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Abstract
&KeyMessage Wood properties were generally similar in unmanaged even-aged and uneven-aged black spruce stands. In
contrast, in managed forests, wood density was higher in even-aged than in uneven-aged stands. As ring width is the
discriminant factor, forest management should regulate the intensity of partial cutting to maintain a high wood density.
& Context North American boreal forests experience recurrent disturbances, such as fire and insect outbreaks, that shape the
structure of even-aged and uneven-aged stands. Ecosystem-based forest management practices, such as partial cutting, aim to
increase timber yields, and these forest harvesting approaches are being applied more frequently. Although the influence of these
practices on tree growth is well known, few studies have examined their impact on anatomy and density of the resulting wood.
& Aim This research studied the relationships between wood properties and ring width and tree heights in even- and uneven-aged
black spruce (Picea mariana (Mill.) BSP) stands and how these relationships are modified following partial cutting.
& Method Wood density (ring, earlywood, latewood, and maximum density) and anatomical traits (lumen area, cell-wall thick-
ness, and tracheid length) were measured at breast height on the stem of black spruce trees. The measured wood properties were
then correlated with ring width and stem height.
& Results The model demonstrated significant correlations between most measured wood parameters and ring width with only
small differences between even- and uneven-aged unmanaged stands. Five wood properties were influenced by tree height in
even-aged and uneven-aged unmanaged plots. Partial cutting increased the number of significant relationships between wood
properties (ring, latewood, maximum density, early- and latewood lumen area, tracheid length) and tree height. We detected
differences in wood properties between even- and uneven-aged plots. Although we detected no change in average ring density,
the variation of intra-annual density increased, due to changes in earlywood and latewood density that resulted in more hetero-
geneous rings.
& Conclusion Partial cutting should take into consideration the age structure of the stand when the density of wood products
matters.
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1 Introduction

Forestry research converges on tree growth and the factors that
influence tree-ring width, given the importance of tree dimen-
sions in determining the economic value of forest products
(Liu et al. 2007; Tardif and Bergeron 1993). For example,
the importance of spring and summer temperatures and water
availability during the growing season has been stressed
(Deslauriers et al. 2003). Other studies have focused on the
silvicultural practices that improve individual tree growth
(e.g., Weetman 1975; Raulier et al. 2003). However, wood
properties remain a critical trait for some specific end uses of
timber (Alteyrac et al. 2005). The definition of wood property
includes a number of wood characteristics and cell features,
and the precise definition depends on the specific require-
ments for the end products. Wood with high mechanical resis-
tance is sought for construction, whereas fiber length is im-
portant for pulp and paper (Shmulsky and Jones 2011).

Wood density is one of the main factors affecting wood
quality, as this parameter is related to mechanical properties,
and a good indicator of the yield and quality of pulp (Saranpää
2003; Shmulsky and Jones 2011). Wood density, which in
conifers culminates in the latewood, is controlled by cell traits
such as cell-wall thickness and lumen area (Raven et al. 2000;
Saranpää 2003; Shmulsky and Jones 2011). Also tracheid
length has a considerable influence on wood quality, especial-
ly for specific products such as paper, as it improves tear
resistance (Shmulsky and Jones 2011). Ring width is related
to the radial number of cells produced during the growing
season, whereas cell dimensions retain a marginal role
(Rossi et al. 2011).

The relationships between tree-ring width and wood
properties are well known. Latewood ring width in co-
nifers remains relatively constant despite the variability
in total ring width (Shmulsky and Jones 2011; Wang
et al. 2002). Thus, larger tree rings with a smaller pro-
portion of latewood display a smaller density (Xiang
et al. 2014). In many boreal tree species, larger tree
rings are associated with smaller tracheids (Dutilleul
et al. 1998; Mäkinen et al. 2002a; Shmulsky and
Jones 2011).

Two stand structures characterize boreal forest ecosystems:
even-aged and uneven-aged. The first occurs by the prompt
germination of aerial seeds released by semi-serotinous cones
after intensive fire events (Bouchard et al. 2008; St-Pierre
et al. 1991). In the absence of other intense disturbances that
could again kill the entire stand, or in cases where the fire-
return interval exceeds the tree life span, stands are affected by
smaller scale, secondary disturbances (Boucher et al. 2003;
Côté et al. 2010). The gap dynamics related to small-scale
disturbances represent the main regulator of stand structure
and tree growth in uneven-aged forests (Harper et al. 2006;
Pham et al. 2004; Rossi et al. 2009).

In even-aged stands, the typical tree-ring pattern is a decreas-
ing trend in width from pith to bark, associated with a gradual
increase in wood density (Piispanen et al. 2014). Trees of
uneven-aged stands display a more variable ring-width profile
depending on the length and severity of tree suppression
(Piispanen et al. 2014; Pretzsch and Rais 2016). Thus,
uneven-aged stands should display trees with variable wood
characteristics. Torquato et al. (2014) found lower mechanical
wood properties in trees within uneven-aged forests, which was
not explained by wood density. Other processes, such as light
compression wood formation or layer origin of the individuals,
may distinguish the two stand structures (Torquato et al. 2014).

Mature black spruce trees are taller in even- than in uneven-
aged stands (Pamerleau-Couture et al. 2015), when favorable
growing conditions are present after fire and in absence of
competition with ground vegetation (Philip 1994). In uneven-
aged stands, this species can survive more than 100 years in the
understory under conditions of low light intensity (Rossi et al.
2009; Viereck and Johnston 1990). Poor growing conditions in
the understory explain the lower height and diameter and the
older ages of black spruce in uneven-aged stands (Claveau et al.
2002; Rossi et al. 2009). Tree height is another important pre-
dictor for wood traits (Lenz et al. 2014). Auxin accelerates cell
differentiation, thereby limiting the time for cell enlargement
(Aloni and Zimmermann 1983; Anfodillo et al. 2012). As the
auxin concentration is higher near the apex of the tree (Lovisolo
et al. 2002), tracheid diameter increases downward along the
stem (Anfodillo et al. 2006). Thus, cell-lumen areas are wider in
the taller trees of even-aged stands compared to the smaller
trees of uneven-aged stands.

Various forms of partial cuttings are now applied in North
American forests (Bergeron et al. 1999; Hunter 1990).
Commercial thinning, a partial-cutting approach that reduces
stand density by targeting specific residual trees, can improve
radial growth in even-aged stands (Pamerleau-Couture et al.
2015; Vincent et al. 2009). Partial cutting can change the mi-
croclimatic conditions around the remaining trees, and possi-
bly modify the properties of the xylem cells. Increases in water
availability can produce larger cell lumens (Fernandez et al.
2012), as the tracheid dimension is a function of tree-water
status at the time of cell formation (Fonti and Jansen 2012).
Partial cuttings are also applied increasingly in uneven-aged
stands, and with higher intensities than in even-aged stands.
Consequently, the relationship between ring width and wood
properties could vary according to the stand structure. The
relationships between ring width and wood properties of bo-
real species have been described for even-aged stands (e.g.,
Alteyrac et al. 2005; Koubaa et al. 2000; Krause et al. 2011),
but remains basically unknown for uneven-aged stands.

Despite its economic importance, wood quality is often
overlooked in forestry management due to a lack of knowl-
edge as well as the time-consuming and costly evaluation of
wood traits (Lenz et al. 2014). Nonetheless, a relationship
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between wood properties and tree-ring width and tree height
could serve as a proxy for large-scale assessment of wood
quality. This baseline information is not yet available for black
spruce, the most widespread and economically important tree
species in Canada (Zhang and Koubaa 2008). In this study, we
evaluated the relationship between wood properties and tree-
ring width and stem height of mature black spruce from even-
and uneven-aged stands subjected to partial cutting. We raise
the hypothesis that the relationships between wood properties
and tree-ring width and tree height (1) were stronger in even-
aged than uneven-aged stands, and (2) were altered by the
partial cutting.

2 Methods

2.1 Study area and experimental design

The study area is located in the Saguenay–Lac-St-Jean region,
QC, Canada, within the area of 47° 51′ to 50° 25′ N and 70°
13′ to 72° 11′W. In May, the period of cambium reactivation,
the average temperature is 10.1 °C (1981–2010). In June and
July, the period of maximal cambial activity, the average tem-
perature is 17.4 °C. Average annual precipitation is 980 mm.
The sites are dominated by black spruce (Picea mariana
(Mill.) BSP) growing within in the balsam fir–yellow birch
and balsam fir–white birch domains.

We collected wood samples from ten pairs of plots (one
unmanaged and one managed per pair). Each unmanaged plot
was located within 1 km from a managed plot. To limit envi-
ronmental variation between plots, we selected sites having a
gentle slope and adequate drainage. Black spruce basal area
represented at least 50% of the total basal area. The partial
cuttings had been applied at least 5 years prior to sampling,
occurring between 2008 and 2011. Two different partial-
cutting treatments were applied: (i) in even-aged plots, com-
mercial thinning from below (CT) removed 35% of the basal
area, which means the removal of trees having smaller diam-
eters (Doucet et al. 2009); and (ii) in uneven-aged plots, a
diameter-limit cutting practice removed all trees having a di-
ameter at breast height > 14 cm (70% basal area removal).
Partial cuttings resulted in similar reductions (52.6–53.5%)

in stand density between even-aged and uneven-aged plots
(Pamerleau-Couture et al. 2015). No anthropogenic distur-
bances occurred in the unmanaged plots.

2.2 Tree selection

In each selected plot, we sampled five individuals. We sam-
pled a total of 25 trees per stand structure (even- and uneven-
aged stands; Table 1). In the unmanaged plots, trees were
randomly selected. In the managed plots, trees were randomly
selected based on a positive radial growth following partial
cutting (at least 20% post-cutting annual growth (at 0.2-m
height)) compared to a 10-year pre-partial cutting period
(Vincent et al. 2009). This selection method allowed us to
evaluate the relationship between ring width and wood quality
characteristics in actively growing trees, although this did pre-
vent us from drawing general conclusions regarding the effect
of partial cutting on wood quality.

Selected trees were felled, and we removed wood disks at
the base of the stem to assess the exact tree age. We recorded
tree-ring width, wood density, and cell parameters at 1.3-m
stem height. We measured tree height and crown length in
the field. We excluded five trees (three from unmanaged and
two from managed plots) from the analysis because of identi-
fication errors or the presence of knots.

2.3 Wood quality measurements

We recorded wood density, lumen area, cell-wall thickness,
and tracheid length. We determined the years used for wood
density measurements based on the year of the partial cutting
(years 1 to 8 post-cutting) in the managed plots (Fig. 1). For
the unmanaged plots, the sampled rings were from the same
calendar years than the associated managed plot to minimize
any weather/climate effects. We measured anatomical proper-
ties beginning from year 3 post-cutting (years 3 to 8). Years 1
and 2 were excluded because the positive growth response of
black spruce begins at the third year after cutting (Vincent
et al. 2009). In the case of tracheid length, only years 3 to 6
were analyzed due to the time-consuming nature of this pro-
cess (Fig. 1).

Table 1 Mean ± standard
deviation, minimum and
maximum diameter at 1.3 m
(DBH), age, height, and crown
ratio, for n trees in uneven- and
even-aged plots for both unman-
aged and managed stands

Unmanaged Managed

Uneven-aged (n = 24) Even-aged (n = 23) Uneven-aged (n = 23) Even-aged (n = 25)

DBH (cm) 11.6 ± 2.6 16.0 ± 3.3 10.6 ± 3.2 17.2 ± 3.3

Age (years) 127 ± 33 102 ± 40 98 ± 16 80 ± 19

Height (m) 9.4 ± 1.8 14.9 ± 2.9 7.6 ± 2.5 14.6 ± 3.2

Crown ratio 0.54 ± 0.15 0.41 ± 0.16 0.69 ± 0.15 0.59 ± 0.13

Crown ratio = crown length/tree height
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2.4 Wood density

We collected 1.7-mm-thick (longitudinal) and 25-mm-
wide (tangential) wood strips at 1.3-m stem height.
Wood sections were then placed in a cyclohexane/
ethanol (2:1) solution for 24 h and then in hot water for
a further 24 h. The wood samples were then dried to a
12% moisture content in a conditioning room under con-
trolled conditions of 20 °C and 65% relative humidity
(Alteyrac et al. 2006). We measured ring width (RW),
latewood width (LWW), average ring density (RD), ear-
lywood density (EWD), latewood density (LWD), and
maximum density (MaxD) from bark to pith using an X-
ray densitometer (QTRS-01X Tree Ring Analyser; QMS
Inc., Knoxville, TN). We analyzed only the years follow-
ing the partial cuttings to compare with the other datasets
(Fig. 1). We applied the maximum derivative method with
a six-degree polynomial to detect the transition between
earlywood and latewood (Koubaa et al. 2002)

2.5 Tracheid properties

We measured the lumen area and cell-wall thickness at 1.3-m
stem height. We embedded thin transverse sections in paraffin,
cut with a rotary microtome into 8–10-μm-thick sections,
fixed with albumin and colored with safranin (Deslauriers
1999). We measured cell-wall thickness (WT) and lumen area
(LA) with a WinCELL image analysis system along three
radial paths, standardized and averaged for each tree
(Deslauriers et al. 2003; Krause et al. 2010; Vaganov 1990).
We distinguished between earlywood and latewood using
Mork’s procedure, which consists of defining a cell as late-
wood when the lumen area is less than twice the thickness of a
double cell wall (Denne 1988).

Using the same wood section as for the anatomical
measurements, we prepared another sample (1.5-cm-
thick) to allow a manual separation and maceration of tree
rings in a solution of equal volume glacial acetic acid and
hydrogen peroxide and then heated at 60 °C for 24 h
(Franklin 1945). The resulting suspension was rinsed with

distilled water and then shaken for 30–45 s to obtain a
homogeneous separation of the fibers. For each sampled
year, we measured the length of 5000 tracheids using a
fiber tester (Lorentsen & Wettre, Kiste, Sweden). We used
the weight-weighted mean fiber length as it reduced the
potential impact of fines and gave more weight to the
fibers in the length determination (Bouslimi et al. 2014).

2.6 Statistical analysis

The wood-quality measurements were calculated for ear-
lywood, latewood, and the entire tree ring. General linear
models (GLM) correlated tree-ring width and tree height
with xylem traits and wood properties, using stand struc-
ture (even- and uneven-aged) as a categorical variable.
GLMs were applied separately for unmanaged and man-
aged plots. We ran the models using the GLM procedure
in SAS (SAS Institute Inc., Cary, NC). For all analyses,
we used the average measurement of each wood quality
trait for the recorded years. When required, data were log-
transformed to linearize the relationships and satisfy the
assumptions of normality and homogeneity of variance.

3 Results

3.1 Tree characteristics

Tree age across all uneven- and even-aged stands in
both the unmanaged and managed plots ranged between
80 and 127 years (Table 1). Trees in the even-aged
stands were taller and larger compared to the trees in
the uneven-aged stands. The height difference between
stands reached 48% in the managed plots and 37% in
the unmanaged plots.

For managed stands, all wood property values were higher
in the even-aged than in the uneven-aged plots (Table 2).
Lumen area in early- and latewood, ring width, and tracheid
length were all 19% higher in the even-aged trees compared to
the uneven-aged trees in managed plots. Also, in the managed

Fig. 1 Schematic representation of the wood-quality measurements.
Vertical dotted line represents the year of the partial cutting. Horizontal
lines indicate the number and emplacement of the measured rings for the
different wood characteristics. Eight years were measured to determine
ring width (RW), latewood width (LWW), ring density (RD), earlywood

density (EWD), latewood density (LWD), and maximum density
(MaxD). Four years were measured to determine tracheid length (TL).
Six years were measured to determine lumen area (LA) and wall
thickness (WT)
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plots, latewood and maximum wood density were 10% higher
in the even-aged trees relative to the uneven-aged trees.
Latewood width, as well as lumen area in both earlywood
and latewood, was 10% higher in the unmanaged even-aged
trees than in the unmanaged uneven-aged plots (Table 2).

3.2 Unmanaged plots

The linear model revealed significant correlations between the
measured wood parameters and tree-ring width (p < 0.002),
except for ring wood density and earlywood cell-wall thick-
ness (Table 3). Furthermore, the relationships between wood
properties and tree-ring width were similar for trees in even-
aged and uneven-aged plots (Table 3). However, the values of
two parameters, earlywood lumen area (p < 0.05) and tracheid
length (p < 0.05), were smaller for trees in uneven-aged plots
than those in even-aged plots.

We observed a relationship between ring width and early-
wood as well as latewood density (Fig. 2). For both stand
types, earlywood density decreased while latewood and max-
imum density increased with increasing tree-ring width.
Furthermore, maximum density (R2 = 0.6) and latewood
width (R2 = 0.57) increased with tree-ring width (Fig. 2).
Tracheid length and the lumen area in earlywood and late-
wood were less tightly correlated with ring width (R2 = 0.31,
R2 = 0.39, and R2 = 0.39, respectively).

Tree height influenced significantly five of the ten mea-
sured wood parameters: ring wood density (p < 0.01), early-
wood density (p < 0.05), tracheid length (p < 0.01), and cell-
wall thickness in both earlywood (p < 0.05) and latewood (p <
0.05) (Table 3). Using the linear model to determine the rela-
tionship between wood properties and tree height, we ob-
served significant differences between uneven-aged and
even-aged stands in terms of ring density (p < 0.05), early-
wood density (p < 0.05), and earlywood lumen area (p < 0.01)

(Fig. 3, Table 3). Ring density and earlywood density in-
creased for even-aged trees as tree height increased, whereas
there was no clear trend for uneven-aged trees (Fig. 3). In an
inverse relationship, the lumen area of the even-aged trees
decreased as tree height increased.

3.3 Managed plots

In the managed plots, most wood properties—except ring
wood density, earlywood density, and tracheid length—were
correlated with tree-ring width (p < 0.0001; Table 3). Lumen
area in earlywood (p < 0.0001) and latewood (p < 0.0001), as
well as tracheid length (p < 0.0001), differed significantly
between even-aged and uneven-aged stands in regard to
tree-ring width (Table 3). Earlywood and latewood lumen area
increased as tree-ring width increased in uneven-aged trees,
whereas these two parameters showed less variation with tree-
ring width for the even-aged stands. Tracheid length was lon-
ger in even-aged stands compared to uneven-aged stands at
similar tree-ring widths.

Tree height influenced six wood properties: ring wood
density (p < 0.05), latewood density (p < 0.01), maximum
density (p < 0.01), earlywood (p < 0.0001), and latewood
lumen area (p < 0.05), as well as tracheid length (p <
0.0001) (Table 3). Comparing even- and uneven-aged
stands, the linear model revealed significant differences
with regard to tree height between earlywood (p <
0.0001) and latewood lumen area (p < 0.05), earlywood
cell-wall thickness (p < 0.05), and tracheid length (p <
0.05) (Table 3). Earlywood and latewood lumen area of
uneven-aged trees increased with tree height (Fig. 5),
whereas an opposite pattern was observed for even-aged
trees. Uneven-aged trees had lower values for cell-wall
thickness and tracheid length than even-aged trees mea-
sured at similar tree heights.

Table 2 Mean ± standard
deviation of wood characteristics
in uneven- and even-aged plots
for both unmanaged andmanaged
stands. The statistical differences
between treatments are reported
in Table 3

Unmanaged Managed

Wood characteristic Uneven-aged Even-aged Uneven-aged Even-aged

Wood density (kg m−3) Ring 451.5 ± 30.9 459.3 ± 49.8 430.3 ± 34.0 445.8 ± 34.4

Earlywood 402.5 ± 36.7 402.1 ± 36.6 374.1 ± 25.6 382.3 ± 26.7

Latewood 621.1 ± 101.4 610.0 ± 123.1 575.6 ± 76.3 639.3 ± 76.3

Maximum 664.9 ± 116.7 660.5 ± 148.4 632.3 ± 98.4 703.0 ± 97.3

Latewood (%) Ring 31.3 ± 11.5 34.4 ± 12.9 33.1 ± 80.0 29.0 ± 10.3

Width (mm) Ring 0.51 ± 0.28 0.52 ± 0.27 0.65 ± 0.43 0.80 ± 0.38

Latewood 0.14 ± 0.05 0.16 ± 0.06 0.19 ± 0.09 0.20 ± 0.07

Lumen area (um2) Earlywood 475.3 ± 86.7 551.0 ± 114.5 416.5 ± 63.9 600.3 ± 72.2

Latewood 83.2 ± 20.9 92.5 ± 19.5 86.0 ± 24.1 109.1 ± 20.8

Wall thickness (um) Earlywood 2.33 ± 0.31 2.22 ± 0.30 2.19 ± 0.28 2.30 ± 0.21

Latewood 4.02 ± 0.34 3.71 ± 067 4.03 ± 0.46 4.13 ± 0.50

Tracheid length (mm) Ring 2.75 ± 0.30 2.99 ± 0.29 2.36 ± 0.29 2.93 ± 0.28
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4 Discussion

4.1 Unmanaged plots

Our hypothesis of a stronger relationship between wood prop-
erties and ring width in trees from even-aged plots compared
to uneven-aged plots was rejected (Fig. 2, Table 3). Of the ten
wood properties measured in our study, eight were correlated
with ring width independently of stand structure. Ring density
was not correlated to ring width, because earlywood and late-
wood density decreased and increased, respectively, with ring
width. Increased radial growth is usually associated with a
decrease in average ring density (e.g., Mäkinen et al. 2002b;
Xiang et al. 2014), following reductions in latewood propor-
tion (Wang et al. 2002; Zhang 1998). Latewood density,

latewood width, and wall thickness increased with radial
growth, thus increasing the stability of the tree (Pallardy and
Kozlowski 2008). Larger lumen areas were observed at in-
creased ring widths, resulting in a decrease in earlywood den-
sity and lower cavitation resistance (Dalla-Salda et al. 2009).

We observed significant differences in ring width between
even-aged and uneven-aged stands. Earlywood lumen area
and tracheid length differed between the even-aged and
uneven-aged stands (Fig. 2, Table 3). This difference is ex-
plained by the tree height within uneven-aged stands. Taller
trees need a greater hydraulic conductivity to transfer water
from their roots to their needles. A larger lumen area observed
in the even-aged stands achieves this aim, as a larger lumen
area enhances the efficiency of water transport (Gebhardt et al.
2014; Boczon et al. 2016). Earlywood lumen area decreased

Table 3 Generalized linear model analysis on black spruce wood
properties showing the relation with ring width (RW) and tree height

(H), within two types of stand structure (T—even-aged and uneven-aged)
in unmanaged plots.

Unmanaged Managed

Factor Source F P Source F P Source F P Source F P

Wood density Ring RW 1.61 0.2120 H 9.03 0.0044 RW 0.76 0.3870 H 5.51 0.0235

T 0.35 0.5598 T 5.97 0.0187 T 2.00 0.1648 T 0.12 0.7340

RW*T 1.82 0.1850 H*T 3.55 0.0662 RW*T 3.15 0.0830 H*T 1.58 0.2151

Earlywood RW 23.71 < 0.0001 H 4.47 0.0403 RW 0.88 0.3531 H 1.77 0.1907

T 0.09 0.7667 T 6.48 0.0146 T 2.30 0.1364 T 0.00 0.9571

RW*T 1.09 0.3015 H*T 1.10 0.2997 RW*T 7.75 0.0079 H*T 1.10 0.3009

Latewood RW 52.69 < 0.0001 H 0.32 0.5724 RW 44.93 < 0.0001 H 10.25 0.0025

T 1.07 0.3063 T 1.61 0.2118 T 3.08 0.0864 T 0.36 0.5502

RW*T 0.63 0.4334 H*T 0.08 0.7844 RW*T 1.09 0.3024 H*T 0.50 0.4835

Maximum RW 62.41 < 0.0001 H 0.64 0.4293 RW 50.88 < 0.0001 H 8.14 0.0066

T 0.68 0.4148 T 1.50 0.2273 T 1.64 0.2073 T 0.16 0.6912

RW*T 0.87 0.3559 H*T 0.18 0.6714 RW*T 2.40 0.1284 H*T 0.05 0.8253

Width Latewood RW 55.83 < 0.0001 H 1.38 0.2464 RW 133.17 < 0.0001 H 0.28 0.5974

T 1.58 0.2153 T 0.00 0.9543 T 0.21 0.6521 T 0.78 0.3818

RW*T 0.00 0.9562 H*T 0.83 0.3668 RW*T 2.65 0.1110 H*T 2.24 0.1420

Lumen area Earlywood RW 20.58 < 0.0001 H 0.75 0.3902 RW 8.82 0.0048 H 74.95 < 0.0001

T 6.97 0.0115 T 8.68 0.0050 T 90.15 < 0.0001 T 31.89 < 0.0001

RW*T 0.49 0.4863 H*T 1.59 0.2138 RW*T 4.57 0.0381 H*T 5.50 0.0233

Latewood RW 22.66 < 0.0001 H 1.32 0.2569 RW 31.40 < 0.0001 H 7.09 0.0107

T 3.46 0.0697 T 1.38 0.2464 T 14.86 0.0004 T 7.15 0.0104

RW*T 0.22 0.6385 H*T 0.90 0.3489 RW*T 8.76 0.0049 H*T 1.15 0.2886

Cell-wall thickness Earlywood RW 3.38 0.0730 H 5.43 0.0243 RW 25.49 < 0.0001 H 0.06 0.8030

T 1.77 0.1909 T 0.17 0.6857 T 0.14 0.7057 T 5.59 0.0223

RW*T 2.97 0.0919 H*T 0.01 0.9235 RW*T 0.00 0.9721 H*T 0.18 0.6733

Latewood RW 12.65 0.0009 H 5.06 0.0294 RW 22.74 <0.0001 H 0.12 0.7305

T 2.92 0.0947 T 0.04 0.8436 T 0.50 0.4817 T 1.96 0.1682

RW*T 0.07 0.7988 H*T 0.20 0.6563 RW*T 0.60 0.4439 H*T 3.28 0.0769

Tracheid length Ring RW 12.47 0.0010 H 12.38 0.0010 RW 1.32 0.2561 H 102.07 < 0.0001

T 6.81 0.0125 T 0.11 0.7411 T 55.76 < 0.0001 T 4.77 0.0341

RW*T 0.00 0.9633 H*T 0.35 0.5553 RW*T 0.57 0.4550 H*T 1.61 0.2106

Significant values are in italics
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proportionally with stem height in the even-aged stands and
increased slightly in the uneven-aged stands without any
changes in wall thickness. A similar pattern was observed by
Anfodillo et al. (2012) and expected to be related to the pos-
sible increase in the total hydraulic resistance within the tree.

Tracheid length increased with ring width in both stand
structures. A significant increase was observed at smaller ring
widths (< 0.4 mm), whereas similar values were found within
the larger tree rings. Vysotsaya and Vaganov (1989) stated that
the lack of variation in cell dimension occurs only for ring
widths > 0.5 mm. Even if we did not observe this limit for

our black spruce samples, it is likely that above a certain ring
width, limiting factors (e.g., water availability) restrain pro-
duction, enlargement, and elongation of xylem cells.

4.2 Managed plots

Managed plots exhibited an interaction ring width × stand
structure for lumen area and earlywood density, a pattern ab-
sent in unmanaged stands. Earlywood and latewood lumen
areas increased with ring width in unmanaged even-aged
plots, whereas this pattern was not observed in the managed

Fig. 2 The relationship between wood properties and ring width of black spruce in even-aged (black) and uneven-aged (gray) unmanaged plots.
Predicted values are presented only when the model is significant (p < 0.05)
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plots (Fig. 4). This observation supported our second hypoth-
esis that partial cutting alters the relationship between wood
properties and ring width.

Ring width was larger in plots subjected to partial cutting
(Table 2), with large radial cell productions in trees of even-
aged plots. In these managed plots, lumen area in earlywood
and latewood was ca. 600 and 110 μm2, respectively. Partial
cutting increased lumen areas in latewood of black spruce
(Krause et al. 2011) and other boreal species (Mäkinen et al.
2002b). Lumen area is a function of tree water status at the
time of cell formation (Fonti and Jansen 2012). The lack of

variation in lumen area in even-aged stands can be explained
by the tree status prior to and after cutting. Commercial thin-
ning from below keeps the dominant trees in the stand (Doucet
et al. 2009). The residual trees already have the structural
attributes (roots and foliage) necessary to benefit from the
increase in water availability flowing the thinning (Fayle
1983). Lumen area of black spruce expands until it reaches a
limit above which the risk of freeze-thaw embolism is too
high. In conifers, there is a threshold of 30 μm in lumen
diameter, above which the risk of freeze-thaw embolism in-
creases abruptly (Pittermann and Sperry 2003). The mean

Fig. 3 The relationship between wood properties and tree height of black spruce in even-aged (black) and uneven-aged (gray) unmanaged plots.
Predicted values are presented only when the model is significant (p < 0.05)
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tracheid diameter of residual trees after partial cutting in even-
aged plots was 28 μm, which confirmed the freeze-thaw
threshold proposed by Pittermann and Sperry (2003). One
mechanism to reduce the risk of cavitation is to form smaller
tracheids having thicker cell walls (Dutilleul et al. 1998;
Mäkinen et al. 2007), as observed in the residual trees of our
study. Hence, even for uneven-aged stands, lumen area should
not exceed this threshold; as such, wood density would not
decrease below the values observed in our study.

Cell-wall thickness increased in earlywood and latewood
with tree-ring width for both even-aged and uneven-aged

plots (Fig. 4; Table 3). This increase may be responsible
for the observed increase in latewood density and explain
the lack of variation in earlywood density after partial cut-
ting in uneven-aged plots. Warmer conditions can result in
larger tree-ring widths (Gričar et al. 2005; Rossi et al. 2006).
Temperature also controls sugar availability (Begum et al.
2013; Schmitt et al. 2004), and consequently cell-wall
thickness (Vaganov et al. 2006). Furthermore, as soil tem-
perature increases after a partial cutting (Thibodeau et al.
2000), a lengthening of the period of xylem growth can be
expected (Lupi et al. 2012). Thus, more time is allocated to

Fig. 4 The relationship between wood properties and ring width of black spruce after a partial-cutting treatment in even-aged (black) and uneven-aged
(gray) managed plots. Predicted values are presented only when the model is significant (p < 0.05)
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xylem cell maturation, which could produce wider lumen
areas and thicker cell walls (Rossi et al. 2011). After a partial
cutting, stand density is reduced, thereby increasing snow
cover on the ground and reducing the depth of soil frost
(Löfvnius et al. 2003). Moreover, the increase in solar radi-
ation speeds up snowmelt and soil warming in early spring
(Davis et al. 1997; Löfvnius et al. 2003; Prévost and
Raymond 2012). We raise the hypothesis that an early soil
warming influences earlywood cell-wall thickness. This re-
sult is important as wood density would not be as negatively

affected by partial cutting as previously thought, since wood
density increases with increased wall thickness.

Ring density was not correlated with ring width even
after partial cutting. Vincent et al. (2011) reported a non-
significant decrease in the ring density of black spruce
after commercial thinning. Peltola et al. (2007) and
Mäkinen and Hynynen (2014) also found limited changes
in the wood density of Scots pine after thinning despite a
significant increase in radial growth. For unmanaged and
managed plots, the average wood density (430–459 kg

Fig. 5 The relationship between wood properties and tree height of black spruce after a partial-cutting treatment in even-aged (black) and uneven-aged
(gray) managed plots. Predicted values are presented only when the model is significant (p < 0.05)
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m−3) fell in the same range previously observed in North
America (363–455 kg m−3) (Zhang and Koubaa 2008).

The lack of variation in ring density can be explained by a
significant decrease in earlywood density combined with an
increase in latewood density as tree-ring width increased for
even-aged stands (Fig. 4; Table 3). Average ring density is
often described as a proxy of wood quality in terms of me-
chanical properties (Alteyrac et al. 2006; Panshin and Zeeuw
1980). The significant difference in density between early-
wood and latewood in even-aged managed stands results in
a wood heterogeneity that could be detrimental to forest in-
dustry (Shmulsky and Jones 2011).

Ring density and tracheid length were correlated to tree
height in managed plots (Table 4, Fig. 5). Different relation-
ships were observed between even-aged and uneven-aged plots
for earlywood and latewood lumen area and tracheid length.
Compared to uneven-aged plots, both managed and unman-
aged even-aged plots exhibited wider lumen areas and longer
tracheid lengths. The difference in tree height and crown length
between stand structures may have played a significant role as
higher crown ratios are associated to trees with longer and
larger branches (Pretzsch and Rais 2016). Buds and the devel-
oping leaves are a major source of auxin, which increases cell
differentiation and limits the time for enlargement (Aloni and
Zimmermann 1983). Therefore, if two trees are sampled at the
same height, smaller trees are expected to have smaller lumen
areas (Anfodillo et al. 2006). This was the case for trees from
the uneven-aged plots in our study.

5 Conclusion

Overall, almost all measured wood properties were corre-
lated to ring width, and we observed few differences in
wood properties between the even- and uneven-aged un-
managed plots. A greater number of significant correla-
tions between ring width and the two forest types were
observed in those plots submitted to partial cutting.
Several wood properties (ring wood and earlywood den-
sity, tracheid length, and cell-wall thickness in both ear-
lywood and latewood) were also correlated with tree
height with some significant differences between forest
types. Increased ring width had no impact on wood den-
sity as both earlywood width and density decreased, while
latewood width and density increased. The same observa-
tion was also observed after partial cutting. Thus, the in-
creased growth after partial cutting has a limited influence
on wood quality and, as such, limits the practical impli-
cations for forest management. Even with several signifi-
cant differences between even- and uneven-aged stands,
the influences of tree-ring width and tree height on wood
quality were quite limited; this observation restrains the
use of tree-ring width and tree height in large-scale

models. Climate conditions, stand density, and tree social
status are likely better indicators of wood characteristics;
therefore, a greater investment should be directed toward
evaluating the relationships between those factors and
wood quality.
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