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Abstract: This study examined branch diameter, number of whorls, and number of branches in
the lower 2 m of the stems of white spruce growing in pure stands and in mixture with a range of
densities of trembling aspen. Data were collected from two study sites located north of Big River
Saskatchewan, which were regenerated following clearcutting in 1992 and thinned in 1996 to five
aspen densities and two spruce densities. Results show significant decreases in spruce diameter at
breast height (DBH), height, live crown ratio, maximum branch diameter in the lower 2 m, average
branch diameter in the whorl closest to 1 m, and increases in tree slenderness with increases in aspen
density. Increasing spruce density reduced the number of live branches and number of live branch
whorls in the lower 2 m. Maximum branch diameter in the whorl closest to 1 m was influenced by
both aspen and spruce density, with a significant interaction term resulting from effects of intraspecific
competition being evident for aspen densities of 1500 stems ha−1 or lower. DBH and slenderness
explained more than 49% of the variation in spruce crown width, maximum branch diameter in
the lower 2 m, maximum live branch diameter in the whorl closest to 1 m, and average live branch
diameter in the whorl closest to 1 m. DBH explained more variation in crown width and branch
diameter than slenderness. This study demonstrates that growing spruce in mixture with aspen can
lead to reductions in branch size and that early thinning to low aspen densities could lead to increases
in size of knots and associated reductions in wood quality, particularly when spruce densities are low.

Keywords: white spruce; pre-commercial thinning; crown size; branch diameter; branch number;
knots; wood quality

1. Introduction

Knot size and number influence the strength, appearance, and value of sawn lumber [1,2].
Knots result when the tree stem grows around branches and may be continuous from pith
to bark in the case of living non-epicormic branches or may terminate within the stem,
beneath the bark, after branch death.

As well as leading to reductions in growth rates [3], increases in intra- and interspecific
competition (associated with a decrease in spacing or an increase in density) result in
reductions in both branch size [1,4–8] and branch number [9,10] in the lower portion of
a spruce stem, leading to both smaller and fewer knots. Slenderness, crown radius, live
crown ratio, and other individual tree characteristics are also influenced by the social status
of a tree and by both intra- and inter-specific competition [1]. Neighboring competitors
may cause crown rise due to the shading of lower branches, which leads to an increase in
height to the crown base and reductions in both crown length and live crown ratio [11–14].
Effects of competition on height to crown base, crown length, and crown ratio also depend
on species shade tolerance, with tolerant species having longer crowns and lower height
to crown base than intolerant species [15]. Consequently, it may be desirable to retain
moderate to high densities of intolerant deciduous competitors in young stands to control
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knot size in moderately shade-tolerant spruce, even though the fastest growth of white
spruce is achieved at very low aspen densities [16,17].

Several studies indicate that branch diameter, height to base of live crown, and the
number and size of knots are related to crown radius [1,14,18,19], slenderness (ratio of
height to DBH) [1,6,9,20], and tree size (DBH and/or height) [2,7,14]. In addition, while
the height where maximum branch diameters occur on the stem varies with stand and tree
characteristics, it is typically located between 25% and 75% of the height of the tree and
occurs near the mid-crown in stands with moderate density [5,7,21,22]. Upward shifts in
the location of maximum branch diameters are associated with increases in stand density
and related increases in tree slenderness [2,7].

Mixtures of trembling aspen (Populus tremuloides Michx.) and white spruce (Picea glauca
(Moench) Voss) are a common natural stand type on upland sites in the western boreal
forests of Canada, and spruce wood quality may be higher when it is grown together with
aspen [23]. However, there is little information currently available to guide the application
of thinning treatments in terms of effects of aspen and spruce densities on white spruce
crown characteristics associated with wood quality. In this paper, I examine effects of a
wide range of aspen densities and a narrow range of spruce densities on branch diameters
and numbers in two 26-year-old plantations located in western Saskatchewan. Hypotheses
being tested are (1) crown size and the number and diameter of branches on the lower bole
of young spruce will decrease with increasing aspen and spruce densities and increase
following thinning treatments, and (2) spruce crown size and branch diameter will increase
with increasing diameter at breast height (DBH) and decrease with increasing slenderness.

2. Materials and Methods

The Western Boreal Growth and Yield Association (WESBOGY) Long-Term Study was
initiated in 1990 to advance knowledge of the dynamics of mixedwood stands in response
to an identified need for information on the effects of aspen density on spruce and aspen
growth [16]. The study involved planting white spruce seedlings in recently clearcut areas
where aspen regeneration had already established. Spruce and aspen were thinned to
desired treatment densities at age 5. The Long-Term Study currently includes a total of
615 plots with 20 installations (Figure 1) established and maintained by 11 agencies in
Alberta, British Columbia, Manitoba, Saskatchewan, and the Northwest Territories. Each
installation consists of two replications of 15 treatments (Table 1). Measurement plots
are 20 m × 20 m (0.04 ha) with a 5- to 10- meter-wide treated buffer on each side of the
measurement plot.

Table 1. Spruce and aspen treatment densities established in each replicate in the WESBOGY Long-
Term Study (i.e., one replicate of each of the 15 treatments was established in each replicate). For
the study presented in this paper, white spruce were measured in the Big River installations in the
10 treatments shown in bold out of the 15 treatments that had been established for the study.

Trembling Aspen (Aw) Density (Stems ha−1)

White Spruce (Sw) Density (Stems ha−1) 0 200 500 1500 4000 Natural

1000 1 2 3 4 5 6
500 7 8 9 10 11 12

0 X X X 13 14 15
NOTES: 1. Treatment numbers (1–15). 2. Empty cells (X) for treatments not established.

In this paper, the effects of treatments on branch number and size on the lower 2 m
of spruce stems are examined using measurements collected at age 26 in the two Big
River, Saskatchewan installations. These installations were established by Weyerhaeuser
Canada in 1992 approximately 30 km north of the town of Big River, Saskatchewan. The
Median (54.09◦ N 107.07◦ W, elev = 515 m) and Superior (54.05◦ N 106.98◦ W, elev = 505 m)
installations were harvested in June of 1992, with aspen allowed to regenerate naturally by
root suckering and with spruce planted in September of 1992. Thinning treatments were
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completed in September of 1996. Both installations were level, moderately well drained,
had Gray Luvisolic soils [24] and mesic to subhygric soil moisture regimes.
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Figure 1. Locations of the 20 Western Boreal Growth and Yield Association (WESBOGY) Long-Term
Study Installations and the two Big River installations used for this study in western Canada.

For this study, the number and size of knots on the lower portion of the stem was
measured for two top height spruce (one in the SW quarter and one in the NE quarter of
the 20 m × 20 m plots) in ten selected treatment plots in each replicate [Table 1; treatments
1 (1000 white spruce (Sw) and 0 trembling aspen (Aw)), 3 (1000 Sw and 500 Aw), 4 (1000 Sw
and 1500 Aw), 5 (1000 Sw and 4000 Aw), 6 (1000 Sw and natural Aw density), 7 (500 Sw
and 0 Aw), 9 (500 Sw and 500 Aw), 10 (500 Sw and 1500 Aw), 11 (500 Sw and 4000 Aw), and
12 (500 Sw and natural Aw density)]. Top height spruce was defined as the largest diameter
white spruce in each selected plot that was free of major stem deformities. Measurement
involved (a) for all whorls below 2 m height, diameter of largest diameter branch on each
whorl, and a count number of live and dead branches on each whorl; and (b) for the first
whorl above 1 m height, diameter of every branch. In addition, diameter at breast height
(DBH, measured at 1.30 m above the ground), height, height to crown base, and crown
width were measured for the selected spruce. Crown base was defined as the lowest point
on the bole with a relatively complete whorl of live branches. Crown length was calculated
as the difference between tree height and height to crown base, and live crown ratio was
calculated by dividing crown length by tree height. Crown radius was measured on the
north and on the west sides of the selected spruce, for the height where the crown was
widest and crown width was calculated as the sum of the two crown radius measurements.
Slenderness of each sampled tree was calculated by dividing tree height by DBH.

Measurement of the Median installation was completed during August 2018 and
measurement of the Superior installation was completed during May 2019.

Mixed models were used to examine the effects of prescribed aspen and spruce density
on branch diameters, numbers of branches, and number of whorls for this randomized com-
plete block design, using SAS9.4 proc Mixed (SAS Institute, Cary, NC, USA). Installation,
replicate, and tree were included as nested random effects in the mixed model analysis
of variance. Post hoc comparisons used Tukey’s HSD to test for differences between
treatments when ANOVA indicated significant treatment effects.

Linear regression was used to examine the use of current tree and stand characteristics
in describing variation in crown and branch size. Preliminary correlation analysis indicated
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intercorrelations between all potential independent variables; consequently, models were
constructed using only individual variables. Random effects were tested initially in these
linear models, but since they were not significant (p > 0.05), simple linear regression
(completed using proc Reg) was used. The simple linear regression models tested in this
study were of the form:

Y = a + bX + e (1)

where Y was the dependent variable (e.g., live crown ratio), a (β0) was the intercept term,
b (β1) was the slope, X was the independent variable (e.g., tree height), and e was error.

3. Results
3.1. Thinning Effects on Stand and Crown Characteristics

While the ranking of treatments in terms of stand densities at age 26 is consistent
with the ranking of treatments by target densities, treatment densities have declined below
target densities over the 21-year period following thinning (Table 2). Aspen densities
measured in these plots have declined substantially in the unthinned plots from initial
values of between 40,000 and 200,000 stems ha−1 in year 1 to 2639 stems ha−1 in year 26.
Aspen basal area in the unthinned treatment did not differ significantly from basal area in
the 4000 or 1500 stems ha−1 treatments. Spruce basal area in the treatments with 500 stems
ha−1 of spruce was about 40% of that found in the 1000 stems ha−1 treatments at age 26.

Table 2. Effects of thinning treatments applied at age 5 on stand densities (SPH, expressed in terms of stems ha−1) and
stand basal area (expressed as m2 ha−1) of the two primary species at age 26. For aspen (Aw) treatment density (AwTDen)
and spruce (Sw) treatment density (SwTDen) means followed by different letters were found to differ significantly (α = 0.05)
based on Tukey’s HSD test.

Aw Treatment
Density

(Stems ha−1)

Sw Treatment
Density

(Stems ha−1)

Aw SPH
(Stems ha−1)

Aw Basal
Area

(m2 ha−1)

Sw SPH
(Stems ha−1) Sw Basal Area/ha (m2 ha−1)

SwTDen = 500 SwTDen = 1000

0 4.7a 11.4ab
200 159.5c 5.5c 3.3ab 12.6a
500 386.0bc 9.8c 3.5a 4.9abc
1500 1067.2b 15.7b 1.5bc 5.1abc
4000 1978.8a 21.2a 1.3c 2.0bc

Unthinned 2638.7a 19.4ab 0.4c 1.6c
500 306.4b 2.5b
1000 709.1a 6.2a

p AwTDen <0.0001 <0.0001 ns <0.0001 <0.0081
p SwTDen ns ns 0.0031 <0.0001

Effects of spruce density on spruce height, DBH, slenderness, crown width, and live
crown ratio were not significant (results not shown). Table 3 shows the effects of aspen
treatment density based on measurements from the two top height spruce sampled in
each plot. Height, DBH, crown width, and live crown ratio were smaller in the unthinned
than in other treatments. DBH and crown width were larger in the 0 and 500 aspen ha−1

treatments than in the unthinned, and live crown ratio was slightly but significantly smaller
in the unthinned treatment compared to all other treatments. Both height and slenderness
were largest for the 4000 aspen ha−1 treatment, which may result from ideal conditions for
height growth coupled with some suppression of spruce diameter growth after the aspen
canopy closed in this treatment at about age 15.
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Table 3. Effects of aspen thinning (Aw treatment density) on height, diameter at breast height (DBH),
slenderness, crown width, and live crown ratio for the trees sampled in each treatment. Within each
column, means followed by different letters were found to differ significantly (α = 0.05) based on
Tukey’s HSD test. (α = 0.05).

Aw Treatment
Density

(Stems ha−1)

Height
(m)

DBH
(cm) Slenderness Crown Width

(m)
Live Crown

Ratio

0 8.04ab 17.30a 0.471b 3.92a 0.891a
500 8.10ab 12.91abc 0.670ab 3.56a 0.885a

1500 8.05ab 11.53bcd 0.708ab 3.28ab 0.889a
4000 8.98a 8.10cd 1.169a 2.60bc 0.879a

Unthinned 5.40b 6.90d 0.793ab 2.23c 0.818b
p 0.0489 <0.0001 0.0435 0.0001 0.0313

3.2. Treatment Effects on Number and Diameter of Branches

Maximum live branch diameter in the lower 2 m of the spruce stems differed signifi-
cantly between aspen treatment densities with 0 > (500, 1500) > (4000, unthinned) (Table 4).
Although results indicate that the number of live branches and number of live branch
whorls below 2 m height decrease with increasing aspen density, the effect of aspen density
was not significant. However, spruce density did have a significant effect on the number of
live branches and number of live branch whorls below 2 m height, with both values being
smaller at the higher spruce density.

Table 4. Effects of thinning treatments on maximum branch diameter, number of live branches, and number of live branch
whorls in the lower 2 m of dominant spruce. Analysis for treatment effects was based on a factorial design with three levels
for aspen density and two levels for spruce density. For both aspen treatment density (AwTDen) and spruce treatment
density (SwTDen), means followed by different letters were found to differ significantly (α = 0.05) based on Tukey’s
HSD test.

Maximum Branch Diameter
below 2 m Height

Number of Live Branches
below 2 m Height

Number of Live Branch Whorls
below 2 m Height

p Means (cm) p Means (cm) p Means (cm)

AwTDen <0.001 ns ns
SwTDen ns 0.0052 0.0365

AwTDen*SwTDen ns ns ns

AwTDen = 0 3.46a 21.9 7.6
AwTDen = 500 2.55b 20.1 7.5
AwTDen = 1500 2.41b 16.5 5.6
AwTDen = 4000 1.92c 19.9 6.9

AwTDen = unthinned 1.68c 18.9 6.5

SwTDen = 500 21.9a 7.5a
SwTDen = 1000 17.3b 6.2b

Measurements taken at the whorl closest to 1 m show significant effects of aspen
density on average branch diameter and significant effects of spruce density on number of
live branches (Table 5). Branch diameter declined with increasing aspen density, and the
number of live branches declined with increasing spruce density. Analysis of treatment
effects on maximum branch diameter for the whorl close to 1 m showed a significant
interaction between aspen and spruce density. As a result, analysis of aspen density effects
was conducted separately for each spruce density (Table 6). With both spruce densities, the
maximum branch diameter decreases with increasing aspen density; however, the effects
of spruce density were largest in the 0 and 500 aspen ha−1 treatment and were not evident
for the 4000 aspen ha−1 and unthinned treatments, reflecting differences in spruce crown
width across the aspen density gradient.
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Table 5. Effects of treatments on the number and size of branches in the branch whorl closest to
1 m height. Analysis of treatment effects was based on a factorial design with three levels for aspen
density and two levels for spruce density. For both aspen treatment density (AwTDen) and spruce
treatment density (SwTDen), means followed by different letters differed significantly (α = 0.05)
based on Tukey’s HSD test.

Average Branch Diameter in
the Whorl Closest to 1 m Height

Number of Live Branches in the
Whorl Closest to 1 m Height

p Means (cm) p Means (cm)

AwTDen <0.0001 ns
SwTDen ns 0.0025

AwTDen*SwTDen ns ns

AwTDen = 0 2.2a 2.1
AwTDen = 500 1.5b 2.4

AwTDen = 1500 1.6b 2.9
AwTDen = 4000 1.3bc 3.1

AwTDen = unthinned 1.0c 2.7

SwTDen = 500 1.5 3.2a
SwTDen = 1000 1.4 2.1b

Table 6. Effects of treatments on maximum branch diameter in the branch whorl closest to 1 m of
dominant spruce. Analysis for treatment effects was based on a factorial design with three levels
for aspen density and two levels for spruce density—since the interaction term was significant,
results were analyzed separately for each of the two spruce densities. For aspen treatment density
(AwTDen), means followed by different letters (within each spruce density, SWTDen) differed
significantly (α = 0.05) based on Tukey’s HSD test.

Spruce Treatment Density (SwTDen)
(Stems ha−1)

500 1000

p Means (cm) p Means (cm)

AwTDen <0.0001 0.0002

AwTDen = 0 2.9a 2.0a
AwTDen = 500 1.9b 1.6abc

AwTDen = 1500 1.9b 1.7ab
AwTDen = 4000 1.4bc 1.4bc

AwTDen = unthinned 1.1c 1.2c

3.3. Models Describing Variation in Crown Characteristics, Branch Diameter, and Numbers
of Branches

Simple linear regression models were used to examine relationships between tree
crown characteristics and stand and tree characteristics. As shown in Table 7, tree height
explained 33.8% of the variation in live crown ratio, 39.6% of the variation in crown width,
and 5.2% of the variation in height to base of the live crown. Crown width explained 15.1%
of the variation in live crown ratio and was not significant in the model for height to crown
base. DBH explained 68.6% of the variation in crown width, followed by slenderness,
which explained 50.4%.

The only significant independent variable describing variation in the number of live
branches in the 1 m whorl was HTLC. However, this linear model explained only 8.5% of
the variation in number of live branches. HTLC ranged from 0.2 to 1.4, with the number of
live branches in the whorl closest to 1 m declining with increasing HTLC.
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Table 7. Simple linear regression models for estimating crown characteristics for the sampled spruce. Model Y = a + bx.
(HT= height (m); HTLC=height to the base of the live crown (m); Aw_sph = aspen stems ha−1 (stems ha−1); DBH = diameter
at breast height (cm); CW = Crown width (m); LCR= live crown ratio (LCR = (HT-HTLC)/HT); Slenderness = HT/DBH;
Aw_Baha = aspen basal area ha−1 (m2 ha−1)). Only significant (p < 0.05) models are shown.

Dependent
Variable

Independent
Variable a (Estimate) a (SE) b (Estimate) b (SE) n R2

adj RMSE

LCR HT 0.7464 0.0205 0.0171 0.0028 73 0.3376 0.0396
HTLC 0.9646 0.0165 −0.1072 0.0177 73 0.3307 0.0398

Aw_sph 0.8936 0.0078 −0.0000205 0.00005 73 0.1846 0.0439
DBH 0.8158 0.0143 0.0047 0.0012 73 0.1724 0.0443
CW 0.8007 0.0191 0.0215 0.0058 73 0.151 0.0448

Slenderness 0.9183 0.0213 −0.0702 0.0293 73 0.0617 0.0471
Aw_Baha 0.8872 0.0010 −0.0014 0.0006 73 0.0497 0.0474

HTLC LCR 3.6463 0.4564 −3.1710 0.5243 73 0.3307 0.2165
HT 0.6020 0.1335 0.0403 0.0182 73 0.0516 0.2577

CW DBH 1.2432 0.1650 0.1720 0.0137 73 0.6863 0.5113
Slenderness 5.5897 2.9011 −3.4438 0.4003 73 0.5035 0.6433

HT 0.6948 0.3676 0.3469 0.0500 73 0.3957 0.7096
Aw_sph 3.38352 0.1267 −0.0005502 0.00008 0.3913 0.7122

Aw_Baha 3.9006 0.16398 −0.0558 0.0105 73 0.2726 0.7786
LCR −3.4009 1.7728 7.5716 2.0366 73 0.1512 0.8410

Tree DBH was a stronger predictor (i.e., it had a larger adjusted coefficient of deter-
mination) of branch diameter (DMax2, DMax1, and DMean1) than slenderness (Figure 2,
Table 8). Branch diameter was negatively correlated with aspen basal area and the number
of aspen per hectare, with aspen basal area ranking in 3rd (DMax2) and 4th (DMax1 and
DMean1) place and explaining 60% (DMax2), 35% (DMax1) and 42% (DMean1) of the
variation in branch diameter. Crown width ranked in 5th place behind other predictors of
branch diameter, while height and live-crown ratio explained less than 25% of the variation
in branch diameter.
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Table 8. Linear models describing variation in branch diameter. (DMax2 = maximum branch diameter in the lower 2 m
section of the stem (cm); DMax1 = maximum live branch diameter in the whorl closest to 1 m (cm); DMean1 = average
live branch diameter in the whorl closest to 1 m (cm); DBH = diameter at breast height (cm); Slenderness = HT/DBH;
Aw_Baha = aspen basal area ha−1 (m2 ha−1); Aw_sph = aspen stems ha−1 (# ha−1); CW = Crown width (m); HT = height (m);
LCR = live crown ratio (LCR = (HT − HTLC)/HT); HTLC = height to the base of the live crown (m)). ns = model not
significant (α = 0.05).

Dependent
Variable

Independent
Variable a (Estimate) a (SE) b (Estimate) b (SE) n R2

adj RMSE

DMax2 DBH 0.8139 0.1322 0.1423 0.0109 73 0.6998 0.4097
Slenderness 4.5889 0.2097 −3.1061 0.2893 73 0.6134 0.4688

Aw_Baha 3.2805 0.0994 −0.0669 0.00639 73 0.6013 0.4721
Aw_sph 3.0568 0.0878 −0.0005384 0.000055 73 0.5645 0.4931

CW 0.6010 0.2306 0.5706 0.0698 73 0.4780 0.5402
HT 1.1078 0.3560 0.1825 0.0484 73 0.1550 0.6873

LCR −2.4622 1.4774 5.6119 1.6973 73 0.1212 0.7009
HTLC ns

DMax1 DBH 0.5945 0.1402 0.1016 0.0119 67 0.5212 0.4221
Slenderness 3.3519 0.2112 −2.3169 0.2879 67 0.4914 0.4351

Aw_sph 2.1936 0.0903 −0.0004 0.00005 67 0.4020 0.4669
Aw_Baha 2.3055 0.1127 −0.0425 0.0071 67 0.3533 0.4855

CW 0.4801 0.2254 0.3938 0.0696 67 0.3198 0.5032
LCR −3.7680 1.1539 6.2891 1.3234 67 0.2464 0.5296

HTLC 2.4374 0.2708 −0.8464 0.3029 67 0.0935 0.5808
HT ns

DMean1 DBH 0.4968 0.1074 0.0892 0.0091 67 0.5888 0.3235
Slenderness 2.8428 0.1734 −1.9292 0.2364 67 0.4984 0.3573

Aw_sph 1.8974 0.0717 −0.0003184 0.00004363 67 0.4495 0.3705
Aw_Baha 2.0130 0.0879 −0.0384 0.0055 67 0.4255 0.3785

CW 0.3947 0.1803 0.3461 0.0557 67 0.3632 0.4026
LCR −2.8227 0.9707 4.9346 1.1132 67 0.2203 0.4455
HT 0.6722 0.2415 0.1130 0.0331 67 0.1390 0.4681

HTLC ns

4. Discussion
4.1. Effects of Thinning and Stand Density on Tree and Crown Characteristics

Pre-commercial thinning of aspen in mixed stands of aspen and white spruce has been
shown to increase the diameter, crown width, and live crown ratio and reduce slenderness
of the spruce [16,17], as also found in this study. Other studies show similar effects of
stand density on crown size of spruce, lodgepole pine, and subalpine fir in western British
Columbia [25], black spruce in Ontario [8], Norway spruce in France [21], and Scots pine
in Finland [26]. Increasing height and increasing overtopping competition also led to a
decrease in live crown ratio for interior spruce in B.C. [14]. Results from this study, showing
that crown size declines with increasing competition and increases following thinning, are
consistent with the findings of other studies [7,9,25] and support Hypothesis 1. However,
aspen density at age 26 explained only 18.5% of the variation in spruce live crown ratio
and 39.1% of the variation in spruce crown width in the stands at Big River. Spruce density
and basal area were not significantly related to LCR or crown width in this study, reflecting
the fact that spruce have only achieved closed canopy conditions in plots with 1000 spruce
and 0 or 200 aspen ha−1.

4.2. Effects of Aspen and Spruce Density on Branch Diameter and Number

Maximum and average branch diameter were affected by aspen density with results
supporting Hypothesis 1. In the case of maximum branch diameter at 1 m height, spruce
density was also significant and interacted with aspen density, with spruce density having
stronger impact in the absence of aspen or in the 500 aspen ha−1 treatment. This outcome
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reflects increasing delays in crown closure in the spruce layer associated with increasing
aspen density. Intraspecific competition and self-shading are likely to have increasing
influences on crown rise and the diameter of lower branches as the spruce becomes larger.

Spruce density, but not aspen density, influenced the number of live branches in the
1 m whorl and for the lower 2 m stem section and number of live branch whorls below
2 m. This is associated with both the moderate shade tolerance of spruce [15] and the
fact that intraspecific competition has stronger effects than interspecific competition with
aspen. Other studies have reported increases in branch numbers with increasing DBH [2],
decreasing slenderness [6] and decreasing stand density [8]. Height increment during
the year of branch initiation or the preceding year, distance from top of the tree crown,
intra- and inter-specific competition, and competition between branches within the tree are
among several factors that appear to influence branch numbers [2,6,7,27].

4.3. Relationships between Tree Dimensions, Crown Dimensions, and Branch Diameter

While several studies show that branch diameter, height to base of live crown, and
other tree characteristics related to the number and size of knots are related to crown
width [1,14,18,19], crown width was not significant as a predictor of height to base of
live crown in this study and ranked in 5th place as a predictor of maximum and mean
branch diameter. Relationships between branch diameter and slenderness [1,6,9,20] and
between branch diameter and tree size (DBH or height) [2,7,14] were also observed in
this study and support Hypothesis 2, with diameter being a stronger predictor (larger
adjusted coefficient of determination) than slenderness. Crown width ranked in 5th place
behind other predictors of branch diameter but was positively correlated with DBH and
slenderness as reported by other studies [1,14,18,19]. Tree height and live-crown ratio
explained less than 25% of the variation in spruce branch diameter at Big River. Branch
diameter was negatively correlated with aspen basal area and number of aspen per hectare,
with these ranking in 3rd and 4th place and explaining between 35% and 60% of the
variation in branch diameter, similar to results from Groot and Schneider [1].

4.4. Management Implications

Results from this study demonstrate the potential to use aspen competition to reduce
the sizes of lower stem branches and associated sizes of knots. However, this comes at a cost
of reduced diameter growth while providing ecological benefits associated with growing
mixed stands that include increased species and structural diversity, improved habitat,
nursing effects, and increases in total stand yield. Results also indicate that early thinning to
low densities could lead to increases in the size of knots, particularly when spruce densities
are low. An alternative approach would be to establish spruce at higher densities, rely on
intraspecific competition to more effectively regulate crown length, branch diameter, and
branch number, and use timely thinning treatments to manage for a suitable balance of
wood properties and stand yields.

4.5. Study Limitations and Future Needs

This study is limited by the following: (1) the limited range of spruce planting densities
available in this experiment (500 and 1000 stems ha−1); (2) measurements of branches on
only the lower 2 m of the stem; (3) a lack of temporal data to document crown dynamics;
(4) selection of only the largest spruce rather than a range of size classes of spruce; and
(5) limited geographic range of study sites. Further studies examining the effects of a
wider range of spruce planting densities, in both pure and mixed stands, and including a
range of thinning options are needed. Detailed studies of crown profiles and changes over
time, involving the measurement and remeasurement of branches along the entire stem
(e.g., 4, 5, 6, 7, 18 and 22) would be useful for characterizing, understanding, and modeling
crown and branch dynamics in future studies. The use of non-destructive approaches,
such as photogrammetric methods [28], would be desirable in these and other permanent
sample plots. Since the size of white spruce influences growth rates and competitive
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hierarchy [3] affects the social position of trees, the number and size of branches should
be examined based on data for all size classes of trees. A neighborhood study in similar
stands in Alberta [3] indicated that distance-independent indices were superior to distance-
dependent indices for describing variation in stem volume growth, and that basal area
was a potentially effective measure of competition. The measurement of competition in
individual tree neighborhoods [7,22] together with the testing of both distance-dependent
and distance-independent competition indices may provide better models describing the
effects of competition on crown and branch dimensions than those based on full treatment
plot values due to better representation of the growth environment of each individual tree.
Data from additional locations would also provide more broadly applicable understanding
and models.

The remeasurement of trees at approximately 10-year intervals (height, DBH, height
to base of live crown width, as well as crown profile measurements on a subsample of
measured trees) would provide valuable information that could be used in estimating
and modeling crown and branch characteristics. The use of remote sensing (using LiDAR
and/or high-resolution digital aerial photography) should be explored for measuring
crown width, tree height, and stand density [19,29] and for tracking changes in crown and
branch characteristics. Over the long term, measurements of knot size and number along
the stem should be obtained from a sample of trees in these plots when the spruce are
ready for harvest.

5. Conclusions

The thinning of aspen has resulted in an increase in spruce branch diameters in this
study. Increases in spruce branch diameter were associated with increases in DBH, crown
width, and other variables following thinning. Results indicate that early thinning to low
aspen densities could lead to increases in the abundance and size of knots and associated
reductions in wood quality, particularly when spruce densities are low. The results from
this study also indicate that growing spruce in mixture with aspen can lead to reductions
in branch and knot size, which may contribute to improvements in wood quality and
lumber grade. While these results are consistent with observations at other sites and in
the literature, measurements from this stand and other locations, repeated periodically,
would provide a basis for the development of general models for describing and predicting
branch diameters, branch numbers, and crown recession. Further research is needed to
link stand characteristics to knot size and lumber grades in these and other stands.
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