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Abstract

The study examined a free-growing (initial stand density 400 trees ha™),
50-year-old grafted clonal Norway spruce plantation in Eastern Latvia to assess
the genetic control and variability of growth traits and wood density. The latter was used
as a proxy for structural timber strength. Results showed moderately high heritability
in growth traits and moderate variability in wood density among clones, with an
estimated genetic coefficient of variation CV,, of 8.6%. Even when grown at a very
low density on nutrient-rich soil, 85% of the trees met the density requirements for
construction timber (C18 in accordance with EN 338). The negative correlation
between growth traits and wood density was weak at both individual tree and clonal
levels (—0.08 <rp<-0.06; —0.16 <r;<-0.09), making it feasible to select fast-
growing clones with wood density required for structural timber. The observed variation
underscores the importance of selective breeding to ensure optimal timber quality, with
implications for enhancing sawn wood strength grades and promoting climate-resilient
forestry practices.

Keywords: tree breeding; structural timber; clonal forestry; wood properties; plantation
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Introduction

In the Baltic Sea region, forests have a pivotal role in
the economy, with the forest industry being a cornersto-
ne sector in the Nordic and Baltic countries (Ruotsalainen
2014, Hetemaki 2020). Managed forests are vital sources
of raw materials for various products, including timber for
construction, pulp, paper, and biofuel, meeting the incre-
asing demand driven by the bio-based economy (Hetemaki
2020, Lutter et al. 2021). Expanding forested areas, inclu-
ding the afforestation of non-forested land, may be a so-
lution to meet the rising demand for wood biomass while
mitigating conflicts with conservation objectives (Lutter
et al. 2021). Sawn timber, a primary product utilized in
construction, not only sequesters carbon but also substitu-
tes fossil-based materials, contributing to climate change
mitigation efforts (Brunet-Navarro et al. 2021, Jonsson et
al. 2021).

In this context, Norway spruce (Picea abies (L.)
H. Karst.) emerges as a pivotal species for achieving both
economic and environmental objectives. Norway spruce is
one of the main tree species in commercial forestry opera-
tions (Pfister et al. 2007, Katreviés et al. 2018, Jansone et
al. 2020a). Proper management, like using sparse planta-
tions, can help it quickly reach its desired size, leading to
shorter rotation and better profits (Katreviés et al. 2018,
Routa et al. 2019). This approach also lessens the chance of
damage from environmental and biological threats, such as
wind, drought, and pests, crucial for its management amid

climate change-induced risks (Arhipova et al. 2011, Allik-
mie et al. 2017, Donis et al. 2018, Zeltins et al. 2018, de
Groot et al. 2019, Samariks et al. 2020).

Concerns arise regarding the quality and suitability of
spruce timber for structural applications from fast-growing
plantations on more nutrient-rich soil (Jansons et al. 2016,
Jansone et al. 2020b), characterized by lower wood density
and mechanical strength due to the prevalence of juvenile
wood (Hannrup et al. 2004, Chen et al. 2014). Additional-
ly, the relationship between wood density and hydraulic
vulnerability suggests that fast-growing trees may face li-
mitations in hydraulic performance under extreme drought
conditions. This highlights the need for a balanced appro-
ach in breeding for growth, wood quality and resilience
to uncertain future climate (Zubizarreta-Gerendiain et al.
2009, Rosner et al. 2014). Competition for resources wit-
hin a stand affects growth and wood properties, indicating
the need for careful selection of genotypes that can main-
tain high growth rates and desired wood properties after
canopy closure (Zubizarreta-Gerendiain et al. 2009). Nor-
way spruce breeding has been shown to enhance produc-
tivity and stem quality, leading to higher financial returns
compared to utilizing unimproved forest reproductive ma-
terial (Ruotsalainen 2014, Jansons et al. 2015, Jansson et
al. 2017, Ahtikoski et al. 2020, Haapanen 2020, Marcu et
al. 2020). However, achieving a balance between growth
and sufficient wood density poses a significant challenge
for tree breeding, as these traits are unfavourably corre-
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lated (Hylen 1997, Steffenrem et al. 2007). Still, breeders
often have the possibility of finding genotypes that exhibit
good performance in both traits without compromising too
much one for the other (Zubizarreta-Gerendiain et al. 2007,
Levkoev et al. 2017).

We studied a 50-year-old Norway spruce plantation,
which has reached dimensions for sawn timber, hence ser-
ving as a valuable case study due to the scarcity of informa-
tion regarding clone performance at such advanced ages.
By utilizing vegetatively propagated clones at a wide-spa-
ced (5 x5 m) setup, we aimed to maximize genetic consis-
tency, capturing a spectrum of the genetic variability wit-
hin the studied population (White et al. 2007, Rosvall et al.
2019, Chen et al. 2020). Along with growth traits, we also
studied wood density as a proxy for structural timber cha-
racteristics (Ridley-Ellis et al. 2016), considering its tight
link to other wood density components, strength and stiff-
ness (Zobel and Van Buijtenen 1989, Hylen 1997, Steffen-
rem et al. 2007, Hautamadki et al. 2014). Parameters such as
wood density, modulus of elasticity (MOE), and modulus
of rupture (MOR) are customarily used to categorize tim-
ber into strength grades (classes), dictating its suitability
for structural applications (Gil-Moreno et al. 2023). Thus,
we aimed to explore the phenotypic and genotypic varia-
tion of growth traits and wood density, as well as the relati-
onship between them in a sample of Norway spruce clones
from the local eastern Latvian population. This research
assists forming a breeding population for climate-smart
management of vegetatively propagated productive Nor-
way spruce stands by identifying clones capable of higher
vitality and fast diameter development without compromi-
sing structural wood properties.

Materials and methods

The study material was obtained from a Norway spru-
ce clonal plantation situated in eastern Latvia (56°42°N,
25°53’E), characterized by fertile mineral soil under meso-
trophic conditions akin to the Oxalidosa forest type (Buss
1997). Climatic conditions in the study area featured a
mean annual temperature of approximately +6.0°C, with
monthly temperatures ranging from —6.4°C in February
to +17.1°C in July. Annual precipitation averaged around
700 mm (Harris et al. 2020).

Established in 1964 and originally intended as a seed
orchard, the plantation utilized vegetatively propagated
(grafted) planting material sourced from 21 selected fast-
growing plus trees of local origin, with a planting density of
400 trees ha™! at a spacing of 5% 5 m. A total of 421 grafts
were planted in randomly distributed single-tree plots, with
11-31 replications (ramets) per clone. Weed control mea-
sures were implemented during the planting year and the
subsequent year, while no pruning and thinning activities
were conducted before sampling.

All mature trees aged 50 years were measured for dia-
meter at breast height (DBH) and height. From the measu-
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rement data, height-to-diameter ratio (H/D ratio) and green
crown length-to-height ratio (hereinafter green crown ra-
tio) were estimated. Growth and yield data for the plant-
ation were previously reported by Katrevics et al. (2018).
Cores extending from pith-to-bark at breast height (1.3 m)
collected from 230 trees aged 50 years were available, re-
presenting 21 clones (with 7-19 ramets per clone). Core
sampling excluded trees with stem defects such as visib-
le crown asymmetry, double leaders, or severe browsing
damage. The cores were stored indoors and air-dried to a
moisture content of 12%. Annual ring width data were ob-
tained using high-frequency densitometry with a LignoSta-
tion (Spiecker et al. 2003). All sample cores were cross-
dated and validated through graphical inspection using the
COFECHA software (Holmes 1983). Ring width weighted
mean density (WD) was estimated and its lower fifth per-
centile value was calculated for characterizing variability
and rough comparison with characteristic values used in
strength grading (Ridley-Ellis et al. 2016).

Data analysis

Pearson correlations (7p) were calculated using R pac-
kage Hmisc (Harrel 2024) to assess the relationships be-
tween the variables studied. The coefficient of variation
(CV%) was estimated as the ratio of the standard devia-
tion to the mean, expressed as a percentage. The genetic
variance components were estimated using the following
model:

Yij = U+ Cite; ()
where
Yij is the observation on the ith tree of the jth clone,
u is the overall mean, and
C; is the random effect of the clone.

Broad-sense heritability (H?) of the studied traits was
estimated as follows: 52
2 _ G
e @
where 62 and 62 are the estimated variance components of
clone and residual, respectively.

The genotypic coefficient of variation (CV) was cal-
culated as: 100

V= |62 — €)
where
% 1is the phenotypic mean.
Genotypic correlations between traits were calculated

as follows: Covixy

62, - 62 @
where S

c?(ZX) and 6(2y) are the family variances for two traits, and
C?v(xy) is the genotypic covariance between two traits
(Falconer and Mackay 1996), estimated from the mul-
tivariate model extending the univariate mixed model in
Equation 1.

Standard errors were calculated employing
Dickerson’s approximation method (Dickerson 1969).

T'G—
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Data analysis was conducted using R software, ver-
sion 4.0.3 (R Core Development Team 2020), using pac-
kage sommer (Covarrubias-Pazaran 2016) to estimate
genetic parameters.

Resulis

In the studied clonal plantation, a mean height of
25.1 m and a mean DBH of 36.3 cm resulted in a mean
stem volume of 1.182 m* at the age of 50 years. On ave-
rage, H/D ratio and green crown ratio reached 0.701 and
0.754, respectively. From increment cores, the mean ring
width was 4.12 mm, and the WD was 400.9 kg m= with a
corresponding 5" percentile value of 274.9 kg m™. At the
trial level, tree height, H/D ratio, and green crown ratio
showed the lowest variation (CV% = 9.0-11.9%), while
reaching CV% of 37.4% for the height of the lowest green
branch (Table 1).

The growth traits — height, DBH, and stem volume —
possessed the highest broad sense heritability estimates

Table 1. Summary statistics of the traits studied in the
50-year-old Norway spruce clonal plantation in Eastern
Latvia

Trait Mean Min Max SD CV%
Height (m) 251 16.8 30.0 23 9.0
Diameter at breast 36.3 220 53.0 54 14.9
height (cm)
Height of the lowest 6.2 1.5 12.3 2.3 37.4
green branch (m)
Stem volume (m?®) 1.182 0.301 2.740 0.388 3238
Height to diameter ratio  0.701 0.512 0.919 0.082 11.7
Green crown length to 0.754 0498 0.937 0.09 1.9
height ratio
Weighted mean density 400.9 212.7 5812 774 193
(kg m=)
Ring width (mm) 4.122 2345 7.436 760 184

Note: ‘Min’ denotes minimum value, ‘Max’ denotes maximum
value, SD is the standard deviation, CV% denotes coefficient of
variation (%).
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of 0.35, 0.30, and 0.37, respectively, while the height
of the lowest green branch and green crown ratio had
the lowest heritability (H?=0.02) (Table 2). Ring wid-
th and WD had comparable heritability of 0.20-0.22.
The genotypic coefficient of variation followed the pat-
terns of CV% yet being somewhat lower (Table 2) — the
CV, of wood density was 8.63%, being similar to ring
width (8.59%) and DBH (8.12%).

Strong correlations between growth traits were
found at both individual tree (r, = 0.60-0.96) and clonal
(r¢=0.69—-0.97) levels (Table 3). H/D ratio showed strong
negative correlations with DBH (rp =-0.79, rq=-0.73),
yet almost non-existent relation to height (r»=0.01,
r¢=0.02). The WD showed both negative and positive,
yet statistically nonsignificant and practically negligible
correlations with other studied traits (—0.08 <r» <0.07);
also, at the genotypic level these relations remained weak.
Only a negative moderate genotypic correlation was found
between WD and green crown ratio (v =—0.42). For ring
width, we observed a strong positive correlation with DBH
and stem volume (r,=0.64-0.69, r;=10.73-0.79), and
a strong negative correlation with H/D ratio (rp =-0.61,
re=-0.65).

Table 2. Broad-sense heritability (H?) with standard error
(SE) and genotypic coefficient of variation (CV,) for the
studied traits in the 50-years-old Norway spruce clonal
plantation in Eastern Latvia

Trait H? SE  CVy (%)
Height 0.35 +0.128 5.15
Diameter at breast height 0.30 £0.116 8.12
Stem volume 0.37 +0.135 1947
Height of the lowest green branch 0.02 +0.035 5.76
Height/diameter at breast height ratio 0.23 +0.095 5.59
Green crown ratio 0.02 +0.033 1.51
Weighted mean wood density 0.20 +0.087 8.63
Ring width 022 +0.092 8.59

Table 3. Trait-trait genotypic correlation coefficients (rg) with standard errors in the brackets (upper right triangle)
and the Pearson correlation coefficients (7, lower left triangle) between the studied traits in the 50-years-old Norway

spruce clonal plantation in Eastern Latvia

. Height of lowest Stem . Green crown Weighted mean Rin

Height DBH grgen branch volume H/D ratio ratio wo%d density widt%

Height 0.69 0.40 0.84 0.02 0.46 —0.09 0.40
(0.240) (0.125) (0.282) (0.140) (0.329) (0.136) (0.100)

DBH 0.60 *** 0.58 0.97 -0.73 0.05 -0.16 0.79
(0.330) (0.332)  (0.280) (0.268) (0.127) (0.291)

Height of lowest 0.28 *** -0.07 0.56 -0.29 -0.61 0.33 0.63
green branch (0.279) (0.339) (1.105) (0.258) (0.454)

Stem volume 0.77 *** 0.96 *** 0.03 -0.56 0.22 -0.16 0.73
(0.202) (0.240) (0.123) (0.263)

H/D ratio 0.01 —0.79 *** 0.30 *** —0.59 *** 0.47 0.1 -0.65
(0.528) (0.142) (0.252)

Green crown ratio -0.06 0.21* -0.97 *** 0.15* —0.32 *** -0.42 -0.14
(0.301) (0.301)

Weighted mean —0.06 -0.08 0.01 -0.08 0.07 -0.03 -0.16
wood density (0.358)

Ring width 0.31 *** 0.69 *** —0.20 ** 0.64 ***  —0.61*** 0.28 *** -0.12

Note: * p < 0.05; ** p < 0.01; *** p < 0.001.
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Discussion

Our study revealed insights into the genetic control
and expression of growth and wood density traits. The
growth traits exhibited higher heritability than the other
traits, with stem volume showing the highest broad-sense
heritability estimate of 0.37. Ring width and WD demons-
trated comparable heritability estimates (H? = 0.20-0.22).
Similarly, moderate to high heritability of WD was obtai-
ned earlier for Norway spruce (Silva et al. 2000, Hannrup
et al. 2004, Steffenrem et al. 2007, Chen et al. 2014, Hog-
berg et al. 2014).

While growth traits were strongly interrelated, indi-
cating that selection for one is likely to affect the others
positively, WD’s correlation to these traits was less pro-
nounced and generally weak at both phenotypic and ge-
notypic levels (Table 3). Chen et al. (2014) and Hylen et
al. (1997) reported a more negative genotypic correlation
between wood density and growth traits compared to phe-
notypic correlations, similar to our findings. The weak
correlations between WD and growth traits suggest that
selecting these traits concurrently does not necessitate
significant compromise. This is notable given the often-re-
ported negative correlation between growth rate and WD
(Hylen 1997, Hannrup et al. 2004, Steffenrem et al. 2009,
Chen et al. 2014, Levkoev et al. 2017, Luostarinen et al.
2017), a relationship that poses a challenge for breeding
programmes to improve both traits simultaneously. Such
fast-growing clonal spruce plantations on fertile sites may
provide economic gains from volume growth — one of the
fundamental elements of tree breeding — if sufficient sawn
wood quality is maintained. In our study, we could select
among the most productive clones with WD above the
plantation mean (e.g. clones No. 41, 11 or 16; Figure 1).
Similarly, despite the general pattern of negative relation
between growth and WD, clones with both high DBH and
mean wood density were selected in a Finnish trial (Zubi-
zarreta-Gerendiain et al. 2007, Levkoev et al. 2017). Such
results restricted to single-site analysis may be biased due
to the lack of genotype x site interaction considered (Hy-
len 1997), hence should not be generalized. Nevertheless,
sufficient differences among the clones even from very li-
mited geographic area with virtually no elevation in the
central part of Norway spruce distribution range, where
high genetic variation is typically found (Kapeller et al.
2017), demonstrate the potential for successful breeding
for desired combination of growth and wood quality traits.

Overall, the rather wide annual rings (on average,
4.12 mm; Table 1) possessed a WD of 400.9 kg m™3, ge-
nerally comparable to values obtained in other studies. For
instance, Cukor et al. (2020) found similar wood density
on agricultural land in Central Europe (399 kg m~®), whi-
le Gil-Moreno et al. (2023) reported 406.5 kg m= in Great
Britain. In Ireland, stand mean wood density varied from
420 to 485 kg m with corresponding ring width of 5.16 to
3.95 mm (Krajnc et al. 2019). Hylen (1997) reported wood
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Figure 1. Genotypic values of clones for diameter at
breast height (DBH) and ring width-weighted mean wood
density at the age of 50 years

Numbers denote clones, solid lines represent overall trail means
for DBH and wood density.

density of 300 kg m™ at 28-years-old progeny trial in Nor-
way, while Raiskila et al. (2006) found higher mean densi-
ty of 461 kg m for average annual ring width of 3.15 mm
in Finnish trials. In Lithuania, wood density ranged from
408 to 431 kg m>, with decreasing initial stand density
from 3,100 to 1,100 trees ha™' (Silinskas et al. 2020). In a
Romanian study of 60 to 105-year-old stands with diffe-
rent thinning regimes, a mean estimate of 378 kg m= was
indicated without decreasing trend with increased thinning
intensity (Vlad et al. 2022).

In our study, the variation in WD (CV% = 19.3%)
was similar to the variation in ring width (Table 1) and
about two to four times higher than in earlier studies (Hy-
len 1997, Zubizarreta-Gerendiain et al. 2007, 2009, Chen
et al. 2014, Levkoev et al. 2017). Despite the high mean
WD, the high variation led to a low 5" percentile density
(Po.os = 274.9 kg m=) which is critical for grading structu-
ral timber according to EN 338 (CEN 2016). This is likely
due to the exceptionally low tree spacing, which allows
for fuller expression of heritability with less inter-tree
competition (Zeltin$ et al. 2022). However, the rejection
rate for Norway spruce to meet common structural tim-
ber grades C16 and C18 (with threshold p, =310 kg m
and p, =320 kg m3, respectively, according to EN 338
(CEN 2016)) would be only 11 and 15%, respectively,
indicating that 89 and 85% of the material would meet
the density requirements for these grades, assuming ot-
her key properties like moduli of elasticity and bending
strength meet the corresponding requirements too. In prac-
tice, the selected clones for utilization in plantation fo-
rests would be planted at a higher initial density of about
1,000—1,200 trees per hectare, which would likely result
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in higher wood density. A Lithuanian study reported a re-
jection rate of 0% for grade C16 in Norway spruce stands
(2,100-3,100 trees ha'), and a rejection rate of 5% for
Cl4 in the stand of 1,100 trees ha' (Silinskas et al.
2020). An Irish study found variation from grade C18
to C22 in thinned and unthinned Norway spruce stands
(593-1,552 trees ha™') (Krajnc et al. 2019). Nonetheless,
spruce wood with lower WD has various applications in
non-supporting structures and may benefit from reduced
swelling, shrinking, and cracking (Luostarinen et al. 2017).

We acknowledge that our results may not be direct-
ly comparable with estimated wood density in machine
strength grading due to differing sampling methods (Rid-
ley-Ellis et al. 2016), although both methods — high frequ-
ency densitometry (used in this study) and X-ray (com-
monly used in machine grading) — might give comparable
results (Wassenberg et al. 2014). Mechanic properties and
density differ between air-dried samples and timber for
grading, which may have any moisture content (Niklas and
Spatz 2010). Still, reference moisture content in grading
is 12%, requiring adjustments and ensuring comparability
(Ridley-Ellis et al. 2016).

Difficult and costly sampling of numerous trees per
genotype largely limits breeding studies of sawn timber
quality (Hogberg et al. 2014). Nevertheless, in both cases
a specific population is sampled (Ridley-FEllis et al. 2016),
with substantial wood density variation among trees, an-
nual rings and heights (Repola 2006, Jyske et al. 2008,
Fischer et al. 2016, Gil-Moreno et al. 2023). Still, the
average estimates and variation of the studied trial give a
valuable insight into the tendency of selected clones from
the local eastern Latvian population at fertile conditions
with untypically wide space for individual trees, mani-
festing their genetic potential of growth and wood proper-
ties, when dimensions of logs for sawn wood are reached.
The grafted clones are uncommon as planting stock, yet
growth differences among genetic varieties are generally
independent of plant type (Liziniewicz et al. 2018), and
the fast growth observed suggests no negative effects from
cyclophysis (Olesen 1978, Viherd-Aarnio and Ryyninen
1994, Wendling et al. 2014). Although the high phenotypic
variation indicates critically low (for structural purposes)
WD for separate trees and is partially in line with obser-
vations of reduced wood density at fertile sites with wi-
der spacing or intensive thinning (Krajnc et al. 2019), the
unaffected average estimate compared to trails with con-
ventional spacings imply minor effect. Cukor et al. (2017,
2020) found higher radial growth on relatively fertile for-
mer agricultural land compared to forest land up to the age
of 23 years and argued that a higher growth rate resulted
in denser stands, hence subsequent higher wood density
(399 kg m3).

The observed substantial genotypic variation
(CV,=19.3%) suggests the potential to selectamong the clo-
nes with higher WD without compromising productivity,
as indicated by practically inconsiderable genotypic corre-
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lations (Table 3). We also stress that the spacing in the par-
ticular case study is untypically low (400 trees ha™'), and
more realistic initial conditions of at least 1,000 trees ha™
would result in higher inter-tree competition, hence incre-
ased wood density with less pronounced variation regard-
less of the clonal structure (Zubizarreta-Gerendiain et al.
2009). In turn, culling of clones with inferior wood den-
sity would not only improve the potential for higher sawn
wood strength grade of the breeding population but also
contribute to climate-smart forestry practices, as suggested
by higher drought sensitivity of trees with low wood den-
sity due to limited hydraulic conductivity during extreme
summer drought events (Rosner et al. 2014).

Conclusions

In conclusion, our study of a 50-year-old grafted clo-
nal Norway spruce plantation highlights the significant
genetic control of growth traits, while also revealing con-
siderable variability in wood density among free-growing
clones collected from a very limited geographical area, in
trees that have reached dimensions for sawn timber. Des-
pite the commonly reported negative correlation between
growth rate and wood density, our findings suggest op-
portunities for selecting clones with higher wood density
without compromising productivity, aimed at forming a
breeding population of elite clones for vegetative propa-
gation. Even under the given conditions of a eutrophic site
and untypically low initial stand density, 89% of the wood
samples would meet the wood density criteria for a com-
mon structural timber grade C16 according to EN 338.

Acknowledgements

This study was carried out as a part of the European
Regional Development Fund project (No. 1.1.1.1/19/4/111)
‘Decision support tool for increased forest productivity via
efficient climate-adjusted transfer of genetic gain’. We
acknowledge the discussion with project partners from
‘Assess4EST: Seeing trees and forests for the future: as-
sessment of trade-offs and potentials to breed and manage
forests to meet sustainability goals’, which significantly
contributed to the improvement of the manuscript.

References

Ahtikoski, A., Ahtikoski, R., Haapanen, M., Hynynen, J. and
Kirkkiinen, K. 2020. Economic performance of geneti-
cally improved reforestation material in joint production of
timber and carbon sequestration: a case study from Finland.
Forests 11(8): 847; https://doi.org/10.3390/F11080847.

Allikmée, E., Laarmann, D. and Korjus, H. 2017. Vitality as-
sessment of visually healthy trees in Estonia. Forests 8(7):
223; https://doi.org/10.3390/£8070223.

Arhipova, N., Gaitnieks, T., Donis, J., Stenlid, J. and Va-
saitis, R. 2011. Butt rot incidence, causal fungi, and rela-
ted yield loss in Picea abies stands of Latvia. Canadian
Journal of Forest Research 41(12): 2337-2345; https://doi.
org/10.1139/X11-141.


https://doi.org/10.3390/F11080847
https://doi.org/10.3390/f8070223
https://doi.org/10.1139/X11-141
https://doi.org/10.1139/X11-141

BALTIC FORESTRY 30(2)

Brunet-Navarro, P., Jochheim, H., Cardellini, G., Richter, K.
and Muys, B. 2021. Climate mitigation by energy and
material substitution of wood products has an expiry date.
Journal of Cleaner Production 303: 127026; https://doi.
org/10.1016/j.jclepro.2021.127026.

Buss, K. 1997. Forest ecosystem classification in Latvia. Pro-
ceedings of the Latvian Academy of Sciences 51(5/6):
204-218.

CEN. 2016. EN 338: 2016. Structural timber — Strength classes.
11 pp.

Chen, Z.Q., Gil, M.R.G., Karlsson, B., Lundqvist, S.O., Ols-
son, L. and Wu, H.X. 2014. Inheritance of growth and so-
lid wood quality traits in a large Norway spruce population
tested at two locations in southern Sweden. Tree Genetics
and Genomes 10(5): 1291-1303; https://doi.org/10.1007/
s11295-014-0761-x.

Chen, Z.Q., Hai, H.N.T., Helmersson, A., Liziniewicz, M.,
Hallingbéck, H.R., Fries, A., Berlin, M. and Wu, H.X.
2020. Advantage of clonal deployment in Norway spruce
(Picea abies (L.) H. Karst). Annals of Forest Science 77(1):
1-15; https://doi.org/10.1007/s13595-020-0920-1.

Covarrubias-Pazaran, G. 2016. Genome-Assisted Prediction
of Quantitative Traits Using the R Package sommer. Plos
One 11(6): e0156744; https://doi.org/10.1371/journal.
pone.0156744.

Cukor, J., Vacek, Z., Linda, R. and Bilek, L. 2017. Carbon
sequestration in soil following afforestation of former ag-
ricultural land in the Czech Republic. Central European
Forestry Journal 63(2/3): 97-104; https://doi.org/10.1515/
forj-2017-0011.

Cukor, J., Zeidler, A., Vacek, Z., Vacek, S., Simiinek, V. and
Gallo, J. 2020. Comparison of growth and wood quality of
Norway spruce and European larch: effect of previous land
use. European Journal of Forest Research 139(3): 459—472;
https://doi.org/10.1007/s10342-020-01259-7.

de Groot, M., Diaci,J. and Ogris, N. 2019. Forest mana-
gement history is an important factor in bark beetle out-
breaks: Lessons for the future. Forest Ecology and Ma-
nagement 433: 467-474; https://doi.org/10.1016/j.fore-
€0.2018.11.025.

Dickerson, G.E. 1969. Techniques for research in quantitative
animal genetics. In: Techniques and procedures in animal
science research. Albany, New York: American Society of
Animal Science, p. 36-79.

Donis, J., Kitenberga, M., S[lepsts, G., Dubrovskis, E. and
Jansons, A. 2018. Factors affecting windstorm dama-
ge at the stand level in hemiboreal forests in Latvia: Case
study of 2005 winter storm. Silva Fennica 52(4): 10009;
https://doi.org/10.14214/sf.100009.

Falconer, D.S. and Mackay, T.F.C. 1996. Introduction to Quan-
titative Genetics. 4" ed. Harlow, Essex, UK: Longmans
Green, 464 pp.

Fischer, C., Vestol, G.1. and Heibg, O. 2016. Modelling the va-
riability of density and bending properties of Norway spruce
structural timber. Canadian Journal of Forest Research 46(7):
978-985; https://doi.org/10.1139/cjfr-2016-0022.

Gil-Moreno, D., MClean, J.P. and Ridley-Ellis, D. 2023. Mo-
dels to predict the radial variation of stiffness, strength,
and density in planted noble fir, Norway spruce, western
hemlock, and western red cedar in Great Britain. Annals of
Forest Science 80(1): 1-15; https://doi.org/10.1186/s13595-
023-01214-7.

Haapanen, M. 2020. Performance of genetically improved Nor-
way spruce in one-third rotation-aged progeny trials in
southern Finland. Scandinavian Journal of Forest Rese-
arch 35(5/6): 221-226; https://doi.org/10.1080/02827581.
2020.1776763.

MAXIMIZING GROWTH WITHOUT COMPROMISING WOOD DENSITY: /.../

ZELTINS, P. ET AL.

Hannrup, B., Cahalan, C., Chantre, G.,, Grabner, M.,
Karlsson, B., Le Bayon, I., Jones, G.L., Miiller, U., Pe-
reira, H., Rodrigues, J.C., Rosner, S., Rozenberg, P.,
Wilhelmsson, L. and Wimmer, R. 2004. Genetic Para-
meters of Growth and Wood Quality Traits in Picea abies.
Scandinavian Journal of Forest Research 19(1): 14-29;
https://doi.org/10.1080/02827580310019536.

Harrell Jr, F.E. 2024. Hmisc: Harrell Miscellaneous. R pac-
kage wversion 5.1-3. URL: https://cran.r-project.org/
package=Hmisc.

Harris, 1., Osborn, T.J., Jones, P. and Lister, D. 2020. Ver-
sion 4 of the CRU TS monthly high-resolution gridded
multivariate climate dataset. Scientific Data 7(1): 1-18;
https://doi.org/10.1038/s41597-020-0453-3.

Hautamiiki, S., Kilpeldinen, H. and Verkasalo, E. 2014. Fac-
tors and models for the bending properties of sawn timber
from Finland and north-western Russia. Part II: Scots pine.
Baltic Forestry 20(1): 142—156.

Hetemiki, L. 2020. The outlook for Nordic-Baltic forest bioe-
conomy to 2030. In: Liuhto, K. (Ed.) The Forest Industry
around the Baltic Sea Region: Future Challenges and Op-
portunities. Turku, Finland: Centrum Balticum Foundation,
BSR Policy Briefing series, 1/2020, p. 14-24. Available
online at: https://www.centrumbalticum.org/files/4638/
BSR Policy Briefing 2020.pdf.

Hogberg, K.A., Hallingbick, H.R., Sill, H., Johansson, M.
and Jansson, G. 2014. The potential for the genetic im-
provement of sawn timber traits in Picea abies. Canadian
Journal of Forest Research 44(4): 273-280; https://doi.
org/10.1139/cjfr-2013-0382.

Holmes, R.L. 1983. Computer-Assisted Quality Control in Tree-
Ring Dating and Measurement. Tree-Ring Bulletin 43:
69-78. Available online at: https://repository.arizona.edu/
handle/10150/261223.

Hylen, G. 1997. Genetic variation of wood density and its rela-
tionship with growth traits in young Norway spruce. Silvae
Genetica 46(1): 55-60.

Jansone, B., Neimane, U., Sénhofa, S., Matisons, R. and
Jansons, A. 2020a. Genetically determined differences
in annual shoot elongation of youngNorway spruce. Fo-
rests 11(12): 1-10; https://doi.org/10.3390/f11121260.

Jansone, B., Samariks, V., Okmanis, M., Klavina, D. and
Lazdina, D. 2020b. Effect of high concentrations of wood
ash on soil properties and development of young No-
rway spruce (Picea abies (L.) Karst) and Scots pine (Pi-
nus sylvestris L.). Sustainability 12(22): 1-13; https://doi.
org/10.3390/su12229479.

Jansons, A., Matisons, R., Krisans, O., DZerina, B. and
Zeps, M. 2016. Effect of initial fertilization on 34-year
increment and wood properties of Norway spruce in Lat-
via. Silva Fennica 50(1): 1346; https://doi.org/10.14214/
sf.1346.

Jansons, A., Donis, J., Danusevi¢ius, D. and Baumanis, I.
2015. Differential analysis for next breeding cycle for Nor-
way spruce in Latvia. Baltic Forestry 21(2): 285-297.

Jansson, G., Hansen, J.K., Haapanen, M., Kvaalen, H. and
Steffenrem, A. 2017. The genetic and economic gains
from forest tree breeding programmes in Scandinavia and
Finland. Scandinavian Journal of Forest Research 32(4):
273-286; https://doi.org/10.1080/02827581.2016.1242770.

Jonsson, R., Rinaldi, F., Pilli, R., Fiorese, G., Hurmekoski, E.,
Cazzaniga, N., Robert, N. and Camia, A. 2021. Boosting
the EU forest-based bioeconomy: Market, climate, and
employment impacts. Technological Forecasting and So-
cial Change 163: 120478; https://doi.org/10.1016/j.techfo-
re.2020.120478.


https://doi.org/10.1016/j.jclepro.2021.127026
https://doi.org/10.1016/j.jclepro.2021.127026
https://doi.org/10.1007/s11295-014-0761-x
https://doi.org/10.1007/s11295-014-0761-x
https://doi.org/10.1007/s13595-020-0920-1
https://doi.org/10.1371/journal.pone.0156744
https://doi.org/10.1371/journal.pone.0156744
https://doi.org/10.1515/forj-2017-0011
https://doi.org/10.1515/forj-2017-0011
https://doi.org/10.1007/s10342-020-01259-7
https://doi.org/10.1016/j.foreco.2018.11.025
https://doi.org/10.1016/j.foreco.2018.11.025
https://doi.org/10.14214/sf.10009
https://doi.org/10.1139/cjfr-2016-0022
https://doi.org/10.1186/s13595-023-01214-7
https://doi.org/10.1186/s13595-023-01214-7
https://doi.org/10.1080/02827581.2020.1776763
https://doi.org/10.1080/02827581.2020.1776763
https://doi.org/10.1080/02827580310019536
https://cran.r-project.org/package=Hmisc
https://cran.r-project.org/package=Hmisc
https://doi.org/10.1038/s41597-020-0453-3
https://www.centrumbalticum.org/files/4638/BSR_Policy_Briefing_2020.pdf
https://www.centrumbalticum.org/files/4638/BSR_Policy_Briefing_2020.pdf
https://doi.org/10.1139/cjfr-2013-0382
https://doi.org/10.1139/cjfr-2013-0382
https://repository.arizona.edu/handle/10150/261223
https://repository.arizona.edu/handle/10150/261223
https://doi.org/10.3390/f11121260
https://doi.org/10.3390/su12229479
https://doi.org/10.3390/su12229479
https://doi.org/10.14214/sf.1346
https://doi.org/10.14214/sf.1346
https://doi.org/10.1080/02827581.2016.1242770
https://doi.org/10.1016/j.techfore.2020.120478
https://doi.org/10.1016/j.techfore.2020.120478

BALTIC FORESTRY 30(2)

Jyske, T., Mikinen, H. and Saranpii, P. 2008. Wood den-
sity within Norway spruce stems. Silva Fennica 42(3):
439—-455; https://doi.org/10.14214/st.248.

Kapeller, S., Dieckmann, U. and Schueler, S. 2017. Varying
selection differential throughout the climatic range of
Norway spruce in Central Europe. Evolutionary Applicati-
ons 10(1): 25-38; https://doi.org/10.1111/eva.12413.

Katreviés, J., DZerina, B., Neimane, U., Desaine, 1., Bigaca, Z.
and Jansons, A. 2018. Production and profitability of low
density Norway spruce (Picea abies (L.) Karst.) plantation
at 50 years of age: Case study from eastern Latvia. A4gro-
nomy Research 16(1): 113-121; https://doi.org/10.15159/
AR.18.014.

Krajnce, L., Farrelly, N. and Harte, A.M. 2019. The effect of
thinning on mechanical properties of Douglas fir, Norway
spruce, and Sitka spruce. Annals of Forest Science 76(1):
1-12; https://doi.org/10.1007/s13595-018-0787-6.

Levkoeyv, E., Kilpelidinen, A., Luostarinen, K., Pulkkinen, P.,
Mehtiitalo, L., Ikonen, V.P., Jaatinen, R., Zhigunov, A.,
Kangas, J. and Peltola, H. 2017. Differences in growth
and wood density in clones and provenance hybrid clones of
Norway spruce. Canadian Journal of Forest Research 47(3):
389-399; https://doi.org/10.1139/cjfr-2016-0285.

Liziniewicz, M., Berlin, M. and Karlsson, B. 2018. Early as-
sessments are reliable indicators for future volume pro-
duction in Norway spruce (Picea abies L. Karst) genetic
field trials. Forest Ecology and Management 411: 75-81;
https://doi.org/10.1016/j.foreco.2018.01.015.

Luostarinen, K., Pikkarainen, L., Ikonen, V.P.,, Geren-
diain, A.Z., Pulkkinen, P. and Peltola, H. 2017. Rela-
tionships of wood anatomy with growth and wood den-
sity in three Norway spruce clones of Finnish origin.
Canadian Journal of Forest Research 47(9): 1184-1192;
https://doi.org/10.1139/cjfr-2017-0025.

Lutter, R., Stil, G., Ceder, L.A., Lim, H., Padari, A., Tul-
lus, H., Nordin, A. and Lundmark, T. 2021. Clima-
te benefit of different tree species on former agricul-
tural land in Northern Europe. Forests 12(12): 1810;
https://doi.org/10.3390/£12121810.

Marcu, N., Budeanu, M., Apostol, E.N. and Radu, R.G. 2020.
Valuation of the economic benefits from using genetically
improved forest reproductive materials in afforestation. Fo-
rests 11(4): 382; https://doi.org/10.3390/F11040382.

Niklas, K.J. and Spatz, H.C. 2010. Worldwide correlati-
ons of mechanical properties and green wood densi-
ty. American Journal of Botany 97(10): 1587-1594;
https://doi.org/10.3732/AJB.1000150.

Olesen, P.O. 1978. On cyclophysis and topophysis. Silvae Gene-
tica 27(5): 173-178.

Pfister, O., Wallentin, C., Nilsson, U. and Eko, P.M. 2007.
Effects of wide spacing and thinning strategies on wood
quality in Norway spruce (Picea abies) stands in southern
Sweden. Scandinavian Journal of Forest Research 22(4):
333-343; https://doi.org/10.1080/02827580701504951.

R Core Development Team. 2020. A Language and Environment
for Statistical Computing. Vienna: Foundation for Statisti-
cal Computing. URL: https://www.r-project.org.

Raiskila, S., Saranpii, P., Fagerstedt, K., Laakso, T., Loi-
ja, M., Mahlberg, R., Paajanen, L. and Ritschkoff, A.C.
2006. Growth rate and wood properties of Norway spru-
ce cutting clones on different sites. Silva Fennica 40(2):
247-256; https://doi.org/10.14214/sf.341.

MAXIMIZING GROWTH WITHOUT COMPROMISING WOOD DENSITY: /.../

ZELTINS, P. ET AL.

Repola, J. 2006. Models for vertical wood density of Scots
pine, Norway spruce and birch stems, and their application
to determine average wood density. Silva Fennica 40(4):
673—685; https://doi.org/10.14214/s£.322.

Ridley-Ellis, D., Stapel, P. and Baiio, V. 2016. Strength grading
of sawn timber in Europe: an explanation for engineers and
researchers. European Journal of Wood and Wood Pro-
ducts 74(3): 291-306; https://doi.org/10.1007/s00107-016-
1034-1.

Rosner, S., Svétlik, J., Andreassen, K., Berja, I., Dalsga-
ard, L., Evans, R., Karlsson, B., Tollefsrud, M.M. and
Solberg, S. 2014. Wood density as a screening trait for
drought sensitivity in Norway spruce. Canadian Journal of
Forest Research 44(2): 154-161; https://doi.org/10.1139/
cjfr-2013-0209.

Rosvall, O., Bradshaw, R.H.W., Egertsdotter, U., Ingvars-
son, P.K., Mullin, T.J. and Wu, H. 2019. Using Norway
spruce clones in Swedish forestry: implications of clones
for management. Scandinavian Journal of Forest Rese-
arch 34(5): 390-404; https://doi.org/10.1080/02827581.20
19.1590631.

Routa, J., Kilpeldinen, A., Ikonen, V.-P., Asikainen, A.,
Veniliinen, A. and Peltola, H. 2019. Effects of intensified
silviculture on timber production and its economic profita-
bility in boreal Norway spruce and Scots pine stands under
changing climatic conditions. Forestry: An International
Journal of Forest Research 92(5): 648—658; https://doi.
org/10.1093/forestry/cpz043.

Ruotsalainen, S. 2014. Increased forest production through fo-
rest tree breeding. Scandinavian Journal of Forest Rese-
arch 29(4): 333-344; https://doi.org/10.1080/02827581.20
14.926100.

Samariks, V., Krisans, O., Donis, J., Silamikele, I., Katre-
vics, J. and Jansons, A. 2020. A cost-benefit analysis of
measures to reduce windstorm impact in Norway spruce
(Picea abies L. Karst.) stands: a case study in Latvia. Fo-
rests 11(5): 576; https://doi.org/10.3390/f11050576.

Silinskas, B., Varnagiryte-KabasSinskiene, 1., Aleinikovas, M.,
Beniusiene, L., Aleinikoviene, J. and Skema, M. 2020.
Scots pine and Norway spruce wood properties at sites with
different stand densities. Forests 11(5): 587; https://doi.
org/10.3390/F11050587.

Silva, J.C.E., Borralho, NNM.G. and Wellendorf, H. 2000.
Genetic parameter estimates for diameter growth, pilodyn
penetration and spiral grain in Picea abies (L.) Karst. Silvae
Genetica 49(1): 29-36.

Spiecker, H., Hansen, N. and Schinker, M.G. 2003. High-
Frequency Densitometry —A New Method for the Rapid Eva-
luation of Wood Density Variations. IAWA Journal 24(3):
231-239; https://doi.org/10.1163/22941932-90001592.

Steffenrem, A., Kvaalen, H., Heibg, O.A., Edvardsen, @.M.
and Skreppa, T. 2009. Genetic variation of wood quality
traits and relationships with growth in Picea abies. Scan-
dinavian Journal of Forest Research 24(1): 15-27; https://
doi.org/10.1080/02827580802641215.

Steffenrem, A., Saranpii, P., Lundqvist, S.O. and Skrep-
pa, T. 2007. Variation in wood properties among five full-
sib families of Norway spruce (Picea abies). Annals of
Forest Science 64(8): 799-806; https://doi.org/10.1051/
forest:2007062.

Viheri-Aarnio, A. and Ryyninen, L. 1994. Seed production
of micropropagated plants, grafts and seedlings of birch in
a seed orchard. Silva Fennica 28(4): 257-263; https://doi.
org/10.14214/sf.a9178.

Vlad, R., Pei, G., Sidor, C.G., Cuciurean, C., Ispravnic, A.
and Stefan, G. 2022. Assessing Standing-Tree Wood Den-
sity by Microdrilling in Tending Forestry Work Carried Out


https://doi.org/10.14214/sf.248
https://doi.org/10.1111/eva.12413
https://doi.org/10.15159/AR.18.014
https://doi.org/10.15159/AR.18.014
https://doi.org/10.1007/s13595-018-0787-6
https://doi.org/10.1139/cjfr-2016-0285
https://doi.org/10.1016/j.foreco.2018.01.015
https://doi.org/10.1139/cjfr-2017-0025
https://doi.org/10.3390/f12121810
https://doi.org/10.3390/F11040382
https://doi.org/10.3732/AJB.1000150
https://doi.org/10.1080/02827580701504951
https://www.r-project.org
https://doi.org/10.14214/sf.341
https://doi.org/10.14214/sf.322
https://doi.org/10.1007/s00107-016-1034-1
https://doi.org/10.1007/s00107-016-1034-1
https://doi.org/10.1139/cjfr-2013-0209
https://doi.org/10.1139/cjfr-2013-0209
https://doi.org/10.1080/02827581.2019.1590631
https://doi.org/10.1080/02827581.2019.1590631
https://doi.org/10.1093/forestry/cpz043
https://doi.org/10.1093/forestry/cpz043
https://doi.org/10.1080/02827581.2014.926100
https://doi.org/10.1080/02827581.2014.926100
https://doi.org/10.3390/f11050576
https://doi.org/10.3390/F11050587
https://doi.org/10.3390/F11050587
https://doi.org/10.1163/22941932-90001592
https://doi.org/10.1080/02827580802641215
https://doi.org/10.1080/02827580802641215
https://doi.org/10.1051/forest:2007062
https://doi.org/10.1051/forest:2007062
https://doi.org/10.14214/sf.a9178
https://doi.org/10.14214/sf.a9178

BALTIC FORESTRY 30(2)

on Norway Spruce (Picea abies (L.) H. Karst) Stands. Fo-
rests 13(9): 1450; https://doi.org/10.3390/f13091450.

Wassenberg, M., Montwé, D., Kahle, H.P. and Spiecker, H.
2014. Exploring high frequency densitometry calibra-
tion functions for different tree species. Dendrochrono-
logia 32(3): 273-281; https://doi.org/10.1016/J.DEND-
R0O.2014.07.001.

Wendling, 1., Trueman, S.J. and Xavier, A. 2014. Maturation
and related aspects in clonal forestry. PartI: Concepts,
regulation and consequences of phase change. New Fo-
rests 45(4): 449-471; https://doi.org/10.1007/s11056-014-
9421-0.

White, T.L., Adams, W.T. and Neale, D.B. 2007. Forest Ge-
netics. Wallingford, Oxon, UK: CABI Publishing Co.,
682 pp.; https://doi.org/10.1038/167764a0.

Zeltins, P., Kangur, A., Katreviés, J. and Jansons, A. 2022.
Genetic Parameters of Diameter Growth Dynamics in
Norway Spruce Clones. Forests 13(5): 679; https://doi.
org/10.3390/£13050679.

MAXIMIZING GROWTH WITHOUT COMPROMISING WOOD DENSITY: /.../

ZELTINS, P. ET AL.

Zeltins, P., Katrevics, J., Gailis, A., Maaten, T., Baders, E.
and Jansons, A. 2018. Effect of Stem Diameter, Genetics,
and Wood Properties on Stem Cracking in Norway Spruce.
Forests 9(9): 546; https://doi.org/10.3390/9090546.

Zobel, B.J. and Van Buijtenen, J.P. 1989. Wood Variation and
Wood Properties. In: Wood Variation. Berlin — Heidel-
berg: Springer, Springer Series in Wood Science, p. 1-32;
https://doi.org/10.1007/978-3-642-74069-5 1.

Zubizarreta-Gerendiain, A., Peltola, H., Pulkkinen, P., Jaati-
nen, R., Pappinen, A. and Kellomiki, S. 2007. Differen-
ces in growth and wood property traits in cloned Norway
spruce (Picea abies). Canadian Journal of Forest Rese-
arch 37(12): 2600-2611; https://doi.org/10.1139/X07-113.

Zubizarreta-Gerendiain, A., Peltola, H., Pulkkinen, P. and
Kellomiiki, S. 2009. Effects of genetic entry and compe-
tition by neighbouring trees on growth and wood proper-
ties of cloned Norway spruce (Picea abies). Annals
of Forest Science 66(8): 806; https://doi.org/10.1051/
forest/2009075.


https://doi.org/10.3390/f13091450
https://doi.org/10.1016/J.DENDRO.2014.07.001
https://doi.org/10.1016/J.DENDRO.2014.07.001
https://doi.org/10.1007/s11056-014-9421-0
https://doi.org/10.1007/s11056-014-9421-0
https://doi.org/10.1038/167764a0
https://doi.org/10.3390/f13050679
https://doi.org/10.3390/f13050679
https://doi.org/10.3390/f9090546
https://doi.org/10.1007/978-3-642-74069-5_1
https://doi.org/10.1139/X07-113
https://doi.org/10.1051/forest/2009075
https://doi.org/10.1051/forest/2009075

