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Abstract

We tested three soil scarification approaches of varying intensity (intensive preparation
exposing bare mineral soil, medium intensity with a mixture of organic material and min-
eral soil, and control without site preparation) on six clear-felled sites in two localities in
northern and central Sweden between 2018 and 2021. The effect of soil scarification inten-
sity and soil moisture on the occurrence of naturally regenerated birch seedlings was tested
one, two and three years after soil scarification, and the density of direct-seeded birch seed-
lings one year after seeding. In addition, we tested the effect of the annual seed rain, and
differences between the two birch species, on the density of direct-seeded seedlings. Soil
scarification and its interaction with soil moisture had a significant positive effect on both
the occurrence of naturally regenerated birch seedlings and the density of direct-seeded
birch seedlings. There was no significant effect of neither annual natural seed rain nor spe-
cies choice on direct-seeded seedling density. Time since soil scarification had a significant
effect on the occurrence of naturally regenerated birch seedlings. In moist soils with high
volumetric water content (>28%), birch seeds germinate at high rates and seedlings sur-
vive without soil scarification. In mesic soils, birch seeds germinate with higher rates after
soil scarification. In dry soils, birch seeds rarely germinate regardless of any disturbance of
the humus layer.
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Introduction

In northern Europe, the presence of naturally regenerated broadleaves in conifer planta-
tions is an important aspect of sustainable forestry, and is emphasised in the relevant certi-
fication standards (FSC 2010, 2020). The most common broadleaves in Sweden are silver
birch (Betula pendula Roth) and downy birch (Betula pubescens Ehr)' (Skogsdata 2021),
which are shade-intolerant pioneer species (Hynynen et al. 2009). Birch is known to estab-
lish abundantly after disturbances like fire (Ascoli and Bovio 2010; Dzwonko et al. 2015),
storms (Ilisson et al. 2007; Vodde et al. 2010) or clearfellings (Holgén and Hanell 2000;
Gotmark et al. 2005; Karlsson and Nilsson 2005). Birch in the boreal forest is important
for several ecosystem services, in example provisioning wood for pulp, timber and bioen-
ergy (Rytter 2004; Woxblom and Nylinder 2010; Felton et al. 2021; Lidman et al. 2021) or
as fodder for ungulate foraging (Cederlund et al. 1980; Hornberg 2001). In Sweden, it is
common to find birch growing in mixtures with other species, particularly Norway spruce
(Picea abies H. Karst.) (Holmstrom et al. 2021; Skogsdata 2021). There are many potential
benefits of mixing birch into a conifer stand, higher biodiversity in the form of increased
bird species richness and abundance (Felton et al. 2011, 2021; Lindbladh et al. 2017), and
improved risk management (Felton et al. 2016; Huuskonen et al. 2021) are a few examples.

Sweden has 28.1 million hectares of forestland, 65% is actively managed with a rotation
forestry method (Bergqvist et al. 2022). Of the one million hectares clear-felled between
2015-2020, 86% was regenerated by planting, usually with a conifer species (Skogsdata
2021; Skogsstyrelsen 2021). However, forest owners must strive for a proportion of 10 per-
cent of broadleaf stems within conifer plantations, and manage five percent of their stands
located on mesic and moist soils toward broadleaf dominance over the rotation period, to
be certified according to FSC (2020). Accordingly, in Sweden today most young forests are
mixtures (Ara et al. 2022), as are 30% of the older forests that are available for wood sup-
ply (Daesung et. al in prep.).

Birch is a prolific producer of small seeds, varying in quantity and quality from year-
to-year, which are readily dispersed by wind over large areas (Koski and Tallqvist 1978;
Holm 1994; Wagner et al. 2004; Ashburner and McAllister 2016). Birch readily regener-
ates naturally in Sweden (Gotmark et al. 2005; Skogsdata 2021; Skogsstyrelsen 2021) at no
cost to land managers (Karlsson and Nilsson 2005; Holmstrom et al. 2017). An even and
not too low soil moisture is key for birch seeds to germinate (Sarvas 1948; Frivold 1986;
Palo 1986). Silver birch grows best in dry, fine sandy and silty soils, and is more sensitive
to flooding than downy birch. The less sensitive downy birch is more common on moist
and compact soils, including peatlands (Raulo 1987; Sutinen et al. 2002; Mossberg and
Stenberg 2018).

Even though birch establishes widely, certain conditions make some sites more suitable
for natural regeneration of birch. In addition to soil moisture conditions, seed availability
is crucial (Karlsson 2001; Holmstrom et al. 2016). Soil scarification can increase natural
regeneration of birch by decreasing competition for water from other vegetation (Orlander
et al. 1990; Johansson et al. 2013) and by exposing bare mineral soil which usually has
higher and more constant moisture (Sarvas 1948; Marquis et al. 1964). On the other hand,
soil scarification increases the cost of the regeneration with approximatley 220 € per hec-
tare (Skogsstyrelsen 2021). The choice of soil scarification must be adapted to the site,

! Unless specified, the term "birch’ in this paper refers to both species.
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Table 1 Site characteristics. Soil moisture class (SMC) was assessed on site using the classification system
by Hiégglund and Lundmark (1981)

Site (locality and SMC)  Soil type Dominating ground vegeta-  Dominating tree species in
tion the surrounding stands
Tierp Dry Sorted sandy soil Vaccinium shrubs Pinus sylvestris
Vindeln Dry Unsorted sandy soil ~ Vaccinium shrubs Pinus sylvestris
Tierp Mesic Unsorted sandy soil ~ Vaccinium shrubs and Pinus sylvestris
Grasses
Vindeln Mesic Unsorted sandy soil ~ Vaccinium shrubs and Pinus sylvestris
Grasses
Tierp Moist Unsorted sandy soil ~ Grasses and herbs Pinus sylvestris & Picea
abies
Vindeln Moist Unsorted sandy soil ~ Grasses and herbs Pinus sylvestris & Picea
abies

otherwise the site preparation can instead increase the risk of seedling mortality (Orlander
et al. 1990; Sutton 1993; Lof et al. 2012). It is therefore important to know when soil scari-
fication is helpful to natural regeneration of birch.

This study aims to increase our understanding of soil scarification as a strategy for man-
aging natural regeneration of birch in clear-felled areas, and how soil moisture conditions
affect its outcomes. To pursue this aim we established a field trial to evaluate the perfor-
mance of natural regeneration with birch seed from the surrounding forest, and direct seed-
ing of birch, on freshly clear-felled areas. To account for variation in seed rain between
years and time since soil scarification, the field trial was conducted for four years with
new soil scarifications made every year the first three years. We evaluated the impact of
scarification intensity and its interaction with soil moisture by measuring the occurrence of
naturally regenerated birch seedlings and density of direct seeded birch seedlings.

Material and method

The field trial took place during 2018-2021, in two study localities representing different
parts of Sweden. The first study locality was located outside Tierp in east central Sweden,
at 60.34° N 17.51° E, and the second outside Vindeln in north eastern Sweden, at 64.22°
N 19.64° E. Each study locality included three sites (Table 1) that had been clear-felled
the previous year, and which offered the necessary range of soil moisture conditions: dry,
mesic and moist. Specific definitions of the soil moisture classes are made by Hagglund
and Lundmark (1981). The clear-felled sites varied between 7 and 44 hectares in size and
the distance between clear-felled sites within a locality was maximum 20 km.

On each of the six sites, four blocks (10X 10 m) of nine plots (1x 1.5 m) were estab-
lished, giving 36 plots per site, and 108 per locality. The blocks were sited between 10 and
70 m apart. There was at least five birches (old enough to produce seeds) within 200 m
of each block. Each block was subjected to three soil scarification treatments: three plots
per treatment, with the plots for each treatment selected randomly. The three soil scari-
fication treatments tested were: “Mineral” which was patches of bare mineral soil where
the humus layer was completely removed, “Mix” which was a mixture of mineral soil and
organic material from the humus layer and “Control” which was plots of the same size as
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Fig. 1 Structure of the field trial with the two study localities Vindeln and Tierp, three sites within each
locality, four blocks per site, nine plots per block including soil scarification treatments and location of
the direct seeding (DS) subplots. The years indicate when scarification and direct seeding took place. Each
plotis 1.5 m X 1 m, and the DS subplots are 0.5 mx 0.5 m The soil scarification treatments were a control
(Control), a mixture of organic material from the humus layer and mineral soil (Mix) and bare mineral soil
(Mineral)

the treatments but without any soil scarification. At the start of the study in July 2018 all
plots (except the control plots) were subject to soil scarification using an excavator. The
Mineral and Mix treatments was repeated in one third of the plots in August 2019 and
2020 respectively, using a soil scarification spade. This was done in order to test the effect
of time since soil scarification and to catch the annual variation in seed rain over the plots.
To cover for years with low seed rain, a small area of each plot (referred to as a sub-plot,
0.5%0.5 m) was directly seeded with 25 (in 2018) or 50 (in 2019 and 2020) silver and
downy birch seeds on separate halves of the sub-plot. The seeding took place over the three
years, with one third of all sub-plots being seeded each year, after the soil scarification
(Fig. 1). No fencing or warding in order to prevent browsing of seedlings or predating of
seeds were conducted.

Volumetric water content (VWC) was used as a continuous soil moisture variable. Soil
moisture and temperature were constantly measured with a TEROS 11 sensor located in
each combination of soil type and scarification during the growth season starting in the
Summer of 2019. The soil sensors were placed 3 cm below the mineral soil surface and
an electromagnetic field around the sensor measures the dielectric permittivity of the sur-
rounding medium (in this case the soil). The dielectric permittivity was converted to vol-
umetric water content (VWC) using the basic calibration equation provided by METER
group. ZL6 loggers were used to record the data. All sensors and loggers were produced by
METER group WA, USA (METER 2021). Twice a year during the vegetation period (in
the end of June and in the beginning of september), an inventory of naturally regenerated
(NR) and direct-seeded (DS) birch seedlings was carried out on each plot. The inventory
measured seedlings originating from seeds only, excluding any which had clearly devel-
oped from root sprouts.
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To correct for the possible occurrence of NR seedlings on the DS subplots, and to avoid
over-estimating seed germination, the average number of NR seedlings per m? for each site
and treatment type was subtracted from the average number of DS seedlings per m?. Birch
seed rain was monitored by placing 25 seed traps on each site, within 2-3 m around the
blocks in July and emptying them in the autumn after seed fall. Each trap was circular, with
a diameter of 61 cm and placed on poles approximately 1 m above the ground.

Data analysis
Naturally regenerated seedlings

The effects of soil scarification, VWC, and their interaction on the occurrence of NR seed-
lings in all plots were tested using a generalised linear model with a binomial error distri-
bution (Eq. 1, Fig. 3):

Yyg = treatment * VWC, (1)

Here Y,,=1 if the inventory in September 2021 noted one or more NR seedlings in
the plot, and O if there were no NR seedlings. VWC,, the average volumetric water content
for each soil type in each site between 2019 and 2021, was used as a covariate, and the
fixed factor treatment was one of three soil scarification treatments. Average seed rain per
site was not included in the model since the variation in seed rain was larger within sites
between years, than between sites within years (Fig. 4).

A second generalised linear model with a binomial distribution was used to test the
effect of soil scarification, VWC, the interaction between the two, and the effect of time
since soil scarification on the occurrence of NR seedlings in the scarified plots (Eq. 2.)

Yyr = treatment x VWC, + T )

Here Y, =1 if the inventory in September 2021 noted one or more NR seedlings in the
plot, and O if there were no NR seedlings. VWC,, the average volumetric water content for
each soil type in each site between 2019 and 2021, was used as a covariate, and the fixed
factor treatment was either the bare mineral soil treatment or the mixture of mineral soil
and humus layer treatment. 7 was time in number of years, since soil scarification.

Direct-seeded seedlings

The effects of soil scarification, VWC, interaction between soil scarification and VWC,
birch species, and annual seed rain on the density of DS seedlings were tested using a gen-
eralised linear mixed model with a zero-inflated Poisson distribution (Eq. 3), using the R
package glmmTMB (Brooks et al. 2017).

Y = treatment x VWC, + species + seedrain + (1|block) (3)

where Ziformula=Site, Y}, is the number of DS seedlings on a plot in September, one year
after soil scarification and direct seeding. VWC, is the average annual volumetric water
content for each site. The four blocks within each site were a random factor, and the fixed
factor treatment was one of three soil scarification treatments. The fixed factor species was
either silver or downy birch, and the covariate seed rain was the average annual seed rain at
the same site the year the inventory was carried out. The average annual seed rain from the
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Fig.2 Average number of naturally regenerated (NR) birch seedlings (Betula pendula and Betula pube-
scens) at each inventory, per square meter for three different soil scarification treatments on dry, mesic and
moist sites in northern (Vindeln) and central (Tierp) Sweden, between 2018 and 2021 for plots that were
soil scarified in 2018. The soil scarification treatments were a control (Control), a mixture of organic mate-
rial from the humus layer and mineral soil (Mix) and bare mineral soil (Mineral)

year before the inventory was also tested in Eq. (3) but was excluded since it did not have
a significant effect on the response variable. In addition, study area and site were tested
as factors in Eq. (3), but were excluded to limit the number of parameters in the model,
and because their inclusion did not improve the model’s performance. Statistical tests were
performed in R version 4.1.2. (R Core Team 2021). The packages car (Fox and Weisberg
2019) and emmeans (Lenth 2021) were used to perform variance analyses and statistical
assessments of the differences between means.

Results
Naturally regenerated seedlings

The average occurrence of naturally regenerated birch seedlings was significantly higher
in treated plots than in control plots three years after soil scarification, and the occur-
rence of seedlings significantly increased with soil moisture. There was also a signifi-
cant positive effect on seedling occurrence from the interaction between soil moisture
and soil scarification (Figs. 2, 3 Tables 2, 3, 4). On average the plots that were scari-
fied in 2018 displayed higher seedling density than the control plots. The one exception
to this was the moist site outside Vindeln in northern Sweden, which had the highest
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Fig. 3 Model predictions (Eq. 1) of number of naturally regenerated (NR) birch seedlings (Betula pendula
and Betula pubescens) per plot, over the volumetric water content gradient, for each soil scarification treat-
ment. The soil scarification treatments used were a control (Control), a mixture of organic material from the
humus layer and mineral soil (Mix), and bare mineral soil (Mineral)

Table2 Average number of naturally regenerated birch seedlings per m?, locality, soil scarification treat-
ment and soil moisture class (SMC), in 2021, one, two and three years after soil scarification

Site (locality and SMC) Soil scarification Number of naturally regenerated birch seedlings

1 year after Soil 2 years after soil 3 years after

scarification scarification soil scarifica-
tion
Tierp Dry Control 0 0 0
Mix 0 0 0
Mineral 0 0 0
Vindeln Dry Control 0 0 0
Mix 0.2 7.1 2.2
Mineral 0.4 3 1.7
Tierp Mesic Control 0 0 0
Mix 5.6 39 17.6
Mineral 1.7 10.2 9.2
Vindeln Mesic Control 0 0.2 0.2
Mix 6.5 8.3 33
Mineral 1.3 11.6 17.6
Tierp Moist Control 0 0 0.3
Mix 2.8 13 9.6
Mineral 5.6 11.7 9.6
Vindeln Moist Control 1.7 11.1 8.5
Mix 7.2 17 12.8
Mineral 0.2 19 8.7

The soil scarification treatments were a control (Control), a mixture of organic material from the humus
layer and mineral soil (Mix) and bare mineral soil (Mineral)
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Table 3 Analysis of variance (type II Wald Xz test) for occurrence of naturally regenerated birch (NR)
seedlings per plot in September 2021, and density of direct-seeded (DS) birch seedlings per plot in Septem-
ber the year after soil scarification, with modelled estimates

Response variable Predictor variables  Estimate X2 df p-value
NR seedling occurrence VWC, 0.311 4187 1 <0.001
in all plots Treatment 9.738 (Mix) 5211 2 <0.001
11.415 (Mineral)
VWC, * Treatment —0.176 (VWC*Mix) 10.82 2 0.004
—0.254 (VWC *Mineral)
NR seedling occurrence in VWC, 0.064 2698 1  <0.001
plots
with Mix or Mineral treatment Treatment —1.704 (Mix) 124 1 0.265
VWC, * Treatment 0.082 (VWC*Mix) 381 1 0.051
Time 0.762 10.12 2 0.001
DS seedling density VWC, 1.438¢7"! 443 1 0.035341
in all plots Treatment 7.201e+% (Mix) 91.54 2 <0.001
6.166e*% (Mineral)
VWC, * Treatment —1.274¢™"! (VWC*Mix) 1234 2 0.002
—1.034¢™"" (VWC,*Mineral)
Birch species —7.130e~%% (B.pendula) 0.77 1 0.379
Seed rain 9.855¢7% 281 1 0.094
VWC,=average growing season volumetric water content per site between 2019 and 2021. VWC, =aver-

age growing season volumetric water content per year, for each site. Time=number of years since soil
scarification. Birch species=B. pendula or B. pubescens. The soil scarification treatments were a control
(Control), a mixture of organic material from the humus layer and mineral soil (Mix) and bare mineral soil

(Mineral)

Table 4 Occurrence of naturally
regenerated (NR) birch seedlings
per plot in September 2021,

and density of direct-seeded
birch (DS) seedlings per plot

in September the year after soil

scarification

Response variable Soil scarifica-  EMMs Significance
tion treatment
NR seedling occurrence Control —4.02 A
Mix 0.30 B
Mineral 0.80 B
DS seedling density Control -2.21 A
Mix 1.44 B
Mineral 1.07 C

Letters in the final column indicate significant differences among
soil scarification treatments using estimated marginal means (EMM)
within response variables at p=0.05. The soil scarification treat-
ments were a control (Control), a mixture of organic material from the
humus layer and mineral soil (Mix), and bare mineral soil (Mineral)

density of naturally regenerated seedlings until 2021. The dry sites displayed the low-
est average seedling density, followed by the mesic and moist sites (Fig. 2). In addition,
there was a significant positive effect of time since soil scarification on seedling occur-

rence, in the plots where soil scarification had taken place (Table 5).
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Fig.4 Birch seed rain per m? for each site and year, with a logarithmic scale on the y-axis
Direct-seeded seedlings

Scarification creating patches with bare mineral soil resulted in a significantly higher
average density of direct-seeded birch seedlings than the scarification with the mixed
mineral and organic soil, which in turn produced a significantly higher seedling density
than no scarification (Tables 3, 4). Soil moisture also had a significant effect on seed-
ling density one year after seeding. As with naturally regenerated seedlings, there was
a significant interaction between soil moisture and soil scarification on direct-seeded
seedling density one year after seeding (Table 5). All direct-seeded seedlings found in
the control plots one year after seeding were on sites with an average VWC of 28% or
higher (Table 5). Birch species’ densities did not differ significantly in the subplots by
September one year after seeding (Tables 3, 5).

Seed rain varied between years and sites. For most sites the largest seed rain was
recorded in 2019, but for a few sites the peak was in 2021 (Fig. 4). The annual seed rain
did not have a significant effect on the seedling density in the subplots that were direct-
seeded (Table 5).

Discussion

Soil scarification had a significant positive effect on both naturally regenerated (NR)
seedling occurrence and direct-seeded (DS) seedling density (Table 5), which corre-
sponds with the findings of previous studies (Raulo and Milkonen 1976; Fries 1984;
Perala and Alm 1990; Karlsson et al. 1998; Nilsson et al. 2002). DS seedling density
increased significantly with increasing soil disturbance (Table 4), as found by Holm-
strom et al. (2016) and Saursaunet et al. (2018). Likewise, the significantly positive
effect of soil moisture on NR seedling occurrence and DS seedling density (Fig. 2,
Tables 1, 3), aligns with the results of previous studies (Fries 1984; Frivold 1986). Fur-
ther, there was a significant effect on NR seedling occurrence and DS seedling density
from the interaction between soil scarification and soil moisture (Table 5). This is prob-
ably because the soil scarification itself decreases competition from other vegetation
(Lof et al. 2012; Johansson et al. 2013), making water and other resources more avail-
able to new seedlings.
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Some contrasting results emerged from the moist site in Vindeln. There, soil scarifi-
cation was negatively associated with the density of NR birch seedlings (Fig. 2). Simi-
lar results were found by Karlsson et al. (1998), who showed that soil scarification on
mesic soil produced a higher density of birch seedlings than soil scarification on moist
soil. One explanation for why soil scarification on the moist site in Vindeln (Fig. 2.)
had a negative effect on NR seedling density, in contrast to the plots without soil scari-
fication, is most likely that the site was too wet, depriving the seedlings of sufficient
oxygen (Orlander et al. 1990). This suggests that the type of soil scarification used in
this instance only is beneficial up to a certain level of soil moisture. At the same time,
DS seedlings only seemed to establish on sites without soil scarification that had an
average VWC of 28% or higher (Table 5). The modelled predictions of NR seedling
occurrence showed a clear increase at around the same VWC percentage (Fig. 3). This
implies that in order to obtain a substantial NR seedling occurrence, there is no need
for soil scarification on moist sites, whereas soil scarification can be recommended on
mesic sites, although soil scarification will not ensure NR seedling occurrence on dry
sites. Time since soil scarification did have a significant positive effect on naturally
regenerated birch seedling occurrence (Table 5), contradicting the results of Saursaunet
et al. (2018), where no such effect was found with respect to birch, although they did
find a significant positive effect on naturally regenerated seedling density of Scots pine.
A possible explanation for this is given by Saursaunet et al. (2018), who suggests that
more years of seed rain has been able to fall and establish, on the sites that were first
scarified, than on those which were scarified more recently.

In this study, no differences in DS seedling germination were found between the two
species of birch. There was no significant effect of seed rain from the birches in the sur-
rounding stands, on seedling density in the subplots that were directly seeded (Table 5).
However, there was considerable variation in seed rain between sites and years (Fig. 4).
The heavy seed rain in 2019 was expected because of a warm summer in 2018 (SMHI
2018), which is known to favour birch seed production the following year (Gallego Zamo-
rano et al. 2018). Large variations in seed rain within sites between years are common
(Koski and Tallgvist 1978; Karlsson 2003).

This study offers several useful pointers for forest management and natural regeneration
of birch. How many seedlings one needs to have a successful natural regeneration differs
depending on the goals of the forest owner, i.e. if the whish is to increase the amount of
birch in a conifer stand for biodiversity purposes or to create a birch monoculture. Accord-
ing to the Swedish Forestry Act a clear-felled area needs at least 1000—1500 seedlings per
hectare (depending on the site conditions), to be approved as a successful regeneration
(Skogsstyrelsen 2019). Although, if a forest owner wants to produce quality timber of natu-
rally regenerated birch, the double amount of seedlings would be a more suitable goal in
order to increase the selection of stems (Yrjold 2002; Hynynen et al. 2009). Even though
there is a significant effect of soil moisture and soil scarification on NR seedling occur-
rence and DS seedling density, the effect on the future stand might not be significant in
the end. To have more than one seedling per square meter might not be significantly better
than to have one seedling per square meter when the seedlings outcompete each other any-
way in a few years, due to that the birch is shade intolerant (Nygren and Kelloméki 1983;
Hynynen et al. 2009).

In terms of predicting the natural regeneration of birch the most useful starting point
is perhaps to consider the seed rain from the surrounding landscape (Holmstrom et al.
2017). Then, when choosing if to carry out soil scarification and which type, soil moisture
conditions should be taken into consideration as there is an interaction between the two
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(Table 5). On dry sites birch seedlings may not establish at all, even if soil scarification
is carried out (Fig. 2, Table 2). At the same time, planting conifer seedlings in moist or
wet soil risks seedling mortality because of oxygen deficiency in standing water (Orlander
et al. 1990; Holmstrom et al. 2019). Based on our detailed insight into when soil scarifica-
tion is effective or not, and our findings that birch seeds both germinate and survive well
without soil scarification when soil moisture is high (VWC >28%), we suggest that natural
regeneration of birch can replace costly planting on moist sites, while also minimizing soil
disturbance. If natural birch regeneration is desired also on mesic sites, soil scarification
is recommended. However, it should be taken into consideration that natural regeneration
increases the uncertainty in the outcome (Jonsson et al. 2022), and there is no improvement
of the genetic material, which is something that you can expect from nursery seedlings
(Stener and Jansson 2005).
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