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* Naturally emerging birch admixture provides a sufficient starting point for mixed forest in
young, planted spruce stands.

*  Creating mixed forest is a time sensitive process, as different growth patterns among tree
species might cause a situation where one tree species suppresses the other, leading to mono-
culture or two-storied mixed forest.

*  Birch admixture should be retained during early cleaning.

Mixed forests are known for their ability to provide a wide range of ecosystem services. Such
forests have higher biodiversity compared to monocultures, are resilient against disturbances
and may mitigate the effects of climate change. Despite well-known benefits, there is still little
information on how these forests should be established and managed. The aim of this study was
to describe the early growth dynamics of current boreal young mixed stands of planted Norway
spruces (Picea abies (L.) Karst.) and naturally regenerated birches (Betula spp.). We collected data
from 9 stands planted for spruce 814 years ago in southern and central Finland. Stem analysis
was conducted to 144 spruces and to 144 birches to determine previous growth. We modelled
the height and diameter development of individual trees in relation to tree age at stump height
using non-linear mixed Chapman-Richards model. There were no significant differences between
spruce and seed-origin birch in diameter growth at stump height, but the initial height increments
of natural birches were larger than those of planted spruces. However, planted spruces were able
to keep up with the height development of birches, if spruces received a head start over naturally
regenerated seed-origin birch for two growing seasons. Thus, naturally regenerated birch admix-
ture can be utilized to establish single-storied spruce-birch mixtures, and the admixture should
be retained during the early cleaning of planted spruce stands.

Keywords Betula pendula; Betula pubescens; Picea abies; Chapman-Richards; mixed model;
mixed stands

Addresses !Natural Resources Institute Finland (Luke), Natural resources, Latokartanonkaari
9, F1-00790 Helsinki, Finland; 2Natural Resources Institute Finland (Luke), Natural resources,
Yliopistokatu 6 B, FI-80100 Joensuu, Finland

E-mail lauri.mannisto@luke.fi

Received 8 December 2023 Revised 19 April 2024 Accepted 22 April 2024



http://www.silvafennica.fi
https://creativecommons.org/licenses/by-sa/4.0/deed.en
https://creativecommons.org/licenses/by-sa/4.0/deed.en
https://doi.org/10.14214/sf.23075

Silva Fennica vol. 58 no. 3 article id 23075 - Mannisto et al. - How to utilize natural regeneration of birch to ...

1 Introduction

Forests in Northern Europe are mostly dominated by single-species forests (Bakkebe Fjellstad
and Skreppa 2020; Korhonen et al. 2021; Nilsson et al. 2022). Single-species conifer forests
have been favored in the Fennoscandian forestry for decades mainly due to simpler forest man-
agement and conifers’ higher economic value and their tendency for less unwanted features,
such as bends or forking (Felton et al. 2016; Pukkala 2018; Huuskonen et al. 2021). Currently in
southern and central parts of Finland, over 70% of felled stands are regenerated to Norway spruce
(Picea abies (L.) Karst.) (from now onwards spruce) (Ruotsalainen et al. 2022). However, due
to climate change and increased interest in a high variety of ecosystem services, forestry based
on pure stands of spruce might become unfeasible. Homogenic forests have low resilience and
resistance against disturbances, which will further increase as a consequence of climate change
(Bernier and Schoene 2009; Huuskonen et al. 2021). Disturbance agents caused directly by
climate change include extreme weather conditions such as droughts and high winds combined
with unfrozen soil (Peltola et al. 1999; Bréda et al. 2006; Ikonen et al. 2017; Krejza et al. 2021).
Indirectly caused disturbance agents include the increased abundance of pests and pathogens
(Grodzki et al. 2004; Wermelinger 2004; Jonsson et al. 2007; Miiller et al. 2012; Temperli et al.
2013; Miiller et al. 2014; Seidl et al. 2014). Peltola et al. (2010) predicted a radical decrease of
spruce dominated forests especially in southern Finland by the end of the century. Mixed forests
have been proposed to mitigate the risks caused by the climate change and to increase the vari-
ety of ecosystem services as they usually are more diverse as an ecosystem (Carnus et al. 2006;
Felton et al. 2010; Felton et al. 2016; Huuskonen et al. 2021). Spruce-birch (Betula spp.) is the
most common mixture in fertile mineral soils in Fennoscandia as both species have similar site
requirements and birch naturally regenerates well in juvenile spruce dominated stands, making it
tempting alternative to pure spruce stands (Kuusela 1990; Gotmark et al. 2005; Kaila et al. 2006;
Hynynen et al. 2010; Lee et al. 2023).

Utilizing naturally emerging birch admixture is the key element in shifting from pure
spruce stands to mixed spruce-birch stands. In Europe, two different birch species are common:
silver birch (Betula pendula Roth) and downy birch (Betula pubescens Ehrh.) (Hynynen et al.
2010; Raty and Vaahtera 2021). Birches are pioneer species specializing in colonizing bare forest
sites (Kuusela 1990). Hence, birches, along with other pioneer species, emerge to the stand
quickly after soil preparation (Siipilehto et al. 2014). Birches may regenerate naturally either by
sprouting from stumps or by seeds from nearby trees (Hynynen et al. 2010). In current single
species-oriented forest management, these broadleaf saplings are removed during early cleaning
(EC) and pre-commercial thinning (PCT) (Fahlvik et al. 2011; Huuskonen et al. 2021; Ara et al.
2022). Decisions made during the EC and PCT determine the structure and tree species compo-
sition of the forest (Fahlvik et al. 2015; Aijili et al. 2019). Especially on fertile soils, seedling
emergence decreases rapidly as a stand ages (Siipilehto et al. 2014). Birch sprouts after the PCT
are unable to compete against the established vegetation (Fillman et al. 2003; Holmstrom et al.
2016b). To establish a spruce-birch mixed forest, an adequate number of birches suitable for crop
trees should remain after the PCT (Ara et al. 2022). Nevertheless, PCT is an important measure as
it releases space and resources for crop trees (Huuskonen and Hynynen 2006; Huuskonen 2008;
Holmstrom et al. 2016b).

Several aspects advocate for mixed forests. Admixture of tree species with different rooting
and growth traits reduces competition (Huuskonen et al. 2021). Birches and spruces differ in their
ability to withstand shading and their rooting traits are different (Tertti 1949; Salmi 1977; Kal-
liokoski et al. 2008; Hynynen et al. 2010). Different traits may even supplement each other: trees
in mixed stands can withstand droughts better, as tree species with deep root systems transport
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water to the top layers by a phenomenon known as hydraulic lift (Zapater et al. 2011; Pretzsch et al.
2014; Cao et al. 2022). However, it is unclear whether hydraulic lift occurs in spruce-birch mixed
stands. Especially in Central Europe, admixture of different tree species has also resulted in better
growth or overyielding (Pretzsch and Schiitze 2009). Yet according to Huuskonen et al. (2021), due
to differences in forest management practices between Central and Northern Europe, the density
of forests in Northern Europe is lower, resulting in less spatial competition and therefore lack of
overyielding. Only few studies comparing the yield of single storied spruce-birch mixed forests to
pure spruce stands in boreal Europe have been conducted, and the results are not uniform: some
studies report increased growth (Eko 1985; Mielikdinen 1985; Frivold and Frank 2002), whereas
some report decreased growth (Agestam 1985). The benefits of mixed spruce-birch forests are not
limited to potentially increasing yield, since increasing the variety of tree species increases the
variation of forest owners’ portfolio and hence makes the stand more resistant to fluctuation in
timber prices (Felton et al. 2016). By using naturally emerging seedlings, the cost of regeneration
is also reduced (Holmstrom et al. 2016b).

The ability to predict the development of a stand is a crucial element of forest planning
(Hynynen 1995). The early development of both spruce and birch has been studied in pure stands
(Saksa et al. 2005; Kund et al. 2010). However, as species interact with each other, the dynam-
ics of mixed forests might differ from pure stands. Mielikédinen (1985) studied the development
of mixed spruce-birch stands, but the growth of planted spruce has since then improved due to
improved silvicultural practices and higher quality seedlings (Koistinen et al. 2016; Sikstrom et
al. 2020; Haapanen 2020). Previously, birches outgrew the spruces causing two-storied forest
structure, unless spruces received a head start (Mielikdinen 1985). However, recent studies suggest
that due to spruces’ improved height growth, differences between height increments of spruce
and birch might be non-significant. Research on mixed spruce-birch forest in Fennoscandia has
increased lately (Felton et al. 2016; Holmstrom et al. 2016a, 2016b, 2021; Dahlgren Lidman et
al. 2021; Huuskonen et al. 2021, 2023). However, most of the studies were synthesis reports or
emphasized different forest management scenarios for mixed forests. Huuskonen et al. (2023)
studied the development of mixed spruce-birch stands approaching the stage of the first com-
mercial thinning, and pointed out the need for research on the structure and growth dynamics of
mixed spruce-birch sapling stands before precommercial thinning. Our study aims to meet this
need as no study has focused on the early development and growth dynamics of these juvenile
mixed stands in boreal Europe.

The goal of this study was to determine the diameter and height growth rates of planted
Norway spruces and naturally regenerated birches by assessing past growth of nine well-man-
aged, mixed stands of ages between 8 and 14 years. Naturally regenerated birches included
silver and downy birches regenerated either by sprouting from stumps or natural seeds. All
species and origin combinations were considered separately. Our hypotheses were as follows.
Planting gives spruce enough lead, so spruces will not get suppressed by naturally regenerated
birches (H1). Naturally regenerated birches can keep up with planted spruces and hence will
not be suppressed (H2). Despite origin or species, birches grow roughly at the same rate and
hence all origins and species can be utilized in creating admixture (H3). Based on the results,
we discuss the possibility to utilize natural regeneration of birch to establish single-storied,
mixed spruce-birch forests.
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Fig. 1. Locations of nine stands used to study the early devel-
opment of spruce-birch mixtures. The coordinates of stands
varied between 61.162451°-62.56185° north and 24.63745°—
28.59488° east. Two plots of 500 m? were measured in each
stand. Stand characteristics are described in Tables 1 and 2.

2 Materials and methods

2.1 Study area

Nine mixed stands of Norway spruce and birches (silver birch and downy birch) were selected in
southern and central Finland (Fig. 1, Table 1). Requirements for the stands were as follows: stands
were regenerated by spruce planting after mounding, early cleaning was carried out, the admixture
of birch was at least 25% of the stem count, stands were juvenile single-storied, and pre-commercial
thinning had not yet been performed. Thus, the stands were regenerated and managed according to
the current silvicultural recommendations (Aijili et al. 2019). The recommended timing for early
cleaning is when the height of crop trees is approximately one meter (Uotila and Saksa 2014), and

Table 1. Basic site information of nine stands used to study the early development of spruce-birch mixtures. Age is time
since planting, TS is temperature sum in degree days (dd), EC is early cleaning, and C/N organic and mineral are car-
bon-nitrate ratio in different layers of soil. Thickness of organic layer is mean thickness of all samples from each stand.

Stand  Age, Planting  ECyear Site TS, dd Municipality C/N organic C/N mineral  Thickness of
years year type organic layer, mm
11 8 2013 2017  OMT 1371 Heinola 23.8 21.5 8
12 10 2011 2015  OMT 1371 Heinola 253 233 11
13 9 2012 2016 MT 1235 Joutsa 27.6 27.1 20
14 8 2013 2017 MT 1383 Puumala 233 21.8 21
15 8 2013 2017 MT 1403 Taipalsaari 19.7 19.3 23
16 11 2010 2015 MT 1243 Jamsa 30.5 23.9 33
17 14 2007 2016 MT 1256 Joroinen 19.8 19.6 16
18 12 2009 2016 MT 1287 Heinévesi 27.4 24.9 33
19 14 2007 2014 MT 1260 Leppévirta 28.8 24.3 49
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precommercial thinning is recommended at the mean height of 3—4 m to the density of about 1800
stems ha~! (Aijili et al. 2019).

Stands fulfilling these requirements were searched from the forest resource databases of
Metsihallitus, UPM-Kymmene Oyj Forest and Tornator Oyj. The final selection of the studied
stands was confirmed on the field. The age of the stands varied between 8—14 years. According
to Cajander (1925), the forest type was Myrtillus forest type (MT, fresh site) in seven stands, and
Oxalis-Myrtillus type (OMT, herb-rich site) in two stands. All stands were growing on mineral soils.

2.2 Data collection

On each stand, two circular sample plots of 500 m? were established in 2021. The locations of the
plots were determined by fitting the longest possible line within a stand and placing plots along
the line so that they divided the line into three equal parts. However, the plots were not established
within 25 m from the stand border to avoid edge effect. There could not be any deviances, such
as ditches, large boulders, gaps, or logging roads inside the sample plot. If the plot could not be
established into a predetermined location for the reasons stated above, it was moved to closest
suitable spot. The search for a suitable spot started from northward proceeding in a clockwise spiral
form. A total of 18 plots was measured on nine stands.

On each plot, diameter at breast height (DBH), height and location of all crop trees were
measured. In addition, tree species, origin (planted, seed, sprout), possible damage agents and
characteristics lowering external quality were recorded (Vuokila 1987). Crop tree was defined as
one that can compete against surrounding trees and thus has potential to achieve economic sig-
nificance in the future. On each plot, 16 crop trees were selected as sample trees. Of the sample
trees, 8 were spruces and 8 birches. Sample trees were chosen by dividing the diameter distribution
weighted by basal area into four parts and picking two trees by random out of each part. This was
performed to spruces and birches separately. Even though sample trees were picked by random,
no significant characteristics lowering their quality were allowed.

Sample trees were cut down and further measurements were conducted. The annual height
increments of sample-tree spruces were determined by measuring the distance from the top to
each branch whorl. For birches, the annual height increments during last growing seasons were
determined based on terminal bud scars. At least three completed annual height increments were
measured from the top of birches; more if possible. To estimate the height development of birches
at the lower part of the stem, the age of birches was determined from increment core samples
collected at stump height, breast height (1.3 m), 4 m and 6 m. However, if the tree had reached the
height of 4 m or 6 m during the last three whole growing seasons, core sample was not collected
at that height as the annual height increments were already measured utilizing bud scars. Using the
method of Carmean (1972) and Machado et al. (2010), annual height increments were assumed to
be constant between two adjacent core samples, and the core sample was collected at the middle
of annual height growth. This method provides two estimates for each height a core sample is
collected (1.3 m, 4 m, and 6 m). At these heights, an average of these estimates was used.

On each sample plot of 500 m?, ten samples of organic layer and mineral soil were collected
using a steel auger (diameter 5.8 cm). Samples were collected systematically: two from the imme-
diacy of the center point and the rest from the cardinal and half-cardinal points 8 m from the center
point. The samples were divided into two plastic bags, one for organic and one for mineral soil
samples. The bags were stored open in room temperatures and were closed only during transport
from forest to laboratory and when stored in near-freezing conditions. The soil type of the mineral
soil samples was defined. The pH and content of carbon and nitrogen were assessed separately for
the organic (fibric and humic layer, litter excluded) and mineral layers.
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2.3 Data analyses

Using the KPL software (Heinonen 1994) and measurements on crop trees, stand characteristics
such as stem number, stand basal area and volume, mean height and DBH, and dominant height
(by 100 thickest trees ha™') were calculated separately for each tree species and origin on each
plot (two plots per stand). Stand-level characteristics were obtained by averaging plot-level char-
acteristics. Stem number, stand basal area and volume were calculated as arithmetic mean of plots
within stand, while the average values of mean height and DBH were calculated as stem number
weighted means.

Carbon-nitrogen ratio was assumed to describe site fertility in more details than site type
classification. The ratio was calculated separately for organic and mineral layers. Low carbon-ni-
trogen ratio suggests high fertility and vice versa (Helmisaari et al. 2007; Hogberg et al. 2017).
Another important stand characteristic is the temperature sum, as low temperatures often limit the
productivity of an ecosystem in boreal forests (Kauppi and Posch 1985; Tamminen 1993). The
temperature sum was calculated for each plot as an average of a 30-year period (1981-2010) in
degree days. The temperature sum was estimated based on the longitude, latitude and elevation of
the stand. The temperature sum was estimated from 10 x 10 km grid data (Venildinen et al. 2005).
The threshold for temperature sum accumulation was +5 °C as day mean temperature of 5 °C is
generally considered and often used as the limit of a growth period (Solantie 2004; Szyga-Pluta
and Tomczyk 2019; Aalto et al. 2022).

Differences among the plot-level characteristics were tested by performing analyses of
variance. First, a linear model was created where tree species (Norway spruce, silver birch and
downy birch), origin (planted, seed and sprout) and stand were used as independent variables.
Then, analysis of variance was carried out using the Anova function in the R package stats (R Core
Team 2023). Differences of mean height, mean DBH, stand basal area and volume, stem number
and dominant height among tree species and origins as well as stands were tested. Bonferroni
correction was used to adjust the p-values.

Linear mixed effect models were fitted for tree-level variables to analyze differences
between all tree species and origins. The tree variables were age, under-bark stump diameter
(DSH), height and mean 4-year increments of height and DSH. For three small sample trees,
4-year DSH increment was not recorded. In such cases, mean DSH increments were calculated
from a shorter time period. There were three trees where no DSH increments were recorded,
and they were hence excluded from the model. In the model, tree species and origin were used
as fixed effects. Due to the hierarchical data structure, stand and plot were random effects. The
models were fitted using the Ime function in the R package nlme (Pinheiro et al. 2022). Com-
parisons among the tree species and origins were made using the emmeans function in the R
package emmeans (Lenth 2022). Differences between mean values and whether the differences
were statistically significant at 95% confidence level (p<0.05) were reported. The p-values were
adjusted using the Bonferroni method. Analyses were performed to all sample trees and to domi-
nant sample trees separately. The four sample trees with the largest DSH by tree species on each
plot were determined as the dominant sample trees.

Tree-level DSH and height development of each tree species and origin were analyzed
using sigmoid growth functions (Hall and Bailey 2001). Diameter and height growth were ana-
lyzed as a function of tree age at the stump height. An artificial time series of tree development
was created by examining the past annual height and diameter growth of the sample trees. This
enabled examining the dimensions of individual trees at different points of time. The stump height
variables (diameter and age) were used instead of the breast height ones to also cover the earlier
development of the trees.
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A general Chapman-Richards growth model was used to predict the dimensional develop-
ment of individual trees through time (Fang et al. 2001; Hall and Clutter 2004). The models were
created using the nlme function in the R package nlme (Pinheiro et al. 2022).

B3

1—exp(—pB, x agejik

Vijke = Bi ( )| o M
l—exp(—ﬁz X Tref)

Yijk: represents the under-bark diameter at stump height (mm) or the height (m) for tree i located
in plot j within stand & at a specific age ¢. Variable age refers to the age of the tree when measured
at stump height. 7,.ris a constant reference age. f1, f,, and f; are parameters. Parameter f3; rep-
resents the expected diameter at stump height or tree height when the tree is at the reference age
Trer- B> and B3 determine the growth rate and shape of the growth curve. These parameters were
allowed to vary among different tree species and origins by incorporating fixed effects specific to
each species and origin and to be linearly dependent to the site characteristics: the carbon-nitrogen
ratio and temperature sum. Initially, all parameters f were considered random variables at differ-
ent levels (stand, plot, tree). However, due to issues with the nonconvergence of the estimation
procedure, the model’s complexity had to be simplified. As a result, only f; and 3 remained as
mixed-effect parameters at stand, plot and tree levels. The random effects associated with f; and
[3, which were assumed to follow a normal distribution, were correlated within the same level,
with a mean of 0 and constant variances, i.e., bivariate normal distributions for both the stand-,
plot-, and tree-specific random effects were assumed. Random errors within trees (e) followed a
normal distribution with a mean of 0 and a constant variance. Heteroscedasticity of error variances
across different tree species and origins was observed using Levene’s test, and to account for this,
error variances were estimated for each specific tree species and origin using a varldent variance
structure. The model’s significance, with these species- and origin-specific error variances, was
confirmed through a likelihood-ratio test. A first-order autoregressive error structure was also tested
and found non-significant in the diameter and height models. The Chapman-Richards models were
separately fitted to all the sample trees and the dominant sample trees.

The spatial distribution of birches and spruces was examined using bivariate L,-function
to determine whether the spruces and birches species were truly mixed and not in small separate
groups. The function is based on Ripley’s k-function (Ripley 1977). The bivariate k;,-function is
an extension to the k-function (Lotwick and Silverman 1982). The kj,-fuction is transformed to
L,-function by taking a square root of the kj,-function divided by n (Besag 1977).

ZNI Ny Kij ) [N
=1 &=y y

Lia(r) = ()

where 7 is an observation distance; N; is the number of type 1 points (spruces in this case); N, is
the number of type 2 points (birches in this case); k;; is a variable that defines the edge correction;
and 4 is the sampling window area (plot in this case).

The function was calculated using the Lcross function in the R package spatstat (Baddeley
etal. 2015). An isotropic edge correction method was used to avoid bias from trees near the border
of plot (Ripley 1988). L,-function was calculated separately for each plot. The radius varied from
0 to 6.32 meters with 1.2 cm intervals. To establish whether the differences between observed and
expected values of L,-function were statistically significant, the confidence intervals were cal-
culated based on maximum and minimum values of 999 Monte Carlo simulations at all different
radiuses.
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3 Results
3.1 Stand level analyses

On the sample stands, there were on average 3011 crop trees ha™! (range 23403920 trees ha™'),
of which 57% were spruces, 29% silver birches, 10% downy birches and 5% pines rounded to the
nearest whole percent (Table 2). The number of crop tree spruces was on average 1703 ha™! (range
1380-1980 ha™!), which corresponds to the recommended density of 1600-2000 spruces ha™! (Aijilid
etal. 2019). Spruce planting was successful in most stands, but in three stands (stands 17—-19) the
number of crop tree spruces was lower than the recommended minimum density. Both sprout- and
seed-origin birches were present in all stands. The minimum of 25% birch admixture was found
in all stands. The number of crop tree birches was on average 1157 ha™! (range 760—1820 ha™).

Norway spruce had the largest mean DBH (3.8 cm) with a significant difference compared
to birch’s mean DBH (1.47-2.54 cm depending on birch species and origin) (Table 3). Within
birches, the only significant difference was between seed- and sprout-origin downy birches; other-
wise, the differences between species and origins were non-significant. There were no significant
differences in mean height among tree species or origin, but the dominant height of spruces and
seed-origin silver birches was significantly greater than that of sprout-origin downy birches. Spruce
had a significantly larger mean stem number, basal area, and volume than birches, but differences
between silver and downy birches were non-significant.

Table 2. Characteristics of nine stands used to study the early development of spruce-birch mixtures by tree species
and origin.

Stand Species Origin Stem number, % of stems Basal area, Mean DBH, Mean height, Dominant
ha! m? ha'! cm m height, m
11 all all 2930 100% 0.90 1.7 2.5 3.7
Scots pine seed 80 3% 0.06 2.6 2.6 3.0
Norway spruce planted 1810 62% 0.56 1.8 2.2 34
Silver birch seed 790 27% 0.22 1.6 2.9 4.7
Silver birch sprout 70 2% 0.01 1.3 2.8 3.0
Downy birch seed 170 6% 0.07 2.0 3.5 4.6
Downy birch sprout 10 0% 0 1.0 2.6 2.6
12 all all 3320 100% 3.80 3.6 3.9 5.1
Scots pine seed 490 15% 0.98 4.7 3.7 53
Norway spruce planted 1750 53% 2.29 39 3.8 5.8
Silver birch seed 360 11% 0.17 2.3 3.9 5.0
Silver birch sprout 270 8% 0.14 2.5 4.1 4.8
Downy birch seed 130 4% 0.10 2.9 44 5.0
Downy birch sprout 320 10% 0.15 2.3 43 5.2
13 all all 3180 100% 1.02 1.7 2.6 5.1
Scots pine seed 60 2% 0.01 1.3 1.9 1.9
Norway spruce planted 1980 62% 0.74 1.9 2.5 4.7
Silver birch seed 240 8% 0.07 1.6 2.9 4.1
Silver birch sprout 660 21% 0.11 1.2 2.7 3.8
Downy birch seed 130 4% 0.08 2.2 34 52
Downy birch sprout 110 3% 0.01 1.1 2.7 3.0
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Table 2. continued.

Stand Species Origin Stem number, % of stems Basal area, Mean DBH, Mean height, Dominant
ha™! m? ha™! cm m height, m
14 all all 3230 100% 1.60 2.1 2.9 5.6
Scots pine seed 130 4% 0.09 2.8 2.6 3.1
Norway spruce planted 1760 54% 1.12 2.6 2.9 53
Silver birch seed 1070 33% 0.35 1.6 3.1 6.6
Silver birch sprout 220 7% 0.02 0.9 2.5 3.0
Downy birch seed 40 1% 0.02 2.0 3.6 3.6
Downy birch sprout 10 0% 0.01 2.1 4.5 4.5
15 all all 3920 100% 2.63 2.6 3.5 5.5
Scots pine seed 260 7% 0.49 4.4 33 4.8
Norway spruce planted 1840 47% 1.40 3.0 32 6.2
Silver birch seed 1130 29% 0.54 2.1 3.9 7.5
Silver birch sprout 510 13% 0.13 1.7 3.5 52
Downy birch seed 80 2% 0.05 2.6 49 5.1
Downy birch sprout 100 3% 0.03 1.7 3.8 4.5
16 all all 3040 100% 3.78 3.4 3.5 5.8
Scots pine seed 110 4% 0.10 3.0 2.5 3.1
Norway spruce planted 1950 64% 3.52 4.5 3.8 6.5
Silver birch seed 20 1% 0.01 2.2 3.9 3.9
Silver birch sprout 900 30% 0.13 1.3 3 4.0
Downy birch seed 20 1% 0.02 34 4.9 4.9
Downy birch sprout 40 1% 0.01 1.5 2.8 2.8
17 all all 2790 100% 4.77 4.0 4.5 9.5
Scots pine seed 0 0% 0 0 0 0
Norway spruce planted 1380 49% 3.18 5.0 43 7.6
Silver birch seed 220 8% 0.39 3.5 52 9.4
Silver birch sprout 320 11% 0.17 2.0 3.9 5.8
Downy birch seed 470 17% 0.75 39 5.4 9.5
Downy birch sprout 400 14% 0.29 2.4 4.1 7.4
18 all all 2350 100% 5.98 53 5.5 7.7
Scots pine seed 110 5% 0.24 4.8 3.9 4.8
Norway spruce planted 1400 60% 4.62 6.4 5.7 6.9
Silver birch seed 210 9% 0.52 52 6.8 8.5
Silver birch sprout 390 17% 0.45 34 5.2 8.2
Downy birch seed 100 4% 0.08 3.0 4.9 59
Downy birch sprout 140 6% 0.09 2.6 4.5 5.5
19 all all 2340 100% 4.54 4.6 4.7 7.3
Scots pine seed 120 5% 0.49 6.9 4.8 53
Norway spruce planted 1460 62% 3.61 5.5 4.9 7.5
Silver birch seed 170 7% 0.09 2.5 43 5.0
Silver birch sprout 220 9% 0.18 3.0 4.6 6.4
Downy birch seed 120 5% 0.08 2.7 4.7 54
Downy birch sprout 250 11% 0.11 23 4.1 4.6
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3.2 Tree level analyses

From a total of 288 sample trees measured, 272 trees were used in tree-level analyses. The core
samples of five sample trees were destroyed by rot due to poor storage and 11 sample trees were
discarded as the core samples revealed them to belong into a previous tree generation and to have
been left standing in regeneration cutting. Out of the sample trees used, 50% were spruces (all
planted), 35% silver birches (20% seed and 15% sprout-origin) and remaining 15% were downy
birches (9% seed and 6% sprout-origin).

Based on tree ages at stump height, sample-tree spruces were older than birches, except for
seed-origin downy birches, and sprout-origin birches were the youngest (Table 4). The measured
age of sample-tree spruces was on average 1.3 years less than the time since planting. Thus, the
tree age measured from the core sample taken at stump height, i.e., above the point of origin was
lower than the true age. The core sample was collected using a hand bore, making it impossible to
collect the sample at the very bottom of the stem.

Moreover, spruce had the largest diameter at stump height (DSH) whereas sprout-origin silver
birches had the smallest. Seed-origin birches were taller than sprout-origin birches and spruces. The
height differences between spruces and sprout-origin birches were non-significant. However, the
height distributions of the tree species and origins varied a lot among stands (Fig. 2). Downy birch
had the largest and smallest 4 year DSH increments of all tree species: Seed-born saplings were
the largest while sprout-born ones were the smallest. Both origins of downy birch had significant
difference compared to all other species and origins. There were no significant differences in DSH
increments between spruce and silver birch of either origin. The height increments of sprout-origin
downy birches were significantly smaller compared to other birches. No other significant height
increment differences were observed.

When studying the dominant sample trees, the significant difference of ages between dif-
ferent origins of downy birch vanished. The diameter of dominant spruces at stump height was
significantly greater compared to dominant birches. The diameter of the dominant sprout-origin
silver birch was significantly smaller than that of the seed-origin birches. Dominant seed-origin

Table 4. Mean values (mean) and standard deviations (SD) of the tree-level variables of the sample trees by tree species
and origin. Data for the same variable marked with different letters are significantly different (p < 0.05). F-test based
on estimated marginal means shows the significance of the fixed effects of tree species and origin in the mixed effect
models estimated for the given variable. DSH = diameter at stump height, iDSH = increment of diameter at stump
height, ih = height increment.

Spruce Silver birch Downy birch F p
Planted Seed Sprout Seed Sprout
Variable Mean+=SD Mean+SD Mean+SD Mean+SD Mean+ SD
All sample trees N=136 N=55 N=42 N=25 N=16 4520 <0.001
Age (years) 9.1+£2.00  7.54£2.0¢ 534339 83+£1.80 67+3.3%d 2787 <0.001
DSH (mm) 48.2421.52 36.9+15.0" 34.4+16.99 43.7+18.7% 26.1+17.8%d 13.67 <0.001
Height (cm) 341+£148* 4324139 341+£148 4594135 345+150*° 3.85 0.005

Mean iDSH in the last 4 years (mm) 6.9+£2.72  63+2.6* 5.7+£2.4*  6.9+3.1> 51+1.8° 16.34 <0.001
Mean ih in the last 4 years (cm) 458+17.5% 57.7+11.18  55+£13.52 61.1+14.6° 54.1+£12.8

Dominant sample trees N=73 N=42 N=22 N =23 N=12

Age (years) 9.3+£2.00  7.6+2.1> 5.8+33° 84+1.8% 6.9+3.4b 2446 <0.001
DSH (mm) 55.8+£23.4% 40.9+£15.5> 29.0+18.5> 44.1+£19.22 31.3+18.7% 22.76 <0.001
Height (cm) 379+160* 453+£137° 380+£149%® 455+126Y 365+135® 6.03 <0.001

Mean iDSH in the last 4 years (mm) 7.9£2.92  6.9£2.62 6.7+24% 69+3.2®% 58+20° 334 0.012
Mean ih in the last 4 years (cm) 49.8+18.52 59.4+11.2> 57.2+£14.6® 60.8+£14.9> 57.2+£13.0®> 6.06 <0.001
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Fig. 2. Height class distribution (5 dm) of spruces and birches in nine stands used to study the early development of

spruce-birch mixtures.

birches were significantly taller than spruces. Dominant spruces had a significantly greater diam-
eter increments than sprout-origin downy birches. The height increments of dominant seed-origin
birches were significantly greater than the height increments of dominant spruces.

3.3 Tree growth dynamics
By the end of the observation period, the stump height diameter growth rate of spruce and downy
birch was already slowing down (Fig. 3). Spruce achieved the maximum DSH increment at the age

of nine years. The maximum diameter growth rate (inflection point) of spruce was 7.1 mm year !
at the diameter of 47 mm (all sample trees) or 8.4 mm year ! at the diameter of 53 mm (dominant
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Fig. 3. Predicted development and absolute growth rate of diameter at stump height (DSH) based on the
Chapman-Richards type growth models fitted for all sample trees and dominant sample trees. Colored
areas indicate 95% confidence bands derived from the estimates and standard errors of the fixed param-
eters (Table 5). The mean value of C/N ratio in organic layer (25.5) was used in predictions.

sample trees). The highest DSH growth rate of silver birch was 7.4 mm year™! at the diameter of
69 mm at the end of observation period for all sample trees, and 7.4 mm year ! at diameter of
57 mm at the age of ten years for dominant silver birches. The maximum DSH growth rate of
downy birch was 7.1 mm year ! at the diameter of 34 mm at the age of 7 years (all sample trees),
and 7.2 mm year ! at the diameter of 33 mm at the age of seven years for dominant downy birches.

Differences of diameter at stump height were statistically non-significant between all tree
species at all studied ages (Fig 3.). There were significant differences in the DSH model param-
eter between species and origins (Table 5). The height model asymptote parameters f; of all
sample trees did not differ between tree species nor origins (Table 6). For dominant sample trees,
the asymptote parameter f; was significantly smaller for sprout-origin downy birch compared

13
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Table 5. Chapman-Richards models (Eq. 1) for under-bark diameter at stump height of all sample trees (8 spruces
and 8 birches per plot) and dominant sample trees (4 thickest trees per species and plot). Fitting statistics using
only fixed effects are also given. Note: Planted Norway spruce was used as reference.

All sample trees Dominant sample trees
Estimate S.E. Estimate S.E.
Fixed parameter (species)
[ (all species) 84.5496 7.8833 111.1110 10.4781
S (silver birch, seed-origin) 0.7415ns 2.9090 —4.0413ns 3.2554
f1 (downy birch, seed-origin) 0.6440ms 3.9894 =7.1718" 4.0967
S (silver birch, sprout-origin) —3.20920s 3.6216 0.0857ns 4.8827
S (downy birch, sprout-origin) —8.5849ns 5.0510 —12.8707 5.3436
B1.CN organic (all species) —1.2090 0.3019 —1.9427 0.4019
[ (all species) 0.0791 0.0048 0.0870 0.0061
f> (silver birch, seed-origin) —0.0456 0.0140 —0.0309ns 0.0160
[> (downy birch, seed-origin) 0.0373ns 0.0198 0.0391 0.0199
[ (silver birch, sprout-origin) —0.0645 0.0168 —0.0899 0.0223
f> (downy birch, sprout-origin) 0.0109ns 0.0214 0.0476 0.0222
P (all species) 1.9984 0.0671 2.1430 0.0900
f3 (silver birch, seed-origin) —0.4216 0.0940 —0.4251 0.1204
f3 (downy birch, seed-origin) 0.2601ms 0.1766 0.24270s 0.1903
S5 (silver birch, sprout-origin) —0.7730 0.0975 —0.8384 0.1378
[ (downy birch, sprout-origin) —0.3200ns 0.1708 —0.2966" 0.1974
Random parameters
Stand level sd(f1 ) -- cort(B1 x, f3.4) -- cort(B1k, B3 )
sd(Bs) - - - -
Plot level sd(B1jx) 5.6840 corr(By jk, B3.jk) 7.7010 corr(By jk, B3.jk)
sd(B3 k) 0.1939 0.894 0.2376 0.877
Tree level sd(B1,ix) 16.6163 corr(By ik, Ba,ijk) 14.9734 corr(By ik, B3,ijk)
sd(B3 k) 0.3897 0.313 1.7595 0.264
Error term sd(ejx) (spruce) 1.6002 1.74242
sd(e;x) (silver birch) 1.4985 1.62612
sd(ejx) (downy birch) 1.9117 1.7595¢%

Fitting statistics Random + fixed Fixed only Random + fixed Fixed only
R? 99.4% 77.4% 99.5% 82.4%
Bias, mm (Bias%) 0.02 (0.1%) —0.11 (=0.5%) 0.03 (0.1%) —0.16 (—=0.6%)
RMSE, mm (RMSE%) 1.40 (6.1%) 8.84 (38.3%) 1.48 (5.8%) 8.60 (33.6%)

s Non-significant at 0.05.
2 Based on the likelihood-ratio test, the model estimated with different relative variance weights for each tree species was not
significantly better than the one assuming homogeneity of variances.

to spruces. f, parameter estimate for silver birch differed statistically significantly from that of
spruce and downy birch. There was no significant difference between spruce and downy birch for
[ parameter estimate. Origin did not affect the significance. There were no significant differences
between dominant downy birches of different origins. However, they differed significantly from
all other tree species. The S, parameter for sprout origin silver birch differed significantly from
all other species and origins of dominant trees. Parameter 3 for dominant sample trees and all
sample trees had no significant difference between spruce and downy birch or seed-origin silver
birch and sprout-origin downy birch. Between all other estimates, the differences were significant.

The early height development of birch was significantly faster compared to spruce (Fig. 4).
Height differences between downy and silver birches were non-significant at all ages. However,
spruce’s height growth rate increased with age and by the end of the observation period, there were
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Table 6. Chapman-Richards models (Eq. 1) for height of all sample trees (8 spruces and 8 birches per plot) and
dominant sample trees (4 thickest trees per species and plot). Fitting statistics using only fixed effects are also
given. Note: Planted Norway spruce was used as reference.

All sample trees Dominant sample trees
Estimate S.E. Estimate S.E.
Fixed parameter (species)
f1 (all species) 716.1577 93.2797 833.3473 111.0242
[ (silver birch, seed-origin) 192.5226 21.3071 172.7279 25.3613
1 (downy birch, seed-origin) 193.3425 29.3316 155.9348 32.1360
f1 (silver birch, sprout-origin) 203.5790 26.4137 212.1720 35.7630
1 (downy birch, sprout-origin) 147.2801 37.8146 117.1191 43.1173
B1.CN organic (all species) —13.6956 3.6286 -16.5793 4.3262
P> (all species) -0.0741 0.0065 -0.0747 0.0085
[ (silver birch, seed-origin) —0.0092ns 0.0197 —0.0475ms 0.0251
> (downy birch, seed-origin) -0.1350 0.0351 —0.1878 0.0434
[ (silver birch, sprout-origin) —0.0689 0.0249 —0.1002 0.0347
[ (downy birch, sprout-origin) —0.1438 0.0419 —0.1236 0.0474
[ (all species) 1.0550 0.0407 1.0390 0.0423
3 (silver birch, seed-origin) -0.3110 0.0520 —0.3786 0.0555
[3 (downy birch, seed-origin) —0.4628 0.0685 —0.5092 0.0673
3 (silver birch, sprout-origin) —0.4500 0.0565 —0.4942 0.0648
3 (downy birch, sprout-origin) —0.5940 0.0774 —0.5385 0.0806
Random parameters
Stand level
Sd(ﬂl’k) 34.8201 COI‘I‘(ﬂlﬁk, ﬁ3’k) 17.8919 COI‘I‘(ﬁl’k, ﬁ3’k)
sd(B34) 0.0759 —0.166 0.0726 —0.960
Plot level
Sd(ﬂl,jk) 42.6272 COI‘T(ﬁle, ,Bg’jk) 58.9656 corr(ﬂl,jk, ,33’1‘/()
sd(Bs.jx) 0.0634 0.970 0.0321 0.748
Tree level
sd(B1,ij%) 116.1489  corr(By i fajw) 1111361 corr(By ik, Ba.in)
sd(Bs, i) 0.2177 -0.312 0.1675 —0.204
Error term
sd(e;x) (spruce) 11.9095 12.9492
sd(e) (silver birch) 22.2558 24.2960
sd(e;x) (downy birch) 21.7166 22.1014
Fitting statistics Random + fixed Fixed only Random + fixed Fixed only
R2 98.9% 65.1% 98.8% 69.1%
Bias, mm (Bias%) —0.17 (=0.1%) 2.13 (1.0%) —0.23 (-0.1%) —1.62 (-0.7%)
RMSE, mm (RMSE%) 15.14 (7.0%)  87.19 (40.9%) 17.02 (7.2%)  85.58 (36.0%)

1 Non-significant at 0.05.
2 Based on the likelihood-ratio test, the model estimated with different relative variance weights for each tree species was not
significantly better than the one assuming homogeneity of variances.

no significant differences between the height growth rates of silver birch and spruce. Despite the
improved height growth, spruce did not reach birch. Especially the height growth rate of downy
birch seemed to increase rapidly. The greatest height growth rate of all tree species was achieved
at the end of the observation period. The height growth rate of spruce increased annually through
the observation period from 24 cm year ! to 65 cm year ! at the age of 12 years. At the beginning
of the observation period, the annual height increments of silver birch and downy birch were
respectively 58 cm year ! and 48 cm year™!, and by the end of the observation period, 67 cm year™!
and 100 cm year !,

15



Silva Fennica vol. 58 no. 3 article id 23075 - Mannisto et al. - How to utilize natural regeneration of birch to ...

§ < All sample trees 8 - All sample trees
—— Spruce
—— Silver birch - seed o
—— Downy birch - seed e
o | ——- Silverbirch - sprout
3 71 —-- Downy birch - sprout o
S o
O ©
G
§ ©
= 9 | £ 9 |
5 S s ©
© o
T ()
5 9
S | T
o — Spruce
& 1 —— Silver birch - seed
—— Downy birch - seed
- -~ Silver birch - sprout
o o - —- Downy birch - sprout
T T T I I I I T T T T I I I
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Age, years Age, years
§ -~ Dominant sample trees @ - Dominant sample trees
— Spruce
— Silver birch - seed o
—— Downy birch - seed S
o | —-- Silverbirch - sprout
@ 1 ——- Downy birch - sprou o
4 £ o
7 S ®
(]
§ ©
= 9 | £ o |
5 S s ©
© o
I &)
5 9
S | T
« — Spruce
& 1 — Silver birch - seed
—— Downy birch - seed
- -~ Silver birch - sprout
o 4 o 4 - -- Downy birch - sprout
T T T T T T T T T T T T T T
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Age, years Age, years

Fig. 4. Predicted development and absolute growth rate of height based on the Chapman-Richards type
growth models fitted for all sample trees and dominant trees. Colored areas indicate 95% confidence
bands derived from the estimates and standard errors of the fixed parameters (Table 6). The mean value
of C/N ratio in organic layer (25.5) was used in predictions.

In the height models, the estimate for parameter f; for spruce was statistically significantly
smaller than the estimates of either birch (Tables 6 and 7). Differences between birches in species
and origins were non-significant in parameter ;. The estimates of parameter /3, for spruce and
seed-origin silver birch differed significantly from the rest of the birches. The estimates of f,
parameter for spruce and seed-origin silver birch had no significant differences. The estimates for
the rest of the birches differed from each other non-significantly. Spruce’s estimate for parameter
ps differed significantly from all birches. The estimate of £ parameter for seed-origin silver birch
differed significantly from spruce and other birches. There were no significant differences between
downy birches and sprout-origin silver birches.
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Table 7. Statistically significant differences (p < 0.05) among the species- and origin-specific fixed parameters of
Chapman-Richards models (Eq. 1) for under-bark diameter at stump height and height of all sample trees (8 spruces
and 8 birches per plot) and dominant sample trees (4 thickest trees per species and plot). Parameter estimates for the
same model and parameter marked with different letters are significantly different (p < 0.05).

Model for Spruce Silver birch, Downy birch, Silver birch, Downy birch,
seed-origin seed-origin  sprout-origin  sprout-origin
Diameter at  All sample trees 2 a a a a
stump height b a b a b
S ab c b d ac
Dominant sample trees S ab ac ad bed
o5 a a b c b
S ab c b d ac
Height All sample trees 2 a b b b b
b a a b b b
S a b C c C
Dominant sample trees S a b b b b
Ji5s a a be ab ac
b a b b b b

Examining the stand level development by taking different timings of emergence into
account, the height differences between seed-origin birches and planted spruces were less than
one meter (Fig. 5). Seed-origin birches rapidly overtook planted spruces, but as they aged, the
growth rate slowed down and the height difference remained fairly stable. Sprout-origin birches
were not able to reach the height of the spruces during the observation period. However, the height
difference was less than one meter. The planted spruces were expected to be one year old when

Spruce

Silver birch - seed
Downy birch - seed
Silver birch - sprout s
Downy birch - sprout

Height, cm
100 200 300 400 500 600 700 800

0
I

1 T T T T 1T T T T T T T
o 1 2 3 4 5 6 7 8 9 10 11 12

Growing seasons since planting

Fig. 5. Simulated height development of Norway spruce, silver birch
and downy birch in a mixed spruce-birch stand (Eq. 1, Table 6); car-
bon-nitrogen ratio of 25.5 was used. Spruce is planted, and birches
regenerate naturally from seeds and sprouts. EC is performed at the
beginning of 4th growing season after spruce planting.

17



Silva Fennica vol. 58 no. 3 article id 23075 - Mannisto et al. - How to utilize natural regeneration of birch to ...

planted. The birch seeds were assumed to fall into the stand at the end of the first growing season
and to germinate either at the end of the of the first growing season or at the beginning of the 2nd.
EC was expected to occur in the early months of 4th growing season after which sprouting from
stems occurs. The height differences between tree species during EC were small: at the end of the
3rd growing season, the height of spruce was 108 cm. The heights of seed-born silver and downy
birches were 129 cm and 119 cm, respectively.

3.4 Comparing the early growth dynamics

The fitted models were compared to the models created in earlier studies. A faster height growth
rate of Norway spruce was reported by Huuskonen et al. (2023). On the other hand, Siipilehto et
al. (2014), Elfving (1982), Saksa (2005) and Bjorkdahl (1983) reported a slower growth rate for
Norway spruce (Fig 6) compared to our model. Especially on growth models by Elfving (1982) and

E
Norway spruce Birch
o
S 4
o
A —— Norway spruce
8 | F . .
© G Silver birch
seed origin
/iH _ _ Silver birch
g | , J sprout origin
© K Downy birch
seed origin
£ B _ _ Downy birch
_.&:g i sprout origin
oY
©
<
g 1
'_
8 | D
o o
S 4
N
o H o H
T T T T T T T T T T T T
2 4 6 8 10 12 2 4 6 8 10 12
Age, years Age, years

Fig. 6. Height developments simulated by the models of this study (Eq. 1, Table 6); the earlier studies are illustrated
with gray lines. A = spruce in a mixed spruce-birch stand (Huuskonen et al. 2023), B = spruce in a pure spruce stand
on fresh site (Siipilehto et al. 2014), C = spruce in a pure spruce stand (Saksa et al. 2005), D = spruce in a pure spruce
stand (Elfving 1982), E = silver birch in a mixed spruce-birch stand (Huuskonen et al. 2023), F = sprout-origin silver
birch, stump diameter 5 cm (Bjorkdahl 1983), G = downy birch in a mixed spruce-birch stand (Huuskonen et al. 2023),
H = sprout-origin downy birch, stump diameter 5 cm (Bjorkdahl 1983), I = sprout-origin silver birch, stump diameter
2.5 cm (Bjorkdahl 1983), J = sprout-origin downy birch, stump diameter 2.5 cm (Bjorkdahl 1983), and K = seed-origin
birch (Elfving 1982).
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Bjorkdahl (1983), spruce’s height growth rate was remarkably slower compared to our findings.
Likewise, the growth of seed-origin birches reported by Elfving (1982) was slower compared to
our results. The annual growth of silver birch reported by Huuskonen et al. (2023) was greater
than in our findings, whereas the annual growth of downy birch was approximately the same. The
predictions of the model created by Bjorkdahl (1983) depended on the diameter of the stump the
saplings are emerging from, but in general, the estimates matched our model (Fig. 6).

The model describing the development of spruce’s diameter at stump height fits fairly well
with the earlier models (Fig. 7). During the first few years, our model estimated slightly a larger
DSH than the models created by Huuskonen et al. (2023) and Bianchi et al. (2021). From the age
of 10, the model of Huuskonen et al. (2023) estimated a larger DSH than our model. The model
created by Bianchi et al. (2021) estimated a smaller diameter through the time period studied. For
birch, our model estimated a larger DSH during the first five years than the model by Huuskonen
et al. (2023). However, from that point onward until the end of the observation period, all our
estimated diameters were smaller than the estimates by Huuskonen et al. (2023). Especially the
diameters of sprout-origin birches were lacking behind. The model created by Huuskonen et al.
(2023) did not make a difference between the origins of the birch. The smallest difference between
the models was that of the seed-origin downy birch.
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Silver birch
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Fig. 7. Development of stump height diameter simulated by the models of this study (Eq. 1, Table 5) and earlier studies:
A = spruce in a mixed spruce-birch stand (Huuskonen et al. 2023), B = spruce in a mixed pine-spruce stand (Bianchi
et al. 2021), C = silver birch in a mixed spruce-birch stand (Huuskonen et al. 2023), and D = downy birch in a mixed
spruce-birch stand (Huuskonen et al. 2023).
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Fig. 8. Average of Ripley’s Lj,-functions of spruce and birch on 18 sample
plots in nine mixed spruce-birch stands. Colored area represents the confidence
level of 999 Montecarlo simulations.

3.5 Spatial distribution of spruces and birches

The spatial distribution of birches and spruces was on average random at all observation distances,
suggesting the species were truly mixed with each other (Fig. 8). Yet in some stands, spruces and
birches were statistically significantly dispersed at short observation distances and more clustered
at large observation distances. 2.4% of all observations suggested dispersed and less than 1%
clustered distribution. All observations suggesting clustered distribution were at the same plot
(Plot 1 of stand 12).

4 Discussion

The aim of this study was to examine the species-specific diameter and height developments in
young mixed spruce-birch stands. The goal was to describe the spatial and size structure of the
mixed stands, determine how species and origin affect the growth rate of trees, and how the growth
dynamics change during the first 12 growing seasons after spruce planting.

The current size and spatial structure of the mixed stands enables preservation of birch
admixture in PCT. The stem number of admixture birches was high enough and the admixture
did not occur in clusters. Thus, the stands were mixed even by stricter definitions (Bravo-Oviedo
et al. 2014). The slight dispersion at small observation distances on some sample plots was most
likely caused by soil preparation and planting and by the selection of crop trees, since a minimum
distance of 1 meter was required between the crop trees.

Tree-level analyses revealed the spruces to be older and shorter, but thicker than the birches.
The results were as expected, as young spruces tend to have a larger DBH than birches of same
height (Néslund 1936; Bronisz and Mehtétalo 2020). Rapid height growth is typical for birches
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(Tham 1994). That is necessary, since birch is a light-demanding tree and thus it must outgrow
surrounding trees to survive (Frivold and Frank 2002). The height difference has been recognized
in earlier studies, but birches’ lead tends to dwindle as the stands age, and eventually spruce out-
grows birch (Mielikdinen 1985; Frivold and Frank 2002; Huuskonen et al. 2023). In this study, the
stands were young and therefore the birches still had a larger annual height increments compared
to the spruces.

The age differences between birches and spruces were as expected (Table 4). Spruce saplings
usually grow for one to two growing seasons at a nursery before planting (Rikala 2012). Therefore,
planted spruces may be biologically older than saplings naturally regenerated on the regeneration
area. Mielikdinen (1985) reported birches to be older than spruces on average. Yet according to
our results, planted spruces were the oldest and seed-origin birches were older than sprout-origin
birches. Early cleaning promotes sprouting (Kaila et al. 2006). Hence, as expected, birch sprouts
were younger than seed-origin birches. Previous studies have pointed that the number of sprouts
is the highest in the first year after a clear cut, and seed-origin birches start to appear 2—3 years
thereafter (Hytonen 2020). However, differences in the stand structure of the previous rotation
might explain these differences: in pure spruce stands, there are no birch stumps to sprout from.
On average, EC was carried out 5 years after establishing the stand. In our data, some sprout-origin
crop trees emerged before or after the EC. On average, sprout-origin trees emerged soon after the
EC, but the variation between and even within stands was great in some cases. It is possible that
our study design favors the sprout-origin trees that have emerged before EC; due to their older
age, they have more likely reached the dimensions of a crop tree.

Earlier studies showed that naturally regenerated spruce requires a 12-year advantage over
birch to avoid being suppressed to under-story (Mielikdinen 1985). However, more recent studies
suggest that modern forest management practices have changed growth dynamics and, hence,
planted spruces may form single-story mixed forests with birch emerged at the time of planting
(Huuskonen et al. 2023). The height models estimated in this study suggested birches to outgrow
spruces during the period considered if all species and origins were equally old. However, as there
were age differences between origins, our study supports the results of Huuskonen et al. (2023).
Birches do not emerge before the spruces have been established and, therefore, the height devel-
opment of different species is somewhat equal. Planting gives spruce a head start, which is enough
to compete with birches at least until the precommercial thinning. Our height model suggested that
when taking assumed age differences between species and origins into account, all different crop
tree estimates were within 1.5 m of each other through the observation period (Fig 5). According
to Huuskonen et al. (2023), as a stand ages, the height increments of spruce are greater than that of
birch, and therefore spruce eventually overtakes birch. Thus, retaining birches slightly taller than
spruces during EC may improve the chance of birches not being suppressed during late rotation
and therefore promote the mixed structure over a rotation period. The assumed age differences
presented (Fig. 5) are dependent on how the stand is managed. The emergence of seed-origin
saplings depends on the timing of soil preparation, as successful germination is much more likely
if mineral soil is exposed (Luoranen et al. 2019). Hence, a longer time between soil preparation
and planting might cause earlier development of seed-origin birches. Likewise, the timing of EC
affects the timing of sprouting as EC creates plenty of stumps prone to sprouting (Hytdnen 2019).

The height increments of all species were the largest at the end of the observation, suggest-
ing the height increment vertex had not been achieved. These findings are supported by earlier
studies. Maximal height growth of Norway spruce in mixed stands has been recorded at the age
of 13 (Huuskonen et al. 2023). In addition, results from pure spruce stands support our findings
(Elfving 1982; Saksa et al. 2005). The height development of birches differed from earlier results.
Our results suggest annual height increments were still growing at the end of the observation
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period. According to some previous studies, birch reaches its greatest height growth before the
age of 10 in both mixed and pure stands (Kund et al. 2010; Huuskonen et al. 2023). According to
the height models of Elfving (1982) and Bjorkdahl (1983), the annual height increments of birch
increase through the first 12 growing seasons. The height growth of downy birch is smaller than
that of silver birch during the first two years but later increases rapidly. This is contrary to previous
studies, where the height difference between spruce and downy birch was small at a young age
(Huuskonen et al. 2023). It is worth noticing that in our study the number of sample trees was
lower in the older age classes and hence the 95% confidence interval grew as the age increased.
This was the case especially with downy birches as the sample size was small to begin with. In
addition, it is possible that silver birches have been favored during EC; only the most vigorous
downy birches have been retained and therefore they have extraordinarily large height increments.
Thus, results considering downy birch include high levels of uncertainty. Generally, our results are
in accordance with earlier studies.

Our results suggest that naturally emerging birch admixture no longer overgrows planted
Norway spruce, supporting Hypothesis 1, which stated that planting gives Norway spruce enough
head start to avoid being suppressed by naturally emerging birch admixture. Our study design does
not enable analyzing reasons for the changed dynamics, but we presume the growth of Norway
spruce has improved due to modern silviculture and, hence, it can compete with birch. However,
timing is crucial. If there is a long gap between clear cut, soil preparation and planting, the risk of
birches suppressing spruce saplings increases. The height increments of seed-origin birches are
large during the first growing seasons and, hence, there is no risk of being suppressed by spruce
saplings if enough vigorous trees are retained during EC. This finding supports Hypothesis 2, which
suggested that naturally regenerated birch can keep up with planted spruce and, hence, will not be
suppressed. The height development of birch is similar in all origin and species combinations. Our
data and previous studies suggest sprouting to occur after early cleaning. Therefore, sprout-origin
birches are suppressed since emergence, and they cannot reach the height of established vegetation.
However, we are not able to determine whether this height difference is fatal for sprout-origin
trees in the long run. Hence, we reject Hypothesis 3, which stated that birches grow roughly at
the same rate despite different origins and species. If the sprout-origin birches can withstand the
slight suppression or have adequate growing space, they may be utilized to promote admixture.

When comparing the estimated height growth to earlier models, some differences emerged.
Especially when modeling the height growth of spruce, the newer models estimated noticeably
faster early growth. The improved growth rate can be explained by improved soil preparation
methods and tree breeding as noted in several studies (Heiskanen 2005; Saksa et al. 2005; Luoranen
and Kiljunen 2006; Saksa 2011; Haapanen 2020). However, Huuskonen et al. (2023) predicted
even faster height growth than ours, which could have been caused by differences of data: their
data consisted of trees aged 17-29 years and, hence, the model might have estimated the early
development less accurately. In addition, when comparing the Huuskonen et al.’s (2023) height
model of all sample trees to our height model of dominant sample trees, the differences are small.
Therefore, it is probable that our model of all sample trees includes slower growing trees, which
will be removed during PCT, whereas the model by Huuskonen et al. (2023) only included the
best trees left standing after PCT.

The number of previous studies explaining the development of DSH by the function of age
is low and, therefore, there is little data to compare our findings to. All comparison models focus
on the later development of stand and may therefore describe early development inaccurately. Yet,
their estimates do not differ radically from the estimates provided by our model. Huuskonen et al.
(2023) do not provide separate models for different origins of silver and downy birches nor report
the origin of sample trees and, therefore, accurate comparison impossible.
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Overall, there are no prominent differences between the comparison models and ours, sug-
gesting that the models created are in line with previous studies. This indicates that we successfully
described the development of mixed stands consisting of planted spruce and naturally regenerated
silver and downy birches with varying origin. The models were created to describe the development
of selected stands and it should not be used as a tool to simulate the development of other stands.
Our results suggest that retaining natural regenerated birch admixture in early clearing provides a
good basis for a mixed forest structure.

Due to the limitations of our study design, we do not know the stand structure prior to EC
and therefore have no information on the properties of the trees removed. However, if EC has
been carried out according to recommendations, the trees posing the greatest threat to crop trees
(i.e. the most vigorous birches) have been removed (Aijili et al. 2019). In such case, our model
might slightly underestimate the height development of birch compared to a situation where the
trees removed during EC were chosen by random. Therefore, the results should only be applied
to stands where the early management has been carried out following current recommendations.

5 Conclusions

Our results suggest that to create mixed spruce-birch stand, naturally emerging birch admixture
should be retained during the early management. Depending on the timing of early cleaning, sprout-
origin trees might end up being suppressed by spruces and therefore it is uncertain whether they can
be utilized in an admixture. After EC, the heights of birch and spruce should be approximately the
same, perhaps birches slightly taller. We did not observe spruces suppressed by birches. The annual
height increments of birches were larger but due to age differences, the height differences were small
through the study period of first 12 growing seasons after sprucer planting. Yet, the importance of
timing of silvicultural measures, especially of soil preparation, should be highlighted, since the
successful early development dynamics depend greatly on age differences between tree species.
Our findings support the proposal that natural birch admixture can be used to supplement planted
spruce stands and to create single-storied mixed stands. Further research is needed to investigate
how height differences between spruces and birches during EC affect the growth patterns over the
whole rotation. Another topic, which requires further attention, is the density and admixture pro-
portion of mixed forests needed to fulfill sustainable and multifunctional forest management goals.
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