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*  Scots pine and lodgepole pine were direct seeded during June—November in a six-year experi-
ment in Finnish Lapland.

*  Both early summer and late autumn as well as early winter were appropriate periods for the
successful seeding of both species.

* Seeding in late summer and early autumn (August and September) was much less successful
for Scots pine.

»  For lodgepole pine seeding time, site quality or cold-wet treatment of seeds were not critical
for the seedling emergence or survival.

The aim of this study was to experimentally test the most favourable seeding times for Scots pine
(Pinus sylvestris L.), and to compare Scots pine and lodgepole pine (Pinus contorta Douglas ex
Loudon) in respect to suitable seeding times and site factors. The experimental area was located
in Sodankyl4, Central Finnish Lapland. Generalized linear mixed effects models with binomial
distribution assumption were applied to model the presence or absence of a seedling at a seeding
point. The study shows that in addition to spring and early summer, direct seeding of Scots pine can
also be carried out during late autumn or even early winter (October and November) in northern
Fennoscandia. On the contrary, seeding in late summer and early autumn (August and September)
is much less successful and cannot be recommended as such, but can be used if the amount of
seeding material is increased to compensate the loss. There is more flexibility for lodgepole pine
for which the proper seeding period seems to be from spring through to late autumn. Whether
lodgepole pine seeds were stratified or not had no statistically significant effect on regeneration
success. Our results clearly indicate that lodgepole pine is less susceptible to unfavourable site
and soil factors than Scots pine. Our results give support to extend the period of direct seeding
from the present early summer to another period in late autumn and even early winter.

Keywords Pinus contorta; Pinus sylvestris; artificial regeneration; autumn direct seeding; gen-
eralized linear mixed effects models
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1 Introduction

Direct seeding is a common method of regeneration of Scots pine (Pinus sylvestris L.) in the
northern parts of Fennoscandia, in addition to natural regeneration and planting. Direct seeding is
regularly used on xeric and sub-xeric upland forest sites. In the northern parts of Fennoscandia,
it is also used on mesic upland sites with medium-coarse soil texture (Hypponen and Karvonen
2005; Keskimolo et al. 2007; Bergsten and Sahlén 2013; Aijili et al. 2019). In direct seeding,
site preparation such as disc trenching or patching is always used to create suitable seeding spots
and increase seed germination and survival rate. In Finland, direct seeding usually means seeding
of Scots pine, while in Sweden both Scots pine and lodgepole pine (Pinus contorta Douglas ex
Loudon) are regenerated by direct seeding (Beckman and Nilsson 2014).

Seeding has many advantages over natural regeneration, such as the possibility to use geneti-
cally, physiologically and technically improved material, to select a favourable seeding time and a
suitable seeding spot, as well as independence from seed trees and seed crops. Compared to plant-
ing, the advantages are lower costs, higher seedling density and easier mechanisation (Bergsten
and Sahlén 2013; Ersson 2021). The disadvantage of direct seeding is less control over spacing
and number of seedlings, and the number of seeds sown must be based on expected germination
and survival.

According to numerous previous studies, spring and early summer have been shown to be
the biologically optimal times for seeding Scots pine in Finland and Sweden (Pohtila and Pohjola
1985; Kinnunen 1992; Winsa and Sahlén 2001; de Chantal et al. 2003; Bergsten and Sahlén 2013;
Lundstrom 2015). In natural regeneration processes, most Scots pine seeds are released from the
cones in May and June (Heikinheimo 1937; Hannerz et al. 2002). Therefore, until 2010, spring
and early summer were the only recommended periods for direct seeding of Scots pine in manage-
ment guidelines and textbooks in Finland and Sweden (Hokajérvi 1997; Hypponen and Karvonen
2005; Keskimolo et al. 2007; Bergsten and Sahlén 2008). In Sweden, the recommendations for
lodgepole pine are slightly different. In the recommendations of the Swedish Forest Agency (the
national authority responsible for forestry issues in Sweden), direct seeding of lodgepole pine in
the autumn is considered feasible because its seeds are naturally adapted to overwinter in the soil
(Bergsten and Sahlén 2008, 2013; Ersson 2021).

The need to reduce regeneration costs has led to increased use of direct seeding compared
to planting. Mechanised seeding has proven to be a highly operational and cost-effective method
(Wennstrom et al. 1999; Hypponen 2000; Kinnunen 2003; Miina and Saksa 2008). Since the 1990s,
direct seeding in Finland has mainly been carried out mechanically in connection with site prepa-
ration, especially with disc trenching (Hypponen 2000; Rummukainen et al. 2011; Hallongren et
al. 2012). Currently about 80% of the area seeded for pine in Finland is carried out mechanically
(Kulju et al. 2023).

There is a major operational problem with mechanical direct seeding in connection with site
preparation. Site preparation machinery needs to be operated throughout the summer and autumn in
order to be cost-effective and profitable for the contractor. In this sense, the direct seeding season
in spring and early summer is very short. Additionally, the weighty site preparation and seeding
equipment cannot be driven to a regeneration area until soil frost has melted, soil has drained, and
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its carrying capacity has been restored (Kinnunen 1996; Hypponen 2000; Hyppdnen and Karvonen
2005). By then, the biologically optimal seeding period has often passed. This has led to various
alternative trials and practices to extend the seeding season.

In Finland, some practitioners have applied direct seeding throughout the summer, although
according to many research results, the success of seeding in late summer (July and August) has
produced the most unsatisfactory results (Heikinheimo 1940; Kangas 1940; Kinnunen 1992; de
Chantal et al. 2003; Nygren 2011). In Sweden, late summer (July and August) is not considered a
reliable and recommendable alternative either (Hedemann-Gade 1927; Bergsten and Sahlén 2013;
Ersson 2021). An alternative, seeding in early autumn (September) after a summer break, has also
not been encouraging (Heikinheimo 1940; Kinnunen 1992, 1996).

In Finnish Lapland, Metsédhallitus (the state enterprise that administers state-owned land
and water areas in Finland) applied direct seeding of Scots pine in late autumn (October and
later) on experimental basis but quite extensively for about a decade (1997-2005). The basis for
the large-scale trial was the fact that in some older studies (Hedemann-Gade 1927; Kangas 1940;
Kinnunen 1982; but cf. Kinnunen 1992) the results of direct seeding in late autumn, in October
and November, were quite promising, especially in the northern parts of Fennoscandia (Wibeck
1927). Another reason was that many observations from northern Fennoscandia suggest that pine
seeds can survive for several years in the surface layers of the soil (Renvall 1912; Lassila 1920;
Wikstrom 1922; Sirén 1952). Such post-germination may play a significant role in natural forest
regeneration under harsh climatic conditions, to some extent for Scots pine (Lassila 1920; Sirén
1952; Haggman 1987; Tillman-Sutela 1995), but especially for lodgepole pine (Solbraa and
Andersen 1997; Varmola et al. 2000).

The regeneration areas in the autumn seeding trial of Metsdhallitus mentioned above were
inventoried in 2008. In this trial, there was an average of 7000 seedlings ha!, excluding seedlings
of natural origin (Hyppdnen and Hallikainen 2011). This was at about the same level as in normal
spring and early summer seedings in Finland (Hypponen 1998; Hallikainen et al. 2004; Rum-
mukainen et al. 2011; Miettinen et al. 2022). Therefore, based on the results of Hyppdnen and
Hallikainen (2011), one can ask whether direct seeding in late autumn (October and November)
could be regarded as a feasible alternative, at least in northern Fennoscandia (Solbraa and Andersen
1997). However, further experimental research was suggested (Hypponen and Hallikainen 2011)
to confirm these inventory results.

Despite the good results of late autumn seeding in Lapland, spring and early summer are
still generally considered the best times for direct seeding of Scots pine in northern Finland. How-
ever, late autumn has gradually become another potentially successful seeding period in Finnish
guidelines and textbooks for northern Finland, in addition to spring and early summer (Nygren
2011; Aijili et al. 2019; Metsihallitus 2021). On the other hand, late autumn seeding is not recom-
mended in southern Finland due to warm weather. Nevertheless, satisfactory but variable initial
autumn seeding results have been observed also in southern Finland (Kaunisto 1974; Kinnunen
1982; Helenius 2016).

Also in Sweden, where conditions are more or less the same as in Finland, spring and early
summer (April, May and June) are regarded as the best seeding times for Scots pine (Bergsten
and Sahlén 2013; Lundstrom 2015). Contrary to Finnish recommendations and guidelines, late
autumn is still not recommended even in northern Sweden. In Sweden, late autumn seeding is seen
as a way of storing seeds in the regeneration area for early germination in spring, and seeds stored
in this way are considered to “have a very limited capability to survive on the soil over winter”
(Bergsten and Sahlén 2013; Ersson 2021). Consequently, it has been stated that it is not possible
to apply conventional autumn seeding of Scots pine without coating the seeds (Pamuk 2004). The
purpose of coating is to prevent the seeds from absorbing water above a certain threshold in autumn,
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which could trigger seed germination and subsequent freezing in the winter. However, coating
increases the price of the seed. For lodgepole pine, direct seeding in late autumn is acceptable due
to the natural adaptation of its seeds to winter storage (Bergsten and Sahlén 2013; Ersson 2021).

Based on all the above, the aim of this study was to experimentally test the previous results
of the inventory-based study on late autumn direct seeding of Scots pine in northern Fennoscan-
dia (Hypponen and Hallikainen 2011). In addition, the study period was extended from spring to
very late autumn and even early winter when the snow fall took place in order to cover the whole
range of potential seeding times and to enable a comprehensive comparison of different seeding
time alternatives. The aim was also to examine whether lodgepole pine differs from Scots pine in
terms of suitable seeding times. Finally, we wanted to study how different site factors affect the
regeneration.

2 Material and methods
2.1 Study area and experimental design

The field experiment is located in Ruonivaara, Sodankyld in Central Finnish Lapland (Fig. 1).
The area was selected because it represents a typical northern boreal pine forest environment with
rather harsh climate conditions and moraine soils typical for direct seeding of Scots pine. The
experimental field was about 5 ha in area, and it was divided into five blocks situated at differ-
ent altitudes. The blocks were further divided into three squares of about 100 m x 100 m (unless
large stones or other obstacles forced to enlarge the area, cf. Fig. 1), for which the annual seeding
repetitions (2013, 2014 and 2015) were randomly allocated. These 100 m x 100 m squares are
later referred to as annual squares. The main weather parameters for the period of seeding and
monitoring (2013-2017) of the nearest meteorological observation station in Sodankyld, about
20 km to the north-west, are presented in Table 1. We want to highlight that the experimental field
is around 60—100 meters higher in altitude than the meteorological station, hence the climate is a
bit more extreme compared to what is seen in Table 1.

The annual squares were randomly divided into six strips representing the months of direct
seeding from June to November. Each monthly strip was scarified (disc trenching, Figure Sla in
Supplementary file S1, available at https://doi.org/10.14214/s£.24064) just before direct seeding
during the first week of each seeding month. These strips are later referred to as scarification strips.

The scarification strips were further divided into four seeding squares (Fig. 1). The four
treatments randomly allocated on the seeding squares were: 1) direct seeding with bare Scots pine
seeds, 2) Scots pine seeds in seed packs, 3) bare non-stratified lodgepole pine seeds and 4) bare
stratified (cold-wet treated) lodgepole pine seeds. Only the results of the bare seed seeding (i.e.
treatments 1, 3 and 4) are analysed and reported in this article. Scots pine seeds were collected by
Metséhallitus from forests in Sodankyla at an altitude of 300—350 metres. The seeds had a germina-
tion rate of 95%, and the weight of one thousand seeds was 4.52 g. Lodgepole pine seeds originated
from Galtstrom (central Sweden), with a germination rate of 96% and a thousand-seed weight of
4.21 g. Stratification of lodgepole pine seeds was performed by cold-wet treatment for 20 days
at +5 °C under humid conditions. In each seeding square, ten seeding points were systematically
located using an iron micro-preparation grid of 16 depressions (Suppl. file S1: Figures S1b and
S1c). Two of the 16 depressions were used in such a way that one seed was systematically placed
into the depressions of the lower left and upper right corners (in the direction shown in Fig. 1 and
in Suppl. file S1: Figure S1b) of a seeding point (in total two seeds per seeding points, and 20 seeds
per seeding square) and lightly covered with mineral soil.
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Fig. 1. Location of the experiment and the structure of the experimental design with five blocks divided randomly to
annual squares (marked with either black, blue or red borderline) that were further randomly divided into six monthly
scarification strips.
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Table 1. Starting date (day/month) of spring, summer, autumn and winter* as well as start and
end date of growing season (GS**) in Sodankylé (in Téhteld, the closest meteorological station
of Finnish Meteorological Institute) during 2013-2017.

Year Spring Summer Autumn Winter Start of GS End of GS
2013 13/04 16/05 21/09 15/10 13/05 23/09
2014 11/04 29/05 13/09 10/10 19/05 20/09
2015 04/04 21/06 01/09 27/10 19/05 30/09
2016 27/03 23/05 24/08 26/10 10/05 01/10
2017 29/04 07/06 23/08 19/10 09/06 07/10

* Definitions: mean daily temperature during spring 0 — +10 °C; summer > +10 °C; autumn +10-0 °C and
winter <0 °C
** The mean daily temperature > +5 °C

The seeding points were monitored 8—12 times, depending on the month of seeding, for at
least two growing seasons after each seeding. The monitoring took place during six years between
2013-2017 (Tables 1 and 2 in Suppl. file S2). Monitoring was carried out on the same calendar
dates as the direct seeding, i.e. during the first week of each month (June—October). The first
monitoring period of each seeding time was at the same time with the next seeding (e.g. June 2013
seeding was monitored for the first time in July 2013, and July 2013 seeding in August 2013 etc.),
except in the case of October. Due to the snow cover, the monitoring was paused after October
for the winter and continued in June of the following year. Seeding in November was carried out
despite the possible presence of snow. Despite the occurrence of snow cover at some instances,
seeding was performed similarly to other seeding months, i.e. on bare exposed mineral soil after
disc trenching and not on the snow surface.

Several potential explanatory variables were measured in the vicinity of each seeding point
(Table 2). Of these, the thickness of the humus layer was measured in the close vicinity of the
seeding point on undisturbed ground vegetation outside of the disc trenching track. The proportion
(%) of undisturbed humus (organic soil) layer or vegetation, mixed mineral soil and humus layer,

Table 2. Explanatory variables (measured in the vicinity of seeding points) that have been tested in the models and
their distributions. In addition to the variables mentioned in the table, seed type (Scots pine, lodgepole pine and strati-
fied lodgepole pine), seeding month and inventory number were tested as the main important variables in the models.

Variable Minimum Maximum Mean Median

Continuous variables

Thickness of humus layer, cm 1.00 7.00 2.47 2.00
Stoniness, (depth of an iron stick in the ground) 0.00 52.00 9.49 7.00
Proportion of untouched humus or vegetation, % 0.00 50.00 0.38 0.00
Proportion of mixed humus and mineral soil, % 0.00 100.00 14.85 10.00
Proportion of exposed mineral soil, % 0.00 100.00 82.58 90.00
Categorical variables
Soil type n %

Gravel 1174 34.55

Sand 1926 56.68

Silt 298 8.77
Microtopography (seeding point compared to surroundings)

Upper 1349 39.70

Same 1949 57.36

Lower 100 2.94
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and exposed mineral soil were measured within a 0.5 x 0.5 m grid positioned around a seeding
point. The soil type (gravel: grain size 2-20 mm, sand: 0.063—2 mm or silt: 0.002—-0.063 mm) was
determined by visual inspection from the soil beside the seeding point. The microtopography of
the seeding point compared to the surroundings were visually classified as upper, same or lower.

2.2 Data analysis

The response variable was the presence or absence of seedlings in a seeding point. Because two
seeds were placed in each seeding point (one in each of two depressions of the micro-preparation
grid), the observation in each inventory was either 0, 1 or 2 seedlings. However, the response used
in the statistical models (Model 1 and Model 2) was binary, i.e. the absence or presence of at least
one seedling.

Model 1 was fitted using only the data of the last inventory. Thus, Model 1 is a “final sum-
mary” of the survival of the seedlings and is of special importance for practical forestry. Model 2
was constructed using the longitudinal dataset to study the development of germination and seedling
survival over time in more detail.

Generalized linear mixed effects models using the binomial distribution assumption were
applied to model the presence of at least one seedling at a seeding point and in an inventory. The
mixed model was required due to the five-level nested hierarchy in the experiment. The five-level
nested hierarchy consisted of, from the lowest to the highest level: 1) seeding point, that was nested
within 2) seeding square, nested within 3) scarification strip, nested within 4) annual square, nested
within 5) block (Fig. 1). The lowest-level observations, seeding points, were measured once a month
from June to October, in total 8 to 12 times, and one should expect that the probabilities to find
a seedling in the subsequent measurements were higher than in the measurements having longer
time difference. Thus, first-order autoregressive (AR(1)) correlation structure for the error was
used in Model 2. The multi-level hierarchy and the AR(1) structure with many fixed factors and
covariates made achieving the convergence a bit challenging. Thus, despite the rather large data,
only the main effects and most of the two-way interactions in the fixed part of the models could be
tested. Furthermore, it should be emphasized that these models are not censored life expectancy
models (such as Cox models), but only give the probabilities to observe the presence of a seedling
at the observation point at a given time.

The potential explanatory variables, measured in the vicinity of each seeding point, (Table 2)
and their two-way interactions were tested as factors or covariates in the models. The most important
(key) variables in the models were: 1) seeding month (June—November), 2) seed type (Scots pine,
non-stratified lodgepole pine and stratified lodgepole pine) and 3) inventory number that contains
the time period between June—October with one-month time interval.

Model 1 can be described as:

Yijkim = binomial (nijklm S TCijkim )
D

. Tkl
logit (7jjkim ) = In (ﬁ} = f (Xijhim» B)+ 1 + by + Mk + Mijut
~ ki

where y is the probability of the event, i.e. ““a seedling could be found in the seeding point at the last
inventory”. Binomial (73, 7;jim) denotes the binomial distribution with parameters n describing
binomial sample size, in our case the number of all the observations of the seeding points and =

o . - . TCijkl
describing the proportion, or probability of the occurrences of observed seedlings. In [&J
— Tijkim
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is a logit-link function and f{.) describes the linear function with arguments X, (i.e. fixed pre-
dictors, could be measured at the levels from 7 to m) and /8 (i.e. fixed parameters). Terms u;, 1, i
and u;; represents the random, normally distributed effects of block i, annual square j, monthly
scarification strip & and seeding square /, respectively. The random effects have a mean of zero
and constant variances.

The structure of the statistical logistic autoregressive mixed model (Model 2 fitted using the
longitudinal dataset) can be described as:

Yijkime ~ binomial (nijklmt > T iikdmt )

(2

TCijkimt

logit (7jjkms ) = ln[ J = [ (Xijkime » B) + Hi + Hig + Higk + Mgkl + Hijim

— Tijkimt

where y is the probability of the event, i.e. “a seedling could be found in the seeding point at the
inventory ¢”. Binomial (7, jjtim:) denotes the binomial distribution with parameters » describing
binomial sample size, in our case the number of all the observations of the seeding points and =

describing the proportion, or probability of the occurrences of observed seedlings. In (lﬂlj%}

— ijklmt
is a logit-link function and f(.) describes the linear function with arguments Xjj,, (i.e. fixed pre-
dictors, could be measured at the levels from i to ) and f (i.e. fixed parameters, ¢ being the number
of inventory). Terms u;, tjj, tijk Mijrz and pjr, represents the random, normally distributed effects
of block 7, annual square j, monthly scarification strip &, seeding square /, and seeding point m,
respectively. The lowest level observation in Model 2 is the longitudinal measurement ¢, we used
the series of eight measurements. The subsequent measures (¢ and 1) were assumed to be auto-
correlated (AR(1)), revealed by the estimated autocorrelation coefficient phi.

In the model construction, we assumed that due to the snowpack and subzero temperatures
the wintertime (end of October — late May) is a dormant season for seeds or seedlings, and that
the autoregressive structure (lag 1) could hold despite the winter rest (when there were no inven-
tories). The autoregressive structure in the model assumed that the inventory number was treated
as a continuous variable (step of one unit), where, for example, for the June seeding, the fourth
inventory in October was followed by the fifth inventory in June of the following year, and so on.

Although there were inventories from 1 to 12 available, we ignored the first inventory in the
longitudinal analysis (Model 2) because only about half of the seeding points showed germination
compared to the second inventory. Furthermore, including the first inventory in the modelling data
of Model 2 has a disproportional effect on the model predictions. The inventory number could not
be used as a categorical variable due to convergence problems.

The models were computed using R-package MASS (Venables and Ripley 2002) using its
function glmmPQL, because it could handle autocorrelated (AR(1)) errors. The function could also
estimate needed dispersion parameter for binomial distribution. The predictions for the models were
computed and plotted using R-package effects (Fox 2003; Fox and Weisberg 2018). Area under a
Receiver Operating Characteristic (ROC) curve was computed using R-package pROC (Robin et
al. 2011). The ROC-curve (Receiver operating characteristic curve:) is a visual representation of
model performance across all thresholds (Nahm 2022). All the statistical computations were made
in R statistical environment (R Core Team 2022).
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3 Results

The model for the final inventory (Model 1) showing the probability for at least one living seedling
in a seeding point at the end of the monitoring period, clearly showed that there were large dif-
ferences between seed types in different seeding times. For Scots pine, the best time for seeding
was either early summer or late autumn and early winter. The probability for having at least one
seedling in a seedling point was 0.65 for November, 0.47 for June, 0.43 for July, 0.41 for Octo-
ber, 0.20 for August, and 0.15 for September (Fig. 2a, Table 3). For both seed types of lodgepole
pine, all seeding times showed good success (i.e., probability greater than 0.4). Late autumn and
early winter were the most successful seeding times for non-stratified and especially for stratified
lodgepole pine (Fig. 2a).

The thickness of the adjacent humus layer, measured under undisturbed ground vegetation
as close as possible to the seeding point, slightly affected the success of seeding. The thicker the
humus layer, the better the result. On the other hand, an increasing proportion of exposed mineral
soil slightly decreased the success (Fig. 2b and c, Table 3).
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Fig. 2. Predictions (with 95% confidence intervals) for the logistic mixed effects model predicting the prob-
ability of observing at least one seedling on the seeding point seeded in different months at the time of the last
inventory (Model 1, Table 3). Predictions were computed for the interaction of seed type and seeding month (a),
thickness of humus layer (b) and proportion of exposed mineral soil (c). Seed type abbreviations are: Scots as
Scots pine, Lodgepole as lodgepole pine and Lodgepole strat. as stratified seeds of lodgepole pine.
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Table 3. Parameter estimates and tests of the logistic mixed effects model (Model 1) for the observed seed-
ling on the seeding point in the last inventory. Lodgepole denotes Lodgepole pine and strat. stratified seed.
Classification efficiency (ROC) = 68.15 % (marginal model). Interaction effects are separated with : and
reference category is expressed as (ref.)

Variable / parameter Estimate Std.error df t- or y2-value p

Fixed effects

Intercept 5.573E-01 3.329E-01 2427 1.674 0.094
Month (ref. June) - - 5 69.327 <0.001
July —1.471E-01 2.970E-01 70 —0.495 0.622

August —1.267E+00 3.194E-01 70 -3.967 <0.001
September —1.583E+00 3.285E-01 70 —4.820 <0.001
October —2.373E-01 2.951E-01 70 —0.804 0.424
November 7.708E-01 2.984E-01 70 2.583 0.012

Seed type (ref. Scots pine) - - 2 1.225 0.542
Lodgepole 5.861E-02 2.742E-01 168 0.214 0.831
Lodgepole, strat. 2.873E-01 2.752E-01 168 1.044 0.298

Depth of humus layer, cm 1.079E-01 4.925E-02 2427 2.192 0.029

Exposed mineral soil % —1.153E-02 2.554E-03 2427 —4.517 <0.001

Month:Seedtype - - 10 51.762 <0.001
July:Lodgepole 1.145E-01 3.922E-01 168 0.292 0.771
August:Lodgeople 1.628E+00 4.093E-01 168 3.978 <0.001
September:Lodgepole 1.985E+00 4.149E-01 168 4.785 <0.001
October:Lodgepole 8.961E-01 3.920E-01 168 2.286 0.024
November:Lodgepole —1.267E-01 3.947E-01 168 -0.321 0.749
July:Lodgepole strat. 2.141E-01 3.928E-01 168 0.545 0.586
August:Lodgepole strat. 1.096E+00 4.089E-01 168 2.682 0.008
September:Lodgepole strat 1.803E+00 4.163E-01 168 4.332 <0.001
October:Lodgepole strat 9.972E-01 3.968E-01 168 2.513 0.013
November:Lodgepole strat 2.112E-01 4.036E-01 168 0.523 0.602

Random effects

Block (level 1) 2.863E-03

Annual square (level 2) 0.060

Scarification strip (level 3) 0.081

Seeding square (level 4) 0.163

Dispersion parameter 0.945

Model 2 was constructed to inspect the processes of seed germination and seedling survival
over time more closely. The results of Model 2 confirmed the results of Model 1. For Scots pine,
Model 2 also showed that the best seeding times were early summer and late autumn as well as
early winter, while the poorest seeding times were late summer and early autumn. For both seed
types of lodgepole pine, timing was not so critical (Fig. 3a, Table 4). The results of Model 2 also
revealed that the success of seeding in September improved slightly over time, while the success
in other seeding times tended to decrease or, at best, remain at the same level (Fig. 3b). In addition,
Model 2 revealed that the seeding success of Scots pine was clearly decreasing over time, while
the trend of stratified lodgepole pine was slightly decreasing and that of non-stratified lodgepole
pine was even increasing (Fig. 3c). When the effect of the time was averaged, Model 2 suggested
that Scots pine had a higher average level of success than lodgepole pine.

When the other explanatory variables, except inventory number and soil type, were averaged
to their mean values, the predictions of Model 2 suggested that the seeds sown on silty soils had the
greatest decline in success in the course of time compared to those sown on gravel or sand, although
the success in the early inventories (2nd or 3rd inventory) was highest on silt (Fig. 3d, Table 4).
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Fig. 3. Predictions (with 95% confidence intervals) for the logistic mixed effects model predict-
ing the probability of observing a seedling on the seeding point in different inventories (Model 2,
Table 4). Predictions were computed for the interaction of seeding month and seed type (a), the
interaction of the number of inventory (time series) and seeding month (b), the interaction of the
number of inventory and seed type (c), the interaction of the number of inventory and the soil
type of seeding point (d) and the interaction of the number of inventory and the proportion of
exposed mineral soil (e). Seed type abbreviations: see Fig. 2.
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Table 4. Parameter estimates and tests of the logistic mixed effects model (Model 2) with autoregressive (AR(1)) error
term for the probability of at least one seedling on the seeding point at the certain point and time of inventory. Lodge-
pole denotes Lodgepole pine and strat. stratified seed. Classification efficiency (ROC) = 70.25 % (marginal model).
Interaction effects are separated with : and reference category is expressed as (ref.).

Variable / parameter Estimate Std.error df t- or y2-value p

Fixed effects

Intercept 1.910E+00 3.524E-01 19641 5.421 0.000
Month (ref. June) - - 5 307.592 <0.001
July —-1.701E-01 2.938E-01 70 —-0.579 0.564
August —2.283E+00 2.883E-01 70 -7.919 0.000
September —4.274E+00 3.238E-01 70 —-13.200 0.000
October —6.333E-01 3.004E-01 70 -2.108 0.039
November 8.189E-01 3.339E-01 70 2453 0.017
Seed type (ref. Scots pine) - - 2 72.124 <0.001
Lodgepole —2.102E+00 2.525E-01 168 -8.326 0.000
Lodgepole, strat. —8.372E-01 2.603E-01 168 -3.216 0.002
Soil type (ref. Gravel) - - 2 18.364 <0.001
Sand —4.712E-02 1.240E-01 2426 —0.380 0.704
Silt 9.441E-01 2.405E-01 2426 3.926 0.000
Inventory —4.079E-02 3.553E-02 19641 —1.148 0.251
Exposed mineral soil % 2.985E-03 3.142E-03 19641 0.950 0.342
Month:Seedtype - - 10 118.994 <0.001
July:Lodgepole 9.186E-02 3.092E-01 168 0.297 0.767
August:Lodgeople 1.195E+00 3.134E-01 168 3.814 0.000
September:Lodgepole 3.072E+00 3.429E-01 168 8.959 0.000
October:Lodgepole 1.883E+00 3.256E-01 168 5.782 0.000
November:Lodgepole 8.297E-01 3.364E-01 168 2.466 0.015
July:Lodgepole strat. 2.940E-02 3.151E-01 168 0.093 0.926
August:Lodgepole strat. 6.514E-01 3.161E-01 168 2.061 0.041
September:Lodgepole strat 2.297E+00 3.454E-01 168 6.650 0.000
October:Lodgepole strat 1.414E+00 3.350E-01 168 4.221 0.000
November:Lodgepole strat 5.755E-01 3.494E-01 168 1.647 0.102
Month:Inventory - - 5 224.052 <0.001
July:Inventory —2.612E-03 1.947E-02 19641 —0.134 0.893
August:Inventory 1.219E-01 2.027E-02 19641 6.015 0.000
September:Inventory 2.393E-01 2.289E-02 19641 10.452 0.000
October:Inventory —6.174E-02 2.457E-02 19641 -2.513 0.012
November:Inventory —1.084E-01 2.763E-02 19641 -3.923 0.000
Seedtype:Inventory - - 2 140.230 <0.001
Lodgepole:Inventory 1.976E-01 1.670E-02 19641 11.827 0.000
Lodgepole_strat:Inventory 1.171E-01 1.711E-02 19641 6.845 0.000
Soiltype:Inventory - - 2 39.274 <0.001
Sand:Inventory —8.518E-03 1.474E-02 19641 —0.578 0.563
Silt:Inventory —1.819E-01 2.975E-02 19641 —6.113 0.000
Inventory:Exposed mineral soil, %  —1.819E-03 3.751E-04 19641 —4.850 0.000

Random effects, AR(1)

Block (level 1) 4.345E-18
Annual square (level 2) 0.052
Scarification strip (level 3) 0.089
Seeding square (level 4) 0.105
Seeding point (level 5) 1.962E-06
Dispersion parameter 0.993
Phi 0.831
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The presence of seedlings also differed depending on the proportion of exposed mineral
soil or, conversely, the humus coverage (undisturbed, disturbed or mixed with the mineral soil).
Success decreased slightly as the proportion of exposed mineral soil increased when the seed types
were averaged (Fig. 3e, Table 4).

4 Discussion

Our results clearly show that direct seeding of Scots pine was most successful in early summer as
well late autumn and early winter, i.e., during a period when germination did not start, and actual
winter conditions are expected to subsequently maintain the seeds at low moisture content. The
predicted probability of emergence and survival for Scots pine at the end of the monitoring period
varied greatly between the inventory months: from a minimum in September (15% for survival of
at least one seedling out of two after two growing seasons) to a maximum in November (65%).
Based on this study, the best time for direct seeding in the northern parts of Fennoscandia is the
early days of November (i.e. early winter), followed by June, July and October. Solely on the basis
of long-term weather data (https://www.ilmatieteenlaitos.fi/), all of those months listed, except
July, would be a suitable time for direct seeding. Late July is often too hot and dry for the newly
germinated seedlings to survive. We did not, however, measure weather data in situ, so we cannot
definitively conclude that conditions were hot and dry, nor can we rule out other factors that might
suggest avoiding direct seeding in late July.

One of the aims of this study was to experimentally test the earlier results of the inventory-
based study on direct seeding of Scots pine in late autumn (Hypponen and Hallikainen 2011). The
earlier study was based on the inventory of practical seedling stands established by direct seeding
in connection with disc trenching and using 350 g of Scots pine seeds ha!, when the seeds were
spread on site preparation track as targeted broadcast seeding. Instead, the present experimental
study was established manually on a fresh disc trencher track, using two seeds per seeding point,
and the results were expressed as seedling emergence and survival probabilities. In addition to
disc trenching, we used the micro-preparation grid not used in practical seeding. In this study, the
use of the micro-preparation grid allowed us to create uniform seeding points and help identify
them in the subsequent inventories. In practical forestry machine seeding carried out in combina-
tion with soil preparation most likely results in larger variation in seeding success compared to
the standardized method used in this study (see also Winsa and Bergsten 1994). We, however,
aimed for as little as possible unwanted variation in results, hence we used the method of micro-
preparation grid described above.

The dissimilarity of the studies and the presentation of the results makes it difficult to
accurately compare the results (Kinnunen 2003; Nygren 2011). On the other hand, we know that
when comparing manual and mechanical direct seeding, the results can be quite similar on average
(Kinnunen 2003). We also know that mechanical direct seeding is a biologically and technically
feasible method that is generally used in Finland (Hypponen 1998; Kinnunen 2003; Rummukainen
et al. 2011; Hallongren et al. 2012).

The earlier inventory-based study (Hypponen and Hallikainen 2011) and the present
experimental study differ regionally, temporally and in the methodology of data collection. The
fact that the studies are so different from each other and yet agree in their results points out the
applicability of late autumn as an appropriate direct seeding period for Scots pine. Hence, the pre-
sent study confirms the results of the inventory-based study and also supports the results of some
older studies (Hedemann-Gade 1927; Wibeck 1927; Kangas 1940; Kinnunen 1982; Solbraa and
Andersen 1997). Nevertheless, it is possible that climate change may influence this conclusion in
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the future and bring along risks for direct seeding in late autumn. However, as our results pointed
out that as long as the snow situation or freezing of the ground enables direct seeding one can
postpone direct seeding as far towards the winter as possible. It appears that as long as we delay
direct seeding to a point where the seeds do not absorb water — which could trigger germination
and subsequent freezing during the winter — there is no restriction on how late in autumn or winter
direct seeding can be used.

According to Finnish guidelines, direct seeding of Scots pine in late autumn is nowadays
recommended for northern Finland, but not for southern Finland (Nygren 2011; Aijili et al. 2019;
Metsihallitus 2021). Nevertheless, some positive but variable results have also been obtained in
southern Finland in peatlands (Kaunisto 1974) and mineral soils (Kinnunen 1982; Helenius 2016).
In the experiment in Suonenjoki in central Finland, the results depended strongly on how well the
seeds became covered in seeding (Helenius 2016; see also Nilson and Hjiltén 2003 about the risk
of predation). Success was 2-3 times better when the seeds were covered than when they were
not. According to earlier research, there are no major problems with mechanical direct seeding
in terms of coverage (Hypponen 1998; Kinnunen 2003; but see Nygren et al. 2013). Though, in
modern practical forestry most of the sown seeds are covered also in machine seeding.

In addition to early summer, late autumn and early winter, early July proved to be a successful
time for seeding Scots pine. It seems that, with certain reservations (Hedemann-Gade 1927; Pohtila
1977; Nygren 2011), the direct seeding period of spring and early summer can be extended into
early July in northern Finland, if the weather is not forecasted to be too hot and dry. In fact, in the
current guidelines of Metsdhallitus (2021), the seeding period of spring and early summer already
extends from snowmelt to early July in northern Finland. In the guidelines for southern Finland,
the corresponding period does not extend further than the summer solstice. In the present experi-
ment we have not studied seeding in mid and late July. According to earlier studies, this period is
not favourable and cannot be recommended (Heikinheimo 1940; Kangas 1940; Kinnunen 1992;
de Chantal et al. 2003; Nygren 2011).

The most unsuccessful times for direct seeding of Scots pine were, as expected, late summer
and early autumn (August and particularly September), which is well in line with many Finn-
ish and Swedish studies and current forest management guidelines (e.g. de Chantal et al. 2003;
Nygren 2011; Bergsten and Sahlén 2013; Aijili et al. 2019; Ersson 2021; Metsihallitus 2021). It
seems that in August, germinants and seedlings did not reach sufficient size, root development and
hardiness for winter conditions and suffered from frost, frost heaving, ice and snow pressure and
other winter damage, which are the most crucial factors affecting the destruction of germinants
and seedlings. Especially, if sown in September, it is likely that the seeds did not have time to
germinate, and those that did germinate were repeatedly frozen and thawed, eventually destroying
their structure (Pamuk et al. 2003). On the other hand, monitoring the germination in the course
of time revealed that Scots pine seeded in September were germinating still about two years after
seeding (8th inventory, data not shown). Hence, September gradually more or less reached August
in regeneration success. However, postponing the seeding to October or November prevented
both freezing and thawing of the seeds and postponed germination until the following summer
(Kinnunen 1982; Winsa and Bergsten 1994; Wennstrom et al. 1999, 2007; Bergsten et al. 2001;
Hypponen and Hallikainen 2011).

The current guidelines of Swedish Forest Agency recommend direct seeding of lodgepole
pine in autumn because its seeds are naturally adapted to overwinter well in the soil (Bergsten
and Sahlén 2008, 2013; Ersson 2021; see also Solbraa and Andersen 1997; Varmola 2000). The
present study supports the Swedish guidelines, as direct seeding in late autumn produced the best
monthly seedling establishment probabilities for both non-stratified and particularly for strati-
fied lodgepole pine. On the other hand, all other seeding months were good enough for sufficient
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seedling establishment, so that both stratified and unstratified lodgepole pine can be seeded from
spring through until early winter.

In the comparison between Scots pine and lodgepole pines, the final results at the end of the
monitoring period were similar for the June, July and November seedings (Solbraa and Andersen
1997; Varmola et al. 2000). The greatest differences between seed types were found in the August
and September seedings. During these months the probability of success was much higher for
both seed types of lodgepole pine than for Scots pine. In addition, there was a greater difference
between the survival probabilities of October and November for Scots pine, whereas there was no
notable difference between these months for lodgepole pine.

It is well known that site preparation is a key to successful seedling establishment in both
natural and artificial regeneration in Scots pine stands. With increasing proportion of exposed soil
surface, the number of seedlings or the probability of success usually increases (Lehto 1969; Hal-
likainen et al. 2004; Hypponen et al. 2005; Hypponen and Hallikainen 2011; Rautio et al. 2023).
In general, however, light site preparation is enough to guarantee successful seedling establishment
in the regeneration of Scots pine forests (Hallikainen et al. 2019; Miettinen et al. 2022; Miettinen
et al. 2024).

On the contrary to exposed mineral soil, thickness of a humus layer is usually negatively
correlated with regeneration success with Scots pine. The thicker the humus layer, the poorer is the
regeneration result in both natural and artificial regeneration (Hypponen 1998; Hypponen 2002;
Hallikainen et al. 2004; Hypponen and Hallikainen 2011; Rautio et al. 2023). Site preparation
mitigates this problem (Kuuluvainen and Pukkala 1989; Hallikainen et al. 2004; Rautio et al. 2023;
Miettinen et al. 2024). Contrary to earlier research, in this study an increasing proportion of exposed
mineral soil in the vicinity of seedlings of all seed types decreased the average success probability
in the last monitoring after at least two growing seasons after seeding. Furthermore, the thickness
of humus layer slightly increased the probability of success, also contrary to earlier research. As
the thickness of humus layer was measured outside the track of a disc trencher, it doesn’t directly
indicate the quality of the seeding point. A probable cause for these results is that in site preparation
more humus is mixed with mineral soil in soils with a thick humus layer. Mixture of organic and
mineral soil might reduce e.g. frost heaving and other negative effects that seeding on deeper soil
horizons might bring along (Winsa 1995; de Chantal et al. 2007, 2008). Frost upheaval was also
observed in several places during this experiment (Figure 1d in Supplementary file S1). A thicker
humus layer can also indicate moister micro-locations in the underlying mineral soil, which in
turn can increase the success of seed germination. The humus layer may also help preserve water
in the mineral soil, as hydraulic conductivity is high under rainy conditions.

Because all seeds were sown in the track of a disc trencher, the above results suggest that
it would be better for Scots pine if a seeding point was a mixture of humus layer and mineral soil
(Hertz 1934; Winsa 1995; Miettinen et al. 2024). On coarse-grained soils, mixing humus with the
mineral soil can increase the soil water holding capacity. On fine-grained soils, mixing humus
with mineral soil can increase porosity, leading to increased soil aeration (Bergsten et al. 2003).
In both coarse-grained and fine-grained soils, direct seeding (seed germination and the survival of
germinants/seedlings) can thus be improved by mixing the humus layer with the underlying min-
eral soil. A large area of bare mineral soil is associated with temperature and moisture fluctuations
(including frost) and frequent droughts, creating an extreme and challenging environment that
causes high mortality of small seedlings (Pohtila 1977; Wennstrom et al. 2007; Kyro et al 2021).
This may explain why we found a decrease in the success probability with increasing proportions
of exposed mineral soil in the vicinity of seedlings.

In conclusion our results clearly show that the best time for direct seeding in the northern
parts of Fennoscandia is either early summer or late autumn and early winter. Then again, the lowest
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survival probabilities in September (15%) and in August (20%) are in fact not that poor if one is
prepared to tolerate the extra costs of seeds in direct seeding to compensate the loss. This kind
of adaptable amount of seed material depending on the seeding month would extend the suitable
seeding time continuously from the early summer to the early winter.
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