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Continuous cover forestry (CCF) is expected to enhance the overall production of ecosystem services compared to
even-aged rotation forestry. CCF is relying on natural regeneration and the ingrowth of seedlings in small gap
and selection cuttings. However, the factors affecting their success in CCF remain poorly understood, especially
under the challenging climatic conditions and sparse stand structures typical in northern boreal forests. Here, we
examined the natural regeneration and development of Scots pine (Pinus sylvestris L.) seedlings and the factors
influencing them following selection cuttings across Northern Finland. The cuttings were done with varying
intensity at 27 experimental sites between 1985 and 2007. The establishment and height growth of new Scots
pine seedlings were inventoried in 2019. We used generalised linear mixed modelling to evaluate the estab-
lishment of new Scots pine seedlings in 50 m? study plots, and log-normal linear mixed modelling to evaluate
their post-cutting height growth, and the affecting factors affecting them. In a post-cutting field inventory, it was
found in the study plots on average, 2144 new pine seedlings ha', about 20 % of the plots having no new
seedlings. By comparison, the constructed models underestimated this number (on average, 1700 seedlings ha™!).
An increase in basal area, tree stock volume and number of overstory trees reduced both the number of seedlings
and their height. A thick humus layer reduced the number of seedlings. Denser moss and herb cover reduced the
number of seedlings but increased their height. Also, the seedlings were shorter in the northern regions due to the
harsher growing conditions.

1. Introduction

Boreal forests provide various ecosystem services, such as timber and
non-wood products, carbon sequestration and maintenance of biodi-
versity and recreational environments. Continuous cover forestry (CCF)
is expected to enhance the overall production of ecosystem services
compared to even-aged rotation forestry (RF) (Diaz-Yanez et al., 2019).
Continuous tree coverage is important in forests for tourism, recrea-
tional areas and reindeer herding in Lapland, located in northern
Finland. Therefore, interest has increased in preserving continuous
forest cover in state-owned forests through denser seed-tree and shel-
terwood stands in RF, and selection and small gap cuttings in CCF
(Hypponen, 2002; Koivula et al., 2020; Hirvela et al., 2022).

Due to Lapland’s challenging growing conditions and low-fertility
sites, the forests dominated by Scots pine (Pinus sylvestris L.), typically
feature an uneven-aged, sparse and open stand structure. Scots pine, as a
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light-demanding species, also requires relatively low stand densities for
natural regeneration and ingrowth of seedlings in a stand (Pukkala et al.,
2010; Lundqvist et al., 2019; Valkonen, 2020). On sub-xeric and xeric
sites, natural regeneration of Scots pine, using the seed-tree method in
RF or small gap and selection cuttings in CCF, is more profitable than
planting and seeding in RF (Pukkala et al., 2010; Norokorpi and Lahde,
2013; Ahtikoski and Hokka, 2019; Valkonen, 2020).

The natural regeneration and ingrowth of seedlings in CCF (as well as
RF) are controlled by environmental factors (e.g. temperature, light, soil
nutrient and moisture availability, and soil texture) and above- and
belowground competition by overstory and understory trees and ground
and field-layer vegetation, as well as the distance to the seed-producing
mature trees (Downey et al., 2018; Rautio et al., 2023; Haggstrom et al.,
2024). Overall, the competitive effects of overstory trees on the germi-
nation of seeds and the further growth of seedlings can be very complex.
A higher density of mature trees may indicate larger seed fall and
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Fig. 1. Location of the study area and the studied stand layout. Map adapted from © Taru Rikkonen, Arctic Centre, University of Lapland 2021. Data from © the

National Land Survey 2021 and © the Finnish Environmental Institute 2021.

germination potential, but a simultaneous limitation on seed germina-
tion and the ingrowth of seedlings due to the competition for growth
resources (Lehto, 1969; Beland et al., 2000; Hallikainen et al., 2007;
Stuiver et al., 2016; Rautio et al., 2023). While seedling density may
remain relatively stable under higher stocking (basal area), older seed-
lings may continuously die as new ones emerge (Niemisto et al., 1993;
Rautio et al., 2023). Seedling growth and development decline signifi-
cantly within a 10-m radius of a single overstory tree due to strong
below- and aboveground competition (Lehto, 1956; Valtanen, 1984;
Axelsson et al., 2014; Haggstrom et al., 2024).

Ground and field-layer vegetation and the thickness of the humus
layer affect seed germination and seedling development. However, the
strength and direction of their effects can be very species-specific and
sometimes even contradictory. For example, heather (Calluna vulgaris L.)
can enhance the emergence (establishment) of Scots pine seedlings but
decrease their growth as a competitive species (Lehto, 1956; Hypponen
et al., 2013). Meanwhile, depending on the study, lingonberry (Vacci-
nium vitis-idaea L.) either improves the emergence and growth of pine
seedlings (Hertz, 1934; Hypponen et al., 2013) or reduces their emer-
gence (Wardle et al., 2008; Kyro et al., 2022). Crowberry (Empetrum
nigrum L.), many moss species and a thick humus layer have been shown
to decrease seed germination and the development of pine seedlings
(Hertz, 1934; Lehto, 1956; Nilsson and Zackrisson, 1992; Hypponen
et al., 2013; Kyro et al., 2022; Rautio et al., 2023). A thick humus layer
hinders seed germination by blocking the seeds from reaching a suitable
mineral soil surface (Nygren and Saarinen, 2001). However, seedling
mortality is typically low on moist sites with sphagnum mosses (Kyro
et al., 2022).

The natural regeneration and ingrowth of seedlings in CCF relies on
small gap and selection cuttings without soil preparation. While much is
understood about the factors affecting the success of Scots pine regen-
eration in RF, our knowledge concerning the factors involved in CCF
remains limited, especially under the challenging climatic conditions
and sparse stand structures typical in boreal forests in Northern Finland
(Valkonen et al., 2020; Routa, Huuskonen., 2022). This is partly because
CCF in Finland has only been permitted alongside the prevailing RF in
practical forest management since the enactment of the New Forest Act
in 2014. RF stands are often regenerated with clear cuts followed by soil
preparation and artificial regeneration using planting or seeding to
secure the seedling stand establishment. Alternatively, natural

regeneration using with soil preparation with seed tree cutting (Scots
pine) or shelterwood cutting without soil preparation (typically Norway
spruce, Picea abies Karst. L.) may be used in RF. The establishment of
seedlings improves with soil preparation and planting or seeding of light
demanding Scots pine in clear cut area compared to natural regeneration
with seed trees and especially if no soil preparation is used (Lehto, 1969,
Beland et al., 2000, Nygren, 2003).

The objective of this study was to examine the natural regeneration
and development of Scots pine seedlings and the factors influencing
them after selection cuttings across Lapland, in Northern Finland. This
was done to provide new ecological insight into natural regeneration
under continuous tree covers. In selection cuttings single large overstory
trees are typically removed to enhance natural regeneration and
ingrowth of seedlings under the forest canopy (Aijéilé et al. 2019). Se-
lection cuttings were performed in this study depending on the stand
with varying intensity once at each 27 experimental sites between 1985
and 2007. The establishment and height growth of new Scots pine
seedlings were inventoried in 2019. We used generalised linear mixed
modelling to evaluate the establishment of the new seedlings (in study
plots of 50 m?) and log-normal linear mixed modelling to determine
their height growth after the cuttings, and the factors affecting them. We
hypothesised that: 1) the natural regeneration and ingrowth of pine
seedlings are slow and poor after selection cutting; 2) a dense overstory
reduces the establishment and growth of pine seedlings; and 3) the
establishment and growth of pine seedlings are affected by the thickness
of the humus layer and the ground and field-layer vegetation.

2. Materials and methods
2.1. Study area, experimental design and data collection

The study area considered the entire forested region of Finnish
Lapland, which is around 9 million ha. Overall, Lapland experiences
harsh and humid climatic conditions, but the soil and vegetation in
Southern Lapland are generally more fertile than in the northern re-
gions. The annual average temperatures at the Sodankyld meteorolog-
ical station in Central Lapland ranged from -3.5 to 2.0 °C, with
precipitation varying between 400 and 740 mm (Finnish Meteorological
Institute, 2024).

Data were collected from 27 selection cutting stands from three
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Table 1

Description of the variables considered in the modelling, including all the
experimental stands (total 27), sample plots (total 81) and seedlings or trees
(total 1535).
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Table 2

Parameter estimates of the models for the number of naturally established Scots
pine seedlings after selection cuttings (using a negative binomial [NB2 para-
metrisation] distribution assumption).

Variable Min Q1 Median  Mean Q3 Max

Forest stand level

Average 719 769 800 848 974 1065
temperature sum
1983-2019, d.d.

Average 753 802 824 877 990 1089
temperature sum
2009-2019, d.d.

Cutting time, year 1985 1995 1999 1998 2000 2007

Time since cutting, 12.0 19.0 20.0 21.3 24.0 34.0
years

Sample plot level

Number of Scots 0 2 8 14 18 84
pine seedlings

Number of Scots 0 1 5 11 11 84

pine seedlings
after cutting

Number of all 0 5 11 17 22 85
seedlings

Basal area of trees, 2.3 8.4 11.9 12.1 16.2 284
m*ha' (in 2019)

Basal area of trees, 1.3 4.8 7.2 8.3 11.0 24.2
m*ha* (in 2009)

Number of trees 158 410 628 679 892 1770
ha™! (in 2019)

Number of trees 158 358 570 618 764 1770
ha™! (in 2009)

Volume of tree 11.4 48.6 74.4 79.1 108.0 229.0
stock, m>ha? (in
2019)

Volume of tree 4.8 18.4 40.7 49.5 69.8 174.0
stock, m>ha? (in
2009)

Thickness of humus 9.8 22.0 28.5 31.9 39.4 113.0
layer, mm

Stoniness, depth of 3.0 9.6 17.1 21.7 30.3 70.0
steel bar, cm

Cover of lichens, % 0 0.8 4.0 9.0 11.0 53.8

Cover of mosses in 4.3 55.0 80.0 68.8 87.3 98.0
mineral soil, %

Cover of bilberry, 0 1.0 2.8 4.5 6.5 205
%

Cover of cowberry, 1.5 4.3 9.5 13.3 19.8 4338
%

Cover of heather, % 0 0 1.0 6.8 9.0 51.3

Cover of 0 3.5 8.3 11.0 15.8 388
crowberry, %

Cover of herbs, % 0 0 0.5 0.7 1.0 8.5

Tree and seedling
level

Age of Scots pine 2.0 9.0 16.0 38.1 54.8 398.0
trees or
seedlings, years

Height of Scots 0.1 0.2 0.4 3.2 52 199

pine trees or
seedlings, m

Height of Scots 11 7.2 10.1 10.5 13.5 199
pine trees, m

Age of Scots pine 39.0 70.1 92.6 101.0 113.0  398.0
trees, years

Diameter (d1.3) of 4.3 9.2 13.7 15.0 19.6 438
Scots pine trees,
cm

regions, Northern (10), Western/Southern (7) and Eastern (10) Lapland
(see, e.g., Rikkonen et al., 2023; Supplementary data Table Al and
Fig. A1). Stands were located mostly on either dry or dryish pine forest
types, i.e. xeric and sub-xeric stands, where field layer is dominated by
heather or lingonberry. No site preparation was undertaken at any of
these stands which is prevailing practice in CCF. Each stand included
three sample plots, which were further divided into outer and inner
sample plots for the tree inventory (see Fig. 1). Seedling plots (radius

Variable Estimate Standard z- p-

error value value

Model, version 1: R? (marginal model) = 0.246, R? (conditional model) =
0.525, AIC = 521.2

Fixed effects

Intercept 3.868E+00  5.071E-01 7.627 0.000

Number of trees ha™! (in 2019)  -1.347E- 4.849E-04 -2.777  0.005
03

Thickness of humus layer, mm  —3.047E- 9.913E-03 -3.074  0.002
02

Random effects, dispersal

parameter
Experimental stand, variance 4.461E-01
Theta 8.930E-01

Model, version 2: R? (marginal model) = 0.226, R? (conditional model) =
0.575, AIC = 522.3

Fixed effects

Intercept 3.889E+00 5.549E-01 7.008 0.000

Basal area of trees, m* ha™ (in ~ -8.857E- 3.552E-02 -2.494  0.013
2019) 02

Thickness of humus layer, mm  —2.740E- 1.034E-02 -2.650 0.008

02

Random effects, dispersal
parameter

Experimental stand, variance 6.416E-01

Theta 9.530E-01

Model, version 3: R? (marginal model) = 0.198, R? (conditional model) =
0.564, AIC = 524.0

Fixed effects

Intercept 3.568E+00  5.034E-01 7.088 0.000

Volume of tree stock, m® ha™  -9.611E- 4.610E-03 -2.085  0.037
(in 2019) 03

Thickness of humus layer, mm  —2.680E- 1.048E-02 -2.558 0.011

02

Random effects, dispersal
parameter

Experimental stand, variance 6.643E-01

Theta 9.320E-01

Model, version 4: R? (marginal model) = 0.328, R? (conditional model) =
0.620, AIC = 519.7

Fixed effects

Intercept 5.035E+00  1.558E+00 3.232 0.001

Volume of tree stock, m® ha'  -4.973E- 1.764E-02 -2.818  0.005
(in 2019) 02

Thickness of humus layer, mm  —2.988E- 1.001E-02 -2.986  0.003

02

Mean diameter of trees (d1.3), —6.829E- 1.069E-01 -0.639 0.523
cm 02

Volume of tree stock: mean 2.300E-03 1.102E-03 2.086 0.037
diameter of trees

Random effects, dispersal
parameter

Experimental stand, variance 5.685E-01

Theta 1.040E+00

3.99 m, area 50 m?) were placed at the centre of the sample plots (81
sample and seedling plots in total). Each sample plot included four
vegetation plots (1 x 1 m) around the centre of the inner plot (324
vegetation sample plots in total). In vegetation plots percentages of
different coverages (e.g. plant species, debris) were visually evaluated.
Thus, the central point of the outer, inner and seedling plots was the
same.

The location of the first sample plot in each stand was randomly
selected, with the subsequent plot aligned 50 m to the north and the last
one 50 m to the north of that one. The distance was calculated from the
centre of the previous plot to the centre of the next plot. The size of the
outer and inner sample plots varied depending on the number of trees
found in the stand. The total target number of trees was 100 in the study
stand and in a range of 30-35 in the sample plots (breast height diameter
[d1.3] > 4.5 cm). However, the maximum radius of the outer plot was
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Fig. 2. Predictions of the four best models for the number of naturally established Scots pine seedlings after selection cuttings, with point estimates and 95 %
confidence intervals: (a and b) Model 1; (c) Model 2; (d) Model 3; and (e) interaction effects of Model 4 (see Table 2).

25 m, and the area of the inner plot was at least one-third that of the
outer plot (Supplementary data Table A2). The aim was to measure
30-35 trees from the outer plot, and then depending on the radius of the
plot, sample trees in more detail from the inner plot.

The study data was collected in September and October 2019. Data
collected from the outer plot included tree species, diameter (at d1.3)
and vitality. While data from the inner plot included more specific tree-
level data i.e. tree-wise measurements including location of the tree,
height, canopy height, diameter (at d1.3), thickness of bark, age and
annual growth of diameter. Moreover, based on these measurements,
stem count, basal area, log count, and timber volume were calculated at
the plot level. The ages of the trees were counted from sample cores
drilled with an increment borer. The diameters were measured based on
two measurements taken at a 90° angle. Tree heights were measured
using a Haglof Vertex and diameter with measuring scissors. Tree level
data included 934 trees in the inner plots, which comprised 81.9 % Scots
pine, 9.2 % deciduous species and 8.9 % Norway spruce.

In the seedling plots, all seedlings with a diameter of <4.5 cm (at
d1.3) and a minimum height of 10 cm were counted. For the Scots pine
seedlings, height, age and vitality were determined (for the other tree
species, only the height was recorded). In addition, the coverages of
stumps, fallen deadwood and stones were measured in the seedling plots
(excluding the vegetation plots). The vegetation cover in the sample plot
was calculated as the average of the four vegetation plots. In the vege-
tation plots, the ground-layer coverage was assessed for mosses, lichens,
litter, deadwood (fallen and standing), exposed soil and humus layer,
rocks and stumps. The field-layer coverage measurements included
vascular plants — bilberry (Vaccinium myrtillus L.), cowberry (V. vitis-
idaea), heather and crowberry, and herbs (including grasses).

2.2. Statistical data analysis

We used generalised linear mixed modelling to evaluate the number
of all established new Scots pine seedlings (despite their vitality or po-
sition) in the 50 m? circular plots, which revealed the recruitment po-
tential. The height of the seedlings recruited since cutting was modelled
using a log-normal linear mixed model. In this modelling, we used a
negative binomial distribution assumption, log-link function and
considered two hierarchical levels, experimental stand and circular
sample plot, nested within the stand. The models were computed using
the R package glmmTMB (Brooks et al., 2017). In the glmmTMB nega-
tive binomial model, the quadratic variance function NB2 was used.
Because general or generalised linear mixed models tend to underesti-
mate the mean value, as also was found in this study, a ratio estimator
(ratio of the observed and predicted means) (Snowdon, 1991) was
computed and used as the correction coefficient for estimating expected
value p.

The explanatory variables tested in the statistical modelling are lis-
ted in Table 1. Because of the great number of potential independent
fixed variables, the model building could not start with the full model of
all the candidate variables and all their interactions, as explained by
Zuur et al. (2009). Instead, those variables that contributed at least
slightly to the response were pre-selected. Then, the selected potential
candidate variables and their possible two-way interactions were tested
simultaneously in the models using several include-drop stages: Vari-
ables were added to the models and checked if they had p-values < 0.05
in analysis of variance or improved coefficient of determination (R2).
Depending on the result, variable was then dropped or included in the
model.

A possible multicollinearity in the main-effects models between the
selected variables was tested using the R package performance (Liidecke
et al., 2021). All the variance inflation factor values had to be <5 (Hair
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Fig. 3. Observed and simulated values from the models for the number of Scots pine seedlings established after cuttings illustrating the model fit to the data: (a)
Model 1; (b) Model 2; (c) Model 3; and (d) Model 4 (see Table 2). p (%) means probability for number of seedlings in percentage.

et al., 2021). The glmmTMB package allowed zero-inflation modelling.
The possible existence of a zero-inflation problem was tested in the
count models. But zero inflation, in terms of excess zeroes, was not an
obvious problem in these data, as tested by the R package DHRMa
(Hartig, 2021). The (pseudo)R?-values for the negative binomial models
were computed using the wide-functioning performance package
(Liidecke et al., 2021).

The hierarchy in the models was experimental stand, circular sample
plot nested within the stand, and seedling or tree nested within the
circular sample plot. In addition to the age of the seedlings, variables
referring to the site type, the cover of different plant species, the
geographical sub-regions of the study area and the other potential
explanatory variables (see Table 1) were tested in the models.

The linear models were computed using the R package nlme
(Pinheiro et al., 2020). The R? values were computed using the R
package MuMIn (Barton, 2020). The predictions of the models with 95%
confidence intervals were computed using the R package ggeffect
(Liidecke, 2018) and the prediction graphics were drawn using ggplot2
(Wickham, 2016). The model predictions were computed and drawn
using the R packages ggeffects (Liidecke, 2018) and ggplot2 (Wickham,
2016).

3. Results
3.1. Number of pine seedlings established after selection cuttings

The average number of pine seedlings established after the selection

cuttings was 2144 ha™l. The total average number of all pine seedlings
was 2778 ha™', which includes also those established before the cut-
tings. The proportion of plots without any seedlings was about 20 %. In
Table 2, the four best predictive models are shown for the number of
pine seedlings established in a plot following the cuttings. The models
considered both the fixed effects of the explanatory variables (main ef-
fects and significant interactions), such as tree basal area or thickness of
the humus layer, and the experimental stand as random effects. Among
these models, the model fit and Akaike information criterion (AIC) were
best for Model 4, in which thickness of humus layer, volume of tree
stock, mean diameter and interaction of volume and diameter were used
as the fixed variables and experimental stand as a random variable. For
marginal Model 4, the fit was 32.8 %, and for conditional Model 4, it was
62.0 %. The single most influential factor affecting seedling establish-
ment based on this model was volume of overstory tree stock, followed
by thickness of humus layer.

An increase in humus layer thickness decreased the number of
established seedlings (Table 2 and Fig. 2a). When the number of over-
story trees (trees ha™) (Fig. 2b), basal area of trees (m? ha™) (Fig. 2¢)
and/or volume of tree stock volume (m® ha™1) (Fig. 2d) increased, the
number of seedlings decreased. For example, with 500 overstory trees
ha™!, basal area of 8 m? ha™! or tree stock volume of 50 m® ha™!, the
number of established seedlings reached 2500 ha™!. When the mean
diameter was higher, the number of seedlings was higher in the larger
tree stock volume (Fig. 2e). With a tree stock volume of 50 m? ha’l,
there were 2000 seedlings ha™! with a mean diameter of 12 cm and
almost 3000 seedlings ha™ with a mean diameter of 16 cm. The
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Table 3

Linear mixed effects model for the (log) height of the Scots pine seedlings
established after selective cuttings. Marginal model R? = 0.626 and conditional
model R* = 0.812.

Variable Estimate Std. error df t-/chi- p-value
value
Fixed effects
(Intercept) —4.019E+00  1.966E-01 826  -20.446 <0.001
Region (reference — — 2 4458 0.108
category
Northern)
- Eastern —3.185E-01 1.510E-01 22 -2.109 0.047
- Western/Southern -1.968E-01 2.290E-01 22 -0.859 0.400
Seedling age, years —7.082E-01 1.141E-01 826 -6.206 <0.001
Seedling age”0.9, 1.163E+400 1.613E-01 826 7.208 <0.001
years
Volume of tree 2.440E-04 2.110E-03 36 0.116 0.909
stock, m® ha™! (in
2009)
Cover of herbs, % 1.031E-01 3.637E-02 36 2.834 0.008
Cover of moss, % 6.234E-03 1.785E-03 36  3.493 0.001
Region: Seedling age =~ — — 2 16.934 <0.001
Eastern 2.609E-02 6.339E-03 826 4.115 <0.001
Western/Southern 2.517E-02 1.399E-02 826  1.800 0.072
Seedling age: —2.490E-04 1.115E-04 826 -2.235 0.026
Volume of tree
stock
Random effects,
variance
Experimental stand 4.942E-02
Sample plot 3.211E-02
Residual 8.288E-02

constructed models (Fig. 3) somewhat underestimated the number of
seedlings (1700 seedlings ha™) compared to the observed number (2140
seedlings ha™'). With zero seedlings in the plot, the performance of the
prediction was less good.

3.2. Height of pine seedlings established after selective cuttings

In Table 3, model for height of the pine seedlings is shown. The
model fit for the marginal model was 62.6 % and for the conditional
model 81.2 % for the height of the pine seedlings established after se-
lective cuttings. The height model included the fixed effects region,
seedling age and its transformation, interaction between region and
seedling age, volume of tree stock and its interaction with seedling age,
and cover of moss and herbs, and as random effects, experimental stand
and sample plot. The single most influential factor affecting seedling
height was seedling age and its interaction with region, followed by
cover of moss.

The transformation to the power of 0.9 of seedling age increased the
height estimate in the model, whereas seedling age with no trans-
formation slightly decreased it. The effect of herb or moss cover (as a
percentage) was also significant, their increase increasing the seedling
height (Fig. 4a and b). A seedling height of 0.3 m was reached with
1.5 % herb cover and 90 % moss cover. However, the herb cover was
small and its confidence interval wide. Region also affected the height of
the seedlings, with the same height reached faster in the southern and
western regions than in the northern and eastern regions. In the northern
region, a height of 0.5m was reached when the seedlings were
approximately 20 years old, whereas in the southern region, the same
height was achieved by the age of 16 years (Fig. 4c). A large overstory
tree stock volume seemed to decrease the height of the seedlings. When
the tree stock volume was 5 m® ha™, a 20-year-old seedling had a height
of 0.75 m, whereas, at the same age, a seedling had a height of 0.35 m
when the tree stock volume was 150 m> ha ™ (Fig. 4d).
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4. Discussion

In our study, a minimum height of 10 cm was used in counting the
seedlings, but no minimum distance between the seedlings was required.
Also modelled seedling numbers represented all the seedlings with
height >10 cm, and despite their vitality or distance to each other. In
our study, the average number of new Scots pine seedlings was
2140 ha™!, 12-34 years after the selection cuttings, in different study
sites of Northern Finland. The total number of all Scots pine seedlings
was, on average, 2778 ha™!, including also the seedlings established
before the selection cuttings. No soil preparation was used in the se-
lection cuttings. In the model predictions, the number of new seedlings
decreased from 3000 to 625 ha™! as the basal area increased from 5 to
25 m? ha!. Based on the best constructed model (Model 4), the prob-
ability of having 1500 seedlings ha™! was approximately 5 %, whereas
the probability of having 3000 seedlings ha™* was only about 2 %. The
modelled number of new seedlings (about 1700 ha™') was lower than
the inventoried number, regardless of the predictive variables used in
the models. The number of empty plots (i.e. plots with no seedlings) was
also about 20 %. The lower modelled number of seedlings per hectare
indicates that the models underperformed, potentially causing
underestimation.

In a recent study on Northern Finland, Hallikainen et al. (2019) re-
ported 22,000 Scots pine seedlings ha™ in a Scots pine stand 5 years
after gap cuttings with site preparation. In a follow-up study, 5 years
later, Miettinen et al. (2024) reported 29,100 seedlings ha™' from the
same experimental sites. However, in these studies, a minimum height of
1 cm was used in counting the Scots pine seedlings, and no minimum
distance between them was required. Rautio et al. (2023) reported in
Northern Finland around 10,000 seedlings ha™! with site preparation
and 2000-4000 seedlings ha™! without it in Scots pine, 11 years after
cutting and with an overstory density range of 50-150 trees ha™'. When
the overstory density was 250 trees ha™', the number of seedlings was
substantially lower. Similar to our study, a minimum height of 10 cm
was used in counting the Scots pine seedlings, and no minimum distance
between them was required. Based on these studies, seedlings may
emerge well after cutting, but most die, and the establishment of stable
seedling crops requires 5-10 years.

Our findings represent selection cuttings with no soil preparation
and, on average, the older and more stabilised seedling crop phase. This
is because the establishment of new seedlings was inventoried 12-34
years after the selection cuttings. Some of our study sites were also
located further north than the experimental sites of Hallikainen et al.
(2019) and Miettinen et al. (2024). Overall, due to the severe climate in
Northern Finland, good seed years there are rare, which affects the
number of established new seedlings (Lula et al., 2025). By comparison,
Valkonen (2019) reported an average of 1530-1760 Scots pine seedlings
ha™ and 16-17 % of empty plots, 6-10 years after gap cuttings in
Southern Finland at sites with similar fertility or more fertile than in our
study. However, in that study, a minimum distance of 50 cm was used
between the counted seedlings. Considering the very northern location
of our study stands and the relatively low basal area, particularly in the
northernmost stands, the regeneration result appears acceptable.

The establishment of seedlings is affected largely by site conditions.
Humus layer thickness affects the establishment of seedlings, with a
thick humus layer decreasing their numbers per unit area, especially
with no soil preparation (Rautio et al., 2023). A thick humus layer
hinders seedlings getting access to capillary water (Oleskog and Sahlén,
2000). Even when seedlings establish contact with the humus layer as a
substrate, they cannot tolerate the capillary water blockage that a thick
humus layer causes (Winsa, 1995). Seedlings growing in a thick humus
layer might have difficulties growing roots through this layer to reach
the mineral soil, and because the humus layer dries out easily during dry
periods, such seedlings are more prone to drought (Winsa, 1995).

The growing conditions of seedlings are also affected by the char-
acteristics of the overstory forest. Larger numbers of mature trees may
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Fig. 4. Predictions with 95 %’s confidence intervals of the height model for Scots pine seedlings established after selective cuttings from the explanatory variables
and their interactions: (a) herb cover; (b) moss cover; (c) interaction of region and seedling age; and (d) interaction of volume of tree stock and seedling age.
Predictions other than seedling age were computed for the mean age of the seedlings (11 years).

provide larger seed crops (Beland et al., 2000). However, a large num-
ber, basal area and volume of overstory tree stock can decrease the
number of seedlings per unit area through the competition for growth
resources (Rautio et al., 2023), which also we observed in our study.
Additionally, this can affect the diameter and height growth of seed-
lings, as reported by Rautio et al. (2023). An abundant overstory
compared to open area absorbs most of the light and blocks rainfall from
reaching seedlings (Lehto, 1969; Nygren, 2003). The growing conditions
of seedlings affect both the number of seedlings that can become
established and their height development. Dense herb or moss cover,
typical at more fertile sites, may result in lower numbers of taller
seedlings, as we found. These findings are in line with those of Halli-
kainen et al. (2019) and Miettinen et al. (2024). In our study, the
seedlings were also shorter in the northern region due to the harsher
growing conditions there. Lower numbers and smaller diameters or
heights of seedlings can also be caused by self-thinning in dense sapling
stands, such as in older forests (White, 1981).

The minimum accepted level for the remaining overstory after se-
lective cutting is 5-6 m? ha™ in in Northern Finland on xeric and sub-
xeric sites, depending on the region (Aijili et al., 2019). Based on our
results, an average of at least 3000 Scots pine seedlings ha™, with a
minimum height of 10 cm (but with no minimum distance required
between seedlings), can be achieved with the overstory basal area (stand
density) typically left in seed tree cuttings (50 — 100 seed trees ha™') in
RF (Aijald et al. 2019). According to Rautio et al. (2023), achieving in
Northern Finland 2000 Scots pine seedlings ha™', with a height of at least

10 cm (no minimum distance requirements) would require an approxi-
mate 40 % exposition of mineral soil. In their study, the highest number
of seedlings and height growth were achieved when the overstory
density was 50 Scots pine trees ha™' and the site preparation involved
exposing the mineral soil. This implies that not only seed supply (from
seed trees) and site preparation are important for regeneration success,
but also the reduction of competition from mature trees.

In the natural regeneration or seeding of Scots pine in RF, the aim is
to obtain at least 3000 viable seedlings ha™!, which are also relatively
evenly distributed (>50 cm minimum distance between seedlings), ac-
cording to Finnish forest management guidelines (Aijala et al., 2019).
The Finnish Forest Act does not set any requirements after selection or
gap cuttings for a minimum number of viable seedlings or their spatial
distribution within a certain time span. By comparison, the Finnish
Forest Act (11 §) requires that 20-25 years after forest regeneration
cutting in RF in Northern Finland, there should be at least 1200 viable
seedlings per ha™! with a mean height of 0.5 m. They should also be
relatively evenly distributed in a forest regeneration area. Our results
indicate that the quite the same number of seedlings which is required in
natural regeneration in RF may be achieved in CCF, if the stand is
enough sparse. Based on our findings, pine stands should, however, be
selection cut as sparse as legally possible for CCF in practical forestry to
enhance natural regeneration and ingrowth of seedlings.

To conclude, the constructed models somewhat underestimated the
number of new seedlings established compared to our observations.
Overall, natural regeneration was relatively poor, and the growth of the
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pine seedlings was slow after the selection cuttings. However, the
overstory characteristics and growing conditions affected them greatly.
The dense overstory reduced the establishment and growth of the Scots
pine seedlings. Also, a thick humus layer and dense moss and herb cover
reduced their establishment. However, based on our findings, it was not
possible to predict how many seedlings would grow into mature trees
under varying overstory densities and growing conditions. Our study
excluded soil preparation, but this can significantly improve natural
regeneration and the growth of seedlings after gap and selection cut-
tings, as in RF, and should be evaluated in future studies.
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