4a 1.0 ns
LP*T 1.7 ns 3.2 ns
SMC*T 12.4b 20.5b

LP*SMC*T 1.3 ns 1.7 ns
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for balsam fir and negative for black spruce, thus being dependent on the species. 
This could be linked to the different cooling mechanisms occurring in these two 
species as suggested above. According to F values, this effect was higher for bal-
sam fir than black spruce. Another parameter that could affect the BWSS difference 
between the species is the seasonal changes. In the present study, trees were col-
lected in early April. Thus, harvested trees could have been still in dormancy or at 
the beginning of a new growing season. According to Perem (1958), the period of 
dormancy, where the BWSS is stronger, could last until May and it depends on tree 
species, size, and vigor.

Prediction of BWSS

One of the goals of this study was to predict BWSS as a function of moisture content 
and temperature to use this relationship in debarking applications. Therefore, the 

Table 6  Means of bark/wood shear strength of black spruce and balsam fir by sapwood moisture content, 
temperature, and log position in the stem

a Sapwood moisture content. Standard errors are in parentheses. Means followed by the same letters are 
not significantly different at the 5% probability level. Uppercase letters: mean comparisons within a col-
umn, among temperatures and log positions in the stem for each species separately. Lowercase letters: 
mean comparisons within a row, among air-drying steps
b Log position data for Balsam fir are not shown as it had no significant effect on BWBS

Black spruce Bark/wood shear strength (MPa) at  SMCa (%) of:

157 127 96 62 34

Temperature (°C)
 10 0.53Db

(0.02) 0.55Db
(0.02) 0.60Dab

(0.02) 0.57Cb
(0.03) 0.71Ca

(0.04)

 0 0.62Da
(0.02) 0.58Da

(0.02) 0.62Da
(0.03) 0.61Ca

(0.02) 0.69Ca
(0.04)

 − 10 1.13Cb
(0.03) 1.14Cb

(0.04) 1.32Ca
(0.04) 1.35Ba

(0.04) 1.24Bab
(0.06)

 − 20 1.73Ba
(0.03) 1.81Ba

(0.05) 1.76Ba
(0.06) 1.84Aa

(0.06) 1.51Ab
(0.04)

 − 30 2.20Aa (0.06) 2.12Aab
(0.06) 2.01Ab

(0.07) 1.85Ac
(0.06) 1.53Ad

(0.05)

Log position in the stem
 Bottom 1.29Ab

(0.09) 1.26Ab
(0.08) 1.34Aab

(0.09) 1.43Aa
(0.08) 1.24Ab

(0.06)

 Middle 1.22Aa
(0.08) 1.23Aa

(0.07) 1.24ABa
(0.07) 1.19Ba

(0.06) 1.14ABa
(0.06)

 Top 1.22Aa
(0.08) 1.23Aa

(0.08) 1.21Ba
(0.07) 1.12Bab

(0.07) 1.04Bb
(0.06)

Balsam  firb Bark/wood shear strength (MPa) at SMC (%) of

218 183 137 59 24

Temperature (°C)
 10 0.56Da

(0.01) 0.50Dab
(0.02) 0.39Db

(0.03) 0.43Cab
(0.03) 0.57Ba

(0.04)

 0 0.58Da
(0.02) 0.53Dab

(0.01) 0.45Dab
(0.03) 0.47Cb

(0.03) 0.61ABa
(0.04)

 − 10 1.06Ca
(0.03) 1.11Ca

(0.04) 1.00Ca
(0.03) 0.81Bb

(0.06) 0.74ABb
(0.05)

 − 20 1.62Ba
(0.04) 1.56Ba

(0.05) 1.36Bb
(0.05) 1.02Ac

(0.06) 0.71ABd
(0.05)

 − 30 1.99Aa (0.05) 1.79Ab
(0.06) 1.53Ac

(0.06) 1.11Ad
(0.05) 0.79Ae

(0.05)
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MC of sapwood was favored given that potentially its assessment in sawmills should 
be easier to obtain. Multiple linear regressions were obtained for black spruce and 
balsam fir and are shown in Table 7. The global fit models explained 68% and 69% 
(R2) of BWSS for black spruce and balsam fir, respectively. These equations were 
obtained between − 30 and 0  °C. Higher T (up to 10  °C) gave statistically simi-
lar BWSS values to those measured at 0 °C. Temperature was the most important 
variable correlated to BWSS, with the greatest contribution to the R2 for both spe-
cies. However, the effect of temperature was stronger for black spruce compared to 
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Fig. 2  Black spruce (a) and balsam fir (b) bark/wood shear strength as a function of temperature for five 
levels of sapwood moisture content. Standard error bars are smaller than the data markers
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balsam fir (R2 64.5% and 43.9%). Sapwood MC represented 0.6% of R2 for black 
spruce and 17.3% for balsam fir. SMC was negatively correlated with BWSS for 
black spruce, but it was positively correlated for balsam fir. The same behavior was 
found for inner bark MC as previously explained. The interaction term (T*SMC) 
was added to the equation to take into consideration that the effect of T on BWSS 
varied depending on the SMC. T*SMC contributed to 2.9% of R2 for black spruce 
and to 7.8% for balsam fir. Figure 2 also allows us to observe that BWSS showed 
the same overall behavior with the variation of temperature at each SMC in black 
spruce. These results are in agreement with the F values obtained in the ANCOVAs 
(Table 5). The regression showed the combined action of these variables to predict 
BWSS. Overall, there could be a potential benefit in measuring the temperature and 
SMC of the logs at the time of debarking to estimate a BWSS. This could allow the 
setup of the ring debarker parameters taking into account the adhesion between bark 
and wood.

Conclusion

Black spruce and balsam fir BWSS were significantly affected by temperature and 
moisture content of bark and sapwood. The bark/wood adhesion was similar at tem-
peratures above 0 °C and it significantly increased as temperature decreased below 
0 °C. Furthermore, BWSS behavior under frozen conditions varied with the mois-
ture content. For black spruce, BWSS obtained between temperatures from 0 to 
− 20 °C were similar for SMCs from 157 to 62%. BWSS increased with SMC only 
at − 30 °C. For balsam fir, the increase in BWSS as temperature decreased below 
0 °C was progressively more significant as SMC increased. Thus, the effect of SMC 
on BWSS was more important for balsam fir compared to black spruce. Moreover, 
at temperatures above 0 °C, BWSS increased at moisture contents near the fiber sat-
uration point of wood for both species. Among the studied covariates, inner bark 
moisture content, and inner and outer bark basic densities significantly affect BWSS. 
Inner bark moisture content effect depended on the species, being positive for bal-
sam fir and negative for black spruce. Moreover, the higher basic densities of bal-
sam fir inner and outer barks compared to sapwood resulted in the bark/wood bond 
strengthening. The BWSS multiple regressions with T and SMC gave coefficients of 
determination of 68 and 69% for black spruce and balsam fir, respectively, and could 
be used for prediction purposes among the studied conditions.
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