
























































































































































































































































































































































































































































The differential benefit is represented by additional yield and shorter rota-
tion time (cutting by target diameter, if possible) of the stands regenerated by the
selected reproductive material. Values of genetic gain for each of alternatives, scale
and timing of tree breeding works were partly assessed using the ‘Breeding Cycle
Analyser’ (Danusevicius & Lindgren 2002a, b) with genetic gain per unit of time as
the target to be maximized (Table 4.1). Genetic gain of an improved stand expres-
sed relative to diameter and height growth of an unimproved stand was calculated
based on constant proportional advantage approach (Ahtikoski 2000).

Growth models for traditional (high initial density, delayed, low intensity
thinnings) and targeted (aimed to maximize the mean diameter and total volu-
me of trees at the final felling age, and characterized by low initial stand density)
silvicultural systems and thinning regimes, the same for naturally regenerated and
planted (improved) stand were chosen, based on recommendation of P. Zalitis and
J. Jansons (2009). The assortment structure in thinning and final felling was cal-
culated; the assortment prices for the years 2006—2010 were obtained from Cen-
tral Statistical Bureau and JSC ‘Latvia’s State Forests’. Assortments were set as fol-
lows: first grade logs (top diameter exceeds 25.9 cm, length 4.9 m), second grade
(18—25.9 cm, 4.9 m), third grade (14-17.9 cm, 4.9 m), pulpwood (6-13.9 cm, 3 m),
firewood (3.0-5.9 cm, 2 m).

Area of seed orchard was based on minimal number of clones to ensure ge-
netic diversity as well as predicted seed needs, assuming that all birch stands on fer-
tile soils would be clear-felled and replanted with improved material. Selected set
of clones is set to be used for 24 years, since none of the alternatives could switch
to new set of clones of higher genetic quality faster than that.

Table 4.1

Scale and timing of tree breeding works based on different alternatives
used in analysis

Size of breeding material and duration of different phases Tree breeding alternative
FEN VEG GEN
Duration of Recombination 6 6 6
activity, years | Time before 2 4 2
Testing of progenies 25 12 14
Time after - - 5
Time before - - 2
Testing of candidates - - 12
Total time 33 22 41
Size of breeding | Number of families 150 150 150
material Number of trees per family 300 100 120
Number of candidates - 40 25
Number of progenies/ramets per - 40 35
candidate
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To ensure unbiased comparison between regeneration methods and bree-
ding alternatives, net present value (NPV) was calculated with the interest rate 3%.

For evaluating effect of breeding on income at first commercial thinning in
silver birch plantation, stemwood volume and assortment outcome from each har-
vested tree was calculated). To demonstrate the influence of market fluctuations
on the income, low (in 2014) and high (2018) timber prices were used (Table 4.2).

Table 4.2

Assortment classes by diameter at the top end and monetary value
with low and high timber prices

- = .
Assortment Length, | Diameter at the |owP(ri:e, EURr:?gh (in hParrgva)ez'zte-lgr:/:Ifutmhg
m top end, cm o !
2014) 2018) %
Sawlogs 3.0 12.0 47 56 1.3
Firewood 3.0 10.0 37 50 14.3
Pulpwood 3.0 6.0 35 54 59.3
Energy-wood 3.0 3.0 22.5 30 25.1

Genetic parameters were calculated using three largest (by DBH) trees per
family and replication. To assess the heritability of the traits (DBH, stemwood value,
and proportion of industrial timber), variance and covariance components (o) were
estimated using the mixed model analysis with the restricted maximum likelihood
approach in SAS (Version 9, SAS Institute, Cary, NC, USA; Littell et al. 2006) according
to Equation 4.2. Considering the randomized block design of the trial, heritability
(h?) was estimated as in Equation 4.6. The coefficient of additive genetic variation
(CV,) describing the extent of genetic variability for the quantitative traits (Falco-
ner & Mackay 1996), was calculated as in Equation 4.7. Genetic gain (GG) was cal-
culated using a 10% selection intensity (i; Falconer & Mackay 1996). The net wood
value (NWV), net present value (NPV) and internal rate of return (IRR) were calcu-
lated as the economic indicators for the harvested timber. To assess the economic
effect of breeding, the indicators were calculated for the trial mean, as well as for
the top and bottom 10% of the families, ranked by the GG of DBH.

For each tree, sawlog income was calculated as:

NWV = lincome — Heosts » (4.15)
where
lincome — iNcOMe from harvesting, and
H.,«:s — is the harvesting costs (Central Statistical Bureau of Latvia 2016).

Income and costs were included in the analysis by calculating NPV, which was
calculated as the discounted value of the future expected net cash flow.

Npy = M Beosts (4.16)
(a+r)n
where
E...:s — the establishment costs (low and high prices),
r — the discount rate (3% and 5%), and

n —the number of years (14).
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The establishment costs were acquired from the Central Statistical Bureau
of Latvia.

To estimate the profitability of the potential investment, the IRR was calcula-
ted using the following equation:

NPV = YWV=Ecosts , (4.17)
a+r)n

where
r,— the lower discount rate (3%),
r, — the higher discount rate (5%),
NPV,— NPV atr,, and

NPV, — NPV at r, discount rate.
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5 RESULTS AND DISCUSSION

5.1 Evaluation of progeny trials (1, Il and Ill publication)

In the provenance tests, origin was a significant factor affecting survival; for
specific provenances survival ranged from 11% to 63% and it was lowest for birched
from Finland (on average 16%), higher for birches from Poland (42%) and highest
from local birches (50%). Provenance was also a significant factor, affecting height
(Fig. 5.1), breast height diameter and, consequently, stem volume of birches, yet
the occurrence of spike knots did not show significant differences among origins.

Correlation between mean height of the provenances at the age of 5 years
(earlier measurements) and 37 years was statistically significant (r = 0.78).

Provenance specific standing volume ranged from 24 m3 ha™ to 405 m® ha™!
and was on average 204 m?® ha™. Calculations estimating even survival for all prove-
nances reveal similar trend than based on actual survival — largest standing volume
was for local (Latvian) birch, lower — for birch from Poland, and lowest — from Fin-
land. Top-ranking provenances based both on H (Table 5.1, Fig. 5.2) and DBH were
from Latvia; however, there was large variation in the traits and potential to select
some birches from Poland, that could reach similar growth than the local prove-
nances. Thus, the material from similar stage of breeding (seed orchard progenies
or clones) could be further tested to find genotypes with superior performance in
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Figure 5.1 Height for the groups of provenances in trial in comparison to the

parameters in birch stands in Latvia on average
(whiskers denote 96% confidence intervals; data: National Forest Inventory (NFl))
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current (in Latvia) and slightly warmer (as currently in Poland) conditions. Birches
from Finland were heavily outperformed and testing only for superior genotypes
(e.g. very fast-growing clone) could be justified.

Table 5.1
Forest inventory parameters of provenance groups from different countries
Mean Highest
Provenance densit diameter | . diameter
group y’,l height, m | at breast y’,l height, m | at breast
trees ha . trees ha .

height, cm height, cm
Latvia (LV) 2,064 17.9 13.0 521 22.2 17.0
Finland (FIN) 669 14.2 9.5 521 15.1 10.0
Poland (PL) 1,691 15.4 10.0 521 20.7 15.0

Abbreviations: Mean — measured forest inventory parameters; highest — parameters for
the tallest trees corresponding to the specified stand density (521 trees per hectare).

Rather small differences in the H and DBH at the measurement age cor-
responds to large differences in time, when the target diameter can be reached
(Table 5.2). In sparser stand (521 trees ha™) assuming the best growth and good
conditions for silver birch in Latvia (age 27, highest), this diameter can be reached
as early as at the age of 48 years. It is close to the values actually found in Lat-
via in sparse clonal plantation of birch (IV), where the mean diameter exceeded
28 cm at the age of 40 years, yet the density was lower (initial: 400 trees ha™). Po-
lish birch provenances would reach the target diameter at the age of 57 years and
have a similar yield than the Latvian provenances 10 years earlier (272 m?® ha™ and
263 m3 ha™, respectively) under similar input parameters in the model. Thus, the
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Figure 5.2 Mean height of the provenances in trial
Provenance No. corresponds to the number in the Figure
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potential growth for birches from Poland is slightly lower than that of local prove-
nances. Birches from Finland in any of the analysed combination of the parameters
cannot reach the target diameter earlier than at the age of 100 years that is signi-
ficantly later than the cutting age set in legislation in Latvia (71 year). In the actual
conditions, target diameter cannot be reached before the cutting age; assuming
better growing conditions and actual stand data — only local provenance, where
in case thinning is carried out, can reach the intended target diameter at the age
of 67 years.

Table 5.2
Age when target diameter (25 cm) is reached for different groups of provenances
Group of provenances Age

° ffom Data 27 i 37
Latvia (LV) actual 91 127
Latvia (LV) actual * 67 94
Finland (FIN) actual 111 157
Poland (PL) actual 127 167
Latvia (LV) highest 48 67
Finland (FIN) highest 100 143
Poland (PL) highest 57 81

* commercial thinning carried out; other abbreviations in accordance to Table

Commercial thinning had significant impact, boosting diameter increment in
the provenance trial in accordance to the model (Fig. 5.2). However, it might be
overestimated due to high density and thus reduced length of green crown in the
stand. Birch provenances from Poland and Finland did not reach the basal area
required for commercial thinning, thus it was not planned.

Mass centre was higher for provenances from Latvia due to faster tree growth,
since its relative height in relation to tree height was quite stable. It can lead to higher
wind damage risk for Latvian birch due to similar rotation periods for provenances
from different countries (except for modelled growth on good growing conditions
for birch). Further studies need to be carried out for detailed evaluate this effect.

In the studied open-pollinated silver birch progeny tests, the survival was
high at both measurement times in Rembate (> 80%) and Ukri (> 90%), yet lower in
Taurene (> 60%), which was most likely affected by the insufficient moisture in dry
summer after the establishment due to the fine textured soil in the trial (Sutinen et
al. 2002). However, first years after planting, necessary weed control was applied
sufficiently to eliminate further mortality induced by weed competition (Ferm et
al. 1994, Hynynen et al. 2010). At the age of 10 years, the means for H in Taurene
and Ukri were the same (6.7 m), and other measured traits and proportion of trees
with stem defects were similar. In Rembate, H was lower (5.5 m), and proportion of
trees with SpKn was ca. three times lower than in the both other trials. At the age
of 14 years, mean H was somewhat advanced ahead for Ukri comparing to Taurene
(12.3 m and 11.5 m, respectively), yet other traits were stably alike. In Rembate,
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other abbreviations in accordance to Table

proportion of trees with SpKn had increased and was high (ca. 60%) and similar to
both other trials. In all trials, proportion of trees with SpKn and LostTop was rather
high (> 50%), while only 6—12% of trees had Doubl, seemingly not affected by diffe-
rent continentality of the studied trials (Laivin$ & Melecis 2003). Vihera-Aarnio and
Velling (1999) reported 13% of trees with SpKn. Similar to Vihera-Aarnio and Velling
(1999), most of the trees had at least a light stem sweep.

In the Baltic Sea region, heritability for growth and stem quality of common
forest tree species Scots pine and Norway spruce reported to vary from 0.05 to
0.25 (Velling 1982, Haapanen et al. 1997, Hannrup et al. 1998, Olsson & Ericsson
2002, Jansons et al. 2006). In our study, the estimated narrow-sense heritability
(h?) varied among the variables, generally being higher for growth traits than stem
quality (Table 5.2), supported by earlier findings in Latvia (Zeltins et al. 2018). The
highest h? was estimated for H, DBH, V (0.30-0.64), except low value (0.12) for DBH
in Rembate. Similarly, high h? had StStr (0.35-0.45), while StQual, BrD, and Doubl
had generally lower values (0.04—0.35). Heritability for BrA varied considerably
(0.25-0.83) depending on site and year, but LostTop showed the overall lowest va-
lues (0.02—-0.12). Rather high CV, was estimated for V, ranging from 25.3 to 40.3%
in Rembate and Ukri, respectively. Branch angle showed low degree of genetic va-
riation in all trials (3.7—-6.4%; Table 5.4). The estimates of r; among growth traits
were similar and high in all studied trials (0.90—0.99; Table 5.5), yet having mainly
low to moderate genetic correlations with stem quality traits (—0.10 < r; < 0.40).
Branch angle had moderate to strong negative correlations with StStr and StQual
(—0.67 < r; <—0.45), which both strongly correlated with each other (0.83-0.84).
Rather high positive correlations between SpKn and Doubl (0.60-0.74) were found.
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Still, stem quality traits generally had low to moderate genetic correlations with
each other (Table 5.5).

Table 5.4

Genetic coefficients of variation for quantitative traits (CV,) in the studied
open-pollinated Betula pendula progeny trials at the age of 10 and 14 years

Trial Taurene Ukri Rembate
Age, years 10 14 10 14 10 14
H 104 8.5 114 5.5 7.5 nd
DBH nd 18.7 nd 10.3 nd 4.7
\Y nd 325 nd 20.1 nd nd
BrD 16.2 nd 12.6 nd 4.3 nd
BrA 4.4 nd 4.7 nd 3.2 1.9

Abbreviations: H —height, DBH — diameter at breast height, V — stem volume, BrD — branch
diameter, BrA — branch angle, nd — no data.

Considering that the genes controlling each of growth traits might be strongly
correlated (Searle 1961), selection may be based on tree height, which possessed
the highest h% In earlier studies, estimated h? and broad-sense heritability H*> of
corresponding traits for silver birch reported to vary widely from low to high (Nep-
veu & Velling 1983, Malcolm & Worrell 2001, Stener & Jansson 2005, Zeltins et al.
2018). In Norway, h?of six-years-old open-pollinated families estimated to be rather
low, i.e. 0.09 and 0.17 for H and DBH, respectively (Skrgppa & Solvin 2019). In the
present study, high heritability values and low variety among trails for growth traits
might correspond to relatively homogenous growing conditions on agricultural land
sufficiently maintained after establishment. Thus, genetically determined differen-
ces were better revealed comparing to forestland (Haapanen 1996, Hannrup et al.
2004). Although h? values from individual-site analysis are commonly overestima-
ted and higher comparing to joint-site estimates (Hodge & White 1992, Haapanen
2001, Wu et al. 2008), our estimates of Ukri and Taurene together were close to he-
ritability in separate sites. In contrast, insufficient maintenance, subsequent uneven
survival and heterogeneous growth conditions commonly reported to result in low
heritability indices with low accuracy, reducing benefits from tree breeding (Haapa-
nen 1996, Makinen 1996, Talbot 1997, Nummi 1999, Olsson & Ericsson 2002, Kos-
ki & Rousi 2005). Nevertheless, mainly low h? for such stem defects as SpKn, Doubl
and LostTop coincides with earlier findings (Stener & Hedenberg 2003, Zeltins et
al. 2018), suggesting relatively weak genetic control and strong prevailing effect of
such environmental factors as drought, frost or biotic damage (Malcolm & Worrell
2001, Stener & Hedenberg 2003). Stener and Jansson (2005) reported low h? and H?
values (0.09-0.27) for StStr in a series of up to 10 years old silver birch clonal and
progeny trials. Although StQual had low h? values (0.10-0.15) at the age of 10 ye-
ars, moderate to high heritability (0.21-0.45) and rather weak genetic correlations
(Table 5.5) with growth traits for both StStr and StQual implied substantial improve-
ment for wood quality in our study.
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In addition, generally moderate negative correlations between StQual and
stem defects suggests that selection based on inclusive ordinal score of stem quali-
ty traits might reduce occurrence of stem defects despite low heritability of them,
thus improving timber quality and increasing amount of merchantable wood (Ages-
tam et al. 1998, Mottonen 2005). Mainly weak genetic correlations reported among
quality traits as well as between growth and quality traits, likely related to rather
low genetic variance of the latter ones (Koski & Rousi 2005, Stener & Jansson 2005).
In Scotland, straight stems found to be associated with superior volume growth
(Malcolm & Worrell 2001), yet not observed in our study. Similar to previous fin-
dings in Sweden and Latvia (Stener & Jansson 2005, Zeltins et al. 2018), BrD and BrA
possessed high heritability. However, the substantial negative correlations between
BrA and StStr might result in enlarged knot size for straighter logs, thus reducing
technical quality (Niemisto 1995a). Larger BrD had been commonly reported as ne-
gative effect for fast growing silver birch (Niemisté 1995b, Stener & Jansson 2005),
suggested to be mitigated with sufficient planting density of at least 1,600 trees ha™
for smaller knot size and improved wood strength (Niemistdé 1995a, Dunham et
al. 1999). Nevertheless, study in 40-years old low-density clonal silver birch plan-
tation in Latvia showed possibility to obtain high-quality plywood applying wide
(5 x 5 m) initial spacing (Zeltin$ et al. 2018). Besides heritability, considerable CV,
(20.1-32.5%) suggested potential of breeding to improve V. Lower CV, values for
stem quality traits comparing to growth traits coincide with results in Lithuania,
where CV, for StStr and BrA was ca. 13% (Baliuckiené & Baliuckas 2006). In a recent
study of low-density clonal plantation, estimated CV, for H was almost three times
lower (3.2%) than CV, in the present study (on average, ca. 8%,; Zeltins et al. 2018).
It might be partly explained with remarkable differences in initial spacing (5 x 5 and
2 x 2.5 m in clonal plantation and our study sites, respectively), since genetic vari-
ance can be higher in closer spacing (Franklin 1979, Euler et al. 1992). Nevertheless,
similar CV, for H reported in north Sweden (Stener & Jansson 2005). Generally hig-
her estimated CV, values for DBH as for H were similar to results in Swedish progeny
tests (14 and 8% for DBH and height, respectively; Stener & Jansson 2005).

For growth traits, selection of top 10% families resulted in GG% of 9.6-26.6%
for H and DBH, while reaching 25.3-61.6% for V. Similar to h? values, GG% were
generally lower for stem quality traits: 8.6—21.2% for StStr, 5.5-10.3% for StQual,
6.9-18.2% for BrD, 1.6—9.1% for BrA. Estimated GG% for the stem defects (Doubl
and LostTop) varied notably among the trials and years, ranging from 5.2 to 58.3%.
Estimated GG% confirmed general trends for h? and CV, discussed above, reaching
the highest values for V (25.3—61.6%), while being overall lower for stem quality
(1.6—21.2%). Such estimates are over the means of trials instead of general popu-
lation due to the lack of control plots, and thereby gains over forest stands might
be higher (Malcolm & Worrel 2001). Nevertheless, selection of genotypes should
compromise improved productivity with sufficient quality as well as improved
performance in different growth conditions (Matheson & Cotterill 1990), especially
when the aim is to produce high-quality silver birch timber for plywood industry
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(Hynynen et al. 2010). As indicated by single-trait gains, CV, values (Table 5.4) and
mainly weak r; between growth and quality traits (Table 5.5), further development
of index for simultaneous selection of both growth and stem quality traits may
be possible.

The studied traits showed low G x E interaction, indicated by strong type-B
correlations for all studied traits (r; = 0.78) between trials Ukri and Taurene (Tab-
le 5.2). Contradictory results have been reported previously: from strong and signi-
ficant correlations between trials even in rather different environments (Stener &
Hedenberg 2003, Stener & Jansson 2005) to substantial genotype by site interaction
(Baliuckiené 2009). However, the accuracy of r; might not be high (Bourdon 1977,
Haapanen 1996), often related to inappropriate design of progeny trials, which has
insufficient number of replications not following natural patterns of growing con-
ditions (Haapanen 1996). Still, high type-B correlations with rather low standard
errors for growth traits and low variation of h? for the same trait among trails discus-
sed above indicated stability of performance over different environments, as well as
appropriate experimental design.

Another relevant question regarding experimental design is the use of sing-
le-tree- or multiple-tree (block) plots. In general, single-tree plots in Ukri and Tau-
rene had higher estimated heritabilities for growth traits and BrA than block-plots
in Rembate (Table 5.2). Single-tree plots in many replications allow assessing ge-
netic differences in statistically effective way (White et al. 2007), since progenies
of plus-trees are represented in possibly wide range of competition and growing
conditions within a trial (Haapenen 1992, 1995). However, inter-tree competition
among different genotypes may exaggerate estimated genetic variance for growth
traits promoting initially fast-growing families (Malcolm & Worrell 2001, Vergara
et al. 2004, Gould & Marshall 2010). In the present study, growth traits might be
somewhat affected by competition in the single-tree-plot trials Ukri and Taurene,
since estimates from the block plots in Rembate were slightly lower. Still, estimates
from more trials would be needed for generalized conclusions.

L-G. Stener and O. Hedenberg (2003) stressed general lack of information
about age-age correlations for silver birch. In our study, the genetic age-age corre-
lations for traits measured at the age of 10 and 14 years were mainly strong (> 0.78)
in all trials, implying as accurate selection for the respective traits at the first measu-
rement time as at the second inventory. Nevertheless, strong correlations between
so close ages are not very informative about long-term trends. Still, strong age-age
correlations have been indicated for V for up to three decades in southern Finland
(Hagqvist & Hahl 1998). There have been reported correlations ranging from 0.75
to 0.86 between the ages of 9 and 26 years; correlation of 0.94 between the ages
of 5 and 10 years, and 0.84 between the age of 11 and 18 years for tree height
(Stener & Hedenberg 2003). L.-G. Stener and G. Jansson (2005) found moderate to
strong age-age correlations (0.60-0.99) for H and quality traits.

Phenotypic plasticity and local (genetic) specialization are key factors influen-
cing trees’ adaptability to a changing climate and are therefore critical elements of
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climate-adapted forest management strategies (Aitken & Bemmels 2016, Moran et
al. 2017). An analysis of families at the provenance level in Ukri and Taurene revea-
led pronounced local specialization, particularly in growth traits. Birch from inland
regions demonstrated superior growth. The distinct coastal-inland gradient and
varying intensity of genetic control aligned with the climatic zoning of the region
(Laivins, Melecis 2003, Reitalu et al. 2013). Using PCA (Principal Component Analy-
sis) to group phenotypic traits of provenances, the first two principal components
(PCs) were statistically significant (p < 0.001), capturing 57.6% of the total variation
in the studied traits. The first PC was strongly associated with growth traits, indica-
ting regional differences in productivity. The second PC was linked to quality traits,
suggesting separate sources of variation for growth and quality. The third PC ac-
counted for 19.8% of the variation and was associated with stem defects. Provenan-
ces formed a single group in the ordination space, indicating a continuous gradient
of trait variation. However, the first PC significantly correlated with geographic lon-
gitude (r = 0.46, p = 0.01), reflecting growth differences between coastal and inland
areas, while the second PC showed no correlation (r =0.02, p = 0.92).

Correlations between the PCs and latitude were weak (|r| <0.22, p >0.24),
indicating an absence of a north-south gradient. Based on the relationship between
the first PC and geographic origin, two regions can be delineated in Latvia (Fig. 5.4).
The coastal region includes the western and northern parts of the country, while
the inland region covers the central and eastern areas (Fig. 5.4). The inland region
exhibited significantly higher (p < 0.01) values for height (h), diameter at breast
height (d), and stem volume (V). However, average stem straightness, overall stem
quality, and live crown ratio (BrA) did not differ between the regions.

Moderate to high heritability (h* > 0.20) was observed for the studied traits
in both regions, except for stem defects (h? < 0.15). The intensity of genetic control
for traits varied geographically: the heritability of height (H) in the inland region
was more than twice as high as in the coastal region (0.61 + 0.061 vs. 0.28 + 0.037,
respectively), while heritability differences for volume (StVol) and diameter at
breast height (DBH) reached 31.3-41.4%. In the coastal region, high heritability
(h? 2 0.45) was observed for stem straightness and branch angle, whereas these
traits showed moderate heritability in the inland region (0.26 < h? < 0.30). Further-
more, the calculated additive genetic coefficient of variation (CV,) was slightly hig-
her (by 0.97—-4.06%) in the inland region compared to the coastal region, indicating
minor differences in plasticity. The capacity to respond to natural selection, as cha-
racterized by CV,, was approximately three times higher for StVol compared to h in
both regions.

Genetic specialization was more pronounced in the continental climate of
the inland region, resulting in higher heterogeneity and explaining the greater h?
and CV, values for growth traits compared to the coastal region. High heritability
likely indicated greater differences among genotypes from different provenances
relative to within-genotype variation caused by environmental conditions (Grif-
fiths et al. 2000). The calculated h? for growth traits was higher in the inland
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Figure 5.4 The PC1 values of phenotypic traits for the assessed birch progeny
at the provenance level

The dashed line indicates the boundary between the two identified regions of silver birch
provenances: the coastal (western) region and the inland (eastern)

region and lower for coastal provenances compared to the entire breeding popu-
lation (h? = 0.41-0.52), suggesting greater selection efficiency in the inland region.

5.2 Vegetative propagation of silver birch and its potential for mass propagation
(IV and V publication)

Culture initiation in vitro is the most important stage in micropropagation
because the outcome determines further operation possibilities. However, it is also
the most problematic stage in the micropropagation of perennial plants. Recalcit-
rance (i.e. the inability of plant cells, tissues, and organs to respond to in vitro mani-
pulations) could be a major limiting factor in the application of in vitro propagation
(Benson 2000). Several factors, such as the collection time, age of the stock plant,
bud position in the mother-tree crown, genotype, pre-treatment storage time, con-
ditions, and medium content (Welander 1988, 1993, McCown 2000, Vaiciukyneé
et al. 2017), affect the responsiveness of the plant material. In our study (IV), the
age of the mother-tree and explant collection time had a significant effect (both
p < 0.001) on the shoot initiation in vitro (Fig. 5.5).

Plants have complex life cycles, associated with reproduction, vegetative
development, and morphogenesis. Temperate species undergo cycles of dorman-
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Figure 5.5 The proportion of initiated shoots according to the age of
the mother-tree and explant collection time

Statistically significant differences between groups of age and between groups of
collection time are denoted with different letters (both p < 0.001)

cy that determine periods of active shoot growth and cell division. Consequently,
plants exhibit seasonal differences in their responses to tissue culture, depending
on the time of the year when the explants are procured (Benson 2000). The explant
collected from the one-year-old trees had 66% initiated shoots, and the explant
collected from the 15-year-old trees had 39% of initiated shoots. The explants col-
lected in spring developed a higher proportion of initiated shoots (64% in March
and 67% in April) than explants collected in June and September (31% and 29% of
shoots initiated, respectively; Fig. 5.5). This result corresponds well with the ge-
neral pattern that cultures are most easily initiated from the explants collected in
spring to early summer after a break of dormancy (George et al. 2008a).

A similar trend had been observed for other temperate tree species. Populus
tremula L. had the highest survival rates of buds collected in late February and early
March, while buds collected earlier had less intensive callus formation and plantlet
development, and buds collected later had intense decay and infections (Peternel
et al. 2009). For Quercus robur L., the most responsive explants were collected later,
from May to July (Civinova & Sladsky 1990), which is probably related to their later
bud burst in comparison to the aspen and birch (Linkosalo 2000, Lange et al. 2016).
In contrast, others have found that the initiation of the silver birch culture was more
successful from explants collected in autumn and winter (Jokinen & Tormala 1991),
and bud treatment that induces dormancy resulted in a higher proportion of buds
developed into shoots (Welander 1993), suggesting that factors other than the
growing season might be more significant for culture initiation.

Plant growth regulators applied during the initiation affect the induction of
the shoot formation (Magnusson et al. 2009). Seasonal cycles of perennial plants
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determine the dynamics of the endogenous levels of growth regulators, which are
responsible for the induction of dormancy or inhibit growth and further develop-
ment. For instance, a low concentration of applied BAP (0.2 mg L) resulted in a hig-
her shoot number in Q. robur explants collected in February and March but with an
increased BAP concentration (1 and 2 mg L™?) better results were obtained from
buds collected from May to July (Civinova, Sladsky 1990). Moreover, buds collected
from May to July had a higher regeneration capacity than those from February to
April, but higher BAP concentrations were needed to stimulate their meristematic
activity (Civinova & Sladsky 1990).

Higher initiation success in spring might be related to the seasonally determi-
ned occurrence of microbes within the buds. For mature B. lenta L., dormant buds
demonstrated lower contamination than buds collected in spring (Rathwell et al.
2016). Similar results were obtained for Platanus occidentalis L., and the contami-
nation rate gradually increased from 14% in January to 48% in July (Tao et al. 2007).
Spring was the most appropriate time for bud collection to reduce contamination in
Ulmus americana L., whereas almost all were contaminated among dormant buds
(Shukla et al. 2012). In contrast, low contamination from May to October and sig-
nificantly higher contamination from December to April were found for Pinus syl-
vestris L., which is assumed to be related to better resistance of the tissue against
pathogens during the active period (Hohtola 1988).

Trees exhibit developmental changes as plants progress from the juvenile to
adult phases leading to a decline in their potential for micropropagation (von Ader-
kas & Bonga 2000). Juvenile seedling tissue is generally more responsive to culture
initiation in vitro than that of mature trees. Juvenile seedlings are more easily initi-
ated and grow and proliferate at a more rapid rate than adult material (George et al.
2008a). Cultures from mature trees are more problematic due to higher contami-
nation rates, the browning of tissues, and recalcitrance (George et al. 2008a). One
of the methods to obtain juvenile material is grafting, which can lead to a partial
rejuvenation of the donor plant and can overcome recalcitrance in mature trees
(Benson 2000). No assessment of true rejuvenation or reinvigoration of the scion
(Wendling et al. 2014) was done in our study, yet, explants from the grafted one-ye-
ar-old tree had a significantly higher proportion of initiated shoots than the explants
from the 15-year-old tree (Fig. 5.5). Similarly, a high bud initiation (80%) was achie-
ved using three-year-old plants of B. lenta, whereas the explants from mature trees
did not develop into shoots (Rathwell et al. 2016). However, most Betula species
can be propagated from adult material without major difficulties (Welander 1993),
and several studies found success using buds from mature birch trees (Ryynanen &
Ryyndnen 1986, Jones et al. 1996, Aubakirova & Kalashnikova 2011).

Our results are limited by using only one genotype (clone 54-95) to assess
the effect of the explant collection time and age of the mother-tree. The initia-
tion success is more affected by the genotype than the aforementioned factors
(Jokinen & Tormala 1991), but the genotype response is affected by the physiolo-
gical heterogeneity of the ramets and buds of the same ramet (Civinova & Sladsky
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1990). However, these limiting factors could be overcome if the genotype is gene-
rally competent for growing in vitro (Jokinen & Tormala 1991).

Once the culture is fully stabilised, biologically responsive tissues show little
seasonality and progression through phase states (McCown 2000). In the stabilised
culture, the growth parameters greatly differed between the clones. The multipli-
cation rate varied from 1.0 (no multiplication) to 6.8 shoots per explant (Fig. 5.6),
and the lengths of the main shoots varied from 1.3 to 7.8 cm (Fig. 5.7). The number
of lateral shoots varied from 0 to 3.8 per explant. Close results (a multiplication
rate between 1.6 and 7.4) were found among 10 genotypes selected in Sweden,
Finland, and Germany (Ewald et al. 2002). Large variations but higher multiplica-
tion rates (from 2 to 20) were observed between 100 genotypes by K. Jokinen and
T. Tormala (1991).

Clones exhibited different growth patterns. Several genotypes had a large
main shoot but a low number of lateral shoots (e.g. clone L 29, Fig. 5.7(a)), whe-
reas others had a short main stem but a high number of lateral shoots (e.g. clone
Bau 40-13, Fig. 5.7/(a)). A high multiplication rate was achieved by both of these
patterns and by the intermedium between them. Regardless of the large variation,
the number of lateral shoots showed a negative relationship to the length of the
main stem (p < 0.01, regression coefficient -0.11 + 0.04). Almost a quarter of the
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Figure 5.6 The multiplication rate (bars; t standard error) and proportion
of hyperhydrated shoots (Hyp%; bullets) among the clones in (a) Group 1,
(b) Group 2, (c) Group 3, and (d) Group 4
Clones that were selected to test the effect of different treatments are dark grey
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Figure 5.7 Length of the main shoot (bars; + standard error) and the number
of lateral shoots (bullets) among the clones in (a) Group 1, (b) Group 2,
(c) Group 3, and (d) Group 4
Clones that were selected to test the effect of different treatments are dark grey

clones had a low multiplication rate; 12 clones had a mean multiplication rate lower
than two, and seven clones did not multiply. This might be related to the limited
time of the study because four to ten weeks are required for bud induction in birch,
depending on the explant type, age, and physiological conditions of the mother-
tree and genotype (Welander 1993).

Moreover, the applied medium and plant growth regulators affect genotype
performance. The optimal media composition is species — and genotype-specific,
and while a number of plants exhibit decent growth in the range of media, others
may have considerable differences in their performance (McCown & Sellmer 1987).
Therefore, the number of genotypes that are possible to micropropagate could be
increased by modifying the composition of the medium and applying different ty-
pes and concentrations of cytokinins (Jokinen & Tormala 1991). For optimal shoot
growth in vitro, the optimal amount of minerals should be provided. The most com-
monly used basal media in micropropagation of birch are the MS and WPM basal
media, although others are also used (Ewald et al. 2000, lliev et al. 2003). The mean
multiplication rate between the treatments varied from 1.8 to 6.7 (mean 3.9). Wi-
thin all groups, the culture on the MS medium exhibited a higher multiplication
rate (Fig. 5.2) and a longer length of the main stem than the culture on the WPM.
For these two parameters, the difference between the media type was most pro-
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nounced for Group 1 (Fig. 5.%(a)) and gradually decreased for Group 4 (Fig. 5.3(d)).
However, the culture on the WPM had a substantially lower proportion of hyper-
hydrated shoots than the culture on the MS medium, and it ranged from 0 to 6.3
(mean 2.9) for WPM and from 0 to 38.0 (mean 13.2) for the MS medium. The num-
ber and length of the lateral shoots had no clear relation to the media type.
Similarly, poorer growth on the WPM was shown for B. lenta. The shoots on
WPM cultures had red pigmentation, were significantly shorter, and had fewer no-
des compared to the MS cultures, although the multiplication rate was not signifi-
cantly lower (Rathwell et al. 2016). They associated this response to ionic strength
(i.e. salt concentration) in the basal salt mixture, as the amount of ammonium nit-
rate is about a quarter lower in the WPM than in the MS medium. A limiting effect
of low nitrogen was revealed for a given genotype of Populus hybrid. At first, the
cultures on the WPM had poor growth, whereas these cultures on the MS medium
were maintainable indefinitely. However, after an increase in NH,NO; on the WPM
to the level of MS, growth improved substantially, and was similar to that observed
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Figure 5.8 Stacked multiplication rate (dark grey; + standard error) and number
of hyperhydrated shoots (light grey), and proportion of hyperhydrated shoots
(Hyp%, bullets) according to the media content in (a) Group 1, (b) Group 2,
(c) Group 3, and (d) Group 4
WPM — woody plat medium, MS — Murashige and Skoog basal media,
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for the MS medium (McCown & Sellmer 1987). In contrast, four genotypes of Betula
platyphylla Sukatchev var. japonica (Mig.) Hara x B. pendula had a constantly higher
multiplication rate on the WPM than on the MS medium, with the mean long-term
multiplication rate on these media at 3.7 and 2.8, respectively (Meier-Dinkel 1992).

Plant growth regulators have the most important role in birch in vitro shoot
initiation and cultivation. Among them, cytokinins are highly effective in stimula-
ting cell division and the control of morphogenesis (George et al. 2008b). For shoot
multiplication, the most commonly used cytokinins are single BAP or zeatin at
concentrations of 0.2 to 5.0 mg L'* and 1.0 to 5.0 mg L™}, respectively, or BAP con-
centrations of 0.7 to 2.0 mg L™ in combination with a low concentration of auxin
(Meier-Dinkel 1992). Within the studies, the same cytokinin is used under two na-
mes — BA (6-benzyladenine) and BAP (6-benzylaminopurine; Teixeira da Silva 2012),
and for more clarity, we consistently use BAP throughout study even if the authors
in the original papers used BA.

The effect of the particular cytokinin should be assessed experimentally, and
the response is determined by the particular compound used, type of culture, ge-
notype, and ontogenetic stage of the tissue (George et al. 2008b). For instance, two
B. pendula genotypes demonstrated a distinct response to supplementation with
cytokinin. One of them had a significant decrease in the shoot length and an in-
crease in the number of shoots per explant, whereas the other did not affect these
parameters. Simultaneously, the latter genotype had a higher number of shoots
per explant in both the control medium and the medium supplemented with BAP
(Vaiciukyné et al. 2017). For several Betula species, the absence of cytokinins resul-
ted in the poor growth of new shoots (Cheng et al. 2000) or no shoot development
and explant death (Magnusson et al. 2009, Rathwell et al. 2016, Girgzde & Samso-
ne 2017). Yet, typically, a narrow range of concentration achieves the best results.
The effect of the cytokinin type and concentration on the growth parameters was
assessed separately on the WPM and MS medium. On the MS medium, regardless
of the concentration, zeatin exhibited better results on the multiplication rate and
length of the main stem than BAP for all groups (Fig. 5.2). Within the groups, the
mean difference between the zeatin and BAP treatments was 11% to 29% for the
multiplication rate and 21% to 29% for the length of the main stem. Among the MS
and zeatin treatments, the highest multiplication rate was obtained with a con-
centration of 0.5 mg L™ in total, and for all groups except Group 1 (Fig. 5.2). This
concentration also resulted in the highest mean length of the main stem within all
groups. On treatments supplemented with BAP, a higher concentration of cytokinin
resulted in a somewhat higher multiplication rate than a lower concentration. The
observed tendencies remained non-significant due to the large variation, although
these tendencies were nearly constant between the groups of clones.

On the WPM, the zeatin at a concentration of 0.5 mg L™ had an equal or
slightly higher multiplication rate and a longer length of shoots than zeatin at
a concentration of 0.1 mg L™, but these differences were more negligible than on
the MS medium. The number of lateral shoots between the different treatments
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varied from 0.1 to 1.2 (mean 0.6). No specific relation between the length and num-
ber of lateral shoots and cytokinin type was observed.

Several studies have tested optimal concentrations of cytokinins on Be-
tula genotypes. The effect of the BAP concentration was tested on a cultivar of
B. platyphylla. The concentration at 2.2 uM of BAP (rounded 0.5 mg L) resulted in
about a four-times higher number of new shoots than a concentration at 1.1 uM,
and in a twice higher number of new shoots than the concentration at 4.4 uM
(Cheng et al. 2000). For the B. pendula genotype, the main shoots on 1.0 mg L™ of
BAP had a similar length to those on treatments containing zeatin (0.5-1.0 mg L%).
Yet, 1.0 mg L of BAP had more than a two-fold higher number of lateral shoots and
hence achieved a significantly higher multiplication rate than the other treatments
(Girgzde & Samsone 2017). In addition, a study of B. lenta revealed a significantly
higher result of shoot growth with BAP treatment compared to the supplementa-
tion of 2-isopentenyladenine (2-IP) and thidiazuron (TDZ), and the highest multipli-
cation rate was achieved at a BAP concentration of 5.0 uM (rounded to 1.1 mg L%,
Rathwell et al. 2016). For B. platyphylla and B. papyrifera Marsh, the BAP at a con-
centration of 10 to 20 uM (rounded to 2.3-4.5 mg L™*) and TDZ at a concentration of
4 to 8 uM proliferated more shoots than other treatments (Magnusson et al. 2009).
Different intensities of response to cytokinins might be related to the dynamics
of the endogenous levels of growth regulators over the seasons, and thus could
be related to the explant collection time. B. Civinova and Z. Sladsky (1990) found
that Q. robur explants collected from May to July needed a higher concentration
(2 mg L) of BAP than those collected from February to April (0.5 mg L™) to achieve
the highest regeneration capacity.

The length of the main shoot showed a significant relation to the length of
the lateral shoots (p < 0.001, regression coefficient 1.68 + 0.24) and the number of
lateral shoots (p < 0.01, regression coefficient 0.23 + 0.06). The length of the main
shoot had a consistent ranking between the groups of clones (Fig. 5.9(a)). However,
the number of lateral shoots highly fluctuated between treatments (Fig. 5.9(b)),
affecting the ranking of the multiplication rate (Fig. 5.9(c)). Regardless of the me-
dia and cytokinin type, both the multiplication rate and length of the main stem
were the highest in Group 3, followed by Group 2 and then Group 1. As expected,
Group 4 contained clones with the poorest growth among the genotypes and had
the poorest results for all growth parameters (Figs. and 5.9). Groups of clones
had reversed ranking in the multiplication rate in comparison to the first subculture
(assessment of different genotypes, Figs. and 5.9), although, typically, the mul-
tiplication rate remains stable during several subcultures (Jokinen & Térmala 1991).
The difference in the performance of the groups between subcultures indicates the
importance of the careful selection of the media content.

A higher cytokinin concentration is beneficial until a certain study-specific
threshold is reached, and afterwards, shoot abnormalities appear. The explant
might form many small shoots that fail to elongate, and the leaves might have an
unusual shape (George et al. 2008b). For instance, a high concentration of zeatin
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Figure 5.9 Group mean (a) length of the main shoot, (b) number of lateral
shoots, and (c) multiplication rate according to the media content

WPM — woody plat medium, MS — Murashige and Skoog basal media,
BAP — 6- benzylaminopurine

induced the spontaneous appearance of abnormal shoots in B. pendula. A concen-
tration of 5 mg L™ resulted in 3.4% fasciated shoots, and 10 mg L™ resulted in 4.2%
fasciated shoots, whereas all shoots appeared anatomically normal in the absen-
ce of or at a low concentration (2 mg L%; lliev et al. 2003). In another study, at
the highest tested BAP concentration (5.3 uM; rounded to 1.2 mg L), the shoots
had variable sizes and appeared hyperhydrated and chlorotic (Cheng et al. 2000).
Hyperhydricity (previously called “vitrification”) characterises frequently observed
malformations during vegetative propagation in vitro, where the plants appear tur-
gid and watery at their surface and are hypolignified (Gaspar 1991, Debergh et al.
1992). Their shoots have broad and thick stems; short internodes; and thick, frequ-
ently very elongated, wrinkled, curled, and brittle leaves (Franck et al. 1995).

In the present study, 34% of the clones had hyperhydrated shoots (Fig. 5.6),
ranging from none to 50% of the shoots. On clonal level, high proportion (50%)
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of hyperhydrated shoots was present for two clones, one among the clones with
a high multiplication rate (clone 54-616-783; Fig. 5.6(a)) and the other with a low
multiplication rate (clone 55-875; Fig. 5.7). A moderate proportion (14%—25%) of
the hyperhydrated shoots was present for 15 out of 50 clones. At clonal level, the
number of hyperhydrated shoots demonstrated no relationship (both p > 0.05) to
the length of the main stem and number of lateral shoots. However, a positive rela-
tionship (p < 0.001, regression coefficient 0.56 + 0.04) exists between the number
of hyperhydrated shoots and the total multiplication rate. When examining diffe-
rent media contents, the number of hyperhydrated shoots showed a positive re-
lation with all shoot growth parameters: the length of the main stem (p < 0.001,
regression coefficient 0.77 £ 0.07), the number (p < 0.001, regression coefficient
3.11 £ 0.07), and length of the lateral shoots (p < 0.001, regression coefficient
0.98 £ 0.21). Consequently, a significant relation (p < 0.001, regression coefficient
0.44 + 0.02) between the number of hyperhydrated shoots and the total multipli-
cation rate exists. These results agree with the study conducted by Gaspar (1991),
who reported that hyperhydricity is related to intensive multiplication, i.e. frequent
subcultures with a high rate of regeneration, but is not affected by the physiological
conditions of the mother-tree at the time of the explant collection.

Hyperhydricity is related to the particular conditions of the in vitro culture
and results from the inability of the shoots to adapt normally to the reactions cau-
sed by stress factors, e.g. wounding, high ionic strength, and inappropriate lighting
and temperature (Kevers et al. 2004). Within all studied groups, the treatments
with zeatin had a lower mean proportion of hyperhydrated shoots (ranging from
2.4%—-23.4%) than the treatment with BAP (ranging from 11.1%—-31.8%). Still, a high
proportion of hyperhydrated shoots was also present for zeatin at a concentration
of 0.5 mg L}, i.e. for treatment that resulted in the highest multiplication rate.

The studied low-density silver birch clonal plantation had 84.4% survival at
the age of 40 years. The mean (+ standard deviation) height and DBH of trees was
26.2+2.2m and 27.7 £ 5.6 cm, respectively. The total standing stemwood volu-
me of the plantation was 210 m?® ha™, and the mean annual stemwood increment
was 5.25 m3 ha™ year™. Accordingly, MV was estimated ca. 9,600 EUR ha™, mainly
contributed by the logs of smaller, medium, and large dimensions (44%, 25%, and
21%, respectively).

The estimated H? and CV, differed among the variables (Table 5.6). The hig-
hest heritability was estimated for branch angle, mean projection of crown (MPC),
branchiness, and stem straightness (0.40 < H* £ 0.29, respectively), while the lowest
heritability was estimated for survival, probability of spike knots and cracks (< 0.08).
Intermediate H? = 0.16 for MV was similar to commonly reported tree height, height
of the lowest living branch, and DBH (0.14, 0.14, and 0.21. respectively). The CV, of
the quantitative variables ranged from 3.2% to 21.8% for tree height and MV, res-
pectively (Table 5.6). For DBH and height of the lowest living branch, intermediate
genotypic variation (ca. 9%) around the phenotypic mean was estimated, while it
was higher for branch angle and MPC at 14.8% and 19.2%, respectively.
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The calculated H? (Table 5.6) implied potential for substantial improvement
of productivity and stem quality, hence yields of birch plantations by tree breeding
(Stener & Hedenberg 2003). Nevertheless, H? of the variables differed (Table 5.6),
implying unequal potential for the improvement of the traits (Falconer 1996). Branch
angle, branchiness, projection of crown, and stem straightness, which largely influ-
ence timber quality (Savill et al. 1997), were highly heritable and had intermediate
CV, (Table 5.6), implying potential for considerable improvement (Falconer 1996).
High CV, for MV (21.8%), indicated potential financial benefits from breeding.

The estimated genotypic correlations among the studied variables were
similar to phenotypic clone mean Pearson correlations (Table 5.7); the latter are
described. Correlations among tree height, DBH, and MV were high (r > 0.63); ne-
vertheless, DBH and MV (r > 0.66) correlated with MPC. Branchiness correlated
with DBH (r = 0.79), yet not with tree height (p- value = 0.41). Moderate to strong
(0.30< |r] <0.78) negative correlations were observed between height of the
lowest living branch and DBH, double tops, stem straightness, branchiness, and
MPC. Occurrence of double tops showed moderate to strong correlations with stem
straightness, branchiness, and MPC (r= 0.70, 0.67, and 0.56, respectively), but a
negative correlation (r = -0.68) with occurrence of spike knots. Mostly, weak and
non-significant correlations were observed between the occurrence of stem cracks
as well as branch angle and other variables.

The strong correlation between branchiness and DBH, MPC, and stem
straightness indicated possible negative effects on stem quality when selecting
fast growing trees with straight stems (Table 5.7). Additionally, height of the lowest
living branch had significant negative correlations with the same variables, sup-
porting the abovementioned consideration. Earlier studies reported a significant
moderate correlation between DBH and number of branches (Stener & Hedenberg
2003, Stener & Jansson 2005). Significant negative genotypic correlation between
productivity traits and stem straightness (r; ranging from —0.45 to -0.72) was noti-
ced in Sweden (Stener & Jansson 2005). However, other stem quality traits such as
spike knots, stem cracks, and double tops did not show significant relation to pro-
ductivity traits and MV, suggesting the possibility for simultaneous improvement
(Vihera-Aarnio & Velling 1999, Stener & Jansson 2005).

The heritability of survival was low (Table 5.6), suggesting the prevailing
effect of the micro-site conditions, as shown by L.-G. Stener and G.Jansson (2005)
for birch in Sweden. Environmental factors can strongly affect performance of the
species, masking the genetic effect and resulting in low heritability parameters
(Koski & Rousi 2005). The estimated genetic parameters (Table 5.6) might have
been already affected by the pre-selection of planting material (plus-trees) with
improved branching and stem properties, as a seed orchard was initially inten-
ded. Although the utilization of grafted silver birch is not a common practice in
commercial forestry, the trial provided information about genetic parameters at
middle age that has not been previously published. This might have caused some
imprecisions in genetic parameters due to uncontrolled rootstock x scion effect.
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Although the issue has been scarcely studied for forest trees (Jayawickrama et al.
1991), for loblolly pine, the rootstock x scion effect has been negligible compared
to the effects of clone and site factors (Jayawickrama et al. 1997). This was also
supported by good survival of grafts indicating compatibility between rootstock
and scions. The negative effect of cyclophysis due to different biological ages of
rootstock and scion (Olesen 1978, Greenwood & Hutchison 1993, Vihera-Aarnio &
Ryyndnen 1994, Wendling et al. 2014) appeared insubstantial, as indicated by the
productivity of the plantation. Similarly, a weak effect of cyclophysis on growth and
survival of vegetatively propagated silver birch has been shown in boreal conditi-
ons (Jones et al. 1996, Vihera-Aarnio & Velling 2001). Still, grafts might have lower
branchiness and branch thickness (Vihera-Aarnio & Ryynanen 1995).

The single-tree-plot design of the plantation might have also affected genetic
parameters of the traits, as the measurements from such plots are influenced by
competition among different genotypes (Vergara et al. 2004). However, low planting
density likely had postponed the onset of inter-tree competition, therefore reducing
exaggeration of the genotypic variance of growth traits (Malcolm & Worrell 2001,
Stener & Hedenberg 2003, Stener & Jansson 2005). Hence, the estimated H> and CV,
were somewhat lower than reported in earlier studies, in which H? ranged 0.07-0.56
for tree height, and 0.11-0.59 for DBH, while CV,, for the respective traits has been
reported to range between 5 and 14, and between 9 and 21, respectively (Malcolm &
Worrell 2001, Stener & Hedenberg 2003, Stener & Jansson 2005). Still, heritability of
height and DBH varies widely among different trials (Stener & Jansson 2005). Consi-
dering varying genetic control of the studied traits, H* and CV, of MV were interme-
diate (0.16 and 21.8), as similarly observed in Sweden (Stener & Hedenberg 2003).

For silver birch, genetic gains of around 10% for height and 20% for DBH of
the top 10% clones at the age of 7-11 years are reported (Stener & Hedenberg
2003, Stener & Jansson 2005), while corresponding realized gains in our study site
at the moment of possible final-harvest was around 17 and 5 times lower, respec-
tively. For each variable, selection of top three clones resulted in 3.8%, 0.6%, and
2.7% genetic gain for DBH, tree height, and MV, respectively. This may imply weak
age-age correlations, as well as reflect lower heritability and high variability due
to strong environmental effects. However, earlier measurements from the studied
trial were not available for comparison.

The studied plantation appeared ready for the final harvest already at the
age of 40 years. Higher productivity (up to 8.90 m® ha™* year™ (Oikarinen 1983) vs.
5.25 m® ha year?in studied trial) and good stem quality might be achieved in con-
ventional plantations with higher planting densities (Niemisté 1995a), although inc-
reasing planting distance does not influence the height growth (Niemisté 1995b).
Nevertheless, decreased competition and application of the pre-selected plan-
ting material apparently improved the assortment structure of the studied birch,
shifting its distribution towards the higher value, thus suggesting efficiency of the
low-density clonal plantation for the production of solid wood and possible further
economic improvement in a low-density short-rotation plantation. Together with
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selected planting material, reduced establishment costs with wider spacing might
be a strong driving factor for choosing lower planting densities. Increased value
does not only result from increases in volume production, but also from improved
stem quality leading to more valuable logs (Moore et al. 2018). Besides, breeding
effect on productivity might not fully express in dense stands, since birch maintain
vigorous growth when presented with low within-stand competition (Hynynen et
al. 2010).

For practical application of using superior vegetatively propagated clones,
there is no specific regulation in Latvia. Planting of clones or mixtures of clones is
allowed without specific restrictions. Vegetative propagation is regulated, similar
to most EU countries. Only forest reproductive material from categories “selected”,
“gualified” and “tested” shall be allowed to be vegetatively propagated. For clones
and mixture of clones in the category “qualified”, the maximum amount of propa-
gation (number of offspring or ramets) is 1 million grown plants. Material of the
category “tested” has no restrictions on the amount of propagation.

5.3 Profitability of utilizing genetically improved silver birch
(VI and VII publication)

Results of silver birch breeding profitability analysis reveal that NPV of tree
breeding costs are highest in VEG alternative, followed by GEN (60% of VEG costs)
and FEN (40%). Genetic gain of FEN alternative is approximately 79% of the other
alternatives that is according to theory (Falconer & Mackay 2004) and reflects incre-
ased precision of selection, based on progeny testing. In the current situation (pri-
ces and costs of the year 2010, on average a bit below 500 ha year™ birch planting
used, predictions of genetic gain for height and diameter 14% for FEN and 18% for
VEG and GEN, targeted and traditional silviculture applied in equal proportions of
area) highest differential benefit is achieved with VEG alternative, followed by GEN
and FEN (Fig. ).

Results reveal that superiority of selection based on clonal testing (VEG) re-
mains across the range of genetic gain levels, that exceed 10%, and is increasing in
absolute value, as higher the genetic gain is. It is in line with conclusions of Stener
and Jansson (2005) that also noted superiority of vegetative (clonal) testing.

Figures of genetic gain used in this study are in line with other published
estimates: at the age of 10 years, 10% gain in height and 18% in diameter has been
found for silver birch (Stener & Jansson 2005). Other studies report no notable di-
fference in genetic gain at the age of 10 and 20-36 years, the absolute value being
29% for yield (Hagqvist & Hahl 1998) that would roughly correspond with 14% inc-
rease in height and diameter. Genetic gain 10-25% at age 21-32 years are estima-
ted (for height) and 20% predicted for yield at mature age for Scots pine (Stahl &
Jansson 2002, Andersson et al. 2006, Jansson 2007) for the first breeding cycle. Con-
siderable decrease in genetic variation have been found between wild population
and selected plus trees, but the next steps of selection, based on progeny testing
corresponds to only marginal changes in genetic variation (Bouffier et al. 2008).
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Figure 5.10 Comparison of differential benefits for breeding alternatives in EUR,
adjusted to the 2023 price index

Bars indicate values based on the average roundwood assortment price; whiskers
represent the minimum and maximum roundwood assortment prices during the
evaluated period (2006— 2010). Breeding effects for height and diameter were 14% for
the FEN alternative and 18% for the VEG and GEN alternatives, assuming targeted and
traditional forestry were applied in equal proportions of the area

Therefore, it can be assumed that the possibility of further improvement in next
breeding cycle remains the same as in the first one.

Value of differential benefits is influenced not only by genetic gain, but also
by annual planting area and fluctuation in assortment prices (Figs. and ).

Annual planting area has a profound effect on value of differential benefits:
as it increases from 500 ha year™, planted during the last decade on average, up to
5,000 ha year™ the differential benefits increases by 60% on average, ranging from
25% to more than doubling. It is related to constant costs involved in equation —the
more the area increases, the lower are the costs of seed orchard establishment and
maintenance per one hectare planted with material grown from selected seeds.
Tight link between economic value of tree breeding process and the size of the
area, where selected forest reproductive material is utilized, is also noted by other
authors (Ledig & Porterfield 1982).

Fluctuation of wood prices has remarkable influence on the value of diffe-
rential benefits: difference between the lowest and highest estimate for the same
alternative and annual area of planting varies 2.4-5.0 times. That indicates the
importance of selection of proper final harvest time, based on market conditions
in order to reap highest benefits from the use of selected material in forest re-
generation. Results also demonstrate that rather conservative genetic gain esti-
mate ensures positive differential benefits from tree breeding and use of selected

175



1,200

< 1,000
©
=
o
2 800
£
g 600
je)
©
S 400
3
S 200 I I
-200
FEN VEG GEN FEN VEG GEN
500 ha per year 5,000 ha per year

Breeding alternative and annual planting area

Figure 5.11 Influence of silvicultural system applied on the differential benefits
from forestry in the year of high (2007) and low (2009) wood prices, in EUR,
adjusted to the 2023 price index:

2007 traditional 2007 targeted - 2009 traditional - 2009 targeted
Genetic gain for height and diameter 14% for FEN and 18% for VEG and GEN alternatives
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Figure 5.12 Net wood value of the thinning at the age of 14 years, based on low or high
timber prices and selection of 10% best or worst (-L) families either directly (by value) or
indirectly (by DBH or by height at the age of 10 years)
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material, even with the least beneficial alternative and in years with the lowest wood
prices.

Silvicultural system has a notable influence on stand parameters. Results
demonstrate that stands with “targeted” management regime, involving only
one commercial thinning ensures notably higher differential benefits than stands
with “traditional” one regardless of selection alternative or wood price conditions
(Fig. ). Main cause of it is faster diameter increment in “targeted” manage-
ment, providing opportunity to shorten rotation period as well as to obtain higher
proportion of most valuable assortments. In the study we were not able to address
aspects of genotype-silvicultural system (like initial spacing, intensity of pre-com-
mercial thinning etc.). Only few studies of this aspect have been carried out in the
region based on very limited Scots pine material. They indicate that genotype — ini-
tial spacing interaction might have a practical importance (Persson 1994, Roth et al.
2007). Selection of assortments in our study is based only on dimensions, and quali-
ty is not considered. However, studies demonstrate that up to 90% of proportion of
veneer logs from tree is determined by branch quality (Hagqvist 2001). Genetics is
even more important than the silviculture in determining quality traits of birch, like
natural pruning (Zalitis & Zalitis 2002), branch diameter and angle (Hagqvist & Hahl
1998), wood quality (Koski & Rousi 2005). Genetics has significant effect even on
slenderness of trees (Kroon et al. 2008). Therefore, increased quality and proportion
of the most valuable assortments could be an important part of differential benefit
from use of selected material and shall be addressed in further studies, as soon as
there is sufficient data from National Forest Inventory and older birch trials. Avera-
ge proportion of elite-grade logs could be determined also by equations, developed
by P. Zalitis and colleagues (Zalttis et al. 2002), but it does not allow to consider the
additional gain from quality improvement. Constant proportional advantage, ad-
ding the genetic gain to parameters of unimproved stand at any age, is used in our
study. However, genetic gain could be different at different age, and thinning regi-
me could be optimized to reap highest benefits from the use of selected material.

Considering the above mentioned — thinning regime not optimized, quality
traits not estimated and elite veneer assortment not assessed — as well as proba-
bility, that no extra cleanings might be needed for planted stand in comparison to
naturally regenerated. It can be stated that the results of our study are close to the
lowest limit of estimates of differential benefits from the use of selected material.

Interest rate used in the study — 3% — might seem rather low, but it is in line
with values usually used in economic analysis in forestry (Pesonen & Hirveld 1992,
Pentinten 1999).

In the trial, studied for effect of breeding on income at first commercial thin-
ning, the mean DBH and tree height (+ confidence interval) at the age of 14 years
was 9.1+0.2cm and 13.4+0.2m, respectively; standing volume (yield) was
91 £ 1.9 m® ha™*. Heritability for timber value and for the usual trait of selection
(DBH) was very similar (Table 5.2). However, the proportion of industrial timber
(sawlogs and pulpwood) was less heritable. Genetic gain values had a similar trend
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as the CV,. There were negligible differences in genetic gain from direct selection or
selection by DBH.

The estimated heritability (Table 5.2) implies a high potential for improve-
ment of DBH and timber value (Stener & Hedenberg 2003) by breeding. It was hig-
her than observed for birch in Norway (0.23; Skrgppa & Solvin, 2019) and in Sweden
(0.32; Stenner & Jansson 2005). The increased values of higher genetic gain might be
related to diverse population structures of birch in Latvia (Gailis et al. 2012), which
is a result of the post-glacial recolonization of vegetation in northern Europe. Accor-
dingly, a higher genetic diversity allowed obtaining a broader spectrum of phenoty-
pes, hence the intensive selection of the material was efficient (Palmé et al. 2002).

Table 5.8

Coefficients of heritability (h?), genetic variation (CV,) and genetic gain (GG_10%)
of progenies of plus-trees of silver birch plantation at the age of 14 years

Heritability Coefficients of | Genetic gain Genetic gain
Trait coefficients additive genetic GG_10% GG 10% DBH
h? + Standard errors| variation CV,, % direct -

DBH 0.49 £ 0.08 8.4 8.9 8.9
Proportion of 0.18 £0.07 3.7 1.7 1.6
industrial timber
Timber value 0.49 £ 0.08 22.7 26.9 26.3
(low prices)
Timber value 0.50 £ 0.075 20.0 22.9 22.5

(high prices)

The coefficients of additive genetic variation (CV,) ranged from 3.7% to 22.7%
for the proportion of industrial timber and timber value, respectively (Table 5.2).
The CV, for DBH was relatively low, which might be explained by the effect of stand
competition (Stenner & Jansson 2005, Egback et al. 2018, Zeltins et al. 2018), but
the higher coefficients for the timber value might be explained by the cumulative
effect of DBH and tree height. Nevertheless, the estimated genetic gain from the
10% top-performing families had a similar trend as the CV, and was similar to ot-
her studies. For instance, Stener and Jansson (2005) and Hagqvist and Hahl (1988)
found 18% and 11% gains for DBH when first-generation seeds were compared with
ordinary seed material at the age of 7 to 12 years. Such genetic gains from improved
material supports the reliability of genotypic selection and the effect of breeding
(zeltins et al. 2018).

For the trees subjected to thinning, the DBH and height were 8.0 + 0.3 cm and
13.0 £ 0.4 m, respectively. The remaining trees had a mean DBH of 10.0 £ 0.3 cm
and height of 10.0 £ 0.4 m. The volume of harvested industrial timber on average
was 28.0 £ 0.8 m* ha™.

Income from the thinning differed greatly with fluctuations of timber mar-
ket: with low timber prices, it was 1,275+ 29 EUR ha™ on average; with high,
1,863 + 33 EUR ha (Table 5.9). Similar differences were observed with NWV
(Fig. ): the top-performing families reached 1,424 + 86 EUR ha™ with high tim-
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ber prices, and 616 + 39 EUR ha™ with low prices; corresponding mean figures in
an open-pollinated plus-tree progeny trial were statistically significantly lower:
1,030 + 25 EUR ha*and 426 + 11 EUR ha™, respectively. Selected (best performing)
families had a positive NPVs (with a 3% discount rate) from 370 to 741 EUR ha™.
Moreover, for the best-performing families, NPVs at a high timber price and low
discount rate were 50% higher compared with the trial mean; at a low timber price,
the improvements were 35%. This could, at least in part, be attributed to low estab-
lishment costs: good quality planting material ensured a need for only one tending.
Compared to conventional stands of Scots pine in Sweden (Ahtikoski et al. 2018),
the estimated NPV of the top-performing families of silver birch at the age of 14
was high: 2,305 and 1,488 EUR ha™, with high and low timber prices, respectively.
It indicates high potential for the application of improved reproductive material
of birch in commercial forestry with the possibility of early return on investments.
Simonsen et al. (2010) and Jansson et al. (2017) indicates that genetically improved
material significantly increases tree growth with lower investment costs. However,
Jansson et al. (2017) indicated that, with 5.3% IRR, the income is still low due to
increasing establishment and harvesting costs, which might not be met by the im-
proved growth rates.

Table 5.9

The economic indicators of the selected trees of the silver birch trial
at the first thinning at the age of 14 years

Bottom 10%
families

WYy, NPV IRR, NPV IRR, NPV IRR,
EURha™ | 3% | 5% | % | 3% | 5% | % | 3% | 5% | %
High (2018) 1,863+33| 741 | 451 | 8.1 |1,484|1,018| 9.4 | 106 | —=33 | 45
Low (2014) 1,275+29| 370 | 171 | 6.7 780 | 484 8.3 -7 |-117| 2.9
Abbreviations: WV — total value of the harvested timber.

Trial mean Top 10% families

Timber price

In Latvia, the establishment and management costs would not increase as
fast as in Sweden, due to the parity of the costs. Estimated IRR for the mean and
top-performing families resulted in good profitability even when timber price is
low; the values ranged from 6.7% to 8.3% (Table 5.9), thus exceeding those of na-
turally regenerating stands (Jansson et al. 2017). IRR for the worst-performing fa-
milies reached 2.9% in an unfavourable timber market, and 4.5% in a favourable
one. Overall, these values might be lower if lower planting density is used, due to
smaller harvested volume. Similarly, the value would be reduced with an even ear-
lier thinning, aiming to improve the growth of the remaining birch. Thus, additional
calculations using growth models would be useful to optimize the planting density.
The main value of this study is to demonstrate the practical gain obtained from an
actual, large (23.1 ha) thinning area at an early age, and the actual value added by
the tree breeding.
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CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The efficient selection of high-value and climate-adapted birch genotypes
can be achieved in the designated Eastern provenance region, characterized
by higher genetic variability (heritability) for evaluated phenotypic traits and
higher productivity. Maintaining the delineated birch provenance regions is
advisable, as progeny test analysis confirms differences in growth-related
traits between these regions.

Birch breeding can significantly enhance growth rate and stem quality, as
evidenced by high heritability coefficients for tree height, diameter, and
stem volume (mean h?=0.43), as well as for traits characterizing branching
and stem straightness (mean h? = 0.32) in young stands. Similar results were
observed for traits corresponding to final harvest criteria (mean H>=0.18
and H?=0.31, respectively). Low genotype x environment interaction
effects and high genetic correlations among trials for most traits indicate the
generalizability of these results.

It is possible to achieve high breeding efficiency for both growth and stem
guality (branching) traits simultaneously, supported by relatively high genetic
variation (mean CV, = 13.0% and CV, = 6.8% in young stands and CV, = 6.4%
and CV, = 14.3% in older stands, respectively) and weak genetic correlation
between these trait groups.

Selecting the top 10% of families using various breeding indices at the first
thinning stage results in a 27%—60% higher value of obtainable timber and,
depending on wood price, an increase in the internal rate of return on
investments in stand establishment and management by 16—23 percentage
points. Birch genetic traits significantly influence the financial value of birch
stands, both at the first thinning and final harvest stages.

The success of propagating specific clones is influenced by the composition
of the growth medium.

The differential benefit of implementing the second cycle of birch breeding
is positive if a 3% real interest rate is applied to investments in breeding,
seed orchard management, and forest planting. This benefit increases
proportionally with the practical implementation of breeding outcomes, i.e.,
the annual area planted.
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Recommendations

It is recommended to increase the proportion of purposefully regenerated
silver birch stands, particularly in areas with growth conditions suitable for high-
yielding forest stands. This approach ensures higher financial returns on invest-
ments in forest breeding and more efficient use of forest land. In addition to en-
hancing stand productivity, it is advisable to use vegetatively propagated planting
material from the forest reproductive material category “tested”.

The implementation of the second breeding cycle should follow a family-
clonal selection scheme, with the final evaluation of progeny tests conducted at
the age of 10 years. To enable accurate assessment of traits affecting stem quality,
the trials should be established under the most homogeneous conditions possible.

It is recommended to include a higher proportion of genotypes from the
Eastern provenance region in the breeding population and to incorporate birch
genotypes from northern Poland (53-54° N latitude) to improve adaptive traits.
The use of birch reproductive material originating north of Latvia or south of 53° N
latitude for forest regeneration is not permissible without specific trials evaluating
the growth and quality of the material under local conditions.

The plus trees (61) selected from progeny trials within this doctoral thesis
are recommended for use as clones in seed orchards to produce “tested” forest
reproductive material.

It is further recommended to utilize the vegetative propagation technology
developed in this doctoral thesis, along with the selected silver birch clones, for
producing planting material.
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ABSTRACT

Plant production and planting of silver birch is gradually increasing in Latvia. It comes
with the recognition on the potential to improve the growth and quality of next
generation of birch stands while using the improved (selected) material (seeds for plant
production mainly from seed orchard). In very fertile sites with fast over-growth of
clear-cut with dense vegetation, planting also helps to ensure successful and fast forest
regeneration. Planting is a significant investment, thus forest owners are interested to
maximize the profit from it. It includes both ensuring the highest possible productivity
as well as minimizing the risks, mainly — wind damage probability. Therefore aim of
our study is to assess the transferred silver birch provenances for potential use in tree
breeding.

Trial, established in central part of Latvia (56°N), includes provenances from region
north and south of our country: Finland and Poland, respectively, latitudes 51°to 61°N.
Initial spacing 2x1.2m, no thinning carried out before the measurement at the age of 37
years. Material from altogether 16 provenances planted in 24 tree block plots in 6
replications.

Statistically significant influence of provenance on tree height, yield and height of the
mass point were detected. Largest height was reached by birch provenances from Latvia
(18.2+£0.5m), slightly lower- from Poland (15.840.7m) and lowest — from Finland
(14.7£1.4m). Differences in yield between provenances from these countries followed
the same trend both when the actual survival was considered as well as when 90%
survival was assumed. Mass centre was higher for provenances from Latvia, however,
the actual wind damage risk might be lower, since faster growth ensured shorter period
until the final harvest, set by target diameter.

Key words: productivity, growth model, mass point, risk

INTRODUCTION

Birch (mostly silver birch) is increasingly more common in forests of northern Europe,
mainly due to is natural regeneration after the clear-cuts with absence other
management and/or changes in agricultural practice, leading to abandonment of
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marginal farmlands and following afforestation. This afforestation had happened in
rather large scale, e.g. in Latvia alone during the last two decades forest land area had
increase by c.a. 1% [1]. Birch is used for pulp and energy production, however, the
assortment generating high income forest owner is plywood. If logs of such quality are
ensured, owner generate higher profit from its birch stand than from other broadleaved
tree stands in comparable situation or than from birch stands with management targeted
for lower quality, but higher volume birch wood production [12]. Share of saw-logs can
be increased to 17-25% already at the second commercial thinning, if stands are planted
with selected (improved) plants [6]. Notable, genetically determined differences in stem
monetary value has been found also at the stage of final harvest (set by target diameter
at the age of 40 years) in clonal birch trial in Latvia. It demonstrates in practice the
opportunity for the owner to minimize risks (due to shorter rotation period) as well as
increase the income while applying tree breeding results [14]. In turn, breeding of birch
had been proven as income generating activity (both from the owner and at the state
perspective) if its results are sufficiently used: 30-40% of the annual clearcut areas in
birch stands regenerated by planting of selected material [5]. Currently, this is not the
case in Latvia or other neighbouring countries, thus information (like publications) in
the genetically determined differences between provenances, families or clones are
important to educate the forest owners. Provenance level differences might be of
importance in consideration of regeneration (or afforestation) method. The greatest (or
most visible) of them are in quality traits: most common defect of birch being crooked
stems (11%-14% of trees, as reported in the study in Finland) and forking (13%- 23% of
trees) [11]. Large within-stand genetic variation, commonly found in the studies of
wind-pollinated forest trees [15], does not exclude the pronounced stem quality
differences even within so comparatively small area as Latvia. Genetically determined
differences were also found in the occurrence of damages, caused by biotic factors at
young age [13]. Repeated browsing damages of top-shoot can substantially reduce tree
growth [10]. Such impact is becoming present also in birch stands in areas with notably
increasing browsing pressure and can’t be reduced with selection of provenances.
Similarly, impact of forest fires that are linked to management activities even in rather
remote sites [7] depends on meteorology and trees age, rather than genetics. Other traits,
like drought resistance, have shown a notable differences among far distant
provenances, thus the improvement is possible. Altered precipitation regime, as
predicted in Baltic States due to climate change in future, might have a negative impact
on growth of birch on fertile mineral soils [8]. Effect is not so pronounced, however,
would not allow birch stands to achieve highest possible productivity, unless the proper
genotypes are selected. Selection needs to be combined with the appropriate
silviculture. In Finland, in order to achieve high outcome of sawlogs, comparably low
initial density of the stands are recommended (ensuring long green crown) and rather
intensive thinnings: first, when dominant height reaches 13-15m, leaving 700-
800 trees ha! and second c.a. 15 years later, leaving 350-400 trees ha™! [4, 2]. Such
approach would also higher individual tree wind stability, important, when the stands
exceed roughly 10 m height [9]. However, even higher stability can be achieved with
sparser initial density and no commercial thinning, minimizing the time to achieve
target diameter of trees for final harvest [14, 3]. High productivity of birch stands are
important also to ensure steady flow of timber supply for the wood processing industry.
According to data of National forest inventory, there is a notable gap in areas of birch
stand after 30-40 years in Latvia. This impact can be minimized with intensive
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silviculture, leading to fast-growing stands, that includes also selection and use of
appropriate reproductive material. Therefore aim of our study is to assess the transferred
silver birch provenances for potential use in tree breeding.

MATERIAL AND METHODS

Provenance trial had been established in central part of Latvia with initial spacing
2x1.2m and measured at the age of 37 years. Altogether 16 provenances (Fig.1) from
the neighbouring areas (latitude 51°-61°) were used, experimental design — 24 tree
block plots in 6 replications. No thinning carried out before the measurements. Height
and DBH was measured for every tree and used to calculate stem volume, basal area
and yield. Presence of spike knots or double tops (counted as one stem defect) was
assessed. The growth in trial overall was rather poor due to unfertile mineral soil, with
low site index for birch. It corresponded to that at the age of 27 years on average in
birch stands in Latvia in accordance to National forest inventory data. Due to this and
lack of thinning, growth model, developed at LSFRI Silava by J. Donis and G Snepsts
was used to assess the development of the stands, formed by groups of provenances
from different countries (input data — Table 1). Age to reach a target diameter (25 cm)
was assessed.

Figure 1. Provenances (dots) represented in the trial in central part of Latvia (open
circle)
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Table 1. Forest inventory parameters of the groups of birch provenances from different
countries

Group of Actual Highest (max)
provenances | density, | height, | diameter, | density, height, diameter,
from trees ha! | m cm treesha! | m cm
Latvia (LV) 2064 17.9 13.0 521 222 17.0
Finland (FIN) 669 14.2 9.5 521 15.1 10.0
Poland (PL) 1691 15.4 10.0 521 20.7 15.0

Actual — measured forest inventory parameters; highest — parameters of the highest
trees, corresponding to given stand density (521 trees ha'). Diameter — diameter at
breast height.

Ten sample trees, representing the range of breast height diameters in the site, were cut,
and data on branch and stem biomass obtained by 1m section. These data were used to
calculate the height of the mass centre of the trees.

RESULTS AND DISSCUSION

Provenance was a significant factor affecting survival; for specific provenances survival
ranged from 11% to 63% and it was lowest for birched from Finland (on average 16%),
higher for birches from Poland (42%) and highest from local birches (50%). Provenance
was also a significant factor, affecting height (Fig. 2), breast height diameter and,
consequently, stem volume of birches. Correlation between mean height of the
provenances at the age of 5 years (earlier measurements) and 37 years was statistically
significant (r=0.78).

Figure 2. Height for the groups of provenances in trial in comparison to the parameters
in birch stands in Latvia on average (National forest inventory — NFI — data)
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Standing volume ranged from 24 m>ha! to 405 m*ha! and was on average 204 m>ha™'.
Calculations estimating even survival for all provenances reveal similar trend, than
based on actual survival — largest standing volume was for local (Latvian) birch, lower —
for birch from Poland, and lowest — from Finland. Top-ranking provenances based both
on height (Fig. 3) and breast height diameter were from Latvia, however, there was
large variation in the traits and potential to select some birches from Poland, that could
reach similar growth, than the local provenances. Thus the material from similar stage
of breeding (seed orchard progenies or clones) could be further tested to find genotypes
with superior performance in current (in Latvia) and slightly warmer (as currently in
Poland) conditions. Birches from Finland were heavily outperformed and testing only
for superior genotypes (e.g. very fast growing clone) could be justified.

Provenance No corresponds to the number in the Figure 1

Figure 3. Mean height of the provenances in trial

Rather small differences in the height and diameter at the measurement age corresponds
to large differences in time, when the target diameter can be reached (Tab. 2). In sparser
stand (521 trees ha'') assuming the best growth and good conditions for silver birch in
Latvia (age 27, highest), this diameter can be reached as early as at the age of 48 years.
It is close to the values actually found in Latvia in sparse clonal plantation of birch [14],
where the mean diameter exceeded 28 cm at the age of 40 years, but also the density
was lower (initial: 400 trees ha'). Under similar input parameters in the model Polish
birch provenances would reach the target diameter at the age of 57 years and have a
similar yield than the Latvian provenances 10 years earlier (272 m*ha™! and 263 m>ha™!,
respectively). Thus, the potential growth for birches from Poland is slightly lower than
that of local provenances. Birches from Finland in any of the analysed combination of
the parameters cannot reach the target diameter earlier than at the age of 100 years that
is significantly later than the cutting age set in legislation in Latvia (71 year). In the
actual conditions target diameter cannot be reached before the cutting age; assuming
better growing conditions and actual stand data — only local provenance, where in case
thinning is carried out, can reach the intended target diameter at the age of 67 years.
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Commercial thinning had significant impact, boosting diameter increment in the trial in
accordance to the model (Fig. 1). However it might be overestimated due to high
density and thus reduced length of green crown in the stand. Birch provenances from
Poland and Finland did not reach the basal area required for commercial thinning, thus
it was not planned.

Table 2. Age when target diameter (25 cm) will reached for different groups of
provenances

Group of Age
provenances from | Data 27 37
Latvia (LV) actual 91| 127
Latvia (LV) actual*® 67 94
Finland (FIN) actual 111 | 157
Poland (PL) actual 127 | 167
Latvia (LV) highest 48 67
Finland (FIN) highest 100 | 143
Poland (PL) highest 57 81

*commercial thinning carried out; other abbreviations in accordance to Table 1

Dotted line — of commercial thinning implemented; other abbreviations in accordance to
Table 1

Figure 3. Modelled development of breast height diameter for different provenances

Mass centre was higher for provenances from Latvia due to faster tree growth, since its
relative height in relation to tree height was quite stable. It can lead to higher wind
damage risk for Latvian birch due to similar rotation periods for provenances from
different countries (except for modelled growth on good growing conditions for birch).
Further studies needs to be carried out for detailed evaluate this effect.

Provenance was not a significant factor affecting the occurrence of spike knots.
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CONCLUSION

Provenance trials are important source of information on long-term performance of
transferred forest reproductive material. Ongoing climate change increases the
importance to evaluate growth of the genotypes form conditions wormer than currently
in the location of interest to assess, if material, growing well in the current and predicted
future conditions could be selected. Such selection can be for direct use or inclusion in
controlled crossings in tree breeding program.

Provenances from Finland demonstrated inferior growth and thus could not be
recommended for further evaluation and potential use in Latvia. Provenances from
Northern part of Poland (latitude 53-54°N) demonstrated slower growth than the best
performing Latvian provenances but exceeded worst local provenances; thus material
from this region can be used in further testing and potential inclusion in tree breeding
program, if better adaptation to the climatic conditions predicted in Latvia in future can
be found.

Target diameter of 25 cm can be reached as early as at the age of 48 years in sparser
stand assuming the best growth and good conditions for silver birch in Latvia. Under
similar scenario Polish birch provenances would reach the target diameter at the age of
57 years and have a similar yield than the Latvian provenances 10 years earlier
(272 m*ha! and 263 m’ha’!, respectively). Thus, the potential growth for birches from
Poland is slightly lower than that of local provenances. Birches from Finland in any of
the analysed combination of the parameters cannot reach the target diameter earlier than
at the age of 100 years that is significantly later than the cutting age set in legislation in
Latvia (71 year). In the actual conditions target diameter cannot be reached before the
cutting age; this prolongs the time, when relative faster growing trees (local
provenances) can be affected by the wind-storm.
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*  Growth and stem quality traits were under strong genetic control.

*  Weak genetic correlations between tree growth and stem quality were found.

»  Strong age-age and type-B correlations suggest robust improvement over time and different
environments.

*  Simultaneous improvement of growth and stem quality might be applicable.

Genetic parameters of growth and stem quality traits were estimated for open-pollinated silver
birch Betula pendula Roth progenies in Latvia at the age of 10 and 14 years. Tree height and
stem volume were found to be under strong genetic control at both inventories (narrow-sense
heritabilities varied from 0.41 to 0.66). Mainly low heritabilities were found for stem defects,
yet genetic control of branch diameter, stem straightness and overall stem quality varied from
low to high depending on study site. High additive genetic coefficient of variation was found for
stem volume (25.3-32.5%). Genetic correlations among growth traits were strong and positive
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Weak genotype by environment interaction and stability of best genotypes over different sites was
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volume). Therefore, selection index combining both growth and stem quality may be developed.
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1 Introduction

In Latvia, comprehensive breeding of silver birch Betula pendula Roth was initiated in the middle
of 1990s. For basic breeding material, 921 plus-trees and superior stand trees were phenotypically
selected in 26 natural stands thorough the country, and their progeny tests were established in 1999
and 2000. Although breeding of coniferous species (Scots pine Pinus sylvestris L. and Norway
spruce Picea abies (L.) H. Karst.) has longer history in Latvia, silver birch as a commercially
important tree species is yet included in the long-term breeding program, aiming to develop seed
production and raise the financial value of forests (Jansons 2008).

In the Eastern Baltic region, breeding activities in combination with appropriate silviculture
(e.g. planting density) can result in highly productive silver birch stands for valuable plywood
production (Stener and Hedenberg 2003), as confirmed by a clonal birch plantation in Central
Latvia ready for harvest at the age of 40 years (Zeltins et al. 2018). The selection of genotypes must
be based on the growth traits and stem quality traits such as stem straightness, desirable branch
properties, and apical dominance (Stener and Hedenberg 2003). As indicated by mainly negligi-
ble genetic correlations between both types of traits (Koski and Rousi 2005; Stener and Jansson
2005), such simultaneous selection may be applicable. For plywood production, logs with no stem
defects such as crooks, forking, and with knots as few as possible are required (Donaldson and
Turner 2001; Herdjérvi 2001). For silver birch, growth traits have been reported to be mostly under
strong genetic control (Stener and Hedenberg 2003; Stener and Jansson 2005), yet rapid growth
not having strong negative effect on wood and stem properties (Dunham et al. 1999; Heréjérvi
2001; Herdjérvi 2004a and 2004b; Baliuckiené and Baliuckas 2006). In Scandinavia, heritability
for growth traits found to vary considerably from 0.07 to 0.56 up to the age of 10 years, largely
depending on planting site (Stener and Jansson 2005; Skreppa and Solvin 2019). Moderate /4°
(cf. Falconer and Mackay 1996) for growth traits (0.20-0.39) reported in Scottish and Lithuanian
studies (Malcolm and Worrell 2001; Baliuckiené and Baliuckas 2006). Genetic coefficients of vari-
ation (CV, and CV), indicating level of genetic variability, reported to range from 4.6 to 20.5% for
growth and from 9.8 to 15.1% for stem quality traits (Stener and Jansson 2005; Baliuckiené and
Baliuckas 2006). Early selection has been justified by moderate to strong age-age genetic correla-
tions for periods up to 17 years (Hagqvist and Hahl 1998; Stener and Hedenberg 2003; Stener and
Jansson 2005), yet general information about long-term time trends for genetic control is limited
(Stener and Hedenberg 2003).

In Fennoscandia, the silver birch breeding programs have resulted in substantial improve-
ments of productivity and stem quality, genetic gains reaching 5-30% (Hagqvist and Hahl 1998;
Rosvall et al. 2001; Jansson et al. 2017). In Latvia, the use of silver birch in plywood production,
accounting for ca. 9% of total forest sector export value (Central Statistical Bureau of Latvia 2016)
and being one of the leading branches of the wood processing industry (Liepins and Rieksts-Riek-
stins 2013) indicates the importance of birch breeding for the production of fast growing planting
stock with desirable quality traits. However, comprehensive analysis of silver birch quantitative
genetic parameters and potential genetic gains in the Eastern Baltic region is still lacking. There-
fore, the aim of the study was to estimate genetic parameters for growth and stem quality traits in
open-pollinated silver birch progeny trials at the age of 10 and 14 years.
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Table 1. Description of the studied open-pollinated Betula pendula progeny trails.

Name Latitude  Longitude  Altitude Planting No. of open-pollinated ~ No. of measured trees No. of
(m) year families assessed replications
age 10 age 14 age 10 age 14
Rembate 56°46'N  24°48'E 50 1999 637 637 46696 53032 3-5
Ukri 56°22'N 23°07°E 75 2000 639 657 9643 18371 10-93
Taurene 57°06'N  25°38'E 215 2000 612 621 11917 10964 10-77

2 Material and methods

For the progeny testing, the seeds were collected in years 1995-1998 from the plus-trees in 26
forest stands thorough the country (55°40°-58°05'N, 20°58'—-28°14E). Data were collected from
three extensive silver birch open-pollinated progeny trials Taurene (57°06'N, 25°38°E), Ukri
(56°22'N, 23°07°E), and Rembate (56°46'N, 24°48°E) (Table 1). In Ukri and Taurene, the field
design was randomized blocks with single-tree plots in 10-93 and 1077 replications, respectively,
with spacing 2 x 2.5 m. Rembate was planted in a randomized complete block design with 32-tree
four-row plots for each family in three to five replications with 2 x 2 m spacing (Table 1). The
trial Rembate was established in spring 1999, but the trails Ukri and Taurene — in spring 2000 on
former agricultural land with one-year-old containerized seedlings. All trials were characterized
with dry silty soils and mesotrophic conditions comparable to Oxalidosa according to the Latvian
forest typology (Buss 1981).

The mildest climate was in Ukri, where the mean annual temperature (MAT) was 6.4 °C,
the mean monthly temperature ranged from —4.4 °C to +17.4 °C in January and July, respectively;
the mean annual precipitation (PRECIP) was ca. 630 mm (Harris et al. 2014). In Rembate, the
MAT was 6.1 °C, the mean monthly temperature ranged from —5.0 °C to +17.4 °C; the PRECIP
was 618 mm. Taurene trial was located in more continental climate of eastern Latvia (Laivins
and Melecis 2003), where MAT was 5.1 °C, mean monthly temperature ranged from —6.3 °C to
+16.9 °C; PRECIP was 670 mm (Harris et al. 2014).

2.1 Data collection

In all trials, evaluation was done at the age of 10 and 14 years. For the first evaluation, measurements
from 68256 trees were available for analysis (9643, 11917, and 46 696 trees in Ukri, Taurene and
Rembate, respectively). For the second evaluation, 82367 trees were measured (18371, 10964,
and 53032 trees in Ukri, Taurene and Rembate respectively) (Table 1). During the first evalua-
tion, for each individual a) tree height (H), b) diameter of the largest branch until the stem height
of 2 m (BrD), and ¢) mean branch angle (BrA) was measured. Occurrence of spike knots (SpKn),
double leaders (Doubl) and lost top (LostTop) were recorded as binary variables (1 — present, 0 —
absent), and ordinal scores using 3-point-scale of stem straightness (StStr; bent, slightly bent, and
straight) and overall stem quality (StQual; poor, intermediate, and good) were assessed. At the age
of 14 years, H and diameter at breast height (DBH) were measured (except for Rembate, where
H was not measured). Afterwards, stem volume (V) was calculated according to Liepa (1996). In
trial Rembate, BrA was measured, but in Ukri and Taurene it was assessed using 3-point ordinal
score (1 — from 65° to 90°; 2 — from 45° to 60°; 3 — from 0° to 40°). Occurrence of SpKn, Doubl,
LostTop, and ordinal scores of StStr and StQual were assessed as described above.
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2.2 Statistical analysis

Variance and covariance components for continuous traits were estimated using SAS MIXED
procedure with the restricted maximum likelihood approach (REML) (Littel et al. 2006). Diag-
nostic plots were used to verify for normal distribution of residuals. For the binomial variables, a
generalised linear mixed models applying binomial residual distribution and a “logit” link function
were fitted. For the ordinal variables, ordinal logistic regression was fitted. The binary/categori-
cal traits were analysed using the Generalized Linear Mixed (GLIMMIX) procedure (Littell et al.
2006). Standard errors were calculated using Dickerson’s approximation (Dickerson 1969). For
a combined-site analysis of Ukri and Taurene, which had similar experimental design and set of
families, the following mixed model was used:

Yijkt = 1+ S; + B + Fi + SFjj + &jua , M

where yj; is the observation on the /th tree from the kth family in the jth block within the ith site;
w is the overall mean; S; and B; are the fixed effects of the ith site and the jth block within the ith
site, respectively. The Fj and SFy; are the random effects of the Ath family and interaction of the
ith site and the kth family, respectively, and & is the random residual effect. Preliminary analyses
indicated significant effect for the family-by-site interaction for studied traits.

For an individual site analysis of Ukri and Taurene, following model was used:

Ykt =u+B;+Fy+eju, 2)

where yj is the observation on the /th tree from the kth family in the jth block. For individual site
analysis of Rembate, the model was complemented with an effect of the block and family interac-
tion (a multiple-tree plot effect):

Yikl =+ B+ Fp + BFj + € 3)

where BFj; is a random interactive effect of the jth block and the kth family.

The estimates of narrow-sense individual-tree heritability (h?) were obtained for each trait
using the variance components from the individual and joint-site analysis described above (Falconer
and Mackay 1996). The individual-tree narrow-sense heritability in the joint-site analysis of Ukri
and Taurene was calculated as:

4><o”'%
W= (C))
6} +6% +62

where /2 is narrow-sense heritability, and oA'jzr ,6‘% and 62 are the estimated variance components
of family, family x site interaction and residual, respectively.
For an individual single-tree plot site, following formula was used:

4x 62
W= S )

&} +62

For a multiple-tree-plot design in Rembate, following formula was used:
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4x o"'}

h2 . ©

T52162 16
6% +6% +6%

where &;b is the estimated variance component of site x block interaction.
Additive genetic coefficient of variation (CV,) describing the extent of genetic variability
for the quantitative traits in each site (Falconer and Mackay 1996), was calculated as:

100

X

v, = 4&}

, (N
where X is the phenotypic mean.

Genetic correlations (type-A) between traits and age-age genetic correlations for each trait
were estimated using formula:

o =) ®
%0 %)

where oA'(Qx) and &(zy) are a) the estimated genotypic variances for traits x and y, or b) the same trait
variances at two different ages; and Cov(xy) is the estimated genotypic covariance between traits
x and y or between two measurements of the same trait.

The genotype X environment interaction (G x E) for studied traits was evaluated by estimat-
ing type-B genetic correlations (1) between two experiments (Bourdon 1977). Considering similar
experimental design and set of the same families, the type-B genetic correlation between Ukri and
Taurene was calculated as (Lu and Charrette 2008):

Cov(ala2)
BT sy
V(a1 * Ola2)

where Cov(ala2) is the covariance between genotypic effects of the same traits in different sites,
and &(Zal) and &(2“2) are genotypic variances for the same traits in each of the trails, respectively.
Both r and rg with their standard errors were estimated by multivariate REML using the MIXED
procedure of SAS (Piepho and Mohring 2011) extending univariate mixed models described above.

Breeding values were estimated for each trait to evaluate gain from selection of the best
families. We obtained general combining ability (GCA) values of parents by a Best Linear Unbiased
Predictors (BLUP) procedure in SAS using the analytical models defined above. Since parent can
only transmit half of its genes to its progeny (Falconer and Mackay 1996), breeding values (BV)
of families were calculated as double BLUPs. Since the linear predictors for the binary traits from
the generalized mixed models were calculated on a logit scale, predicted probabilities of stem
defects for families were estimated by applying the inverse of the link function (Littell et al. 1996).
Genetic gains, assuming the selection intensity of 10% (as commonly used in tree breeding practice
in Latvia), were estimated from BV as the percentage over the trial means.

©)
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3 Results

The survival was high at both measurement times in Rembate (>80%) and Ukri (>90%), yet
lower in Taurene (>60%). At the age of 10 years, the means for H in Taurene and Ukri were the
same (6.7 m), and other measured traits and proportion of trees with stem defects were similar.
In Rembate, H was lower (5.5 m), and proportion of trees with SpKn was ca. three times lower
than in the both other trials. At the age of 14 years, mean H was somewhat advanced ahead for
Ukri comparing to Taurene (12.3 m and 11.5 m, respectively), yet other traits were stably alike.
In Rembate, proportion of trees with SpKn had increased and was high (ca. 60%) and similar to
both other trials. In all trials, proportion of trees with SpKn and LostTop was rather high (>50%),
while only 6-12% of trees had Doubl.

The estimated narrow-sense heritability (%) varied among the variables, generally being
higher for growth traits than stem quality (Table 2). The highest 4? was estimated for H, DBH, V
(0.30-0.64), except low value (0.12) for DBH in Rembate. Similarly high 42 had StStr (0.35-0.45),
while StQual, BrD, and Doubl had generally lower values (0.04-0.35). Heritability for BrA varied
considerably (0.25-0.83) depending on site and year, but LostTop showed the overall lowest values
(0.02-0.12). The genetic coefficient of variation CV, for H ranged between 8.5 and 15.0% at age
of 10 years, while DBH showed ca. two times higher genetic variation in Ukri and Taurene (20.6
and 18.7%, respectively), yet being around the same in Rembate (9.3%) (Table 3). Rather high
CV, was estimated for V, ranging from 25.3 to 40.3% in Rembate and Ukri, respectively. Branch
angle showed low degree of genetic variation in all trials (3.7-6.4%) (Table 3).

The estimates of 7 among growth traits were similar and high in all studied trials (0.90-0.99)
(Table 4), yet having mainly low to moderate genetic correlations with stem quality traits (—0.10 <
r6 < 0.40). Branch angle had moderate to strong negative correlations with StStr and StQual (—0.67
< rg <—-0.45), which both strongly correlated with each other (0.83—0.84). Rather high positive
correlations between SpKn and Doubl (0.60-0.74) were found. Still, stem quality traits generally
had low to moderate genetic correlations with each other (Table 4). Genetic age-age correlations
for traits measured at both inventories were mostly strong (>0.78) in all trials. Estimated type-B
genetic correlations between Ukri and Taurene were high (0.78-0.97) for both growth and stem
quality traits (Table 2). Considering low /? values, age-age and type-B correlations for SpKn,
Doubl, and LostTop were not estimated.

For growth traits, selection of top 10% families resulted in GG% of 9.6-26.6% for H and
DBH, while reaching 25.3-61.6% for V. Similar to /° values, GG% were generally lower for stem
quality traits: 8.6-21.2% for StStr, 5.5-10.3% for StQual, 6.9-18.2% for BrD, 1.6-9.1% for BrA.
Estimated GG% for the stem defects (Doubl and LostTop) varied notably among the trials and
years, ranging from 5.2 to 58.3%.

Table 3. Genetic coefficients of variation for quantitative traits (C7}) in the stud-
ied open-pollinated Betula pendula progeny trials at the age of 10 and 14 years.

Trial Taurene Ukri Rembate

Age (years) 10 14 10 14 10 14
H 10.4 8.5 11.4 55 7.5 na
DBH na 18.7 na 103 na 4.7
v na 325 na 20.1 na na
BrD 16.2 na 12.6 na 43 na
BrA 4.4 na 4.7 na 32 1.9

H — height, DBH — diameter at breast height, V — stem volume, BrD — branch diameter,
BrA — branch angle.
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Table 4. Genetic correlations (standard errors in brackets) in combined Ukri and Taurene (the upper diagonal part) and

in Rembate (the lower diagonal part) open-pollinated Betula pendula progeny trials at the age of 14 years.

DBH \% SpKn Doubl LostTop StStr BrA StQual

H 0.92 (0.01) 0.94(0.01) 0.43(0.07) 0.23(0.07) 0.05(0.09) —0.10(0.05) 0.26 (0.06) 0.16 (0.06)
DBH 0.99 (0.00) 0.39(0.07) 0.20 (0.07) 0.10(0.09) -0.06 (0.05) 0.22(0.06) 0.17 (0.06)
A\ na 0.39(0.07) 0.23(0.07) 0.06 (0.09) —0.06 (0.05) 0.23 (0.06) 0.17 (0.06)
SpKn 0.13 (0.13) na 0.60 (0.11) 0.08 (0.20) —0.29 (0.08) —0.02 (0.09) —0.51 (0.07)
Doubl  —0.10 (0.11) na 0.74 (0.11) —0.51(0.11)  0.03 (0.08) —0.12 (0.09) —0.16 (0.08)
LostTop 0.10 (0.13) na —0.06 (0.14) -0.49 (0.11) —0.69 (0.09) 0.52(0.11) —0.58 (0.09)
StStr 0.02 (0.09) na —0.39 (0.10) —0.08 (0.09) —0.71 (0.09) —0.67 (0.05) 0.83 (0.03)
BrA 0.00 (0.25) na —0.01 (0.10)  0.09 (0.09) 0.28 (0.10) —0.57 (0.06) —0.45 (0.07)
StQual  0.40 (0.24) na —0.67 (0.09) —0.28 (0.08) —0.62 (0.08)  0.84 (0.04) —0.48 (0.07)

H — height, DBH — diameter at breast height, V — stem volume, SpKn — spike knots, Doubl — double leaders, LostTop — lost top, StStr
— stem straightness, BrA — branch angle, StQual — stem quality.

4 Discussion

The survival was high in Rembate and Ukri (>80%), yet lower in Taurene (>60%), which was
most likely affected by the insufficient moisture in dry summer after the establishment due to the
fine textured soil in the trial (Sutinen et al. 2002). However, first years after planting, necessary
weed control was applied sufficiently to eliminate further mortality induced by weed competition
(Ferm et al. 1994; Hynynen et al. 2010). In all trials, proportion of trees with SpKn and LostTop
was rather high (>50%), while only 6—-12% of trees had Doubl, seemingly not affected by different
continentality of the studied trials (Laivin$ and Melecis 2003). Viherd-Aarnio and Velling (1999)
reported 13% of trees with SpKn. Similar to Viherd-Aarnio and Velling (1999), most of the trees
had at least a light stem sweep.

4.1 Genetic parameters

In the Baltic sea region, heritabilities for growth and stem quality of common forest tree species
Scots pine and Norway spruce reported to vary from 0.05 to 0.25 (Velling 1982; Haapanen et al.
1997; Hannrup et al. 1998; Olsson and Ericsson 2002; Jansons et al. 2006). In our study, 42 for
growth traits were mainly moderate to high, and genetic correlation among them were strong,
supported by earlier findings in Latvia (Zeltins et al. 2018). Considering that the genes controlling
each of growth traits might be strongly correlated (Searle 1961), selection may be based on tree
height, which possessed the highest /2. In earlier studies, estimated 42 and broad-sense heritability
H? of corresponding traits for silver birch reported to vary widely from low to high (Nepveu and
Velling 1983; Malcolm and Worrell 2001; Stener and Jansson 2005; Zeltins et al. 2018). In Norway,
narrow-sense heritability /47 of six-years-old open-pollinated families estimated to be rather low, i.e.
0.09 and 0.17 for H and DBH, respectively (Skroppa and Solvin 2019). In the present study, high
heritability values and low variety among trails for growth traits might correspond to relatively
homogenous growing conditions on agricultural land sufficiently maintained after establishment.
Thus, genetically determined differences were better revealed comparing to forestland (Haapanen
1996; Hannrup et al. 2004). Although 42 values from individual-site analysis are commonly over-
estimated and higher comparing to joint-site estimates (Hodge and White 1992; Haapanen 2001;
Wau et al. 2008), our estimates of Ukri and Taurene together were close to heritabilities in separate
sites. In contrast, insufficient maintenance, subsequent uneven survival and heterogeneous growth
conditions commonly reported to result in low heritability indices with low accuracy, reducing
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benefits from tree breeding (Haapanen 1996; Makinen 1996; Talbot 1997; Nummi 1999; Olsson
and Ericsson 2002; Koski and Rousi 2005). Nevertheless, mainly low 42 for such stem defects
as SpKn, Doubl and LostTop (0.04-0.29) coincides with earlier findings (Stener and Hedenberg
2003; Zeltins et al. 2018), suggesting relatively weak genetic control and strong prevailing effect
of such environmental factors as drought, frost or biotic damage (Malcolm and Worrell 2001;
Stener and Hedenberg 2003).

Stener and Jansson (2005) reported low /42 and H? values (0.09-0.27) for StStr in a series
of up to 10 years old silver birch clonal and progeny trials. Although StQual had low %7 values
(0.10-0.15) at the age of 10 years (Table 2), moderate to high heritabilities (0.21-0.45) and rather
weak genetic correlations (Table 4) with growth traits for both StStr and StQual implied substantial
improvement for wood quality in our study. In addition, generally moderate negative correlations
between StQual and stem defects suggests that selection based on inclusive ordinal score of stem
quality traits might reduce occurrence of stem defects despite low heritabilities of them, thus improv-
ing timber quality and increasing amount of merchantable wood (Agestam et al. 1998; Méttonen
2005). Mainly weak genetic correlations reported among quality traits as well as between growth
and quality traits, likely related to rather low genetic variance of the latter ones (Koski and Rousi
2005; Stener and Jansson 2005). In Scotland, straight stems found to be associated with superior
volume growth (Malcolm and Worrell 2001), yet not observed in our study. Similar to previous
findings in Sweden and Latvia (Stener and Jansson 2005; Zeltins et al. 2018), BrD and BrA pos-
sessed high heritabilities. However, the substantial negative correlations between BrA and StStr
might result in enlarged knot size for straighter logs, thus reducing technical quality (Niemisto
1995a). Larger BrD had been commonly reported as negative effect for fast growing silver birch
(Niemistd 1995b, Stener and Jansson 2005), suggested to be mitigated with sufficient planting
density of at least 1600 trees ha™! for smaller knot size and improved wood strength (Niemistd
1995a; Dunham et al. 1999). Nevertheless, study in 40-years old low-density clonal silver birch
plantation in Latvia showed possibility to obtain high-quality plywood applying wide (5 x 5 m)
initial spacing (Zeltins et al. 2018).

Besides heritability, considerable CV, (20.1-32.5%) suggested potential of breeding to
improve V (Table 3). Lower CV, values for stem quality traits comparing to growth traits coincide
with results in Lithuania, where CV, for StStr and BrA was ca. 13% (Baliuckiené and Baliuckas
2006). In a recent study of low-density clonal plantation, estimated CV, for H was almost three
times lower (3.2%) than CV, in the present study (on average, ca. 8%) (Zeltins et al. 2018). It might
be partly explained with remarkable differences in initial spacing (5 x 5 and 2 x 2.5 m in clonal
plantation and our study sites, respectively), since genetic variance can be higher in closer spacing
(Franklin 1979; Euler et al. 1992). Nevertheless, similar C¥, for H reported in north Sweden (Stener
and Jansson 2005). Generally higher estimated CV,, values for DBH as for H were similar to results
in Swedish progeny tests (14 and 8% for DBH and height, respectively) (Stener and Jansson 2005).

Estimated GG% confirmed general trends for 42 and CV, discussed above, reaching the
highest values for V (25.3-61.6%), while being overall lower for stem quality (1.6-21.2%). Such
estimates are over the means of trials instead of general population due to the lack of control plots,
and thereby gains over forest stands might be higher (Malcolm and Worrel 2001). Nevertheless,
selection of genotypes should compromise improved productivity with sufficient quality as well
as improved performance in different growth conditions (Matheson and Cotterill 1990), especially
when the aim is to produce high-quality silver birch timber for plywood industry (Hynynen et al.
2010). As indicated by single-trait gains, CV,, values (Table 3) and mainly weak r; between growth
and quality traits (Table 4), further development of index for simultaneous selection of both growth
and stem quality traits may be possible.
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4.2 Genotype by environment interaction

The studied traits showed low G x E interaction, indicated by strong type-B correlations for all
studied traits (75> 0.78) between trials Ukri and Taurene (Table 2). Contradictory results have been
reported previously: from strong and significant correlations between trials even in rather different
environments (Stener and Hedenberg 2003; Stener and Jansson 2005) to substantial genotype by
site interaction (Baliuckiené 2009). However, the accuracy of 73 might not be high (Bourdon 1977;
Haapanen 1996), often related to inappropriate design of progeny trials, which has insufficient
number of replications not following natural patterns of growing conditions (Haapanen 1996). Still,
high type-B correlations with rather low standard errors for growth traits and low variation of h?
for the same trait among trails discussed above indicated stability of performance over different
environments, as well as appropriate experimental design.

Another relevant question regarding experimental design is the use of single-tree- or
multiple-tree (block) plots. In general, single-tree plots in Ukri and Taurene had higher estimated
heritabilities for growth traits and BrA than block-plots in Rembate (Table 2). Single-tree plots
in many replications allow assessing genetic differences in statistically effective way (White et
al. 2007), since progenies of plus-trees are represented in possibly wide range of competition and
growing conditions within a trial (Haapenen 1992; Haapanen 1995). However, inter-tree com-
petition among different genotypes may exaggerate estimated genetic variance for growth traits
promoting initially fast growing families (Malcolm and Worrell 2001; Vergara et al. 2004; Gould
and Marshall 2010). In the present study, growth traits might be somewhat affected by competition
in the single-tree-plot trials Ukri and Taurene, since estimates from the block plots in Rembate
were lightly lower. Still, estimates from more trials would be needed for generalized conclusions.

Stener and Hedenberg (2003) stressed general lack of information about age-age correla-
tions for silver birch. In our study, the genetic age-age correlations for traits measured at the age
of 10 and 14 years were mainly strong, implying as accurate selection for the respective traits at
the first measurement time as at the second inventory. Nevertheless, strong correlations between
so close ages are not very informative about long-term trends. Still, strong age-age correlations
have been indicated for V for up to three decades in southern Finland (Hagqvist and Hahl 1998).
There have been reported correlations ranging from 0.75 to 0.86 between the ages of 9 and 26
years; correlation of 0.94 between the ages of 5 and 10 years, and 0.84 between the age of 11 and
18 years for tree height (Stener and Hedenberg 2003). Stener and Jansson (2005) found moderate
to strong age-age correlations (0.60-0.99) for H and quality traits.

5 Conclusions

Growth and stem quality traits were mostly under strong genetic control, yet occurrence of stem
defects — spike knots, double tops and lost top — were more affected by environmental factors.
Weak positive genetic correlations between growth traits and inclusive stem quality score indicated
potential for improved productivity and wood quality simultaneously. Still, improvement for stem
straightness might increase stem knottiness. Strong genetic correlations between different study
trials, as well as strong age-age correlations indicated stability for improvements of silver birch
planted on former agricultural land. Considerable single-trait gains, additive genetic coefficient of
variation values, and mainly weak genetic correlations between growth and quality traits suggest
further development of selection index for simultaneous improvement of both growth and stem
quality.
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1 Introduction

Populations of tree species with wide geographic range, such as silver birch (Betula pendula
Roth), show genetic specialization to native environments, while maintaining high phenotypi-
cal plasticity (Sultan 1987; Gapare et al. 2008). Silver birch has high genetic diversity, yet low
population genetic differentiation (Hamrick et al. 1992; Palmé et al. 2003; Wesselink et al.
2018); e.g., 97% variation within the populations, and only up to 3% among them in the Eastern
Baltic region (Zhuk et al. 2009). Nonetheless, explicit differentiation in phenotypic traits might
be present due to strong local adaptation, and such genetic specialization is the precondition
for successful breeding (Savolainen et al. 2007; Sork et al. 2013). In the Eastern Baltic region,
silver birch is a highly important forest resource, especially for plywood industry (Hynynen et
al. 2010; Liepins and Rieksts-Riekstins 2013). Accordingly, breeding programs are implemented
throughout the region (Donaldson and Turner 2001; Heréjarvi 2001; Stener and Hedenberg 2003;
Gailis et al. 2020).

Phenotypic traits have shown considerable genotypic variation in the Latvian silver birch
breeding population (Gailis et al. 2020), yet the potential sub-regional differences have not been
accounted. The species shows substantial ecological plasticity shaped by environmental contrasts
(Koski and Rousi 2005; Savolainen et al. 2007), hence assessment of regional and sub-regional
phenotypic differences (Falconer and Mackay 1996; Griffiths et al. 2000) is essential to improve
efficiency of breeding (Malcolm and Worrell 2001). Bio-climatic zonation is commonly used
to distinguish regional differences in tree growth, for example in classification of seed zones
(Laivin$ and Melecis 2003; Hamann et al. 2011; Stakenas et al. 2012; Ge et al. 2013; Reitalu et
al. 2013). However, the climatic zones might be different from the actual distribution of meta-
populations of tree species. Different environmental conditions and the post-glacial history of
vegetation interactively can result in spatially varying selection pressure, hence distinct pheno-
typic differences and genetic variance (Palmé et al. 2003; Viliranta et al. 2011; Tenkanen et al.
2020). Thus, assessment of the differences in phenotypes and specialization among forest prov-
enances are still essential for clarification of provenance regions, which might not be detected by
molecular markers (Karhu et al. 1996; Reed and Frankham 2001; O’brien et al. 2007; Wesselink
et al. 2018).

Furthermore, the rapid pace of climate change rises concerns about the adaptative capacity
of tree populations in the future (Aitken et al. 2008; Fady et al. 2020). Improved forest repro-
ductive material enhances forest adaptation (Lefevre et al. 2014) as a component of pro-active
adaptive forest management (Bolte et al. 2009; Nabuurs et al. 2018). Considering the opportun-
istic (ruderal) nature of silver birch (Brzeziecki and Kienast 1994), fast growth and tolerance
to weather fluctuation in the Eastern Baltic region (Liepins 2011; Jansons et al. 2016), a con-
servative climate-smart management approach may utilize improved local genotypes to enhance
adaptability (Ahrens et al. 2020). Therefore, information about genetic variation and phenotypic
plasticity reflecting adaptability of local seed sources (Lamy et al. 2011), is advantageous for
more efficient breeding. The aim of the study was to distinguish sub-regional differences in
strength of local adaptation in terms of growth and stem quality traits. We hypothesized that local
bio-climate had an explicit effect on local adaptation, and two silver birch provenance regions
could be delineated.
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2 Material and methods
2.1 Trials and measurements

The study material consisted of the open-pollinated progenies of silver birch plus-trees from 31
forest provenances across Latvia (55°40°—58°05'N, 20°58'—28°14'E). The studied two parallel
silver birch trials Taurene (57°06°N, 25°38E) and Ukri (56°22°N, 23°07E) contained progenies
of the same sets of provenances and 533 half-sib families within them. The trials were established
in 2000 on agricultural land with one-year-old containerized seedlings. The experimental design
was complete randomized blocks of single-tree plots in 10 to 93 replications with 2 x 2.5 m initial
spacing. Both trials were growing in mesotrophic conditions on dry silty soils. Climate was milder
in the Ukri trial; the mean annual temperature was 6.4 °C, and the mean monthly temperature
ranged from —4.4 °C to +17.4 °C in January and July, respectively; the mean annual precipitation
was ca. 630 mm (Harris et al. 2020). In Taurene, the mean annual temperature was 5.1 °C, and the
mean monthly temperature ranged from —6.3°C to +16.9 °C. The mean annual precipitation was
ca. 670 mm (Harris et al. 2020).

At the age of 14 years, measurements of height (H) and diameter at breast height (DBH)
were available for 11657 and 18 804 trees in Taurene and Ukri trails, respectively. The occurrence
of spike knots (SpKn), double leaders (Doubl), and lost top (LostTop) was recorded as binary
variables. Stem straightness (StStr), overall stem quality (StQual), and branch angle (BrA) were
assessed visually, using a 3-point ordinal scale (Gailis et al. 2020). Stem volume (StVol) was cal-
culated according to a local equation (Liepa 1996).

2.2 Statistical analysis

We performed Principal Component Analysis to assess the main patterns in variation of scaled
phenotypic traits of the studied silver birch provenances, and to associate them with the location
of origin. Estimated marginal provenance means were obtained from mixed effects models:

Yijkim = H+ B+ Fj + Si + by + 5f i + Eijm )

, where yjj is the response variable, u is the overall mean; P;, F; and Sj are the fixed effects of the
provenance, the family, and the site, respectively. The b; and sfj are the random effects of block
and site x family interaction, respectively, and &, is the random residual effect. The significance
of principal components (PC) was determined by the Monte Carlo (randomization) test perform-
ing 1000 iterations. Relationships of the studied traits and latitude/longitude with the first two PC
were assessed by Pearson correlation analysis.

The phenotypic differences in the studied traits among the distinguished provenance regions
were assessed using mixed models:

Yijkim = H+ Ri + 8 + b + &jjp 2)

, Where yj; is the response variable, R; is the fixed effect of the provenance region, s; is the fixed
effect of site, by is the random effect of a block within a site, and & is the error.

To estimate the extent of genetic adaptation and genetically determined plasticity for each of
the determined provenance regions, the variance components were estimated from the combined
data from both trials, and narrow-sense heritability (42) and additive genetic coefficient of variation
(CV,) were calculated according to Falconer and Mackay (1996).
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For the continuous quantitative variables (H, DBH, StVol), linear mixed effects models
were used. For the binomial variables (SpKn, Doubl, LostTop), generalised linear mixed models
applying binomial residual distribution and a “logit” link function were fitted. For the ordinal
variables (StStr, StQual, BrA), ordinal logistic regression was applied (Long 1997). Data analysis
was conducted in SAS v. 9.3 using the procedures PROC MIXED, PROC GLIMMIX, and PROC
CORR (Littel et al. 2006; Piepho and Mohring 2011).

3 Results

Distinct clustering of phenotypic traits was observed. The first two PCs were significant
(p-value<0.001) and corresponded for 57.6% of the total variance of the studied traits (Fig. 1). The
third PC covered 19.8% of the variance and was related to stem defects — Lost and Doubl. The first
PC was strongly related to the growth traits indicating regional differences in productivity (Fig. 1).
The second PC was related to the quality traits, suggesting diverse sources of variation for growth
and quality. In the ordination space, the provenances formed single group indicating continuous
gradient in variation of the studied traits. Nevertheless, the first PC was significantly correlated
with the longitude of origin of the provenances (»=0.46, p=0.01), suggesting growth differences
between the coastal and inland parts of the country, while the second PC did not (»=0.02, p=0.92).

Correlations of the PCs with latitude of origin were weak (|r{<0.22, p-value>0.24), indi-
cating absence of north-south gradient. Based on the scores of the first PC of provenances, which
were overlain on their geographic locations, two regions of Latvia were arbitrarily distinguished
(Fig. 2). The coastal region included the western and the very northern part of the country, while
the inland region covered the central and eastern parts (Fig. 2). The inland region showed sig-
nificantly (p-value<0.01) higher H, DBH, and StVol (Table 1). The mean StStr, StQual, and BrA
had no differences between regions. High occurrence of SpKn and LostTop was observed in both
regions (49.2-59.1%), while trees with Doubl were less frequent, lacking practically meaningful
differences between regions (Table 1).

The studied silver birch populations possessed substantial additive genetic variance in growth
and stem quality (Supplementary file S1, available at https://doi.org/10.14214/sf.10524). Moderate
to high heritability (%> 0.20) was estimated for the studied traits in both regions except for stem
defects (h2<0.15) (Table 1). Geographically varying strength of genetic control of the traits was
observed: 42 of H was more than twice higher in the inland than in the coastal region (0.61+0.061
and 0.28+0.037, respectively), while for StVol and DBH differences in /2 reached 31.3-41.4%. In
the coastal region, high (h%>0.45) heritability was estimated for StStr and BrA, while these traits
showed intermediate heritability (0.26 <42<0.30) in the inland. Also, the estimated C¥, was slightly
(0.97-4.06%) higher for the inland comparing to the coastal region implying slight differences in
plasticity. The ability to respond to natural selection, indicated by CV,, was ca. three times higher
for StVol comparing to H in both regions (Table 1).
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Fig. 1. Ordination of the studied provenances (A) and studied traits (B) of 14-years-old silver birch in Latvia
according to the first two principal components (PC) of their variation. In A, axes are rescaled for clarity;
and arrows indicate correlation with latitude (lat) and longitude (lon) of origin of the provenances. Numbers
in brackets indicate the amount of explained variation. Abbreviations: H — height, DBH — diameter at breast
height, StVol — stem volume, Doubl —probability of double leaders, SpKn — spike knots, StQual — overall stem
quality, StStr — stem straightness, LostTop — lost top, BrA — branch angle.
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Fig. 2. The scores of the first principal component (PC1) of studied phenotypic traits of 14-years-old silver birch prog-
enies overlain on their geographic locations in Latvia. The dotted line indicates border of two arbitrarily distinguished
silver birch provenance regions — the coastal (western) and the inland (eastern) region.

Table 1. Regional means, minimum and maximum provenance means, narrow sense individual tree heritability and
additive genetic coefficient of variation of the studied traits in the phenotypically distinguished provenance regions of
silver birch in Latvia. Letters in uppercase denote significant differences (p < 0.05) between provenance regions for

each trait.

Trait Regional mean+standard Minimum Maximum Individual tree heritability
deviation provenance provenance h?+standard error
mean mean (additive genetic coefficient
of variation CV,, %)
Coastal Inland Coastal Inland Coastal Inland Coastal Inland
Height (m) 11.84+£1.90 123B+1.89 112 117 120 125 0.28+0.037 0.61+0.061
(7.16) (10.11)
Diameter at breast ~ 9.064+2.81 9.88+2.84 8.5 8.7 10.0  10.7 0.32+0.037 0.424+0.048
height (cm) (16.56) (17.53)
Stem volume (dm?) 45.24+26.56 53.2B+29.87 393 432 492 621 0.29+0.035 0.4140.048
(29.35) (33.41)
Spike knots 57.34 59.18 42.1 536 608 654 0.05+0.017 0.07+0.020
(% of trees)
Double leaders 9.74 11.48 2.8 500 104 139 0.15+£0.041 0.16+0.014
(% of trees)
Lost top 5234 49.2B 50.7 462 656 624 0.03+0.017 0.01+0.017
(% of trees)
Stem straightness 224 224 2.1 2.1 22 22 0.45+0.060 0.26+0.060
score
Overall stem quality 2.84 2.84 2.7 2.7 2.8 29 0.24+0.040 0.28+0.061
score
Branch angle score 2.0 2.0 2.0 2.0 2.0 2.0 0.51+0.110 0.30+0.118
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4 Discussion

Phenotypic plasticity and local (genetic) specialization are key factors affecting adaptability of
trees to changing climate, hence crucial for climate-smart forest management (Aitken and Bemmels
2016; Moran et al. 2017). Distinct local specialization of silver birch was observed, particularly
for the growth traits (Table 1). Silver birch of the inland region possessed better growth (Table 1,
Fig. 1). The explicit coastal-inland gradient (Fig. 1) and differing strength of genetic control
(Table 1) followed general spatial pattern of the climatic zonation within the region (Laivin$ and
Melecis 2003; Reitalu et al. 2013).

The distribution of silver birch provenance regions showed some specifics in growth traits
and their genotypic variation (Fig. 2, Table 1), which might be explained by the post-glacial
recolonization routes from different refugees (Palmé et al. 2003; Kapeller et al. 2017; Tsuda et al.
2017; Tenkanen et al. 2020). Also, this might be due to continentality of climate (White et al. 2007;
Hoffmann and Sgro 2011), as determined by westerlies and proximity of the Baltic Sea (Laivins
and Melecis 2003); hence differing strength of environmental forcing of adaptation (Suppl. file S2).

Population genetic studies have shown persistence of silver birch in relatively high latitudes
during last glacial maximum, as a scattered dispersal nuclei enabling rapid post-glacial recoloni-
zation in different directions (Stewart and Lister 2001; Binney et al. 2009; Viliranta et al. 2011;
Kapeller et al. 2017; Tsuda et al. 2017). The inland region appeared to be westwards extension of a
source population located east from Latvia. Still, such dispersal nuclei are difficult to locate (Amon
et al. 2014), and wider regional scale study would be necessary to clarify this issue. However,
natural selection after the post-glacial recolonization has likely been the main driver determining
geographic variation of studied traits (Fig. 2) as observed in the region (Collignon et al. 2002;
Kremer et al. 2002; Savolainen et al. 2007; Viliranta et al. 2011).

Although high within- and low between-population genetic diversity has been observed for
silver birch in Northern and Eastern Europe (Hamrick et al. 1992; Palmé et al. 2003; Rusanen et
al. 2003; Maliouchenko et al. 2007; Zhuk et al. 2009), the former has apparently favoured strong
specialization to local conditions, hence explicit phenotypical differences (White et al. 2007; Hoft-
mann and Sgro 2011). Considerably higher CV, for StVol (29.35-33.41%) comparing to H and DBH
(7.16-17.43%) corresponded to a common trend in forest trees (Cornelius 1994). The heritability
is affected by the history of the region (Falconer and Mackay 1996; Griffiths et al. 2000), and can
vary greatly for phenotypic traits of forest tree species (Cornelius 1994). Higher genetic speciali-
zation was more evident under more continental climate in the inland region (Fig. 2), resulting
in higher heterogeneity of field performance (Fig. 1), and explained higher 42 and CV, of growth
traits, compared to the coastal region (Table 1). High heritability likely indicated larger differences
between genotypes from different forest provenances comparing to the environmental variation
within genotypes (Griffiths et al. 2000). Estimated /42 for growth traits was higher in the inland
and lower in the coastal provenances comparing to the whole breeding population (42=0.41-0.52)
(Gailis et al. 2020), indicating better response to selection in the first. One commonly acknowl-
edged risk of intensive breeding within certain populations can be reduced genetic diversity, yet
threats to silver birch are unlikely, considering the highly-connected populations with extensive
gene flow (Hoban and Schlarbaum 2014).

Indistinct phenotypic differences and similar moderate to high heritability for stem qual-
ity (Table 1) might have been set by uniform natural selection in both regions despite climatic
differences (Lamy et al. 2011). Still, moderate genetic control of StStr, previously reported for
various trees species (Cornelius 1994), indicated potential improvement of selection. Meanwhile
weak genetic control of stem defects (Table 1) correspond to the earlier findings, likely shaped by
prevailing environmental factors, such as frost, insect damage or browsing (Malcolm and Worrell
2001; Stener and Jansson 2005; Zeltins et al. 2018).
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Heritability and CV, reflect pre-existing standing genetic variation, which is essential to
adapt to a broad spectrum of future climate via natural selection (Alberto et al. 2013; Ahrens et
al. 2020). Although low genetic variance not necessarily means poor selection response (Walsh
and Blows 2009; Hoffmann and Sgro 2011), lower 42 of growth traits in coastal region (Table 1)
could indicate weaker adaptability to ongoing climate change (Hoffmann and Sgro 2011). Still,
it is unclear, whether populations currently possessing weaker local adaptation could show better
fitness in the future (Fady et al. 2020). Coastal provenances could benefit from projected milder
winters and increased precipitation intensity thorough the country, yet more frequent extreme
events (e.g. summer drought) may suppress positive effect (Avotniece et al. 2010). Use of robust
superior seed sources from more continental inland climate may imply potentially higher capacity
to adapt to changing conditions (Sork et al. 2013), facilitating resilience of future stands (Aitken
and Bemmels 2016). Still, the indistinct phenotypical and genetic variation for stem quality traits
suggested potential for improvement of breeding for plywood production also combining material,
with higher preference from the inland region.

5 Conclusions

Delineation of two provenance regions — coastal and inland — for silver birch in Latvia with respect
to growth performance and genotypic variation, justified earlier climatic zonation. Overall, better
growth and higher heritability suggests that selection and breeding within the best provenances
in more continental inland region possessing higher genotypic variation may constitute better
performing and adaptable breeding population for climate-smart management comparing to the
coastal region. Still, uniformity and estimated heritability of quality traits implies improved stem-
wood quality for plywood production regardless of the distinguished region. A wider regional scale
study, however, would be necessary to clarify differences in phenotypic and genotypic variation
as a proxy for adaptation capacity to changing climate.

Supplementary files

S1.pdf; Variance components from mixed-models for estimating heritability of phenotypic traits
in the two delineated silver birch provenance regions according to local adaptation to bio-climate
in Latvia,

S2.pdf; Mean annual precipitation sum and mean annual temperature in Latvia for the period
1901-2018. The extrapolation is based on the CRU TS monthly high-resolution gridded multivariate
climate dataset (available at https://crudata.uea.ac.uk/cru/data/hrg/cru_ts 4.05/),

available at https://doi.org/10.14214/sf.10524.
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Abstract

Micropropagation has several advantages over conventional vegetative propagation meth-
ods, but it is limited by genotype responsiveness. We assessed the effect of age of the
mother-tree and the time of explant collection on culture initiation, as well as the multi-
plication ability and effect of different nutrient media and plant growth regulators on sil-
ver birch genotypes. Explants collected from 1-year-old trees (66%) and explants collected
in spring (64—67%) developed a significantly (both p <0.001) higher proportion of shoots
than those from 15-year-old trees (39%) and those collected in mid-summer (31%) and
autumn (29%), respectively. In a stabilised culture, the length of the main shoot varied from
1.3 to 7.8 cm between genotypes, and the multiplication rate ranged from 1.0 to 6.8 shoots
per explant. Hyperhydrated shoots were present in 17 out of 50 clones, and, among the
clones, ranged from 14 to 50%. Cultures on the Murashige and Skoog basal medium had a
higher multiplication rate than cultures on a Woody Plant Medium, and the application of
zeatin provided better results than 6-benzylaminopurine. The difference between cytokinin
types was 11-29% for the multiplication rate and 21-29% for the length of the main stem.
The highest multiplication rate was obtained using a zeatin concentration of 0.5 mg L.
However, better shoot growth and proliferation had a significant positive relation to shoot
hyperhydration (all p <0.001). Therefore, a medium with an optimal balance between the
multiplication rate and the number of hyperhydrated shoots should be carefully selected.

Keywords Betula pendula - Genotype - Micropropagation - Culture initiation - Cytokinin

Introduction

Wood is the most versatile renewable material that is used to substitute for fossil resources
from construction wood and packaging boards to textiles and biochemical production. The
growth of population and middle-class income, as well as bioeconomic development have
steadily increased the global demand for wood and wood-based products: wood demand is
forecasted to increase more than twice from 2010 to 2030, and more than thrice from 2010
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to 2050 (WWF 2012), while roundwood production under the continuous trend is fore-
casted to increase by 16% from 2018 to 2050 (Heteméki et al. 2020). The increase in the
productivity of native species and the establishment of fast-growing species and genotypes
plantations are strategies to ensure a sufficient wood supply (Mola-Yudego et al. 2017). In
both respects, silver birch (Betula pendula Roth) has potential in the Northern European
and Baltic states (Rytter et al. 2013). Here, birch is one of the most abundant tree species
(Brus et al. 2012) and is highly productive both in forest sites and on abandoned agricul-
tural land (Uri et al. 2012; Lutter et al. 2015). It has several advantages over other fast-
growing species that are suitable for the region, especially concerning environmental risks,
due to its high tolerance and adaptation capacity to a large variety of climates and soils
(Dubois et al. 2020). In contrast, spruce (Picea abies (L.) Karst.) is prone to wind, drought,
and bark beetles (Mezei et al. 2017). Moreover, these disturbances are increasing in fre-
quency (Seidl et al. 2017). Populus species and their hybrids are preferred by herbivores.
In addition, due to their non-native origin (except for P. tremula), these species might be
damaged by abiotic factors, such as early autumn frost (Lazdina et al. 2016; Senhofa et al.
2016). The Salix species or genotypes may suffer from frost- and bacteria-induced dieback
(Cambours et al. 2005). Moreover, this species has limited wood-processing possibilities
due to stem size.

Size and external quality traits, including the absence of defects (cracks) in the stem,
have a substantial effect on the financial return for birch (Kilpeldinen et al. 2011; Vihera-
Aarnio and Velling 2017). High-quality timber is a valuable resource for plywood, sawn-
wood, and wood-based panel production, whereas lower-grade timber is used as pulpwood,
and the residue is utilised for bioenergy. Planting is the preferred stand establishment
method for the intended management of a high-quality plantation (Hynynen et al. 2010).
However, birch is primarily established via natural regeneration. For instance, in Lat-
via, only 11% of the area regenerated with birch is planted (Valsts meza dienests 2019).
Although planting requires a higher initial investment, artificial seedlings have more vigor-
ous growth in comparison to naturally regenerated seedlings; thus, they are more competi-
tive with ground vegetation and require less intensive management, i.e. less frequent tend-
ing, in young stands (Hynynen et al. 2010). Moreover, planting allows the use of genotypes
with enhanced desired characteristics because the seedlings originate from improved mate-
rial, i.e. seeds collected from seed orchards (Gailis et al. 2012).

Silver birch has considerable ecological adaptability and climatic differentiation, which
are related to its wide distribution (Koski and Rousi 2005; Rousi et al. 2011), thus provid-
ing a good basis for breeding. To improve the stem quality, the phenotypic selection of
plus-trees is based on stem straightness, apical dominance, and desirable branch proper-
ties, including good natural pruning (Koski and Rousi 2005; Stener and Jansson 2005),
yet breeding aims to balance between increased growth, timber quality, and resistance to
biotic and abiotic factors. Several studies have affirmed the economic gain from the use
of improved regeneration material (Jansson et al. 2017). In Latvia, the breeding of birch
trees started in 1995 and has substantially improved the yield and stem quality (Jansons
et al. 2011; Zeltins et al. 2018). The selection of the top 10% of families in the progeny
trials at the age of 14 years resulted in a genetic gain of 10-27% for height and diam-
eter at breast height, accounting for 26-62% of the stem volume. The gain in the overall
stem quality was 6-10%, with improved straightness by 9-21% and branch diameter and
angle by 2-18% (Gailis et al. 2020a). Furthermore, the occurrence of stem defects, such as
spike knots, double tops, and lost tops, were more affected by environmental factors than
genetic control, and low-to-moderate genetic correlations between growth and stem quality
traits indicated the potential to improve productivity and wood quality simultaneously. As
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a result, the use of improved planting material significantly increased the economic gain
from commercial thinning (Gailis et al. 2020b).

Breeding is performed in repeated cycles of selection of the best-performing genotypes
and their recombination using controlled pollination and progeny testing (Ruotsalainen
2014). The establishment of clonal collections and seed orchards can be accelerated when
vegetative propagation is used. Moreover, vegetative propagation allows the maintenance
of all inherent traits of the mother-tree (Ryyninen and Aronen 2005) and produces uni-
form-sized plantlets (Jones et al. 1996). Such trees reach the target diameter for final felling
sooner (Zeltin$ et al. 2018), and any time-related damage is lower (Donis et al. 2020): as
the vegetative propagation ensures a way to propagate the best-growing genotypes, time
(and, consequently, the probability of damages) to reach similar dimensions of convention-
ally propagated trees can be reduced. However, using conventional vegetative propaga-
tion methods on mature birch has not been successful. Cuttings can be rooted only up to
the age of five years, and grafting is limited by the incompatibility of rootstock and scion
and delayed graft failure (Ryynédnen and Ryynénen 1986; Welander 1993; Mikola 2009).
Therefore, micropropagation can be used as an alternative method with several advantages:
numerous pathogen-free plantlets can be obtained in a short period and propagation can
be done throughout the year regardless of the season (Jones et al. 1996; McCown 2000;
Ryynénen and Aronen 2005).

Yet, micropropagation per se does not infer a general advantage over seed-born plants,
and careful selection of clones to be multiplied has crucial importance on breeding gain
(Viheri-Aarnio and Velling 2001). Micropropagation is a laborious process that involves
skilful manual work in an aseptic laboratory and therefore results in higher costs than
conventional nursery practice (Koski and Rousi 2005). The success of culture initiation
depends on the explant type and its position on the stock plant, the age of the stock plant,
the tree species, and variations among trees of the same species (Welander 1993). Not
all genotypes multiply with equal success (Koski and Rousi, 2005), but multiplication is
largely dependent on the applied nutrient media and plant growth regulators (Jokinen and
Tormaéld 1991), which must be determined experimentally.

This study aimed to assess the effect of the mother-tree age and the time of the explant
collection on the culture initiation in vitro. This is followed by an assessment of the repro-
duction capacity of different genotypes and the optimal medium content.

Materials and methods

The study material was collected from a 15-year-old progeny trial in Rembate (56°44'
N, 24°49" E) that was established using open-pollinated (half-sib) families of silver
birch (Betula pendula Roth) plus-trees phenotypically selected across forests in Latvia
(55°40"-58°05" N, 20°58'-28°14" E). The trial was established on former agricultural land
with mesotrophic, mesic, and silty soil, corresponding to the forest site type Oxalidosa
(according to the classification by Buss (1997)). One-year-old containerised seedlings were
planted in a randomised complete block design with four-row plots of 32 trees per row for
each family in three to five replications at initial density of 2500 trees ha™! (2x 2 m).

To assess the effect of the mother-tree age on shoot initiation in vitro, the explants from
clone 54-95 in Rembate were compared with the explants from one-year-old grafted scions
(one year after grafting on two-year-old rootstock) of the same clone in Kalsnava (56°40’
N, 25°58" E), and all samples were collected in March. To assess the effect of the time of
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the explant collection, twigs of clone 54-95 from Rembate were collected from the lowest
part of the canopy four times per year: in March and April (spring), and in June (mid-
summer) and September (autumn). In total, 100 stem segments per each ontogenetic age
and collection time were initiated in vitro.

In laboratory, stem segments containing one bud were excised and gently washed with a
toothbrush and dish soap under running tap water, and rinsed toughly. Stem segments were
sterilised for 10 min in 0.1% HgCl, with a few drops of Tween 20, and rinsed three times
with distilled water. The stem segments were inserted into glass test tubes (18 x 180 mm,
with a metal cap) containing 3 mL of woody plant medium (WPM; Lloyd and McCown
1980) supplemented with WPM micronutrients, WPM vitamins, 1.0 mg L™ of 6-ben-
zylaminopurine (BAP), 0.05 mg L=! of naphthaleneacetic acid, 20 g L™! of sucrose, and
6 g L™! of agar. The pH of the medium was adjusted to 5.8, and the tubes were autoclaved
for 15 min (110 kPa, 121 °C). The culture was incubated at 25+3 °C under a 16-h photo-
period of cool-white fluorescent light (photosynthetically active radiation with photon flux
density at 140-160 pmol m~2 s~!). After 30 days, the proportion of initiated shoots was
evaluated.

The multiplication rate and the growth of shoots between 50 genotypes in Rembate were
assessed using a stabilised in vitro culture. Ten shoots per each clone were inserted into test
tubes (one explant per tube) containing 3 mL of Murashige and Skoog (MS) basal media
(Murashige and Skoog 1962), supplemented with MS micronutrients, 0.2 mg L' of zeatin,
MS vitamins, 20 g L™! of sucrose, and 6 g L~! of agar. The pH of the medium and the culti-
vation conditions were set as described for the culture initiation. After 30 days, 500 shoots
were assessed. The main shoot was measured. The lateral shoots>0.5 cm were counted,
and the multiplication rate of each shoot was determined by the number of 1.5-cm-long
shoot fragments (hyperhydrated shoots were not counted) that could be obtained from one
plant. The total multiplication rate and occurrence of hyperhydrated shoots were noted.
According to the growth parameters, the clones were divided into four groups to assess
the effect of the macronutrient media and plant growth regulators. Group divisions were
based on the multiplication rate and ability to proliferate. Group 1 has a multiplication
rate of 3.4-6.8. Group 2 has a multiplication rate of 1.7-3.3. Group 3 has a multiplication
rate of 0-1.6 with proliferation, and Group 4 has a multiplication rate of 0-1.6 without
proliferation.

Three clones from each group (24 shoots per clone in each treatment) were randomly
selected to test the effect of the multiplication medium and cytokinin type and concen-
tration in the following combinations: (1) WPM, zeatin 0.1 mg LY, (2) WPM, zea-
tin 0.5 mg L™!, (3) MS, zeatin 0.1 mg L~!, (4) MS, zeatin 0.5 mg L™, (5) MS, zeatin
1.0 mg L7, (6) MS, BAP 0.5 mg L', and (7) MS, BAP 1.0 mg L™!. The pH of the
medium and the cultivation conditions were set as described for the culture initiation. After
30 days, 2016 shoots were assessed. The main and lateral shoots were measured. The lat-
eral shoots > 0.5 cm were counted. The multiplication rate of each shoot was determined by
the number of 1.5-cm-long shoot fragments (hyperhydrated shoots were not counted) that
could be obtained from one plant. Finally, the total multiplication rate and occurrence of
the hyperhydrated shoots were noted.

We used the chi-square ()?) test to assess the distribution of the initiated shoots between
the time of explant collection and the age of the mother-tree. The analysis of variance and
Tukey’s honestly significant difference test were used to assess the differences in the length
of the main shoots, the length and number of lateral shoots, the multiplication rate, and
proportion of the hyperhydrated shoots between the clones and groups of clones. We used
generalised linear models with a Poisson distribution to assess the relationship between
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the length of the main shoot and the number of the lateral shoots, as well as to evaluate the
effect that the length of the main shoot, number of lateral shoots, length of lateral shoots,
and total multiplication rate had on the number of hyperhydrated shoots. Linear model was
used to assess relationship between the length of the main shoot and the length of the lat-
eral shoots. The regression coefficients + standard error are shown. All calculations were
done in R 3.5.1. (R core team 2018). In addition, all tests were performed at @=0.05.

Results

The age of the mother-tree and explant collection time had a significant effect (both
p<0.001) on the shoot initiation in vitro (Fig. 1). The explant collected from the one-year-
old trees had 66% initiated shoots, and the explant collected from the 15-year-old trees had
39% of initiated shoots. The explants collected in spring developed a higher proportion of
initiated shoots (64% in March and 67% in April) than explants collected in June and Sep-
tember (31% and 29% of shoots initiated, respectively).

In the stabilised culture, the growth parameters greatly differed between the clones. The
multiplication rate varied from 1.0 (no multiplication) to 6.8 shoots per explant (Fig. 2),
and the lengths of the main shoots varied from 1.3 to 7.8 cm (Fig. 3). Moreover, the num-
ber of lateral shoots varied from 0 to 3.8 per explant.

Clones exhibited different growth patterns. Several genotypes had a large main shoot
but a low number of lateral shoots (e.g. clone L 29, Fig. 3a), whereas others had a short
main stem but a high number of lateral shoots (e.g. clone Bau 40-13, Fig. 3a). A high
multiplication rate was achieved by both of these patterns and by the intermedium between
them. Regardless of the large variation, the number of lateral shoots showed a negative
relationship to the length of the main stem (p <0.01, regression coefficient—0.11+0.04).
Almost a quarter of the clones had a low multiplication rate; 12 clones had a mean multi-
plication rate lower than two, and seven clones did not multiply.

A high proportion (50%) of hyperhydrated shoots was present for two clones, one
among the clones with a high multiplication rate (clone 54-616-783, Fig. 2a) and the other
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Fig. 1 The proportion of initiated shoots according to the age of the mother-tree and explant collection
time. Statistically significant differences between groups of age and between groups of collection time are
denoted with different letters (both p <0.001)
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Fig.2 The multiplication rate (bars; + standard error) and proportion of hyperhydrated shoots (Hyp%; bul-
lets) among the clones in (a) Group 1, (b) Group 2, (¢) Group 3, and (d) Group 4. Clones that were selected
to test the effect of different treatments are dark grey

with a low multiplication rate (clone 55-875, Fig. 3). A moderate proportion (14-25%)
of the hyperhydrated shoots was present for 15 out of 50 clones. The number of hyperhy-
drated shoots demonstrated no relationship (both p>0.05) to the length of the main stem
and number of lateral shoots. However, a positive relationship (p <0.001, regression coef-
ficient 0.56 +0.04) exists between the number of hyperhydrated shoots and the total multi-
plication rate.

The mean multiplication rate between the treatments varied from 1.8 to 6.7 (mean 3.9).
Within all groups, the culture on the MS medium exhibited a higher multiplication rate
(Fig. 4) and a longer length of the main stem than the culture on the WPM. For these
two parameters, the difference between the media type was most pronounced for Group 1
(Fig. 4a) and gradually decreased for Group 4 (Fig. 4d). However, the culture on the WPM
had a substantially lower proportion of hyperhydrated shoots than the culture on the MS
medium, and it ranged from O to 6.3 (mean 2.9) for WPM and from 0 to 38.0 (mean 13.2)
for the MS medium. The number and length of the lateral shoots had no clear relation to
the media type.

The length of the main shoot showed a significant relation to the length of the lat-
eral shoots (p<0.001, regression coefficient 1.68+0.24) and the number of lateral
shoots (p <0.01, regression coefficient 0.23 +£0.06). The length of the main shoot had
a consistent ranking between the groups of clones (Fig. 5a). However, the number of
lateral shoots highly fluctuated between treatments (Fig. 5b), affecting the ranking of
the multiplication rate (Fig. 5c). Regardless of the media and cytokinin type, both the

@ Springer
Content courtesy of Springer Nature, terms of use apply. Rights reserved.



New Forests (2021) 52:791-806 797

10 5 10 5
5 (a) Group 1 o 5 (b) Group 2 "
3 8 48 3§ 8 43
je! ’[ 2 8 2
2R~ 2]
pid 6 3 = @ 5 3 —=
= o ® . C c ©
© o © k)
E 4 2 ® E 4 . 2 ©
() Y= () . Y
s 1 s = i I 0
= o o B } 15
S IOII. L % i I ¢ LT . 2
£ . o o € < . [ P
? 0 0 5 = 0 e [ o 0 g
MO DOHXDOWLWOOMOO T =z c -
g SYH¥ECSEEERE §  B3p8sssgyEEesse <
I O IIILLIIII gy QIR S Gl gu GV gy
2 o WOXWW  WOWLWLWLWWO WO
T w w
& 3
10 5 10 5
5 (c) Group 3 o E (d) Group 4 @
s s} s s}
< 8 4 8 = 8 4 8
e} £ 9 <
< o Q [
[ 3 5 ® 6 3
c o o
k= s £ [}
g 4 I } 2 ® g 4 2 &
2 2 I I 1 8 @ o - _ ;G
SN NI IR BT B R A -
~5 . L] o Y= o o o = e}
c 0 ] 0 [S o 0 o o . e o 0 IS
2 ZYI58T5838838 Z B T B8IF=2gaavga  Z
9 IIIIIIBISIIID 5] 3 BIZT LS IBIB
red N BN - <
@ © Te]
§ 8
< <
w w

Fig.3 Length of the main shoot (bars; + standard error) and the number of lateral shoots (bullets) among
the clones in (a) Group 1, (b) Group 2, (¢) Group 3, and (d) Group 4. Clones that were selected to test the
effect of different treatments are dark grey

multiplication rate and length of the main stem were the highest in Group 3, followed
by Group 2 and then Group 1. As expected, Group 4 contained clones with the poor-
est growth among the genotypes and had the poorest results for all growth parameters
(Figs. 4 and 5). The number of hyperhydrated shoots showed a positive relation with all
shoot growth parameters: the length of the main stem (p <0.001, regression coefficient
0.77+0.07), the number (p <0.001, regression coefficient 3.11 +0.07), and length of
the lateral shoots (p <0.001, regression coefficient 0.98 +0.21). Consequently, a signifi-
cant relation (p <0.001, regression coefficient 0.44 +0.02) between the number of hype-
rhydrated shoots and the total multiplication rate exists.

The effect of the cytokinin type and concentration on the growth parameters was
assessed separately on the WPM and MS medium. On the MS medium, regardless of
the concentration, zeatin exhibited better results on the multiplication rate and length
of the main stem than BAP for all groups (Fig. 4). Within the groups, the mean differ-
ence between the zeatin and BAP treatments was 11-29% for the multiplication rate and
21-29% for the length of the main stem. Moreover, within all groups, the treatments
with zeatin had a lower mean proportion of hyperhydrated shoots (ranging from 2.4 to
23.4%) than the treatment with BAP (ranging from 11.1 to 31.8%). Among the MS and
zeatin treatments, the highest multiplication rate was obtained with a concentration of
0.5 mg L™! in total, and for all groups except Group 1 (Fig. 4). This concentration also
resulted in the highest mean length of the main stem within all groups.
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Fig.4 Stacked multiplication rate (dark grey;+standard error) and number of hyperhydrated shoots (light
grey), and proportion of hyperhydrated shoots (Hyp%, bullets) according to the media content in (a) Group
1, (b) Group 2, (¢) Group 3, and (d) Group 4. WPM, woody plat medium; MS, Murashige and Skoog basal
media; BAP, 6-benzylaminopurine

On the WPM, the zeatin at a concentration of 0.5 mg L™' had an equal or slightly
higher multiplication rate and a longer length of shoots than zeatin at a concentration of
0.1 mg L™, but these differences were more negligible than on the MS medium. The num-
ber of lateral shoots between the different treatments varied from 0.1 to 1.2 (mean 0.6). No
specific relation between the length and number of lateral shoots and cytokinin type was
observed.

Discussion

Culture initiation in vitro is the most important stage in micropropagation because the out-
come determines further operation possibilities. However, it is also the most problematic
stage in the micropropagation of perennial plants. Recalcitrance (i.e. the inability of plant
cells, tissues, and organs to respond to in vitro manipulations) could be a major limiting
factor in the application of in vitro propagation (Benson 2000). Several factors, such as
the collection time, age of the stock plant, bud position in the mother-tree crown, geno-
type, pre-treatment storage time, conditions, and medium content (Welander 1993, 1988;
McCown 2000; Vaiciukyne et al. 2017), affect the responsiveness of the plant material.
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Plants have complex life cycles, associated with reproduction, vegetative development,
and morphogenesis. Temperate species undergo cycles of dormancy that determine periods
of active shoot growth and cell division. Consequently, plants exhibit seasonal differences
in their responses to tissue culture, depending on the time of the year when the explants
are procured (Benson 2000). We obtained the highest proportion (about 65%) of initiated
shoots from the explants collected in spring (Fig. 1). About one-third of the explants col-
lected in mid-summer and autumn developed shoots, although the initiation rate was sig-
nificantly lower than that in spring. This result corresponds well with the general pattern
that cultures are most easily initiated from the explants collected in spring to early summer
after a break of dormancy (George et al. 2008a).

A similar trend had been observed for other temperate tree species. Populus tremula
L. had the highest survival rates of buds collected in late February and early March,
while buds collected earlier had less intensive callus formation and plantlet develop-
ment, and buds collected later had intense decay and infections (Peternel et al. 2009).
For Quercus robur L., the most responsive explants were collected later, from May to
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July (Civinova and Sladsky 1990), which is probably related to their later bud burst in
comparison to the aspen and birch (Linkosalo 2000; Lange et al. 2016). In contrast, oth-
ers have found that the initiation of the silver birch culture was more successful from
explants collected in autumn and winter (Jokinen and Térmaéla 1991), and bud treatment
that induces dormancy resulted in a higher proportion of buds developed into shoots
(Welander 1993), suggesting that factors other than the growing season might be more
significant for culture initiation.

Plant growth regulators applied during the initiation affect the induction of the shoot for-
mation (Magnusson et al. 2009). Seasonal cycles of perennial plants determine the dynam-
ics of the endogenous levels of growth regulators, which are responsible for the induction
of dormancy or inhibit growth and further development. For instance, a low concentration
of applied BAP (0.2 mg L") resulted in a higher shoot number in Q. robur explants col-
lected in February and March but with an increased BAP concentration (1 and 2 mg L™")
better results were obtained from buds collected from May to July (Civinova and Sladsky
1990). Moreover, buds collected from May to July had a higher regeneration capacity than
those from February to April, but higher BAP concentrations were needed to stimulate
their meristematic activity (Civinova and Sladsky 1990).

Higher initiation success in spring might be related to the seasonally determined occur-
rence of microbes within the buds. For mature B. lenta L., dormant buds demonstrated
lower contamination than buds collected in spring (Rathwell et al. 2016). Similar results
were obtained for Platanus occidentalis L., and the contamination rate gradually increased
from 14% in January to 48% in July (Tao et al. 2007). Spring was the most appropriate
time for bud collection to reduce contamination in Ulmus americana L., whereas almost all
were contaminated among dormant buds (Shukla et al. 2012). In contrast, low contamina-
tion from May to October and significantly higher contamination from December to April
were found for Pinus sylvestris L., which is assumed to be related to better resistance of the
tissue against pathogens during the active period (Hohtola 1988).

Trees exhibit developmental changes as plants progress from the juvenile to adult
phases leading to a decline in their potential for micropropagation (von Aderkas and Bonga
2000). Juvenile seedling tissue is generally more responsive to culture initiation in vitro
than that of mature trees. Juvenile seedlings are more easily initiated and grow and prolif-
erate at a more rapid rate than adult material (George et al. 2008a). Cultures from mature
trees are more problematic due to higher contamination rates, the browning of tissues, and
recalcitrance (George et al. 2008a). One of the methods to obtain juvenile material is graft-
ing, which can lead to a partial rejuvenation of the donor plant and can overcome recalci-
trance in mature trees (Benson 2000). No assessment of true rejuvenation or reinvigoration
of the scion (Wendling et al. 2014) was done in our study, yet, explants from the grafted
one-year-old tree had a significantly higher proportion of initiated shoots than the explants
from the 15-year-old tree (Fig. 1). Similarly, a high bud initiation (80%) was achieved
using 3-year-old plants of B. lenta, whereas the explants from mature trees did not develop
into shoots (Rathwell et al. 2016). However, most Betula species can be propagated from
adult material without major difficulties (Welander 1993), and several studies found suc-
cess using buds from mature birch trees (Ryyninen and Ryyndnen 1986; Jones et al. 1996;
Aubakirova and Kalashnikova 2011).

Our results are limited by using only one genotype (clone 54-95) to assess the effect
of the explant collection time and age of the mother-tree. The initiation success is more
affected by the genotype than the aforementioned factors (Jokinen and Tormild 1991), but
the genotype response is affected by the physiological heterogeneity of the ramets and buds
of the same ramet (Civinova and Sladsky 1990). However, these limiting factors could be
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overcome if the genotype is generally competent for growing in vitro (Jokinen and Tormala
1991).

Once the culture is fully stabilised, biologically responsive tissues show little seasonal-
ity and progression through phase states (McCown 2000). We observed large variations
in the multiplication rate between and within genotypes (Fig. 3), ranging from 1.0 to 6.8
among the clones. Close results (a multiplication rate between 1.6 and 7.4) were found
among 10 genotypes selected in Sweden, Finland, and Germany (Ewald et al. 2002). Large
variations but higher multiplication rates (from 2 to 20) were observed between 100 geno-
types by Jokinen and Térmaild (1991). Among our tested genotypes, 12 clones had a mean
multiplication rate lower than two, and seven clones did not multiply. This might be related
to the limited time of the study because four to ten weeks are required for bud induction in
birch, depending on the explant type, age, and physiological conditions of the mother-tree
and genotype (Welander 1993). Moreover, the applied medium and plant growth regulators
affect genotype performance.

The optimal media composition is species- and genotype-specific, and while a number
of plants exhibit decent growth in the range of media, others may have considerable differ-
ences in their performance (McCown and Sellmer 1987). Therefore, the number of geno-
types that are possible to micropropagate could be increased by modifying the composi-
tion of the medium and applying different types and concentrations of cytokinins (Jokinen
and Tormaild 1991). For optimal shoot growth in vitro, the optimal amount of minerals
should be provided. The most commonly used basal media in micropropagation of birch
are the MS and WPM basal media, although others are also used (Ewald et al. 2000; Iliev
et al. 2003). We observed a slightly higher multiplication rate (Fig. 4) and longer length of
the main stem for cultures on the MS medium than those on the WPM. Similarly, poorer
growth on the WPM was shown for B. lenta. The shoots on WPM cultures had red pig-
mentation, were significantly shorter, and had fewer nodes compared to the MS cultures,
although the multiplication rate was not significantly lower (Rathwell et al. 2016). They
associated this response to ionic strength (i.e. salt concentration) in the basal salt mixture,
as the amount of ammonium nitrate is about a quarter lower in the WPM than in the MS
medium. A limiting effect of low nitrogen was revealed for a given genotype of Populus
hybrid. At first, the cultures on the WPM had poor growth, whereas these cultures on the
MS medium were maintainable indefinitely. However, after an increase in NH,NO, on the
WPM to the level of MS, growth improved substantially, and was similar to that observed
for the MS medium (McCown and Sellmer 1987). In contrast, four genotypes of Betula
platyphylla Sukatchev var. japonica (Miq.) Hara X B. pendula had a constantly higher mul-
tiplication rate on the WPM than on the MS medium, with the mean long-term multiplica-
tion rate on these media at 3.7 and 2.8, respectively (Meier-Dinkel 1992).

Plant growth regulators have the most important role in birch in vitro shoot initiation
and cultivation. Among them, cytokinins are highly effective in stimulating cell division
and the control of morphogenesis (George et al. 2008b). For shoot multiplication, the most
commonly used cytokinins are single BAP or zeatin at concentrations of 0.2-5.0 mg L™
and 1.0-5.0 mg L™, respectively, or BAP concentrations of 0.7-2.0 mg L~! in combination
with a low concentration of auxin (Meier-Dinkel 1992).

The effect of the particular cytokinin should be assessed experimentally, and the
response is determined by the particular compound used, type of culture, genotype, and
ontogenetic stage of the tissue (George et al. 2008b). For instance, two B. pendula geno-
types demonstrated a distinct response to supplementation with cytokinin. One of them
had a significant decrease in the shoot length and an increase in the number of shoots
per explant, whereas the other did not affect these parameters. Simultaneously, the latter
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genotype had a higher number of shoots per explant in both the control medium and the
medium supplemented with BAP (Vaiciukyné et al. 2017). For several Betula species, the
absence of cytokinins resulted in the poor growth of new shoots (Cheng et al. 2000) or
no shoot development and explant death (Magnusson et al. 2009; Rathwell et al. 2016;
GirgZzde and Samsone 2017). Yet, typically, a narrow range of concentration achieves the
best results. We observed slightly better results for the multiplication rate and length of
the main stem on the media supplemented with zeatin instead of BAP. On the MS medium
supplemented with zeatin, a concentration of 0.5 mg L~ resulted in the highest mean
length of the main stem within all groups and in the highest multiplication rate for three out
of four groups (Fig. 4). On treatments supplemented with BAP, a higher concentration of
cytokinin resulted in a somewhat higher multiplication rate than a lower concentration. The
observed tendencies remained non-significant due to the large variation, although these
tendencies were nearly constant between the groups of clones.

Several studies have tested optimal concentrations of cytokinins on Betula genotypes.
The effect of the BAP concentration was tested on a cultivar of B. platyphylla. The con-
centration at 2.2 uM of BAP (rounded 0.5 mg L™!) resulted in about a four-times higher
number of new shoots than a concentration at 1.1 pM, and in a twice higher number of
new shoots than the concentration at 4.4 uM (Cheng et al. 2000). For the B. pendula geno-
type, the main shoots on 1.0 mg L™ of BAP had a similar length to those on treatments
containing zeatin (0.5-1.0 mg L™'). Yet, 1.0 mg L™! of BAP had more than a two-fold
higher number of lateral shoots and hence achieved a significantly higher multiplication
rate than the other treatments (Girgzde and Samsone 2017). In addition, a study of B. lenta
revealed a significantly higher result of shoot growth with BAP treatment compared to the
supplementation of 2-isopentenyladenine (2-IP) and thidiazuron (TDZ), and the highest
multiplication rate was achieved at a BAP concentration of 5.0 uM (rounded to 1.1 mg L™%;
Rathwell et al. 2016). For B. platyphylla and B. papyrifera Marsh, the BAP at a concen-
tration of 10-20 uM (rounded to 2.3-4.5 mg L™!) and TDZ at a concentration of 4-8 uM
proliferated more shoots than other treatments (Magnusson et al. 2009). Different intensi-
ties of response to cytokinins might be related to the dynamics of the endogenous levels
of growth regulators over the seasons, and thus could be related to the explant collection
time. Civinova and Sladsky (1990) found that Q. robur explants collected from May to July
needed a higher concentration (2 mg L™!) of BAP than those collected from February to
April (0.5 mg L") to achieve the highest regeneration capacity.

Within the tested media composition, groups of clones had a generally consistent rank-
ing for the length of the main shoots (Fig. 5), but the number of lateral shoots fluctuated
with the treatments, hence affecting the ranking of the multiplication rate. Moreover,
groups of clones had reversed ranking in the multiplication rate in comparison to the first
subculture (assessment of different genotypes, Figs. 2 and 3), although, typically, the mul-
tiplication rate remains stable during several subcultures (Jokinen and Tormald 1991). The
difference in the performance of the groups between subcultures indicates the importance
of the careful selection of the media content.

A higher cytokinin concentration is beneficial until a certain study-specific threshold is
reached, and afterwards, shoot abnormalities appear. The explant might form many small
shoots that fail to elongate, and the leaves might have an unusual shape (George et al.
2008b). For instance, a high concentration of zeatin induced the spontaneous appearance
of abnormal shoots in B. pendula. A concentration of 5 mg L™! resulted in 3.4% fasciated
shoots, and 10 mg L™! resulted in 4.2% fasciated shoots, whereas all shoots appeared ana-
tomically normal in the absence of or at a low concentration (2 mg L™; Iliev et al. 2003).
In another study, at the highest tested BAP concentration (5.3 pM; rounded to 1.2 mg LY,
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the shoots had variable sizes and appeared hyperhydrated and chlorotic (Cheng et al.
2000). Hyperhydricity (previously called ‘vitrification’) characterises frequently observed
malformations during vegetative propagation in vitro, where the plants appear turgid and
watery at their surface and are hypolignified (Gaspar 1991; Debergh et al. 1992). Their
shoots have broad and thick stems; short internodes; and thick, frequently very elongated,
wrinkled, curled, and brittle leaves (Franck et al. 1995).

In our study, 34% of the clones had hyperhydrated shoots (Fig. 3), ranging from none to
50% of the shoots. Hyperhydricity is related to the particular conditions of the in vitro cul-
ture and results from the inability of the shoots to adapt normally to the reactions caused by
stress factors, e.g. wounding, high ionic strength, and inappropriate lighting and tempera-
ture (Kevers et al. 2004). In our study, BAP promoted more hyperhydration. A high propor-
tion of hyperhydrated shoots was also present for zeatin at a concentration of 0.5 mg L%,
i.e. for treatment that resulted in the highest multiplication rate. Overall, the number of
hyperhydrated shoots was positively related to better shoot growth and proliferation. These
results agree with the study conducted by Gaspar (1991), who reported that hyperhydricity
is related to intensive multiplication, i.e. frequent subcultures with a high rate of regenera-
tion, but is not affected by the physiological conditions of the mother-tree at the time of the
explant collection.

Conclusions

We aimed to assess the effect of the mother-tree age and explant collection time on the
culture initiation in vitro, as well as to assess the multiplication capacity of different geno-
types and the optimal media content on stabilised cultures. For initiation, explants from
ontogenetic younger trees, and explants collected in spring had a substantially higher pro-
portion of developed shoots. The genotype performance on the stabilised culture had sub-
stantial variation with several growth patterns. Clones had a consistent response in terms
of the length of the main shoot among different media content. Our results suggest hype-
rhydration as a key limiting factor for the in vitro propagation of silver birch genotypes.
The media with an optimal balance between multiplication and hyperhydration should be
carefully selected to reduce the waste of resources. Yet, economic implications should be
addressed with caution because even small differences in the multiplication rate between
genotypes within a subculture result in the expansion in the number of produced seedlings
per genotype in a year. Moreover, the multiplication capability should be viewed in the
context of the rooting and acclimatisation of the seedlings and the field performance of the
given genotypes.
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Improved birch ensures the opportunity to achieve tree dimensions suitable for sawlogs and
plywood in a reduced period of time [3,12]. For example, use of improved Scots pine resulted in a
20-year shorter rotation cycle and a substantial financial benefit: an increase of net present value (at a
2% interest rate) by up to 32%—60% [13]. However, profitability from the use of improved material
depends not only on the predicted income but also a reduction of expenses such as establishment
and management costs, e.g., less tending necessary [8]. Furthermore, improved material might be
more resistant to several environmental factors, which reduces risks [14]. The gain from improved
material can be achieved even at a young age [2], but economic evaluations of effect on income from
early thinning are still quite rare [14]. The aim of the study is to characterize the gain from improved
silver birch material from the first commercial thinning at the age of 14 years.

2. Materials and Methods

2.1. Trial and Measurements

The studied trial of silver birch was located in the central part of Latvia (56°44" N, 24°49” E).
The elevation was ca. 220 and 75 m a.s.1., and the topography was flat. The mean annual temperature
was 6.4 °C; the mean monthly temperature ranged from —4.4 °C in February to +17.4 °C in July.
The mean annual precipitation was ca. 630 mm.

The trial was established in 1999 on former agricultural land, corresponding to the Oxalidosa forest
type with mesotrophic, dry, silty soil. It consisted of open-pollinated (half-sib) families of plus-trees
of silver birch, selected across the whole territory of Latvia (55°40'-58°05" N, 20°58’-28°14" E).
One-year-old containerized seedlings with an initial density of 2500 trees ha™! (2 x 2 m) were planted.
No management except weed control during the first year was done prior to thinning. The experimental
design was complete randomized blocks. Each family was represented in one to five replications
(32-tree blocks); only families represented in at least 3 replications (524 in total) were assessed. In 2014,
at the age of 14 years, stem diameter at breast height (DBH) and tree height were measured for each
living tree before the harvest and removed trees noted after the harvest. In total, 84% of the initially
planted trees had survived until harvesting; each replication (block-plot) contained from 24 to 32 trees.
The harvesting was performed by chain saws (motor-manual) to reduce damage to the remaining trees;
timber was transported by a forwarder. Thinning from below was performed; basal area was reduced
from 14.62 to 7.52 m? ha™!.

2.2. Data Analysis
For each tree, stemwood volume was calculated according to the local model [15] as:

V = 0.909-10~4H%717 DBHY-16718(H)+1.757 )

where, H is height of the tree (in m) and DBH is stem diameter at breast height (in cm).

The assortment outcome from each harvested tree was calculated using the model developed by
Ozolins [16] and modified by J. Donis (unpublished). The parameters used in the calculation for each
assortment are shown in Table 1. To demonstrate the influence of market fluctuations on the income,
low (in 2014) and high (2018) timber prices were used (Table 1).

Table 1. Assortment classes by diameter at the top end and monetary value with low and high

timber prices.
Di ter at th i -3 P i f th
Asorment Lengtnm Dpmee P e,
p End, Low (in2014)  High (in 2018) .
Sawlogs 3.0 12.0 47 56 13
Firewood 3.0 10.0 37 50 14.3
Pulpwood 3.0 6.0 35 54 59.3

Energy-wood 3.0 3.0 225 30 25.1
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Genetic parameters were calculated using three largest (by DBH) trees per family and replication.
To assess the heritability of the traits (DBH, stemwood value, and proportion of industrial timber), variance
and covariance components (o) were estimated using the mixed model analysis with the restricted
maximum likelihood approach in SAS (Version 9, SAS Institute, Cary, NC, USA) [17] as follows:

Yju = p+Bj+Fx+BFj+¢eju 2)

where yjy is the observation of the /th tree from the kth family in the jth replication; p is the overall

mean; Bj is the fixed effects of the jth replication; Fy is the random effect of the kth family, and BFj is a

random interaction effect of the jth replication and the kth family, respectively; ¢y is the residual error.
Considering the randomized block design of the trial, heritability (4%) was estimated as:

4><sz

n? ®)

- 02f+02bf+02g

where azf, o2 b, and 02, are the estimated variance components of the family, family X replication interaction,
and the residual, respectively. Standard errors of 1?2 were calculated using Dickerson’s approximation [18].

The coefficient of additive genetic variation (CVa) describing the extent of genetic variability for
the quantitative traits [19], was calculated as:

CVa = Vi5} x w “)
X

where X is the phenotypic mean and 42 is the additive genetic variance.

Genetic gain (GG) was calculated using a 10% selection intensity (i) [19]. The net wood value
(NWYV), net present value (NPV) and internal rate of return (IRR) were calculated as the economic
indicators for the harvested timber. To assess the economic effect of breeding, the indicators were
calculated for the trial mean, as well as for the top and bottom 10% of the families, ranked by the GG
of DBH.

For each tree, sawlog income was calculated as:

(1.013%0.958 + (~0.112) x DBH*2%%)

I= 5
(0.958 -+ DBH-203) ©)

where DBH is the stem diameter at the breast height (cm).
To calculate NWYV, the following equation was used:

NWYV = Lijcome — Heosts ©)

where Iincome is income from harvesting and Heosts is the harvesting costs (Central Statistical Bureau
of Latvia).

Income and costs were included in the analysis by calculating NPV, which was calculated as the
discounted value of the future expected net cash flow.

(NWV - Ecasts)

NPV =
(140"

@)
where Eosts is the establishment costs (low and high prices), r is the discount rate (3% and 5%), and n
is the number of years (14). The establishment costs were acquired from the Central Statistical Bureau
of Latvia.
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To estimate the profitability of the potential investment, the IRR was calculated using the

following equation:

B NPV,
IRR = Ta + m(rh 1’“) (8)

where 1, is the lower discount rate (3%); rp, is the higher discount rate (5%); NPV, is NPV at r,;
and NPV, is NPV at rp, discount rate.

3. Results

3.1. Heritability of Traits

The mean DBH and tree height (+ confidence interval) in the silver birch trial at the age of
14 years was 9.1 + 0.2 cm and 13.4 + 0.2 m, respectively; standing volume (yield) was 91 + 1.9 m?ha~l,
Heritability for timber value and for the usual trait of selection (DBH) was very similar. However,
the proportion of industrial timber (sawlogs and pulpwood) was less heritable. The coefficients of
additive genetic variation (CV,) ranged from 3.7% to 22.7% for the proportion of industrial timber and
timber value, respectively (Table 2). Genetic gain values had a similar trend as the CVa. There were
negligible differences in genetic gain from direct selection or selection by DBH.

Table 2. Coefficients of heritability (%), genetic variation (CV,) and genetic gain (GG) of progenies of
plus-trees of silver birch plantation at the age of 14 years.

Heritability Coefficients of

Trait Coefficients %+ Additive Genetic Genetic G.ain Genetic Gain

Standard Errors Variation CV,, % GG_10% direct GG_10% DBH
DBH 0.49 +0.08 8.4 8.9 8.9

Proportion of industrial
timber (sawlogs 0.18 + 0.07 3.7 17 1.6
and pulpwood)

Timber value (low prices) 0.49 + 0.08 22.7 26.9 26.3
Timber value (high prices) 0.50 + 0.075 20.0 229 225

3.2. Monetary Value of the Selected Trees

For the trees subjected to thinning, the DBH and height were 8.0+0.3 cm and 13.0 + 0.4 m,
respectively. The remaining trees had a mean DBH of 10.0 + 0.3 cm and height of 10.0 + 0.4 m (Figure 1).
The volume of harvested industrial timber on average was 28.0 + 0.8 m® ha™!.

Income from the thinning differed greatly with fluctuations of timber market: with low timber
prices, it was 1275 + 29 EUR ha~!on average; with high, 1863+33 EUR ha™! (Table 3). Similar differences
were observed with NWV (Figure 1): the top-performing families reached 1424 + 86 EUR ha~! with
high timber prices, and 616 + 39 EUR ha~! with low prices; corresponding mean figures in an
open-pollinated plus-tree progeny trial were statistically significantly lower: 1030 + 25 EUR ha~! and
426+11 EUR ha™l, respectively. Selected (best performing) families had NPVs (with a 3% discount
rate) from 370 to 741 EUR ha~!. Moreover, for the best-performing families, NPVs at a high timber
price and low discount rate were 50% higher compared with the trial mean; at a low timber price,
the improvements were 35%. IRR for the worst-performing families reached 2.9% in an unfavorable
timber market, and 4.5% in a favorable one. These figures were very different for best-performing
families: 8.3% and 9.4%, respectively (Table 3).
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