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Keywords: The timber producing forest land-base in Alberta, Canada, is decreasing due to the increase in allocation of land

T‘reellmprovement to other uses such as agriculture, infrastructure, energy development and conservation areas, while the demand

(S;te “tl]fex for forest products continues to increase. Tree improvement, first implemented in Alberta in 1975, is one strategy
TOW!

used for increasing forest productivity to meet an increasing demand for fibre and forest products. To quantify
the operational impact of tree improvement on white spruce productivity, we collected data from 15-year-old
white spruce stands in Alberta: 11 stands planted with seedlings from improved (seed orchard) seedlots and
seven stands planted with seedlings from wild (unimproved) seedlots. Eight plots (100 m? circular plots) within
each stand were randomly established for measurement (18 x 8 = 144 plots). Diameter at breast height (DBH),
tree height, crown width, and branch diameter for each tree inside the plots were measured. Mixed effects
models, with site and plot considered random, were used to evaluate the effect of tree improvement on the
growth of white spruce. Basal area per ha of competitor species was used to develop a non-spatial competition
index, and to compare the growth of improved and unimproved white spruce response to competition. Individual
trees from improved stands showed 17% greater DBH and height compared to individual trees from unimproved
stands. Individual trees of improved stands also had a greater height and smaller branch diameter for a given
DBH than the trees grown in unimproved stands. Overall, tree improvement increased the site index of white
spruce by 2 m while both improved and unimproved stands were similarly, and negatively, affected by
competition. The application of tree improvement in white spruce resulted in an increase in growth rate, site
index, and quality of timber, which will help offset the increasing demand for forest products.

White spruce

1. Introduction

Demand for forest products is increasing across the globe with the
consumption of primary processed wood products predicted to grow by
37% by 2050 compared to 2020 (FAO, 2022a). Net zero emission plans
are likely to further increase the demand for timber up to four times by
2050 (Michell, 2022), while demand for forest products is expected to
consistently increase due to urbanization, decarbonization and housing
demands (Nepal et al., 2021; FAO, 2022a). Concomitantly, the forested
land-base is decreasing due to deforestation, agricultural expansion,
urban development, conservation area declarations, oil and gas devel-
opment and exploration (FAO, 2022b). Increasing forest productivity is
one of the potential options to meet the increasing demand for forest
products from a decreasing land-base (Pinno et al., 2021). Tree
improvement (TI) is one of the strategies for increasing forest

productivity and decreasing rotation age (Xie and Yanchuk, 2003; Pet-
rinovic et al., 2009; Schreiber and Thomas, 2017; Chang et al., 2019). In
addition to increasing forest productivity, TI programs can also focus on
increasing resistance to insects, disease or drought (Yanchuk and Allard,
2009; Beaulieu et al., 2020).

The history of crop breeding can be traced back to 13,000 years ago
in the near East and then spreading out to many parts of the world
(Balter, 2007). People engaged in agriculture used to select plants with
desirable characteristics to collect seeds for the future. Later, this process
was also implemented in tree crops. Hans Carl von Carlowitz, introduced
modern tree breeding, writing a manuscript on sustained yield forestry
in 1713 (Carlowitz, 2017). TI includes the application of genetic prin-
ciples for enhancing the yield and quality of individual trees or forest
stands (White et al., 2007). TI programs (including provenance testing,
selection, grafting, pollen extraction, controlled pollination, progeny
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Table 1
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Description of stands in the study by Forest Management Agreement (FMA) area company, site number, stand area, stand type, seedlot code, site characteristics
including initial planting density, herbicide spray year, assigned genetic worth at rotation age and geographical coordinates. All stands were considered to have a
moisture regime of 5 (mesic), and a nutrient regime of ¢ (medium), and planted in 2008. (Source: Field survey, 2022; pers. Comm. D. Vashti, 2022, Weyerhaeuser

Grande Prairie Timberlands; C. Quinn, 2022, Canfor Grande Prairie).

FMA Site  Area Stand type Seedlot code Initial planting density Spray Genetic Geographical Coordinates
h St ha™? th
(a) (Stems ha™) year wor Latitude°N  Longitude®W
Weyerhaeuser 1 28.2 improved HASOC I G351 SO 2002 SW 1332 2009 2% 55.55002 -119.73555
2 14.6 improved HASOC I G351 SO 2002 SW 1318 2009 2% 55.55627 -119.72826
3 31.3 improved HASOC I G351 SO 2002 SW 1051 2010 2% 55.54860 -119.72589
4 20.3 improved HASOC I G351 SO 2002 SW 1151 2010 2% 55.54395 -119.71374
5 48.9 improved HASOC I G351 SO 2002 SW 1355 2009 2% 55.53260 -119.71545
6 17.4 improved HASOC I G351 SO 2002 SW 1217 2010 2% 55.54385 -119.67668
7 25.6 unimproved ~ WEG 76-12-6-79 1421 2009 - 55.53561 -119.70657
8 14.7 unimproved ~ WEG 76-12-6-79 1175 2010 - 55.55241 -119.68949
9 121 unimproved ~ WEG 76-12-6-79 1146 2009 - 55.57232 -119.69740
10 52.1 unimproved ~ WEG 76-12-6-79 1196 2009 - 55.57967 -119.66054
Canfor 11 57.8 improved Sw/HASOCI G351 SO 2003SW/ 1839 2012 2% 56.21619 -119.10862
100
12 36.3 improved Sw/HASOC1 G351 SO 2003 SW/ 1579 2010 2% 56.21466 -119.09604
100
13 26.5 improved Sw/HASOCI G351 SO 2003SW/ 1490 2010 2% 54.66302 -118.45810
100
14 30.8 improved Sw/HASOCI1G351 SO 2003SW/ 1615 2010 2% 54.66593 -118.46778
100
15 31.9 improved Sw/HASOCI1G351 SO 2003 SW/ 1669 2009 2% 54.67363 -118.52512
100
16 30.2 unimproved ~ Sw/71-25-5-87/89, Sw/ 1562 2010 - 54.92135 -118.53128
71-25-5-88/11
17 26.1 unimproved ~ Sw/71-25-5-88/100 1557 2010 - 54.93102 -118.52898
18 26.6 unimproved ~ Sw/71-25-5-88/100 1378 2010 - 54.94568 -118.52672

testing) started systematically and on a large scale from the beginning of
the 20th century (Thomas et al., 2024). In Canada, research work in TI
started in the 1910sand was used as a potential option to address the loss
of forest due to fire, diseases and to optimize the productivity from the
existing land base since 1970s (Fowler and Morgenstern, 1990, Thomas
et al., 2024). TI started in 1975 in Alberta, for eight native tree species,
including white spruce (Picea glauca (Moench) Voss). There are
currently nine white spruce breeding programs, known as Controlled
Parentage Programs (CPPs), in Alberta. Each white spruce CPP is asso-
ciated with a defined geographic region, progeny trials and a seed or-
chard designed to produce improved seed (FGRMCS, 2016). With long
rotation ages (e.g., 80-100 years), models are required to estimate the
full growth response from TI, and selections for improved families or
individuals are required to be made at considerably younger ages than
rotation age. Predictions made from selection at a younger age may be
biased as the genes functioning at younger ages may not be the same
genes functioning at older ages and thus genetic gain at rotation age may
be different (Xie and Yanchuk, 2003). Luo and Thomas (2021) devel-
oped a new age-age correlation for white spruce in Alberta and showed,
as predicted, that the age-age correlation at younger ages (eg: r=0.78,
age 15) is lower than the age-age correlation when selection age is closer
to the rotation age (eg: r=0.95, age 70). To alleviate this problem, Xie
and Yanchuk (2003) suggested adding genetic worth at rotation age into
the top height of the unimproved trees to obtain an adjusted top height
of the improved trees at rotation.

White spruce is a dominant tree species in the boreal forests and is
the most common species subjected to TI and reforestation across Can-
ada (Alberta Environmental Protection, 1994; Petrinovic et al., 2009;
Luo and Thomas, 2021; Thomas et al., 2024). White spruce is mainly
used for pulp, lumber, poles, timber and construction materials. Among
the multiple uses of white spruce, construction is the major use with an
average monthly production of 5.3 million cubic meter, in Canada
(Statistics Canada, 2019). The standing volume of white spruce in
Canada is much higher than that of other species, however, the growth
rate of white spruce in the natural stands is relatively low. In Alberta,
white spruce accounts for 30% of total growing stock and 48% of the
merchantable volume of the conifer growing stock (Alberta’s Forest

Economy, 2022). Alberta planted approximately 120 million conifer
seedlings (including pine and spruce) in 2021 and 53% were white
spruce (A. Benowicz, Govt. of Alberta, pers. Comm., 2021). The Alberta
government has recommended planting improved white spruce wher-
ever possible and nearly 65% of all white spruce planted in the province
is improved (Thomas et al., 2024). Results from white spruce TI pro-
grams in other parts of Canada have shown variation in the genetic gains
achieved. In a study of seven progeny trials of white spruce in Quebec,
Canada, Petrinovic et al. (2009) found 7.1-12.4% height gain over un-
improved trees when evaluated between ages 13-22 years. Similarly,
realized gain trials of white spruce in New Brunswick, Canada, achieved
a genetic gain of 6.8% in height at age 15 (Weng et al., 2010). Recog-
nizing the potential gain, through TI in white spruce, the Government of
Alberta has encouraged the adoption of using improved seed sources for
reforestation of white spruce in the province (Alberta Agriculture and
Forestry, 2016). However, improved white spruce stands have not yet
been evaluated for genetic gain under operational forestry conditions.
As large-scale reforestation using improved and unimproved white
spruce seedlings has already begun, in Alberta, it is important to
investigate the response of these stands to competition from ingress
among the planted white spruce. It is common practice to control
competing vegetation within two to three years of plantation estab-
lishment, however, competition from ingress of other (non-target) spe-
cies increases with an increase in age of the planted white spruce,
typically until crown closure of the target species is reached. Generally,
competition for resources (light, nutrients, water, space) negatively af-
fects the growth of target species (ie: white spruce) (Weiner, 1993; Luo
et al., 2022). The magnitude of competition increases with the increase
in size of competitors and decreases as the distance between competitors
and target trees increases (Bhandari et al., 2021a, 2021b). Luo et al.
(2022), however, found that 8-year-old improved white spruce in
northeastern Alberta was more affected by competition than unim-
proved white spruce and further reported that the effect of competition
on improved and unimproved white spruce varied by site. The apparent
increase in sensitivity to competition in improved trees may also be
dependent upon the trait that has been selected for. If the TI program
prioritizes an increase in total volume (ie: through selecting for height as
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Fig. 1. Location of the operational plantation of white spruce and schematic distribution of improved and unimproved stands in Alberta from where the data was
collected. Each circle represents one stand, and each stand has eight random circular sample plots (not shown in map) with an area of 100 m?.

a surrogate in Alberta), stands regenerated from improved parents may
not be as competitive as those regenerated from unimproved parents, in
their ability to withstand competition.

Regeneration surveys are required on reforested stands “to deter-
mine if established stands have continued to grow and to ensure these
stands are healthy, vigorous, and capable of generating yields similar to
the post-harvest yields assumed in the timber supply analysis” (RSA,
2022). In general, these regeneration surveys are conducted at ages
12-14 years; however, these surveys do not monitor and evaluate the
performance of these stands from the perspective of TI. Thus, this study
asked the following questions: 1) Do stands planted with seedlings from
improved seedlots outperform stands planted with seedlings from un-
improved seedlots? and 2) Does the competition from other (non-target)
species affect the growth of improved and unimproved white spruce?
We hypothesized that stands planted with seedlings from improved
seedlots will outperform the growth of stands planted with seedlings
from unimproved seedlots, and the response of improved white spruce
to competition is different than that from unimproved white spruce.

2. Materials and methods
2.1. Study sites

We evaluated approximately 100 stands of improved (seed orchard
origin, trait considered was height improvement) and unimproved (wild
stand origin) white spruce, managed by two forest companies, Weyer-
haeuser Grande Prairie Timberlands and Canfor Grande Prairie, in
northwest Alberta, Canada. Our aim was to select stands planted with
improved and unimproved seedlings, which were similar in terms of site
conditions, competition (initial planting density, current ingress density
of competitor species, current basal area per ha of competitor species),
silviculture treatments applied, and plantation year, to compare the
impact of TI on growth and performance of white spruce. After an
evaluation of the population (approximately 100 stands), ranging in age
from 6 - 27 years, we selected 11 improved and seven unimproved (total
18 stands at 15 years of age) stands where the improved seeds originated
from the Region G1 controlled parentage program (CPP) for white
spruce in Alberta, Canada (Table 1) (Fig. 1). Wild seed (unimproved)

was collected from wild stands within the seed zone where the planted
stands were located. Given the improved seed was produced in a first-
generation orchard, without progeny information, it had an assigned
genetic worth, by the Government of Alberta, of 2.0% for height (4% for
volume as volume is considered as two times the height) at a rotation
age of 80 years (Weyerhaeuser) and 100 years (Canfor) (V. Dunham,
Weyerhaeuser Grande Prairie Timberlands, pers. comm. 2022; C. Quinn,
Canfor Grande Prairie, pers. comm. 2022). Improved seedlots are from a
first-generation clonal seed orchard containing plus trees selected from
wild stands. Plus trees were originally selected based on growth relative
to neighbors, stem straightness, lack of obvious disease, and small
branches for example. All measured stands were planted with 1-year old
containerized seedlings in 2008.

In order to control the site factors as much as possible, we selected
stands that had a mesic soil moisture regime and medium soil nutrient
regime (V. Dunham, Weyerhaeuser Grande Prairie Timberlands, pers.
comm. 2022; C. Quinn, Canfor Grande Prairie, pers. comm. 2022; Field
survey, 2022). The mean initial planting density (stems per ha) of white
spruce was 1419 in the improved stands and 1347 in the unimproved
stands (p=0.47) (Table 1). The mean current stocking density (stems per
ha) including all ingress and competitor species was estimated at 2384
in the improved stands and 2226 in the unimproved stands (p=0.83).
Similarly, basal area (m? ha™!) of other competitor species was 2.5 in the
improved stands and 3.1 in the unimproved stands (p=0.49). These
stand characteristics indicate that the level of competition (as measured
by initial planting density versus the current stocking density of planted
trees and the basal area per ha of competitor species) between improved
and unimproved stands was similar from the time of planting to the time
of assessment at age 15 in 2022. All selected stands were sprayed with
herbicide (glyphosate) for competition control within two to three years
of plantation establishment with no additional site preparation or
silviculture on any of the 18 measured stands.

2.2. Sampling and measurements
Eight circular plots (radius = 5.64 m, area = 100 m?) were assigned

randomly in each of the 18 selected stands (8x18=144 plots). We
measured individual trees >1.3m height, while the number of
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individuals smaller than 1.3 m were recorded for all species. Diameter at
breast height (DBH) was measured at 1.3 m height using a digital caliper
for all trees in the plot. Total height of all planted white spruce was
measured using a height pole. For other species, height was measured
for a minimum of 30% of the trees. For all planted white spruce, crown
width (CW), at the point of maximum spread, was measured. Similarly,
for all planted white spruce, diameter of two branches at the base of the
branch near the stem was measured. The first branch selected was
closest to breast height and the second branch was selected at approx-
imately the same height on the opposite side of the stem to the first
branch wherever possible. When a second branch was not present,
opposite to the first branch, the second branch closest to breast height, in
any direction, was measured. Planted white spruce was differentiated
from ingress of white spruce based on planting pattern (row and col-
umn), counting whorls to identify tentative age, and relative size (DBH
and height).

2.3. Data preparation

The basal area and total volume of individual trees was calculated
using the Forestry Toolbox (FGrOW, 2021). The total basal area and
volume of each plot was then transformed to a per ha basis. We used
total height from the largest diameter tree per plot (equivalent to 100
trees per ha, a common practice in Alberta) to estimate the site index (at
base age 50) for each plot using the Growth and Yield Projection System
(GYPSY) (Huang et al., 2009). Competition was calculated as the sum of
the basal area of individual broadleaf and conifer trees, other than the
planted white spruce, and presented as basal area per ha.

2.4. Data analysis

Fifteen-year growth in individual tree DBH, height, crown width and
volume of white spruce was modeled, as a function of seedlot type
(improved vs unimproved), using a mixed effects model (using
maximum likelihood method in the ‘nlme’ package in R) to evaluate
whether there is a significant difference in performance between
improved and unimproved white spruce (Eq. 1) (Pinheiro, 2018). Initial
planting density of white spruce was used as a covariate in the analysis.
Seedlot type and initial planting density were used as fixed effects and
site and plot were considered random effects.

Yi = ao+ay x Treatmenty, +a,

x Initial ~planting ~ density; — +up  + € (@D)]

In Eq. 1, Yj is the dependent variable (DBH, height, crown width
and individual tree volume) for i tree, j" plot and k™ site); Treatment;j
is improved vs unimproved white spruce for i tree, jth plot and k™ site;
Initial planting densityyy is the initial planting density for the it tree, j
plot and kT site; uijk is the plot level random effect nested in site level
random effect; o, o and ay are regression coefficients, & is the un-
explained residual error.

Allometric relationships of DBH with height and branch diameter
were developed separately for improved and unimproved white spruce
(Egs. 2 and 3) and tested to determine if these relationships were
significantly different between improved and unimproved white spruce.
For this purpose, a linear model predicting height of planted white
spruce was fitted as a function of DBH which was then allowed to vary
with improved and unimproved white spruce by including an interac-
tion: height of planted white spruce ~ DBH X treatment, where treat-
ment was the improved vs unimproved white spruce (Eq. 4). We then
tested whether the interaction of treatment with DBH was significant in
the model. The same modelling approach was used to test the effect of
treatment (improved vs unimproved) on the allometric relationship
between branch diameter and DBH (Eq. 5).

Height = oy +o; X DBH + ¢; (2)

Forest Ecology and Management 561 (2024) 121855

Branch diameter = oy + oy X DBH + €; 3)
Height = oy + &; X DBH X Treatment + €; 4)
Branch diameter = oy + oy X DBH X Treatment + €; 5)

In Egs. 2-5, DBH is diameter at breast height of individual white
spruce, ap and o; are regression coefficients and ¢; is the unexplained
residual error. Treatment in the equations denotes whether white spruce
trees are improved or unimproved and is used as a factor in the
regression analysis.

Frequency (in the form of probability density) of the site index values
for improved and unimproved stands was plotted to determine if the
average site index was different in improved versus unimproved stands.
Stand basal area (mzha’l) and stand volume (msha’l) of white spruce
was modelled as a function of site index and tested whether this rela-
tionship varied between improved and unimproved stands (Egs. 6, 7, 8,
9.

Stand  basal area = 0y + a; X Site index+€; (6)
Stand  volume = 0y + o x Site index+¢; 7
Stand  basal area = 0y +a; X Site index x Treatment + &; (8)
Stand  volume = oy + o X Site index x Treatment + €; (©)]

In Egs. 6-9, basal area (m?ha~1) and volume (m3ha 1) are stand level
variables and site index is a plot-level site index value, o and «a; are
regression coefficients and ¢; is the unexplained residual error. Treat-
ment in the equations denotes whether white spruce stands are
improved or unimproved and is used as a factor in the regression
analysis.

We tested whether the competition (as measured by basal area per
ha) from other trees (broadleaves and conifers not including planted
white spruce) was a significant predictor of white spruce growth (Egs.
10, 11, 12, 13). We also tested whether the response of white spruce
growth to competition from other trees varied between improved and
unimproved stands. To test these responses, we fitted a model predicting
growth of planted white spruce (DBH, height, crown width and stand
volume) as a function of basal area of other trees (broadleaved and co-
nifers not including planted white spruce) which was then allowed to
vary with improved and unimproved stands by including an interaction:
DBH of planted white spruce ~ basal area of competitor species x
treatment, where treatment was the improved and unimproved stands
(Egs. 14, 15, 16, 17). We then tested whether the interaction effect of
treatment with basal area of the competitor was significant in the model.
The same modelling approach was used in the case of height, crown
width and stand volume of planted white spruce.

DBH = oy + oy X Basal area of competitor trees+ ¢€; (10)
Height = oy +a, X Basal area of competitor trees+¢; an

Crown width = oy + & X Basal area of competitor trees+¢€;
12)

Volume = oy + oy X Basal area of competitor trees+ ¢€; (13)

DBH = oy + 0y X Basal area of competitor trees x Treatment + ¢;

(14)
Height = 0g + oy X Basal area of competitor trees
x Treatment + &; (15)
Crown width = 0y + oy X Basal area of competitor trees
x Treatment + €; (16)
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Fig. 2. Arithmetic mean (+SE) for diameter at breast height (DBH, cm) (a), height (m) (b), crown width (cm) (c), and individual volume per tree m®) (d), of 15-year-
old improved (gray bars) and unimproved (black bars) stands of planted white spruce.

Volume = oy + o x Basal area of competitor trees

x Treatment + ¢&; a7)

In Egs. 10-17, diameter at breast height (DBH), height and crown
width are individual tree variables and volume (m3ha_1) is stand-level
variable, basal area of competitor trees include the basal area of all
broadleaved and conifer not including planted white spruce, og and o
are regression coefficients and ¢; is the unexplained residual error.
Treatment in the equations denotes whether white spruce stands are
improved or unimproved and is used as a factor in the regression
analysis.

Furthermore, growth of white spruce was modeled as a function of
stand basal area of broadleaved tree species (Populus tremuloides, Populus
balsamifera, Betula papyrifera) and conifer tree species except planted
white spruce (ingress of Picea glauca, Picea mariana, Abies balsamea,
Pinus contorta) to investigate whether the effect of competition was
greater from broadleaved or conifer species (Eq. 18). To determine
whether the competition from broadleaved and conifer tree are
different, we used the slope of the curve, assuming that the slope of the
curve would be steeper if there was greater influence from the compe-
tition. All analyses were carried out in R (R Core Team, 2021) at the 95%
confidence level and significance was determined at a p< 0.05.

Y=op+0a xX+g (18)

In Eq. 18, Y is the dependent variable DBH, and X is independent
variable either basal area of broadleaved tree species (mzha’l) or basal
area of conifers except planted white spruce (m?ha™!), oy and o are

Table 2

Mixed model ANOVA table for mean comparison between improved and un-
improved 15-year-old white spruce for response variables DBH, height, crown
width and individual tree volume, source of variation, DF (degrees of freedom),
F-value and P-value. Note: Degree of freedom is presented as (numerator/
denominator).

Response variable Sources of variation DF F-value P-value
DBH Intercept 1/ 1619.28 <0.001
1536
Stand (improved vs 1/141 13.33 <0.001
unimproved)
Initial planting density 1/141 0.20 0.65
Height Intercept 1/ 3497.31 <0.001
1536
Stand (improved vs 1/141 23.28 <0.001
unimproved)
Initial planting density 1/141 0.06 0.80
Crown width Intercept 1/ 2587.38 <0.001
1220
Stand (improved vs 1/112 6.44 <0.01
unimproved)
Initial planting density 1/112 3.44 0.06
Individual tree Intercept 1/ 347.22 <0.001
volume 1536
Stand (improved vs 1/141 14.13 <0.001
unimproved)
Initial planting density 1/141 0.003 0.95
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Fig. 3. Allometric relationship of diameter at breast height (DBH, cm) with height (m) for improved stands {log(height) = 0.48+0.57 log(DBH)} (a); unimproved
stands {log(height) = 0.50+0.53 log(DBH)} (b); and both improved and unimproved stands {log(height) = 0.48-0.04 log(DBH) xTr} (e). Allometric relationship of
diameter at breast height (DBH, cm) with branch diameter (mm) for improved stands {log(branch diameter) = 1.47+0.60 log(DBH)} (c); unimproved stands {log
(branch diameter) = 1.54+0.59 log(DBH)} (d); and both improved and unimproved stands {(branch diameter) = 3.85+0.20 (DBH) xTr} (f) of 15-year-old planted
white spruce. Where Tr is treatment as a factor, and treatment denotes “improved white spruce” or “unimproved white spruce”.

regression coefficients and ¢; is the unexplained residual error. Similarly,
height, crown width and stand volume (m%ha~1) was also used as
dependent variable in Eq. 18.

3. Results

Overall, individual tree growth in improved stands was greater than

in unimproved stands. At 15 years of age, and across all 18 sites,
improved stands had 17% greater DBH (5.1+0.06 cm improved vs 4.4
+0.08 cm unimproved) (p<0.001), 17% greater total height (4.1
+0.03 m improved vs 3.5+0.04 m unimproved) (p<0.001), 8% greater
crown width (181.2+1.43 cm improved vs 167.2+2.32 cm unim-
proved) (p=0.01) and 49% greater individual tree volume (0.005
4+0.0001 m® improved vs 0.00340.0001 m® unimproved) (p<0.001)
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Table 3
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Model ANOVA analyzing the allometric relationship of DBH with height and branch diameter of stand type, improved and unimproved, the source of variation, degrees
of freedom (DF), sums of squares (SS), mean square (MS), the F-value, and P-value in 15-year-old white spruce. Note: NA = not applicable.

Stand type Response variable Source of variation DF SS MS F-value P-value
Improved Log (height) Log (DBH) 1 96.89 96.89 7995.8 <0.001
Residual 1088 13.18 0.012 NA NA
Log (branch diameter) Log (DBH) 1 102.52 102.52 2376.7 <0.001
Residual 1078 46.50 0.043 NA NA
Unimproved Log (height) Log (DBH) 1 58.62 58.62 3764.5 <0.001
Residual 587 9.14 0.016 NA NA
Log (branch diameter) Log (DBH) 1 68.29 68.29 1524.3 <0.001
Residual 571 25.58 0.045 NA NA
Improved + unimproved Log (height) Log (DBH) 1 163.58 163.58 12273.8 <0.001
Treatment 1 0.75 0.753 56.53 <0.001
Log (DBH) x Treatment 1 0.27 0.271 20.32 <0001
Residual 1675 22.32 0.013 NA NA
Branch diameter DBH 1 18283 18283 3310.58 <0.001
Treatment 1 178.50 178.50 32.32 <0.001
DBH x Treatment 1 66.60 66.60 12.06 <0.001
Residual 1650 9112.3 5.50 NA NA

than unimproved stands (Fig. 2a, b, ¢, d) (Table 2). Initial planting
density had no significant effect (p>0.05) on DBH, height, crown width
or individual tree volume. Individual trees of improved stands had a
greater height for a given DBH than the unimproved trees and the dif-
ference in height between improved and unimproved trees increased
with an increase in size of the tree (DBH) (Fig. 3a). For example, at a
DBH of 2 cm, there was no difference in height between improved and
unimproved trees, however, when the DBH reached 10 cm, height of
improved trees was 60 cm taller than the unimproved trees. Improved
trees also had a smaller branch diameter for a given DBH, than the
unimproved trees, and the difference in branch diameter between
improved and unimproved trees increased with an increase in size of the
tree (DBH) (Fig. 3b). At a DBH of 2 cm there was no difference in branch
diameter between improved and unimproved trees, however, when the
DBH reached 10 cm, branch diameter of improved trees was 2 mm
smaller. The allometric relationship of DBH with height and branch
diameter varied significantly between improved and unimproved white
spruce (Table 3).

Stands planted with improved white spruce stock showed an increase
in the average site index. The average site index of unimproved stands
was 17.94+0.4 m and ranged between 9.5 m and 23.0 m while the site
index of improved stand was 19.9+0.2 m and ranged between 14.0 m
and 24.1 m (Fig. 4a) at age 15. The relationship between site index and
stand basal area, or stand volume, for improved and unimproved stands,
did not differ (p=0.89, p=0.44) (Table 4), however, the values of stand
basal area and stand volume in improved stands was greater, overall, at
a higher site index (Fig. 4b, c).

Competition from other species (broadleaved and conifers not
including planted white spruce) reduced the growth of the planted white
spruce and was a significant predictor [p<0.001 (DBH), p<0.01
(height), and p<0.001 (volume)] of the growth of both improved and
unimproved planted white spruce (Table 5). However, the response in
growth of both improved and unimproved white spruce to competition
exerted by all other competitor species (broadleaved and conifers not
including planted white spruce) was similar and not significantly
different between improved and unimproved stands [p=0.80 (DBH),
p=0.56 (height), and p=0.76 (crown width) and p=0.84 (volume)]
(Fig. 5) (Table S2). Competition from other conifers, except planted
white spruce (stand basal area = 1.86 m?ha '), had a greater impact on
the growth of planted white spruce than competition from broadleaved
trees (stand basal area = 0.84 m?ha™!) as the slope of the curve was
steeper in the case of conifer than that from broadleaved trees (Fig. S1).
Competition from other conifers, except planted white spruce, had a
negative correlation and was a significant predictor (p<0.01) of white
spruce growth while the competition from broadleaved trees was not a
significant predictor (p>0.05) for growth.

4. Discussion

The major findings of this study are: 1) mean DBH and height growth
was 17% greater in improved versus unimproved stands; 2) TI increased
the site index by 2 m; and 3) improved and unimproved stands were
similarly, and negatively, affected by competition.

Improved white spruce outperformed unimproved white spruce in
DBH, height, crown width and volume growth at 15 years of age. Greater
diameter, height and volume of improved stands compared to unim-
proved stands is also supported by the greater crown width (8% greater
in improved stand). Previous work has shown that trees with larger
crowns also have greater leaf area, greater photosynthetic area, and
greater photosynthetic capacity resulting in greater growth (Binkley
et al., 2010; Binkley et al., 2013; Campoe et al., 2013). McClain et al.
(1994) found that a 76% increase in crown width resulted in 62%
greater total volume and 81% greater merchantable volume in 37-year--
old white spruce in Ontario, Canada. Our findings of greater growth in
improved stands are consistent with other previous findings from
different parts of Canada; for example 7.1-12.4% height gain in Quebec
(Petrinovic et al., 2009) and 6.8% height gain in New Brunswick (Weng
et al., 2010). In contrast to our findings, Luo et al. (2022) found no
difference, in height and diameter at stump height, between improved
and unimproved stands of white spruce. This difference in results,
compared to the current study, may be because Luo et al. (2022)
collected data from younger stands (8-10 years of age), from a different
part of the province and from a relatively wider range of geographical
locations with varying levels of ecosite classifications, site preparation
methods (including no site preparation, mounded, plowed), while also
finding a greater magnitude of competition from other species, in
particular aspen (Populus tremuloides).

Our study showed that individual white spruce trees had a greater
height, for a given DBH, in improved stands than in unimproved stands,
indicating that there are benefits to the implementation of TI programs
in this region showing the potential for increasing volume through se-
lection for height in white spruce. Individual trees in the improved
stands, not only showed greater height and volume, but also had smaller
branch diameters and this difference increased with an increase in
diameter indicating that higher quality trees (smaller knots) may also be
possible with planting improved seedlings. Tree stems, having smaller
sized branches, produce smaller knots, resulting in higher quality wood
compared to trees having larger sized branches (Tong et al., 2013;
Hassegawa et al., 2019). Trees with relatively thin branches were fav-
oured in the original plus tree selection of white spruce from wild stands,
and then used to establish the first generation seed orchards in these TI
programs (Barnhardt, 2007). White spruce, a late successional species, is
a relatively weak self-pruning species which can lead to a large number
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Fig. 4. Frequency of site index (m) for improved white spruce (a); unimproved white spruce (b); stand basal area (BA, m?ha 1) of improved white spruce {log(stand
basal area) = —14.26+5.07 log(site index)} (c); and unimproved white spruce {log(stand basal area) = —14.44+5.13 log(site index)} (d); stand volume (m®ha1) of
improved white spruce {log(stand volume) = —17.91+6.51 log(site index)} (e); and unimproved white spruce {log(stand volume) = —18.99-+6.88 log(site index)}
(f); stand basal area (BA) of both improved and unimproved white spruce {log(stand basal area) = —14.26+0.05 log(site index)} (g); and stand volume of both
improved and unimproved white spruce {log(stand volume) = —17.91+0.36 log(site index)} (h) in 15-year-old white spruce. Note: the site index presented here is

the plot level site index.

of knots (Hassegawa et al., 2019), therefore, growing improved white
spruce may concomitantly result in smaller branches and increase wood
quality. Controlling branch and knot size may also be achieved through
spacing between trees, crown size and artificial pruning in addition to TI
activities (Benjamin et al., 2009).

Site index is a dynamic measurement of productivity and depends on
several factors such as level of silviculture applied, TI, seedling quality,
planting method, competition control and their interactions (Jokela
et al., 2010; Lauer and Kush, 2010; Trim et al., 2019). TI programs that
focus on different traits (DBH and/or height), have already determined
that SI and productivity can be enhanced on a per unit area of the
forested land base (Buford and Burkhart, 1987). Our study showed that

the planting of improved trees increased SI of white spruce by 2 m.
These results support the premise that the parent trees selected and used
in TI are genotypically and/or phenotypically superior for the trait in
question (Pike, 2013; Rashidi-Jouybari et al., 2022; Galeano and
Thomas, 2023). The unimproved seedlots used in this study were
collected by helicopter, and thus from the taller trees in the stands,
however, the improved trees outperformed the growth of unimproved
trees, providing support for the effectiveness and strength of the TI
program through the use of seedlots originating from the seed orchard.
The parent trees established in a first-generation seed orchard are
typically selected from stands which are far apart within the breeding
region. This method of selection ensures that there is no relationship
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Table 4
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Model ANOVA analyzing the effect of site index on stand basal area (m*ha!) and stand volume (m®ha™') of stand type, improved and unimproved, the source of
variation, degree of freedom (DF); sum of square (SS); mean square (MS), F-value, and P-value in 15-year-old white spruce. Note: NA = not applicable.

Stand type Response variable Source of variation DF SS MS F-value P-value
Improved Log (Stand basal area) Log (site index) 1 28.81 28.81 298.68 <0.001
Residual 86 8.29 0.09 NA NA
Log (Stand volume) Log (site index) 1 47.42 47.42 437.83 <0.001
Residual 86 9.316 0.10 NA NA
Unimproved Stand basal area Log (site index) 1 45.15 45.15 243.49 <0.001
Residual 54 10.01 0.18 NA NA
Log (Stand volume) Log (site index) 1 81.04 81.04 351.36 <0.001
Residual 54 12.45 0.23 NA NA
Improved + unimproved Stand basal area Log (site index) 1 86.03 86.03 657.76 <0.001
Treatment 1 0.003 0.003 0.02 0.882
Log (site index) x Treatment 1 0.002 0.002 0.01 0.896
Residual 140 18.31 0.13 NA NA
Stand volume Log (site index) 1 148.90 148.90 957.54 <0.001
Treatment 1 0.001 0.001 0.005 0.942
Log (site index) x Treatment 1 0.09 0.09 0.58 0.447
Residual 140 21.77 0.15 NA NA
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Fig. 5. Effect of competition (basal area (BA) per ha) from all non-target species on the growth of individual tree DBH (a), height (b), crown width (c) and stand-level
volume (d), in 15-year-old improved (black dots) and unimproved (red dots) white spruce stands. The green line shows the combined values from improved and
unimproved stock since the effect of competition was not significantly different between improved and unimproved plots.

between the trees, thus reducing the impact of inbreeding in the seedlots
produced within the seed orchard, which may be present in the unim-
proved seedlots collected from wild stands.

The response of both the improved and unimproved white spruce to
competition was the same, although it was negatively correlated. This
lack of difference in response may be due to a similar magnitude of
competition for resources for both the improved and unimproved white

spruce because the mean initial planting density of white spruce, density
at the time of measurement, competition of other competitor species and
stand basal area of other competitor species, was not different between
improved and unimproved stands. The magnitude of competition may
vary between improved and unimproved stands with an increase in age
of white spruce due to crown stratification, self-thinning and other
natural mortality, thus the white spruce may also respond differently to
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varying levels of competition in the future. In contrast to our findings,
Luo et al. (2022) reported that a significantly different response of
improved and unimproved white spruce stands (8-10- years- old) to
competition in Alberta. Although the overall response of improved and
unimproved white spruce to competition was similar in our study, the
magnitude of competition from broadleaved tree species and other
non-target conifer tree species was different. This was also reflected in
the high degree of variation between stand level basal area of the other
conifer and broadleaved species. There is the possibility of competition
from shrubs and herb species, however, this data was not collected due
to logistical constraints.

The genetic worth of the seedlots used in this study at their rotation
age was only 2% for height, however, the gain in height at 15 years of
age was significantly higher i.e., 17%. Although a total gain of 17% in
height (ie: 34% volume or two times the height gain) may not remain
constant through to rotation, or may, in fact, decrease with increasing
age due to different genes functioning at a younger age versus at an older
age (Xie and Yanchuk, 2003; Joo et al., 2020), considerable increases in
volume are possible. Though relative gain tends to decrease with an
increase in age, the absolute gain tends to increase continuously over
time (Joo et al., 2020). Interestingly, this increase in gain is much higher
than the assigned genetic worth for this orchard and removing the po-
tential for inbreeding from wild stand collections may also be contrib-
uting to this significant increase in measured gain. For white spruce in
Alberta, Luo and Thomas (2021) found that the age-age correlation was
smaller at rotation age compared to the selection age and the rate of
decrease was steeper when the difference between selection age and
rotation age increased. Maintaining the gains shown at a young age to
rotation age in improved white spruce stands is a challenge (Luo and
Thomas, 2021). Silvicultural interventions, such as pre-commercial
thinning and/or commercial thinning, to reduce competition from
other unwanted tree species may also be an option (Bhandari et al.,
2024). Based on our current analysis (at 15 years of age), nearly 50% of
the basal area is being contributed by other (non-target) tree species
(competitors) in these stands. Competitor species consisted primarily of
aspen trees which were generally taller and/or closer in height to the
white spruce trees. These results suggest that the sources of competition
are arising more from other species than from the planted white spruce.
Removing other tree species from the stands through pre-commercial
thinning may significantly reduce the competition for the
above-ground and below-ground resources which are ultimately ex-
pected to increase the growth rate of the retained individual white
spruce trees. However, there are few studies that have addressed this
question to determine if genetic gain can be maintained or increased
through silvicultural intervention at age 15 in improved stands of white
spruce. Future studies are needed to address this question, particularly
when the potential increase in volume is considerable.

Another challenge to consider is the predicting of growth and yield of
improved stands at rotation age. Commonly used growth models in
Alberta were built using data from wild stands (ie: not managed stands)
and therefore are poorly equipped to accurately predict the growth and
yield of improved stands (Huang et al., 2009; Bokalo et al., 2010; Luo
and Thomas, 2021). Although developing new models is constrained by
a data shortfall for improved white spruce at their current projected
rotations, with large increases in volume shown at a relatively young
age, it may be possible to lower the rotation ages, thus making data more
accessible. Modifying the current models using genetic worth at rotation
age, and including the Alberta based age-age correlations recently
developed by Luo and Thomas (2021), may be a more feasible option for
incorporating TI into existing growth and yield models in the near term
(Xie and Yanchuk, 2003; Newton, 2015; Luo and Thomas, 2021). Results
from our current study showed a significant improvement in growth of
improved stands, beyond the anticipated values, and thus may motivate
researchers, forest managers, and policy makers to more aggressively
implement advanced TI strategies such as those associated with incor-
poration of genomic tools, to advance the white spruce programs in
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Alberta (Cappa et al., 2022, Galeano et al., 2023). Increasing produc-
tivity through the application of TI to meet current and future fibre
needs from a land base under pressure, is a viable option, when other
traits addressing climate change can also be incorporated and consid-
ered for selection.
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