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Abstract Increasing growth and biomass accumulation in forest stands may
positively contribute to carbon (C) sequestration and climate change mitigation. Tree
improvement programs develop planting material with enhanced growth and biomass
accumulation. Scots pine is commonly planted in Europe, and provides a potential
for increased C accumulation in forest biomass when using improved seed origins.
Our objective was to investigate variation in standing aboveground C accumulation
among the progeny of Scots pine seed orchards in climatically variable environments,
where we also compared the amount of accumulated C between the tested populations
and commercial stands. The aboveground biomass of trees in two series of replicated
common garden trials was estimated with eight allometric equations, converted into C,
and expressed per unit area. For each trial site we selected reference stands matching
the age, stand composition and forest site type, where the same measurements and
calculations were done on sample plots. We specifically expected to find the progeny
that would express better growth and greater accumulation of C in their biomass when
compared to the reference stands.

Significant and large variation was found among the examined seed sources
and trial sites. On average, aboveground C accumulation varied among sites from
31.0 to 60.4 Mg ha' (age 22) and from 25.5 to 34.0 Mg ha' (age 17). Differences
between populations at individual sites ranged from 41% to 55% (age 22), and
from 29% to 54% (age 17). However, only a few of the investigated progeny had C
accumulation significantly greater than the reference stands, and some had a lower
C accumulation, depending on the study site.

This study for the first time quantifies the amount of and variation in aboveground
C accumulation among the progeny of Scots pine clonal and seedling seed orchards
in Poland. It also contributes to the knowledge of the patterns of within-species
variation in growth and biomass accumulation. Variation we found is promising for
the potential to enhance C sequestration in forest stands through tree improvement.
However, the lower C accumulation or non-significant differences between research
trials and reference stands, indicate that the level of growth enhancement from
phenotypic selection practiced so far in Polish forestry is limited. For increased C
sequestration in planted forests, selection would need to be intensified.
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Introduction

Forests contain large amounts of carbon (C)
and constitute a large share of the terrestrial
C pool (Dixon et al. 1994, Malhi et al. 2002),
making them important contributors to the C
cycle and climate change mitigation (Canadell
& Raupach 2008, Sedjo & Sohngen 2012).
Although the most potential for C sequestration
is associated with the undisturbed old-growth
forests (Kenina et al. 2018, Kenina et al. 2019),
especially in the soil compartment (Dixon et
al. 1994), the biomass production in forest
plantations should be included in consideration
of forest C sequestration.

Forest plantations often use planting
material developed through the cycles of
selection and breeding in tree improvement
programs, resulting in enhanced growth
and biomass accumulation. Subsequently, C
sequestration in forest standing biomass could
be increased when improved seed origins
were used compared to the unimproved
ones. The enhancement of stand productivity
for C sequestration is appreciated from the
perspective of proper silvicultural actions
or species choice (Payn et al. 2015, Sedjo &
Sohngen 2012), yet, the potential for enhanced
or faster biomass growth and accumulation
through the use of genetically improved
planting material is rarely considered as a
measure for forest C sequestration.

Scots pine (Pinus sylvestris L.), with its vast
natural and planting range, is an ecologically
and commercially important tree species,
especially in central, northern and eastern
Europe. It is the main coniferous tree species
in Poland, with pine forests covering 58% of
total forest area and containing 61% of timber
volume (GUS 2017). The biomass and C
accumulation in Scots pine stands have been
frequently examined (Armolaitis et al. 2013,
Jagodzinski et al. 2019, Jagodzinski et al. 2018,
Jagodzinski et al. 2014, Kenina et al. 2019,
Wegiel & Polowy 2020), although less often
in the context of genetic variation (Chmura
et al. 2021, Chmura et al. 2013, Oleksyn et
138
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al. 1999). However, large genetic variation
among populations of Scots pine in growth
traits, adaptability, climatic sensitivity and
wood productivity was reported based on the
results from provenance tests (e.g. Barzdajn et
al. 2016, Kowalczyk & Wojda 2019, Matisons
et al. 2018, Matisons et al. 2019). Thus, given
a large extent of planted pine forests and a
substantial variation exhibited for growth and
productivity among seed sources within the
species, Scots pine has a great potential to be a
species of choice for increased C sequestration
through genetic tree improvement. However,
this option requires the capability for biomass
growth and C accumulation to be quantified for
improved and unimproved material.

The objective of this study was to investigate
variation among the progeny of Scots pine clonal
and seedling seed orchards in the accumulation
of carbon in standing aboveground biomass
after the transfer into non local environments
in the common garden study. The progeny of
Scots pine clonal and seedling seed orchards
used in this study represent the first generation
of selective tree breeding for this species
in Poland. We compared the amount of C
the tested populations accumulated in their
aboveground biomass with that of commercial
stands in the same environments. We expected
to find significant variation among examined
seed sources, and specifically hoped to find
the progeny that would express better growth
and greater accumulation of C in their biomass
when compared to the reference stands,
and thus could be recommended for further
breeding for increasing C sequestration in the
standing forest biomass.

Materials and Methods

Common garden experiments and
reference stands

The two experimental series with Scots pine
were planted with one-year-old seedlings
consisting of the open-pollinated progeny of
clonal (Pine85 series, established in 1999)
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and seedling seed
orchards (Pine96
series, established
in 2004, Table 1) 54
(Chmura et al. 2003,
Rozkowski et al.
2007). Because the
seeds were collected
without keeping a
record of individual
trees within  seed
orchards, the 51
progeny will further
be referred to as
populations (Fig.
1, Table S1). Two
of the populations 49
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in the Pine85
series represent the
progeny of seedling
seed orchards, and
three populations
are common to both
series, but collected in different years (Table S1).
Both series were established in a multi-site
100-tree plot design (5 rows x 20 trees) with
blocks (between 3 and 5 blocks depending
on the site). The size of individual population
plots within a block also varied depending on
the site due to differences in planting spacing
among the sites (Table 1).
For each trial site we selected from 3 to 4
corresponding reference stands matching the
age, stand composition and forest site type
(according to the forest typology used in the
Polish State Forests), and located as close as
possible to the trial site (Table 1). In total we
sampled 33 plots in 14 reference stands for
the Pine85 series, and 36 plots in 14 reference
stands for the Pine96 series (Table 1).

Masurements and estimation of
aboveground carbon

In 2019 we measured diameters at 1.3 m above
the ground (DBH) of all live trees in all trial
sites. Tree heights were measured for 33%

18 20 22 24
Longitude

Figure 1 The origin of tested populations (closed symbols) and the locations
of trial sites (open symbols) in two experimental series with progeny
of Scots pine clonal (Pine 85) and seedling (Pine 96) seed orchards.

to 99% of trees in the Pine85 series and for
33% to 51% of trees in the Pine96 series. For
the remaining trees the heights were imputed
with a site-specific Naslund’s curve in the
‘Imfor’ R package (Mehtatalo 2019). The same
measurements were taken at 0.02 ha circular
plots (radius of 7.98 m) in the reference stands.
Stand characteristics at the trial sites and in the
reference stands are presented in Table 2.
When tree biomass data from destructive
sampling are not available, it is necessary to
use allometric equations to estimate stand
biomass. However, the allometric equations
developed in other forest sites are mostly site-
specific and their generality may be questioned.
We specifically addressed this issue by
estimating the range of values of aboveground
stand biomass C possible to obtain with
the available equations for estimating tree
biomass. To estimate the aboveground
biomass of individual trees we used a series of
eight published allometric equations for Scots
pine (Bronisz & Zasada 2016, Chmura et al.
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2013, Cienciala et al. 2006, Jagodzinski 2011,
Zasada et al. 2008) (Fig. S1, table S2). The
choice of equations was based on the range of
tree diameters, heights and age. However, from
equations reported for pine by Jagodzinski
(2011) we used both age-specific equations
for the poor and fertile sites, and a common
equation for all age classes. Wherever possible
a single equation for aboveground biomass
was used (Cienciala et al. 2006), otherwise the
aboveground biomass was estimated as a sum
of individual components.

The aboveground carbon (C) content of
individual trees was calculated assuming the
fractions of aboveground biomass components
as 76% for stem, 16% for branches and 8%
for foliage biomass (Chmura et al. 2013,
Jagodzinski 2011). The carbon content for
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those components was taken based on the
literature data as 48.79%, 49.98%, and 49.40%,
respectively (Herrero de Aza et al. 2011,
Jagodzinski 2011, Janssens et al. 1999, Laiho
& Laine 1997, Tolunay 2009, Wutzler et al.
2011). With a set of allometric equations used
for modeling the aboveground biomass we
obtained a range of variation in aboveground
C for individual trees (Figure S1). Thus, the
mean of aboveground C from different models
was calculated for each tree, together with
the estimates of the minimum and maximum
C content (as the values from the models
giving the lowest and highest estimates); then
the values were summed at the plot level and
expressed per unit area (per hectare). The same
calculations were done for the reference stands.

Table 1 Information on the common garden trial sites analyzed in the study.

Number Spacing and

i A f he si f
Series Site Latitude Longitude altitude MAT* MAP#* geat o the 51ze.0 .
name (Forest N E aslm) (°C) (mm) measure- referencepopulation
District) o ment stands plot within a
(plots)  block (ha)
Pine 85 Babki 52.24766 17.05630 90 8.7 507 22 3(8) 1.5%0.5m
¢ ' ' ' (0.0075)
1.4x0.5m
Ch 54.65947 17.97033 121 73 666 22 48
0CZeWOo ®) (0.0070)
1.5%0.5m
Gold 54.31162 22.66486 203 6.4 627 22 409
ofcap O (0.0075)
Janow 1.5%0.5m
Lubelski 50.61863 22.59690 221 7.7 558 22 3(8) (0.0075)
1.45%x0.6m
Pine 96 Babki 52.15770 17.13755 85 8.7 503 17 3(8
fme>o Babk ® 0.0087)
1.6x0.7m
Bytd 54.19406 17.34732 134 7.1 623 17 3(8
yiow ® 00112
Janow 1.5%0.6m
. 50.65575 22.34110 207 7.8 546 17 409
Lubelski ©) (0.0090)
4 1.5%0.7m
.87440 23. 141 . 1
Szczebra  53.87440 23.09595 6.8 578 7 (1 (0.0105)

Note: *“MAT- mean annual temperature, MAP — mean annual precipitation sum; long term average data (1970-2000) from

the WorldClim https://worldclim.org/
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Table 2 Mean values (and s.e. in the parentheses) of tree diameters (DBH) and height (H), and stand basal
area (BA), aboveground biomass (AG) and density (N) in Scots pine experimental sites and their
reference stands.

Experimental sites

Pine 85 DBH (cm) H (m) (m?l?a") (M:(:li'l) N (trees ha™)

Babki 109 (0.04) 123 (0.01) 308 (0.4) 1129 (1.6) 3153 (57)
Choczewo 152 (0.08) 133 (0.02) 309 (0.5) 1232 (2.1) 1616 (24)
Goldap 137 (0.07) 124 (0.02) 246 (0.4) 946 (1.8) 1583  (30)
JanéwLub 8.6 (0.03) 88 (0.02)  19.1 (0.3) 632 (09) 3091 (42)
mean 113 (0.03) 113 (0.02) 264 (0.3) 985 (12) 2361 (34)
Pine 96 DBH (cm) H (m) (m?l?a") (MAg(:;") N (trees ha™')

Babki 6.6 (0.04) 6.8 (0.02) 225 (0.3) 69.4 (1.0) 5744 (112)
Bytow 7.6 (0.03) 7.7 (0.01) 164 (0.3) 519 (09) 3328 (55)
JanéwLub 8.1 (0.04) 77 (0.02) 202 (0.4) 651 (13) 3609 (71)
Szczebra 8.4  (0.03) 8.1 (0.01) 17.1 (02) 551 (0.8) 2900  (44)
JanbwLub 9.1 (0.11) 107 (0.06)  25.6 (0.6) 892 (27) 3669 (167)
mean 108 (0.09) 114 (0.04)  27.6 (0.9 102.1 (43) 2714 (167)
zz::‘" 92 (0.02) 9.1 (0.01) 234 (0.2) 83.0 (0.9) 2909 (35

Reference stands

Pine 85 DBH (cm) H (m) (m?l?a'l) (M?g?li") N (trees ha')

Babki 9.9 (0.12) 110 (0.08) 275 (1.5) 97.8 (6.0) 3313 (259)
Choczewo 144 (027) 129 (0.08) 343 (L1) 137.0 (6.1) 1894 (250)
Goldap 1.8 (0.14) 116 (0.06) 235 (1.2) 862 (45 2061 (128)
JanéwLub 9.1 (0.11) 107 (0.06) 256 (0.6) 892 (27) 3669 (167)
mean 108 (0.09) 114 (0.04) 276 (0.9) 1021 (43) 2714 (167)
Pine 96 DBH (cm) H (m) (m?l?a") (Mz?li'l) N (trees ha™)

Babki 9.1 (0.11) 9.0 (0.05) 204 (L.1) 717 (39) 3038 (233)
Bytow 72 (0.08) 77 (0.04) 214 (0.4) 67.1 (1.8) 4856 (458)
JanéwLub 7.1 (0.09) 73 (0.06) 199 (1.3) 62.6 (47) 4461 (385)
Szczebra 92 (0.10) 8.7 (0.07) 199 (1.0) 663 (40) 2810 (111)
JanéwLub 8.0 (0.05) 8.0 (0.03) 206 (0.5) 66.8 (1.9) 3754 (213)
mean 9.1 (0.05) 9.4 (0.03) 240 (0.7) 83.9 (3.1) 3249 (149
zz::‘“ 92 (0.02) 9.1 (0.01) 234 (02) 83.0 (0.9) 2909 (35)

Note: “a mean from the allometric equations used to estimate aboveground biomass
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Statistical analysis

All the common garden experiments were laid-
out in the randomized complete block design
with multiple-tree plots. The analysis was run
for the plot-level aboveground C per hectare.
The mixed model analysis was used to test for
significance of the effects with population as a
fixed effect and the site, block within site, and
populationxsite interaction as random effects.
The full model was as follows:

Yijk =pt Si+ Bj(i) + Pk + Psik+ Cik

where Y, is plot level value, p is overall mean,
S,is arandom site effect, Bj(i) is arandom effect
of block nested within a site, P, is a fixed
population effect, PS, is a random effect of
population x site interaction, € is a random
error. The analysis was first performed across
the experimental sites in each series according
to the above model. Separate analyses were
also done for each site, testing for the effects
of population and block.

The full model was fitted first and then it
was reduced to the point when all remaining
effects were statistically significant or no
further reduction was possible. The effect
significance was analyzed
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2019).

Comparisons of accumulated aboveground
C between experimental sites and reference
stands were performed based on the 95%
confidence intervals.

Results

The population and site effects on the
aboveground ~C  accumulation  were
statistically significant in a common analysis
across sites in both series, and the population
x site interaction term was not significant
(Table 3).

In the Pine85 series at the age of 22 years
the greatest C accumulation was found in
Choczewo (60.4 £ 1.0 Mg ha'! (mean =+ s.e.)
and the smallest in Janow Lub. (31.0 £ 0.5 Mg
ha''; Fig. 2, Table S3). Values at the Gotdap and
Babki sites were by 23% and 8% lower than at
the Choczewo site, respectively. On average,
a group of best-performing provenances — no.
1,3, 12 and 7 (all above 54.4 Mg ha'') had a C
accumulation 31% greater than a group of the
poorest-performing provenances — no. 21, 10,
31 and 28 (all below 41.6 Mg ha™).

with the likelihood-  Table 3 Information on the common garden trial sites analyzed in the
ratio test after obtaining study.
the estimates of model Model Pine 85 Pine 96
parameters  with  the Source of ] ]
maximum likelihood variance AIC logLik pvalue AIC logLik p value
g}ffl;;’d Th(ML)d I(Blecek full model 59306 -2922.3 31903 -1559.2

. The models were

. block(sit 0.2729 <0.0001
fitted in R 3.6.0 software _OC (site)
(R Core Team 2019) with  Sit€ <0.0001 0.0039
the ‘ImerTest’ package pop. X site 0.0898 0.7590
(Kuznetsova et al. 2017). population <0.0001 <0.0001
In cases of significant reduced
population effect the least- model 59304 -2924.2 3188.4 -1559.2
square means (estimated block(site)* - <0.0001
marginal - means) were g, <0.0001 0.0038
compared with the Tukey )

population <0.0001 <0.0001

HSD test, wusing the
‘emmeans’ package (Lenth
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Table 4 Diagnostic statistics for the mixed models used to analyze variation of carbon accumulation (Mg
ha') in the aboveground biomass within the Pine 85 and Pine 96 series (analysis of individual sites).
AIC — Akaike information criterion, logLik —logarithm of the likelihood, p value — probability level.

Pine 85
Model Babki Choczewo Goldap Janéw Lub.
Source of . . . .
variance AIC logLikp value AIC logLik p value AIC logLik p value AIC logLik p value
full model | 1456.9-687.46 1555.5-738.78 15422 -732.1 1282.8] -600.42
block 0.8065 0.7484 0.4441 0.1501
population 0.5162 <0.0001 0.0013 0.0001
;‘l’g(‘i‘gl"d 1454.98 -687.49 1553.66 -738.83 1540.79| -732.39 1282.90| -601.45
population <0.0001 <0.0001 0.0236 0.0076
Pine 96
Model Babki Bytow Janow Lub. Szczebra
Source of . . ) .
variance AIC logLikp value AIC logLik p value AIC logLik p value AIC logLik p value
full model | 575.13|-253.56 818.26/-379.13] 961.07, -450.53 787.04) -363.52)
block 0.4422 <0.0001 <0.0001 0.0687
population 0.0002 <0.0001 0.0463 <0.0001
;fgggled 573.72-253.86 849.01/-395.50 983.53 -462.76 788.35 -365.17
population 0.0325 <0.0001 0.4966 <0.0001
Note: *the effect was not included in the reduced model if the p value is missing.
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Figure 2 Boxplots of aboveground biomass carbon for tested populations at four experimental sites of the Pine85
series. A diamond shows the mean and a thick line within a box shows the median for each population.
Small red squares show the values of aboveground carbon obtained with the models giving the smallest
and greatest biomass estimates. A solid line shows the site mean, and a dashed line shows the mean for
the reference stands at that site. Asterisks indicate values significantly different (greater or lower) from the
reference stands.
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Pine 96
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Figure 3 Boxplots of aboveground biomass carbon for tested populations at four experimental sites of the Pine96
series. A diamond shows the mean and a thick line within a box shows the median for each population.
Small red squares show the values of aboveground carbon obtained with the models giving the smallest
and greatest biomass estimates. A solid line shows the site mean, and a dashed line shows the mean for
the reference stands at that site. Asterisks indicate values significantly different (greater or lower) from the

reference stands.

In the analysis of aboveground C
accumulation at individual sites of the
Pine85 series the reduced model fitted better
(according to the AIC) than the full model,
except for the Janéw Lub site (Table 4).
Variation among populations was significant
with percentage differences between the
populations accumulating the most and the
least C at each site amounted to 47% in Babki
(pop. 12 vs. 9), 55% in Choczewo (3 vs. 21),
and 43% in Gotdap (1 vs. 27), and 41% in
Janéw Lub. (29 vs. 20; Fig. 2).

In the Pine96 series at the age of 17 years the
greatest C accumulation was found in Babki
(34.0 £ 0.5 Mg ha' (mean + s.e.) and the
smallest in Bytow (25.5 + 0.5 Mg ha’'; Fig.
3, Table S3). Values at the Janéw Lub. and
Szczebra sites were lower by 6% and 21%,
respectively, than at the Babki site. On average,
a group of best-performing provenances — no.
2,21, 11,5, 19 and 28 (all above 32.1 Mg ha™)
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had 23% greater C accumulation than a group
of the poorest-performing provenances— — no.
17 and 18 (below 25.5 Mg ha™).

In the analysis of aboveground C
accumulation at individual sites of the Pine96
series the full model fitted better than the
reduced model, except for the Babki site
(Table 4), and significant variation among
populations was found at all sites (Table 4).
Percentage differences between the populations
accumulating the most and the least C
amounted to 54% in Bytéw (pop. no. 5 vs. 17),
43% in Szczebra (2 vs. 16), 34% in Jandw Lub.
(20 vs. 18) and 29% in Babki (21 vs. 6; Fig. 3).
However, no significantly different groups of
populations were found with the Tukey HSD
test at the Babki and Janéw Lub. sites.

Compared to the reference stands, C
accumulation in the common garden trials
of the Pine85 series was on average greater
by 15% in Babki, and 10% in Gotldap, and
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lower by 29% in Janéw Lub. and 10% in
Choczewo. These differences were statistically
significant only at the Babki and Janéw Lub.
sites (Fig. 2, Table S3). Significant differences
in C accumulation were also found between
individual populations and the reference stands
at each site in this series (Fig. 2). In Babki
and Gotdap those differences were positive
for the six and two populations, respectively
(between 21% and 49% above the reference
in Babki and between 39% to 49% above the
reference in Goldap). At the Choczewo site five
populations and at the Janéw Lub. site most
of the populations (27 out of 39) performed
significantly poorer than the reference stands
(Fig. 2).

On average, C accumulation at the study sites
in Bytow and Szczebra in the Pine96 series was
significantly lower than in the reference stands
by 23% and 17%, respectively (Fig. 3, Table
S3). At the population level those differences
were significant for three populations at the
Szczebra site (between 24% and 45% lower
than a reference), and for most populations (17
out of 29; between 19% and 48% lower than a
reference) at the Bytow site (Fig. 3).

Discussion

In this study we investigated variation in
the accumulation of carbon in standing
aboveground biomass among the progeny of
Scots pine clonal and seedling seed orchards
in the common garden experiments planted
at variable environments. We expected the
examined seed sources to vary with respect
to C accumulation, and specifically hoped to
identify the progeny showing better growth
and greater accumulation of C when compared
to the commercial reference stands.

According to our expectation, we found
statistically significant and large variation
among the examined seed sources in the amount
of Caccumulated in their aboveground biomass.
The average values for aboveground biomass
found in our study were higher than reported
in the literature at a similar age (Jagodzinski

Variation in aboveground biomass carbon accumulation...

et al. 2018, Jagodzinski et al. 2014). However,
it is important to note that, although we
focused on the average C accumulation in the
analysis, we have obtained a range of values
for aboveground C accumulation based on a
series of allometric equations fitted to our data.
Because tree growth is affected by multiple
factors, the allometric equations are often site-
specific (Muukkonen 2007), and the use of
equations developed for other site conditions
should be considered a source of uncertainty.
To account for this uncertainty, we used a
series of allometric equations for ages and
tree sizes similar to our dataset (see Fig. S1).
Thus, it is informative to relate to the range of
values the estimated C accumulation may take
beside a specific point-estimate for the average
value. When this uncertainty is included, the
estimates of accumulated aboveground C for
examined Scots pine stands are in the range
from 28% lower to 34% higher than the average
values we reported for the Pine85 series, and
from 43% lower to 58% higher for the Pine
96 series (Fig. 2 and 3). Another element of
uncertainty to C accumulation is associated
with the conversion of aboveground biomass
into carbon. In boreal and temperate trees the
biomass is roughly 50% carbon (Thomas &
Martin 2012), but this fraction differs among
individual biomass components (Bert &
Danjon 2006, Herrero de Aza et al. 2011, Laiho
& Laine 1997, Tolunay 2009), and the share
of biomass constituted by a given component
changes throughout plant development (e.g.
Chmura et al. 2017). To account for this, we
used biomass fractions from the literature for
trees at similar age to obtain the aboveground
C estimates. Acknowledging those sources of
uncertainty associated with the precision of
C accumulation estimates, the differences in
mean values between the most and the least
productive populations at individual sites
exceeded 41% in the Pine85 series and 29%
in the Pine 96 series. This variation points to
a great potential to select among the tested
seed orchards with regard to the aboveground
productivity for increased C accumulation in
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forest biomass.

Our second expectation to find the progeny
performing better than the reference stands
was only partially fulfilled. We offer at
least two possible explanations of this
observation. Firstly, the population plots at
the trial sites were relatively small (Table
1). A stochastic loss of trees from the small
plots, even at a scale that has no consequence
for the average estimates of DBH or H, may
negatively affect the summarized area-based
estimates of productivity, and thus stand C
accumulation. Secondly, the observed lack of
significant differences between the improved
and commercial stands may illustrate the
“background improvement” of commercial
stands. The reference stands we used in the
study were planted with seeds harvested from
the stands that were considered as above
the average for a given region (the so-called
“commercial seed stands”). They represent
the first step of population selection that
is commonly practiced in the Polish State
Forests. Thus, the reference stands could not
be treated as truly unimproved, because they
represent some level of phenotypic selection.
Similarly, the two experimental series used
in this study represent the first generation of
seed orchards, for which the maternal trees
were only phenotypically-selected, and were
not progeny-tested so far. The seed orchards
were not thinned to remove inferior clones or
families (rogued), and thus the genetic gain
is somewhat lower than could be expected
(Haapanen et al. 2016, Matziris 2005, Matziris
2000, Weng 2011, Weng et al. 2008). The
10-20% of gain in volume could be obtained
from the first generation seed orchards without
roguing (Carson et al. 1999, Eriksson et al.
2013, Haapanen et al. 2016, Matziris 2005,
Matziris 2000), and perhaps a similar level of
improvement could be expected from replacing
poor-growing populations with the better ones
(Butcher & Hopkins 1993). This indicates
that selection intensity should be increased
in order to enhance the aboveground biomass
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productivity and C accumulation in forest
stands.

An important limitation to our conclusions
about the lack of superiority of genetically
improved material over the commercial stands
is that the genetic and environmental effects
were confounded for the reference stands.
Thus, the differences between the improved and
commercial seed stock were affected both by the
variable site conditions and planting material
used for reforestation in the local stands we
used as a reference. These effects could not be
separated and their relative size could not be
estimated in commercial stands. In contrast,
the statistical layout of the replicated common
garden experiment for the seed orchard progeny
allows for the proper estimation of genetic and
environmental effects. Clearly, the environment
affected both the average performance and the
extent of variation among tested populations,
although the population x site interaction was
not significant. The site effect includes edaphic,
moisture and climatic conditions. Variation
among the tested populations was greatest at
the Choczewo site in the Pine85 series and at
the Bytow site in the Pine96 series. These sites
were the most and the least productive for their
series, respectively. However, both of them
were located in the maritime climate zone,
which seems to be highly diversifying for the
adaptation and growth of Scots pine populations
sampled within this study. This underlines the
importance of establishing common garden tests
in variable environmental conditions.

Conclusions

Increasing growth and biomass accumulation
in forest stands may positively contribute to C
sequestration and climate change mitigation.
In a study comparing the progeny of Scots pine
seed orchards we found a significant and large
variation among the examined seed sources
for C accumulation in aboveground biomass.
This finding is promising for the potential
to enhance C sequestration in forest stands
through tree improvement. On the other hand,
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only a few of the investigated seed orchard
progeny had C accumulation significantly
greater than the reference stands, and some
had a lower C accumulation, depending on the
study site. This indicates that only a limited
level of growth enhancement is possible as
a result of phenotypic selection practiced so
far in Polish forestry, which is similar for the
first generation seed orchards and seed stands.
Thus, for increased C sequestration in planted
forests, selection would need to be intensified
and followed by progeny testing of selected
trees in variable environmental conditions.

Acknowledgements

The study was partially funded by the General
Directorate of State Forests in Poland through
the grant no. OR.271.3.6.2017, and by the
Institute of Dendrology Polish Academy of
Sciences. We thank Andrzej M. Jagodzinski
for critical reading and commenting the early
version of the manuscript.

References

Armolaitis K., Varnagiryte-Kabasinskiene 1., Stupak I.,
Kukkola M., Miksys V., Wojcik J., 2013. Carbon and
nutrients of Scots pine stands on sandy soils in Lithuania
in relation to bioenergy sustainability. Biomass and
Bioenergy, 54: 250-259. https://doi.org/10.1016/j.
biombioe.2013.03.034

Barzdajn W., Kowalkowski W., Chmura D.J., 2016. Variation
in growth and survival among European provenances
of Pinus sylvestris in a 30-year-old experiment.
Dendrobiology, 75: 67-77. http://dx.doi.org/10.12657/
denbio.075.007

Bert D., Danjon F., 2006. Carbon concentration variations
in the roots, stem and crown of mature Pinus pinaster
(Ait.). Forest Ecology and Management, 222 (1): 279-295.
https://doi.org/10.1016/j.foreco.2005.10.030

Biecek P, 2013. Analiza danych z programem R. Modele
liniowe z efektami statymi, losowymi i mieszanymi.
Wydawnictwo Naukowe PWN, Warszawa: pp. 320.

Bronisz K., Zasada M., 2016. Uproszczone wzory empiryczne
do okreslania suchej biomasy nadziemnej czgsci drzew i
ich komponentow dla sosny zwyczajnej. Sylwan, 160 (4):
277-283.

Butcher T.B., Hopkins E.R., 1993. Realized gains from
breeding Pinus pinaster. Forest Ecology and Management,
58  (3-4):  211-231.  https://doi.org/10.1016/0378-
1127(93)90146-¢

Canadell J.G., Raupach M.R., 2008. Managing forests for

Variation in aboveground biomass carbon accumulation...

climate change mitigation. Science, 320 (5882): 1456-
1457. https://doi.org/10.1126/science.1155458

Carson S.D., Garcia O., Hayes J.D., 1999. Realized gain
and prediction of yield with genetically improved Pinus
radiata in New Zealand. Forest Science, 45 (2): 186-200.

Chmura D.J., Giertych M., Rozkowski R., 2003. Early height
growth of Scots pine (Pinus sylvestris L.) progenies from
Polish clonal seed orchards. Dendrobiology, 49: 15-23.

ChmuraD.J., Guzicka M., RozkowskiR.,2021. Accumulation
of standing aboveground biomass carbon in Scots pine
and Norway spruce stands affected by genetic variation.
Forest Ecology and Management, 496: 119476. https://doi.
org/10.1016/j.foreco.2021.119476

Chmura D.J., Guzicka M., Rozkowski R., Chatupka W.,
2013. Variation in aboveground and belowground
biomass in progeny of selected stands of Pinus sylvestris.
Scandinavian Journal of Forest Research, 28 (8): 724-734.
https://doi.org/10.1080/02827581.2013.844269

Chmura D.J., Guzicka M., Rozkowski R., Chatupka W.,
2017. Allometry varies among related families of Norway
spruce. Annals of Forest Science, 74 (2): 36. https://doi.
org/10.1007/s13595-017-0631-4

Chmura D.J., Rozkowski R., Chatupka W., 2012. Growth and
phenology variation in progeny of Scots pine seed orchards
and commercial seed stands. European Journal of Forest
Research, 131 (4): 1229-1243. https://doi.org/10.1007/
$10342-012-0594-9

Cienciala E., Cerny M., Tatarinov F., Apltauer J., Exnerova
Z., 2006. Biomass functions applicable to Scots pine.
Trees-Structure and Function, 20 (4): 483-495. https://doi.
org/10.1007/s00468-006-0064-4

Dixon R.K., Brown S., Houghton R.A., Solomon A.M.,
Trexler M.C., Wisniewski J., 1994. Carbon pools and flux
of global forest ecosystems. Science, 263 (5144): 185-190.

Eriksson G., Ekberg 1., Clapham D., 2013. Genetics
applied to forestry. Department of Plant Biology and
Forest Genetics, Swedish University of Agricultural
Sciences Uppsala: pp. 206.

GUS, 2017. Forestry 2017, Statistical Information and
Elaborations, Central Statistical Office, Warsaw: pp. 373.

Haapanen M., Hynynen J., Ruotsalainen S., Siipilehto J.,
Kilpeldinen M.-L., 2016. Realised and projected gains
in growth, quality and simulated yield of genetically
improved Scots pine in southern Finland. European
Journal of Forest Research, 135 (6): 997-1009. https://doi.
org/10.1007/s10342-016-0989-0

Herrero de Aza C., Turrion M.B., Pando V., Bravo F., 2011.
Carbon in heartwood, sapwood and bark along the stem
profile in three Mediterranean Pinus species. Annals of
Forest Science, 68 (6): 1067. https://doi.org/10.1007/
$13595-011-0122-y

Jagodzinski A.M., 2011. Raport koncowy z realizacji tematu
badawczego "Bilans wegla w biomasie glownych drzew
lasotworczych Polski". Czes¢ III B. Wyniki - retencja
wegla w biomasie drzew i drzewostanow Kornik: pp. 296.

Jagodzinski A.M., Dyderski M.K., Ggsikiewicz K., Horodecki
P.,2019. Effects of stand features on aboveground biomass
and biomass conversion and expansion factors based on

147



Ann. For. Res. 64(2): 139-148, 2021

a Pinus sylvestris L. chronosequence in Western Poland.
European Journal of Forest Research, 138 (4): 673-683.
https://doi.org/10.1007/s10342-019-01197-z

Jagodzinski A.M., Dyderski M.K., Ggsikiewicz K., Horodecki
P, Cysewska A., Wierczynska S., Maciejezyk K., 2018.
How do tree stand parameters affect young Scots pine
biomass? - Allometric equations and biomass conversion
and expansion factors. Forest Ecology and Management,
409: 74-83. https://doi.org/10.1016/j.foreco.2017.11.001

Jagodzinski A.M., Katucka I., Horodecki P., Oleksyn J., 2014.
Aboveground biomass allocation and accumulation in a
chronosequence of young Pinus sylvestris stands growing
on a lignite mine spoil heap. Dendrobiology, 72: 139-150.
https://doi.org/10.12657/denbio.072.012

Janssens I.A., Sampson D.A., Cermak J., Meiresonne L.,
Riguzzi F., Overloop S., Ceulemans R., 1999. Above- and
belowground phytomass and carbon storage in a Belgian
Scots pine stand. Annals of Forest Science, 56 (2): 81-90.
https://doi.org/10.1051/forest:19990201

Kenina L., Elferts D., Baders E., Jansons A., 2018. Carbon
pools in a hemiboreal over-mature Norway spruce stands.
Forests, 9 (7). https://doi.org/10.3390/f9070435

Kenina L., Jaunslaviete I., Liepa L., Zute D., Jansons A., 2019.
Carbon pools in old-growth Scots pine stands in hemiboreal
Latvia. Forests, 10 (10). https://doi.org/10.3390/f10100911

Kowalczyk J., Wojda T., 2019. Result of the 35 years
provenance experiment with Scots pine from the [IUFRO
1982 series on the trials in Wyszkow and Sekocin.
Sylwan, 163 (7): 584-589. https://doi.org/10.26202/
sylwan.2018153

Kuznetsova A., Brockhoff P.B., Christensen R.H.B., 2017.
ImerTest Package: Tests in Linear Mixed Effects Models.
2017, 82 (13): 26. https://doi.org/10.18637/jss.v082.113

Laiho R., Laine J., 1997. Tree stand biomass and carbon
content in an age sequence of drained pine mires in
southern Finland. Forest Ecology and Management, 93 (1):
161-169. https://doi.org/10.1016/S0378-1127(96)03916-3

Lenth R., 2019. emmeans: Estimated Marginal Means, aka
Least-Squares Means. R package version 1.3.4. https://
CRAN.R-project.org/package=emmeans

Malhi Y., Meir P., Brown S., 2002. Forests, carbon and global
climate. Philosophical Transactions of the Royal Society of
London Series A - Mathematical Physical and Engineering
Sciences, 360 (1797): 1567-1591.

Matisons R., Adamovics A., Jansone D., Bigaca Z., Jansons
A., 2018. Climatic Ssensitivity of the top-performing
provenances of Scots pine in Latvia. Baltic Forestry, 24
(2): 228-233.

Matisons R., Krisans O., Karklina A., Adamovics A.,
Jansons A., Gartner H., 2019. Plasticity and climatic
sensitivity of wood anatomy contribute to performance
of eastern Baltic provenances of Scots pine. Forest
Ecology and Management, 452. https://doi.org/10.1016/j.
foreco.2019.117568

Matziris D.I., 2000. Genetic variation and realized genetic
gain from Aleppo pine tree improvement. Silvae Genetica,
49 (1): 5-10.

148

Research article

Matziris D., 2005. Genetic variation and realized genetic gain
from black pine tree improvement. Silvae Genetica, 54 (3):
96-104.

Mehtatalo L., 2019. Imfor: Functions for Forest Biometrics.
R package version 1.3. https:/CRAN.R-project.org/
package=Imfor.

Muukkonen P., 2007. Generalized allometric volume and
biomass equations for some tree species in Europe.
European Journal of Forest Research, 126 (2): 157-166.
https://doi.org/10.1007/s10342-007-0168-4

Oleksyn J., Reich PB., Chalupka W., Tjoelker M.G.,
1999. Differential above- and below-ground biomass
accumulation of European Pinus sylvestris populations in a
12-year-old provenance experiment. Scandinavian Journal
of Forest Research, 14 (1): 7-17.

Payn T., Carnus J.-M., Freer-Smith P., Kimberley M., Kollert
W., Liu S., Orazio C., Rodriguez L., Silva L.N., Wingfield
M.J., 2015. Changes in planted forests and future global
implications. Forest Ecology and Management, 352: 57-
67. https://doi.org/10.1016/j.foreco.2015.06.021

R Core Team, 2019. R: A language and environment
for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. URL https:/www.R-project.org/

Rozkowski R., Chatupka W., Misiorny A., Giertych M.,
2007. Early evaluation of open pollinated offspring
from Polish seedling seed orchards of Pinus sylvestris L.
Dendrobiology, 57: 35-48.

Sedjo R., Sohngen B., 2012. Carbon sequestration in forests
and soils. Annual Review of Resource Economics,
4 (1) 127-144.  https://doi.org/10.1146/annurev-
resource-083110-115941

Thomas S.C., Martin A.R., 2012. Carbon Content of Tree
Tissues: A Synthesis. Forests, 3 (2): 332.

Tolunay D., 2009. Carbon concentrations of tree components,
forest floor and understorey in young Pinus sylvestris
stands in north-western Turkey. Scandinavian Journal
of Forest Research, 24 (5): 394-402. https://doi.
org/10.1080/02827580903164471

Weng Y.H., 2011. Early realized gains for two-cycle selection
for black spruce and their implications for testing effort
allocation. Silvae Genetica, 60 (5): 178-186

Weng Y.H., Tosh K., Adam G., Fullarton M.S., Norfolk C.,
Park Y.S., 2008. Realized genetic gains observed in a first
generation seedling seed orchard for jack pine in New
Brunswick, Canada. New Forests, 36 (3): 285-298. https:/
doi.org/10.1007/s11056-008-9100-0

Wegiel A., Polowy K., 2020. Aboveground carbon content and
storage in mature Scots pine stands of different densities.
Forests, 11 (2). https://doi.org/10.3390/f11020240

Wautzler T., Profft 1., Mund M., 2011. Quantifying tree
biomass carbon stocks, their changes and uncertainties
using routine stand taxation inventory data. Silva Fennica,
45 (3): 359-377. https://doi.org/44910.14214/sf.449

Zasada M., Bronisz K., Bijak S., Wojtan R., Tomusiak R.,
Dudek A., Michalak K., Wroblewski L., 2008. Wzory
empiryczne do okreslania suchej biomasy nadziemnej
czesei drzew i ich komponentow. Sylwan, 152 (3): 27-39.



