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A B S T R A C T   

Climate driven tree mortality threatens the current performance and productivity of the temperate boreal forests. 
For economically important tree species, progeny trials provide an opportunity to assess variability in wood 
quality and growth traits and their associations with climatic stressors, such as water availability. Data from 
3,152 34-year-old white spruce and lodgepole pine progeny, representing 120 half-sib families, were used to test 
the selective pressure of aridity on wood density and wood microfibril angle, two attributes that contribute to 
wood performance. Tree increment cores were further evaluated for correlations between time of transition out 
of juvenile wood production and the environment. Aridity at seed point of origin had minimal to no selective 
pressure on overall wood density or microfibril angle in the breeding populations represented in this study. 
Aridity at the progeny test sites had a greater effect on spruce wood density, however, similar effects on pine 
could not be assessed as sites were too climatically similar. Transition out of juvenile wood production was not 
found to be influenced by genetic differences across families in either species examined. These determinations 
are pivotal for breeding programs which seek to use heritable and economically important traits to select for 
adaptability in a changing climate.   

1. Introduction 

White spruce (Picea glauca [Moench] Voss) and lodgepole pine (Pinus 
contorta var latifolia Douglas) are among some of the most economically 
important tree species in Canada. Across much of the western Canadian 
forests, in which these species are abundant, longer and drier summers 
are predicted beyond the 2020s (Hogg et al., 2017). More specifically, in 
the province of Alberta, drought-induced reductions in the range of 
trembling aspen (Populus tremuloides Michx.) have already begun 
(Michaelian et al., 2011), and climate studies hold similar predictions 
for both white spruce and lodgepole pine. The effects on natural pop-
ulations of spruce and pine are expected to materialize as an inability to 
migrate along with favoured climatic niches or the inability to suc-
cessfully compete within their natural ranges (Cerezke, 2009; Coops & 
Waring, 2011; Gray & Hamann, 2013; Chen et al., 2017). Several 
possible solutions have therefore been proposed to improve forest 
resiliency to climate. These include assisted gene flow, adjustments of 
seed transfer guidelines, and multi-trait selections when targeting su-
perior progeny in breeding populations (Aitken & Whitlock, 2013). 
Assisted gene flow from natural stands has the potential to be a valuable 

tool in species with large ranges and populations, as it would increase 
genotypic frequency of a particular climate adaptation in the target re-
gion (Aitken & Whitlock, 2013). Extensions to current seed transfer 
distances could have a similar effect, but with a greater focus on 
genetically improved seed to mitigate climate-related decline in forest 
productivity. While current guidelines state local sources are the most 
well-adapted to future growth conditions, this assumption is unlikely to 
hold true (Gray et al., 2016; Alberta Agriculture and Forestry 2016). An 
additional source of climate-adapted trees could be derived from 
established progeny trials and seed orchards, as reforestation of both 
pine and spruce is facilitated, in part, through provincial tree improve-
ment programs. Families could be assessed for growth, wood quality, 
forest health, and drought-related traits with high ranking progeny 
selected for propagation and deployment. The primary difficulty then 
arises in choosing easily assessed attributes that best predict the traits of 
interest. 

Plant hydraulic traits have been found to predict tree mortality 
across a wide range of biomes and climate extremes. Hydraulic safety 
margin and wood density have been shown to be predictors of tree 
mortality across multiple species, while rooting depth and stomatal 
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traits are more species specific (Anderegg et al. 2016). In essence, the 
more drought tolerant an individual is, the higher the tension force the 
xylem can withstand without cavitation. Wood density, a measure of 
wood mechanical properties and quality, has been strongly linked to 
xylem tension force resistance (Hacke et al. 2001) and has been sug-
gested to be a proxy for drought tolerance in conifer tree species (Rosner 
et al., 2014). Furthermore, the capacity of climate to drive changes in 
wood density has been demonstrated by its positive correlation with 
increasing aridity gradients in the environment, but correlations were 
highly species specific and possibly population dependent (Nabais et al., 
2018). While previous studies in Scots pine demonstrated that mean 
wood density increased with temperature (Kilpeläinen et al., 2005), 
northern populations of lodgepole pine have been found to have low 
drought resilience and limited adaptation potential due to a thinning of 
xylem cell walls under drought (Isaac-Renton et al. 2018). This signals 
possible population vulnerabilities to drought under changing climates. 
The link between drought tolerance and wood density should therefore 
be confirmed in progeny trial populations prior to its use in targeted 
breeding efforts. 

Wood density alone is a favourable trait for selection, as it is highly 
heritable and is associated with wood strength and stiffness (Ukrainetz 
et al., 2008; Mansfield et al., 2016). Complications can arise in the 
assessment of wood density, as unlike parameters such as microfibril 
angle (MFA) and modulus of elasticity (MOE), whose heritability often 
remains constant across tree growth, heritability of wood density in-
creases with cambial age and stabilizes once mature wood formation 
begins (Lenz et al., 2010). These changes are attributable to the fact that 
wood density is determined by ring width and the proportion of late-
wood to earlywood deposited annually. Fortunately, wood density fol-
lows a common pattern in multiple conifer species. In lodgepole pine 
(P. contorta), interior spruce (P. glauca × engelmannii), and white spruce 
(P. glauca), initial densities are high near the pith due to an enrichment 
of reaction wood (compression-type wood), characteristic of juvenile 
wood, whose formation is highly influenced by hormones and envi-
ronmental stresses (Mansfield et al., 2007; Lenz et al., 2010). Thereafter, 
wood densities trend downwards and reach a minimum around a 
cambial age of 15–20 years in slow-growing boreal conifer species. After 
approximately 20 years, an inflection point occurs and wood density 
then increases until maturation at around 60–65 years (Koubaa et al., 
2005; Mansfield et al., 2007). This repeated pattern allows for the 
removal of the earlier, more variable, juvenile wood density for more 
accurate progeny ranking, heritability calculations, and climatic 
correlations. 

To evaluate the ability of white spruce and lodgepole pine breeding 
populations in central Alberta to act as a genetic reservoir from which to 
select families for growth, wood quality, and drought tolerance, this 
study used pith to bark wood density to: 1) determine the cambial age at 
which the species transition out of juvenile wood production, 2) estab-
lish associations between wood performance and climate aridity for 
these species, 3) assess the potential for breeding for an earlier transition 
age out of juvenile wood production, and 4) define trait correlations and 
identify the best performing families when breeding for wood quality 
across sites with varying aridity. 

2. Materials and methods 

2.1. Progeny trials 

All trees at the progeny trials sites were grown from open pollinated 
seed. Sites were fenced with trees planted at a spacing of 2.5 × 2.5 m and 
arranged in a randomized complete block design. Spruce trials were 
planted in six-tree rows and pine in four-tree rows. Plantings were 
weeded regularly until crown closure to reduce competition. White 
spruce progeny trials were located at three test sites; Calling Lake 
(CALL), Carson Lake (CARS), and Red Earth (REDE). The available 
breeding population was sub-sampled to include 80 half-sib families 

from the Region D1 central Alberta tree improvement program. Each 
family was represented by approximately 20 individuals (eight at CALL 
and REDE; four at CARS). In contrast, the lodgepole pine progeny trials 
were located at four test sites; Judy Creek (JUDY), Swan Hills (SWAN), 
Timeau (TIME), and Virginia Hills (VIRG). The sampled 34-year-old 
trees were a sub-set of the breeding population and included 40 half- 
sib families from the central Alberta Region C tree improvement pro-
gram represented by approximately 40 individuals (10 per site). The 
families in this study were selected for analysis based on their height 
breeding values at age 30, and represented low, average, and high 
breeding value families within the larger population in each program. 
The selected trees have been used in a series of analyses, including the 
following wood quality phenotyping, to assess their productivity and 
resistance to abiotic and biotic stress as a part of the Genome Canada 
Resilient Forests (RES-FOR) genomic selection project (https://resfor. 
ualberta.ca/). 

2.2. Wood quality phenotyping 

A total of 3,152 progeny, including 1,625 spruce and 1,527 pine, 
were sampled using a 5 mm core from bark to pith at approximately 
breast height (DBH; 1.3 m from the root collar) on the north face of each 
tree during June of 2017. Tree cores were placed into plastic straws and 
sent to the University of British Columbia (Vancouver, BC) for pro-
cessing. The 5 mm increment core samples were precision cut to 1.68 
mm thickness with a twin blade pneumatic saw, and Soxhlet extracted 
overnight with hot acetone. Samples were allowed to acclimate to 7% 
moisture by weight before density analysis. All samples were scanned 
from pith to bark by X-ray densitometry (Quintek Measurement Sys-
tems, TN) at a resolution of 0.0254 mm, and the data reported as relative 
density on an oven-dry weight basis (Ukrainetz et al., 2008). Average 
earlywood density, latewood density, wood density, and ring width 
were calculated based on ring delineations made along the profile of the 
core. The transition between earlywood density and latewood density 
was defined using a threshold of 0.40 g cm− 3. 

Given that microfibril angle is an important wood quality parameter 
not previously reported to drought tolerance in trees, it was included as 
a negative control. Microfibril angle (MFA) was determined by X-ray 
diffraction (Ukrainetz et al., 2008) by determining the 002 diffraction 
arc (T-values) using a Bruker D8 Discover X-ray diffraction unit equip-
ped with an area array detector (GADDS) on the radial face of the most 
recent growth ring. Wide-angle diffraction was used in the transmission 
mode, and the measurements were performed with CuKα1 radiation (λ 
= 1.54 Å). The X-ray source was fit with a 0.5 mm collimator and the 
scattered photon collected by the GADDS detector. Both the X-ray source 
and detector were set to theta = 0◦. The average T-value (half the dis-
tance between the intersection points of the tangents to the intensity 
curves and the x-axis) of the two 002 diffraction arc peaks was used as 
the T-values to generate the curve for microfibril angle calculations. 
Wood sections of individual growth rings were selected based on X-ray 
diffraction T-value distribution and profile symmetry, and analyzed by 
compound light microscopy as described by Ukrainetz et al. (2008) at 
400× magnification. Using a subset of samples, differential interference 
contrast (DIC) microscopy was used to generate individualized regres-
sion curves for both spruce and pine. Confidence intervals (α = 0.05) 
were calculated for each species under investigation, prior to scanning 
all samples from a given species. Therefore, microfibril angle of all 
subsequent wood samples were estimated by measuring the intensity of 
the 002 peak for the wood portion of each sample that represented the 
most recent growth ring (farthest from the pith). 

Log volume measurements were calculated from the height and 
diameter at breast height (DBH) measurements on trees last measured at 
age 30. For lodgepole pine, log volume was calculated as − 4.349504 +
1.822760 log(diameter) + 1.108120 log (height), while for white spruce 
the log volume was calculated as − 4.294193 + 1.858590 log (diameter) 
+ 1.007790 log (height). Formulae were taken from the Forestry 
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Handbook for British Columbia (Watts, 1983). 

2.3. Statistical analyses 

Data compilation and assessment was completed using the statistical 
software R version 3.6.0 (R Core Team, 2019). Identification of the 
transition point between juvenile and mature wood was completed 
using a two-segmented model fit (Mansfield et al., 2007), where ring 
density was graphed versus the age from the pith. Transition points at 
the species and individual level were identified by searching for the 
number of rings from the pith where the slope of the two-segmented line 
model was equal to zero. A model assessing rings 5 to 15 was chosen for 
both species for consistency and to maintain sample numbers. Ring 
ranges were chosen based on the inflection point observed in the two 
breeding populations and the inflection points identified previously 
(Mansfield et al., 2007; Lenz et al., 2010). Narrow sense heritabilities 
were calculated using the ‘breedR’ package (Rodriguez & Munoz, 2016). 
The methodology for testing if climatic variables exerted a selective 
pressure on wood density was taken from Nabais et al. (2018) with 
minor alterations. Briefly, aridity-based climate data parameters, such 
as mean annual temperature (MAT, oC), mean annual precipitation 
(MAP, mm), mean annual summer precipitation from May to September 
(MSP, mm), annual heat-moisture index (AHM), summer heat-moisture 
index (SHM), and the annual Hargreaves climatic moisture deficit 
(CMD, mm) were obtained from the UBC Forestry Climate WNA version 
5 webtool for two separate sets of GPS coordinates (https://cfcg.fores 
try.ubc.ca/projects/climate-data/climatebcwna/; accessed July 2018). 
AHM was defined as (MAT + 10/(MAP/1000), SHM used the mean 
warmest month temperature (MWMT, oC) and was calculated as 
(MWMT)/(MSP/1000), and CMD was the sum of monthly moisture 
deficits, calculated by subtracting monthly precipitation by the monthly 
reference evaporation. The first set of coordinates were associated with 
the original location of the 40 (pine) or 80 (spruce) parent tree seed 
collection sites, and climate data from 1961 to 1990 was employed to 
reflect climate conditions during the years leading up to and including 
seed collection. The second set of coordinates included the locations of 
the progeny trials, started in the 1980s, and climate data from 1981 to 
2010 was employed to reflect the climate during tree growth based on 
the most recent historical data available. The term ‘climate parameters’ 
indicates that the numbers were a thirty-year average. As described in 
Nabais et al. 2018, least square means were estimated for families using 
the following model: Yij = µ + Si + Fj + eij and the base R package (R 
Core Team, 2019). Where, Yij is mean wood density of family j at site i, µ 
represents the general mean, Si and Fj are fixed effects of site and family 
while eij is the residual. The least square means were then employed in 
the following model:  

Yi = α + β1MATi + β2MAPi + β3MSPi + β4AHMi + β5SHMi + β6CMDi +

β7lati + β8loni + β9elevi + ei                                                                   

where, Yiis wood density of family β1 – β9 are climate regression 
coefficients at the family point of origin, and ei is the residual. No 
blocking was possible within site based on the individual progeny 
selected for phenotyping and so the experimental design was treated as a 
complete randomized design. Akaike’s information criterion and an 
estimation of variance inflation factors threshold of less than 10 was first 
used to choose a model of best fit. Backward stepwise selection was then 
performed to achieve a final model containing only the most significant 
variables. Use of the above model followed by backward stepwise se-
lection was then repeated using least square means for site as the 
dependent variable, and β1 – β9 as climate regression coefficients of the 
progeny trial sites. Pearson correlations between climate variables and 
all phenotypic traits were completed using the R package ggcorrplot 
(Kassambara 2019). This approach was repeated for the following traits: 
earlywood density, latewood density, average wood density, ring width, 
MFA, height, and DBH. 

3. Results 

An initial assessment of average wood density showed a wide range 
of variation around the mean, with variations of ± 100.3 kg m− 3 and ±
116.4 kg m− 3 in the white spruce and lodgepole pine populations, 
respectively across all sites. This indicates that the breeding populations 
examined have suitable levels of variation for targeted breeding of wood 
density. The mean wood densities assessed at each individual site can be 
found in Table 1. In an attempt to: 1) reduce variability in the dataset, 2) 
determine the selective pressure of aridity on wood density, and 3) 
better estimate the density of the wood harvested for commercial pur-
poses, the cambial age at which the tree transitions out of juvenile wood 
production was used to exclude juvenile wood densities from the 
remaining analyses. The transition from juvenile wood production 
generally occurred at 10 and 8 years from the pith (at DBH) in the spruce 
and pine breeding populations, respectively (Fig. 1). The variation in 
wood density across all families was also re-assessed excluding the ju-
venile wood density fraction from the overall averages. Pine displayed 
wider variation and a greater number of families clustered around the 
mean when compared to spruce. Tables 1 and 2 provide the wood trait 
summaries, excluding juvenile wood densities for both breeding pop-
ulations, and narrow sense heritability estimates for average density and 
MFA, respectively. Heritability of the age of transition from juvenile 
wood production was also examined independently for potential in 
breeding for higher proportions of merchantable lumber/fibre by 
reducing the proportion of juvenile wood. However, at the point of in-
flection, heritability in both the spruce and pine populations was near 
zero, indicating variability in the trait is not due to genetics (Table 2). 

3.1. Impact of climate variables on wood traits 

Climatic effects on wood quality (density and MFA) and tree per-
formance (height and DBH) were examined. The first set of data 
analyzed used climate data for the parent points of origin. For wood 
density, the final spruce model contained CMD as the only climate 
variable, while the pine model contained both CMD and AHM as model 
components.. The same model structures were isolated regardless of 
which density parameter was used as the dependent variable (earlywood 
density, latewood density, and average density). Modelling of MFA in a 
similar manner showed no relation to climate. It is important to note 
that the range of CMD values represented by the parent tree points of 
origin were 47 – 159 mm and 26 – 54 mm for spruce and pine, respec-
tively. For the pine breeding population, climate may not have sufficient 
variation to determine any associations with wood quality traits. Pear-
son correlations of the density parameters and CMD at the parent tree 
points of origin for white spruce ranged from − 0.05 to − 0.10. Pine 
density correlations were negligible with AHM correlations ranging 
from − 0.06 – 0.01 and CMD ranging from 0 to 0.05. Growth parameters, 
height, and DBH, included AHM as a predictive variable in the climate 
models for both spruce and pine with correlations ranging from 0.00 to 
0.09. Lodgepole pine additionally had elevation at the points of origin as 
a predictive variable for both growth traits with correlations to AHM and 
elevation averaging at 0.20 and − 0.16, respectively. 

The same approach, using least square means for site and climate 
variables from each of the different progeny trial locations (Table 3), 
was completed for each species independently. The correlation between 
average density and CMD at the white spruce progeny trial locations was 
0.34 with CMD values ranging from 44 to 204 mm across trial sites 
(Table 3). Height and DBH at the progeny trial location remained 
minimally correlated to AHM with values of − 0.08 and − 0.11, respec-
tively. The correlation between average density and AHM at all four pine 
progeny test sites was not significant, while CMD was − 0.26. AHM at the 
progeny test sites for pine were not significantly correlated to height and 
DBH, but were for elevation and MAT. Care should be taken when 
interpreting the pine progeny trial climate correlations to density, as 
variations in CMD, MAT, and elevation across pine test sites were 
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limited (Table 3). It is therefore difficult to draw any conclusive asso-
ciations between aridity and density in pine. For the spruce breeding 
population, the predictive climate variables in the final model and their 
respective correlations suggest that current site aridity has a greater 
effect on wood density than the aridity at the parent tree points of origin. 
Growth traits were minimally correlated, in both scenarios, to aridity in 
white spruce. 

White spruce rankings by site, based on the least square means for 
average wood density, showed several families with consistently high 
wood densities across all three locations (Supplemental Fig. 1). The two 
most promising families displaying good wood quality traits were fam-
ilies 130 and 190. Other families, including 120, 134, 188, 136, 1919, 
and 1951 also performed well, as they ranked among the top 25 families 
across all three trial sites. Unlike spruce, familial rankings were 
consistent across the four trial sites for the pine population. This is likely 
caused by the similarity in site conditions (Table 3). Pine families with 
the highest wood densities (greater than 400 kg m− 3 at all four sites) 
were 1784, 1870, 1855, 1077, 2264, 1070, 1890, 2255, 1823, 2276, 
1785, 1022, 1005, and 2259. Family numbers can be cross-referenced to 
those found in the online RES-FOR database ((https://resfor.ualberta. 
ca/). 

When selecting superior genotypes for wood quality, associations to 
other important breeding traits must be taken into consideration. 
Pearson correlations indicated that DBH and volume were negatively 
correlated to average wood density in both white spruce (r = -0.43 and r 
= -0.40 respectively) and lodgepole pine (r = -0.27 and r = -0.20 
respectively). Height was negatively correlated to average wood density 
in spruce (r = -0.27), but not in pine (r = 0.05) (Fig. 2). 

4. Discussion 

Wood density is a trait that is both highly heritable and influenced by 
site and climate. It has the potential to be a useful trait for breeders for 
selection, as it can reflect both wood quality and tolerance to prolonged 
drought. The extent to which density is affected by aridity varies among 
species, and can be dependent on the array of conditions that exist across 
the species natural range (Nabais et al., 2018). For breeding programs of 
conifer species where wood density is a drought-adapted trait (e.g. Pinus 
caribaea, Pinus pinaster, and a population of Pseudotsuga menziesii 
(Nabais et al., 2018)), the breadth of climate diverse provenances from 
which seed is collected could adversely affect the capacity to selectively 
adapt trees to the increasing effects of climate change. For species with a 
demonstrated lack of association between wood density and aridity, 
selection according to wood density across provenances and families 
would be for wood quality improvement purposes alone. The results of 
this study, on two economically important species, white spruce and 
lodgepole pine, showed that the climate at the parent tree points of 
origin did not account for the variation in wood density among families 
for either species. A lack of correlation was unexpected for white spruce, 
whose source locations covered a range of aridity. CMD at the progeny 
trial sites had a positive correlation to overall wood density (r = 0.34), 
suggesting a stronger plastic response to current environmental condi-
tions and that other site factors may exert a greater selective pressure on 
density than aridity. This has been observed in other studies examining 

Table 1 
Summary of wood quality traits including density, transition density, and microfibril angle (MFA) by species and progeny test site. The transition density value listed is 
the average density measured using years ≥ 10 and ≥ 8 from the pith from white spruce and lodgepole pine, respectively.  

Species Site Density (kg m− 3) Range Transition Density (kg m− 3) Range MFA (◦) Range 

White spruce CALL 403 306–518 385 357 – 419 21.2 19.0–25.0  
CARS 387 323–492 373 345 – 407 21.2 19.0–25.0  
REDE 400 320–504 382 355 – 417 21.1 18.9–24.9 

Lodgepole pine JUDY 415 351–612 411 378 – 485 33.9 30.1–39.4  
SWAN 394 315–484 387 342 – 417 32.6 30.6–35.2  
TIME 410 351–535 406 384 – 454 33.7 30.2–38.0  
VIRG 414 348–541 413 357–445 34.3 29.7–41.3  

Fig. 1. The two-segmented model fit analysis completed on the A) white spruce 
population, and B) lodgepole pine population, demonstrating the stabilization 
of ring average density beginning, on average, at year 10 and year 8, respec-
tively taken from cores at breast height in 34-year old trees. 

Table 2 
Narrow sense heritability (±SEM) for the wood quality traits assessed including 
average density excluding juvenile wood density (Avg density kg m− 3), micro-
fibril angle (MFAo) and age of transition out of juvenile production by species.  

Species Trait Heritability (h2) 

White spruce Avg density 0.52 (±0.10)  
MFA 0.15 (±0.06)  
Age of transition (years ≥ 10) 0.02 (±0.04) 

Lodgepole pine Avg density 0.40 (±0.11)  
MFA 0.25 (±0.08)  
Age of transition (years ≥ 8) 0.01 (±0.03)  
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growth rates and resiliency to drought in white spruce. For example, 
provenances collected from across Canada had little stomatal response 
to drought (Sinclair, 2019) and showed similar resilience scores under 
drought, suggesting that the decline of white spruce may be inevitable 
due to lack of adaptive capability within the population (Hogg et al., 
2017, Sang et al., 2019). Data from the current study further confirmed 
the lack of association between aridity and general growth parameters 
(height and DBH) in white spruce. For lodgepole pine, no conclusions 
could be drawn between the effects of aridity at either the parent tree 
points of origin or the progeny test site. The variation in aridity at the 
points of origin and at the progeny trial sites in pine, did not vary to the 
same extent as spruce and had higher aridity values (Table 3). Central 
interior populations of lodgepole pine in British Columbia display high 
physiological plasticity under drought (Isaac-Renton et al., 2018), 
possibly preventing the need for more permanent wood structural 
changes in response to drought. For this reason, competition with spe-
cies occupying the same ecological niche as lodgepole pine has been 
proposed as a primary driver of range reduction in the near future. 
Climate-related population decline is hypothesized to play an increas-
ingly important role over time (Coops & Waring, 2011). 

As wood density cannot be used as a reference trait for drought 
tolerance in either breeding population, other potentially heritable traits 
for the improvement of wood quality were examined. It is widely known 
that cambial age impacts the heritability and uniformity of wood quality 
traits, where wood properties have higher heritability values and 
become more uniform in transition wood (Lenz et al., 2011; Sykes et al., 
2003). Selective breeding, for higher growth rates and reduced rotation 
times, has led to an increase in the proportion of harvestable timber 
consisting of juvenile wood over time. Juvenile wood is undesirable as it 
often results in defects, such as longitudinal shrinkage and warping, and 
52%, 37% and 34% reductions in crushing strength, MOE, and tensile 
strength have been measured when compared to mature wood (Larson 
et al. 2001). These changes can affect the structural grade of manufac-
tured wood products (Gapare et al., 2006). This trade-off between 
growth and wood quality is visible in the current data, as average wood 
density was negatively correlated to height, DBH, and volume in the 
spruce population, and negatively correlated to DBH and volume in pine 
(Fig. 2). Monitoring this exchange between volume and density is of 
utmost priority to breeders and industry whose focus is, at a minimum, 
to maintain silviculture production outputs and lumber quality. To help 
counteract reductions in tree volume, determining the genetic control in 
the transition age from juvenile wood could allow for the selective 
breeding of a higher volume of the more uniform transition wood and 
ultimately harvestable material. Unlike previous results of moderate 
heritability (0.12 – 0.22) in Pinus radiata D. Don, Pinus elliottii Engelm., 
and Pinus taeda L. (Gapare et al., 2006; Hodge & Purnell, 1993; Loo 
et al., 1985), the lodgepole pine and white spruce in this study showed 
no evidence of genetic control on transition age (Table 2). These dif-
ferences may be attributable to the slower growth rates observed in 
northern boreal forests, as similar wood densities could be observed for 
multiple cambial ages and thus reducing the resolution with which the 
segmented model could identify the density inflection point. Average 
transition ages out of juvenile wood production were age 10 and age 8 

Table 3 
Species, site, and site characteristics including aridity-associated climate parameters, taken as a thirty-year average (1981 – 2010) at each of the progeny test site 
locations. Climate parameters include mean annual temperature (MAT, ◦C), annual heat moisture index (AHM), summer heat moisture index (SHM), and the Har-
greaves climatic moisture deficit (CMD, mm).  

Species Site Latitude oN Longitude oW Elevation (m) MAT (◦C) AHM SHM CMD (mm) 

White spruce CALL 55.27 − 113.15 640 1.2 23.7 48.7 156  
CARS 54.57 − 115.57 1006 2.7 21.6 34.9 44  
REDE 56.57 − 115.32 518 0.7 24.8 57.1 204 

Lodgepole pine JUDY 54.40 − 115.57 1097 2.6 21.2 34.3 40  
SWAN 54.67 − 115.50 1033 2.7 20.5 32.5 40  
TIME 54.68 − 115.30 1064 2.6 20.1 32.2 40  
VIRG 54.47 − 115.85 1127 2.5 19.7 31.7 34  

Fig. 2. Pearson correlation matrices for wood traits and tree volume, height, 
and DBH. The matrix for white spruce (A) and lodgepole pine (B) show positive 
correlations in orange and negative correlations in teal, with asterisks (*) 
denoting a lack of significance (p greater than 0.05). 
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for spruce and pine, respectively. In western Canada, lodgepole pine and 
white spruce stands are considered mature at 60 – 100 years and 80 – 
120 years, respectively (Woodlot Management Guide for Alberta, 2015), 
while uniform mature wood production is estimated to begin after 65 
years of age in pine (Mansfield et al., 2007). This indicates that much of 
the harvestable product is transition wood and any wood quality and 
structural traits should be measured beyond these cambial ages when 
informing selections in tree improvement programs. 

Trait improvement in the white spruce and lodgepole pine breeding 
programs could however tailor selections to balance gains in wood 
density and volume. Eight white spruce families showed consistent 
wood density values across all progeny trial sites. Lodgepole pine 
rankings did not change across sites, but 14 families had densities above 
400 kg m− 3. Of these, five spruce families and six pine families have 
positive breeding values for height and DBH. Eighteen of the total 22 
families mentioned above include volume-based forward selected in-
dividuals and are promising candidates for multi-trait selection. 

5. Conclusions 

Analyses of one white spruce and one lodgepole pine breeding 
population from central Alberta suggests that there is minimal to no 
selective pressure from aridity on wood density. Thus, it appears that 
wood density is not a reflection of drought tolerance in these pop-
ulations. When assessing wood quality traits for selection, measure-
ments should be taken beyond the cambial ages of 10 for spruce and 8 
for pine to get a measure from the more uniform transition wood. 
Transition age out of juvenile wood production was not a heritable trait 
in these populations, suggesting that care must be taken to balance se-
lection for volume and wood quality. Although wood density cannot be 
used to select for drought tolerance in these populations, enough vari-
ation exists to select individuals for improvement of both growth and 
wood quality traits. 
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elevated temperature and carbon dioxide concentration: Growth and wood 
properties. Tree Physiology 25 (1), 75–83. https://doi.org/10.1093/treephys/ 
25.1.75. 

Koubaa, A., Isabel, N., Zhang, S.Y., Beaulieu, J., Bousquet, J., 2005. Transition from 
Juvenile to Mature Wood in Black Spruce (Picea Mariana (Mill.) B.S.P.). Wood and 
Fiber Science 37 (3), 445–455. 

Larson, P.R., Kretschmann, D.E., Clark, A., Isebrands, J.G. (2001). Formation and 
properties of juvenile wood in southern pines: a synopsis. Gen. Tech. Rep. FPL-GTR- 
129. Madison, WI: U.S. Department of Agriculture, Forest Service, Forest Products 
Laboratory. 42 p. 

Lenz, P.L., Cloutier, A.C., MacKay, J.M., Beaulieu, J.B., 2010. Genetic control of wood 
properties in Picea glauca—An analysis of trends with cambial age. Canadian 
Journal of Forest Research. https://doi.org/10.1139/X10-014. 

Lenz, P., MacKay, J., Rainville, A., Cloutier, A., Beaulieu, J., 2011. The influence of 
cambial age on breeding for wood properties in Picea glauca 7 (3), 641–653. 

Loo, J., Tauer, C., McNew, R.W., 1985. Genetic variation in the time of transition from 
juvenile to mature wood in loblolly pine (Pinus taeda L.). Silvae Genetica 34, 14–19. 

Mansfield, S.D., Parish, R., Goudie, J.W., Kang, K.-Y., Ott, P., 2007. The effects of crown 
ratio on the transition from juvenile to mature wood production in lodgepole pine in 
western Canada. Canadian Journal of Forest Research 37 (8), 1450–1459. https:// 
doi.org/10.1139/X06-299. 

Mansfield, S.D., Parish, R., Ott, P.K., Hart, F.J., Goudie, J.W., 2016. Assessing the wood 
quality of interior spruce (Picea glauca x P. engelmannii): variation in strength, 
relative density, microfibril angle and fibre length. Holzforschung 70 (3), 223–234. 
https://doi.org/10.1515/hf-2015-0008. 

Michaelian, M., Hogg, E.H., Hall, R.J., Arsenault, E., 2011. Massive mortality of aspen 
following severe drought along the southern edge of the Canadian boreal forest. 
Global Change Biology 17 (6), 2084–2094. https://doi.org/10.1111/j.1365- 
2486.2010.02357.x. 

L.M. Da Ros et al.                                                                                                                                                                                                                              

https://doi.org/10.1016/j.foreco.2021.119492
https://doi.org/10.1016/j.foreco.2021.119492
https://doi.org/10.1146/annurev-ecolsys-110512-135747
https://doi.org/10.1073/pnas.1525678113
https://www1.agric.gov.ab.ca/%24department/deptdocs.nsf/all/formain15617/%24FILE/climate-change-albertas-forests-cerezke-2008.pdf
https://www1.agric.gov.ab.ca/%24department/deptdocs.nsf/all/formain15617/%24FILE/climate-change-albertas-forests-cerezke-2008.pdf
https://www1.agric.gov.ab.ca/%24department/deptdocs.nsf/all/formain15617/%24FILE/climate-change-albertas-forests-cerezke-2008.pdf
https://doi.org/10.1016/j.agrformet.2016.11.012
https://doi.org/10.1016/j.agrformet.2016.11.012
https://doi.org/10.1007/s10584-010-9861-2
https://doi.org/10.1051/forest:2006070
https://doi.org/10.1007/s10584-012-0548-8
https://doi.org/10.1007/s11295-016-0983-1
https://doi.org/10.1007/s11295-016-0983-1
https://doi.org/10.1007/s004420100628
http://refhub.elsevier.com/S0378-1127(21)00581-8/h0055
http://refhub.elsevier.com/S0378-1127(21)00581-8/h0055
http://refhub.elsevier.com/S0378-1127(21)00581-8/h0055
https://doi.org/10.1111/gcb.13795
https://doi.org/10.1038/s41467-018-07701-0
https://CRAN.R-project.org/package%3dggcorrplot
https://doi.org/10.1093/treephys/25.1.75
https://doi.org/10.1093/treephys/25.1.75
http://refhub.elsevier.com/S0378-1127(21)00581-8/h0080
http://refhub.elsevier.com/S0378-1127(21)00581-8/h0080
http://refhub.elsevier.com/S0378-1127(21)00581-8/h0080
https://doi.org/10.1139/X10-014
http://refhub.elsevier.com/S0378-1127(21)00581-8/h0095
http://refhub.elsevier.com/S0378-1127(21)00581-8/h0095
http://refhub.elsevier.com/S0378-1127(21)00581-8/h0100
http://refhub.elsevier.com/S0378-1127(21)00581-8/h0100
https://doi.org/10.1139/X06-299
https://doi.org/10.1139/X06-299
https://doi.org/10.1515/hf-2015-0008
https://doi.org/10.1111/j.1365-2486.2010.02357.x
https://doi.org/10.1111/j.1365-2486.2010.02357.x


Forest Ecology and Management 497 (2021) 119492

7

Nabais, C., Hansen, J.K., David-Schwartz, R., Klisz, M., López, R., Rozenberg, P., 2018. 
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