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*  The planting success was poorer on peatland sites than on mineral soil.

*  Dense ground vegetation cover is more probable on peatland than on mineral soil.

* No differences in pine weevil feeding damage on mineral soil and peatland were found.

»  Cultivated mineral soil reduced the vegetation cover, feeding damage and seedling mortality.

Over 20% of regeneration operations will be on drained peatland in the next decade in Finland.
There are only a few studies comparing the planting success and the risk of pine weevil (Hylobius
abetis (L.) feeding damage on mineral soil and drained peatland. Thirty sites planted with Norway
spruce (Picea abies (L.) H. Karst.) container seedlings in 2009 in Southern and Central Finland
were inventoried three growing seasons after planting. Prediction models for the probability of
survival, pine weevil damage and the presence of ground vegetation cover were done separately
for peatland and mineral soil sites. The planting success was 17% lower on peatland sites (1379
surviving seedlings ha™!) than on mineral soil (1654 seedlings ha™!). The factors explaining the
survival were the ground vegetation cover and type of the planting spot on the peatland, and the
ground vegetation cover on mineral soil. On mineral soil, 76% of the planting spots were on cul-
tivated mineral soil while on peatland only 28% of the seedlings were planted on similar spots.
There were also fewer seedlings that were surrounded by dense ground vegetation on mineral
soil (4%) than on peatland (14%). Pine weevil feeding damage did not differ significantly on
peatland (23%) or mineral soil (18%). The more time there was from clear-cutting, the more the
probability of pine weevil feeding damage was reduced on both soil classes. Additionally, cover
vegetation in the vicinity of the seedlings increased on mineral soil. Cultivated planting spots,
especially those covered by mineral soil, prevented pine weevil feeding and reduced the harmful
effects of vegetation on the seedlings both on mineral soil and peatland.
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1 Introduction

Peatlands cover over 20% of the land area of Europe and 24% of European peatlands are in the
Baltic Sea basin, especially in Estonia, Finland, and Sweden (Vasander et al. 2003). According
to Vasander et al. (2003), the country with the highest proportion of peatlands in the world is
Finland, which has over 8 Mha of forested peatlands, of which 4.65 Mha is drained (Korhonen
et al. 2017). During the next decade, 22% of regeneration operations will take place on drained
peatlands (Korhonen et al. 2017). Continuously covered forestry (CCF) is largely considered as
an alternative to even-aged management with clear-cut, mechanical site preparation and planting
or seeding in Nordic boreal drained peatlands (Nieminen et al. 2018). CCF on drained peatlands is
still being studied, but based on the literature, Nieminen et al. (2018) consider that it could be an
economically and environmentally feasible management option. With CCF, it might be possible
to reduce greenhouse gas emissions and negative water quality impacts (Nieminen et al. 2018).
However, there are not good enough conditions for the successful natural regeneration needed
for CCF on all drained peatlands. This is especially the case for older drained peatlands with a
thin peat layer and when Sphagnum mosses have disappeared (Saarinen 2013) and when there
is root-rot infection in the stand (Silver and Piri 2017). Peatlands and their regeneration success
are important for forestry in the Baltic Sea basin. Artificial regeneration, including planting, is a
potential regeneration method which could be applied also in the future.

For Nordic boreal forests, comparisons of the differences in the planting success of mineral
soil and peatland sites are rare. Kankaanhuhta et al. (2009) studied the results of Norway spruce
(Picea abies (L.) H. Karst.) planting in privately-owned forests in Southern Finland. In their study,
the number of surviving seedlings was 10% lower when the soil class was peat rather than medium
coarse mineral soil three years after planting.

In boreal forests, one of the most important agents that reduces the planting success of
conifer seedlings are large pine weevils (Hylobius abietis L.) (Langstrom 1982; Nordlander et
al. 2011). In addition to leading to increased mortality, pine weevil damage can also impair the
growth of seedlings (Luoranen et al. 2017). The surrounding soil texture affects the risk of pine
weevil feeding. Exposed mineral soil around the seedling strongly reduces the probability of pine
weevil feeding (Bjorklund et al. 2003), and this also applies to drained peatlands with a thin peat
layer (Luoranen and Viiri 2012). The damage caused by pine weevils has largely been studied on
mineral soil sites (e.g., Langstrdom 1982; Nordlander et al. 2011; Luoranen et al. 2017). However,
large-scale pine weevil damage has also been observed on peatlands (Hanell 1993; Holgén and
Hénell 2000; Pearson et al. 2011; Hytonen et al. 2020), but there are few studies comparing pine
weevil damage on peatland and mineral soil sites (Luoranen and Viiri 2012). Luoranen and Viiri
(2012) showed that pine weevil damage was marginally more probable on peatland than mineral
soil sites one growing season after planting. In Southern Finland, conifer seedlings are protected
against pine weevils with insecticides in the nursery before planting. The use of insecticides is
prohibited in the forest and other protection methods such as sand-coating are also not used. The
protection effect of insecticides is reduced after the first growing season (Viiri et al. 2007) and
pine weevil feeding can continue for several years after clear-cutting and planting in boreal forests
(Langstrom 1982; Piri et al. 2020). Thus, survey results after the first growing season may under-
estimate the pine weevil feeding damage.

The ground vegetation cover increases with time after a clear-cut (Nilsson and Orlander
1995; Orlander et al. 1996), especially on fertile peatlands (Moilanen et al. 1995). Herbaceous
vegetation and deciduous tree seedlings compete with planted seedlings for water, nutrients, and
light, reducing growth or increasing seedling mortality (Nilsson and Orlander 1995; Orlander et al.
1996). In addition, high vegetation cover increases pine weevil feeding (Orlander and Nordlander
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2003; Petersson et al. 2006) and vole damage (Teivainen et al. 1986; Huitu et al. 2013). One of
the most important effects of site preparation is to reduce the competition of ground vegetation
(Nilsson and Orlander 1995; Orlander et al. 1996).

To support decisions on various operations and their timing, such as soil preparation in the
regeneration chain, it is important to understand the impacts of various factors on pine weevil feed-
ing damage and the success of regeneration, as well as the differences in these impacts on peat and
mineral soil sites. The aim of the current study was to compare the planting success and the risk
of pine weevil feeding damage on peatland and mineral soil sites three years after planting. We
also assessed several factors related to the regeneration chain and seedling microsites. Prediction
models were fitted to the data aiming to clarify factors which would predict the survival of the
seedlings as well as the pine weevil feeding damage and the ground vegetation cover on peatland
and mineral soil.

2 Materials and methods

2.1 Study sites and sampling

A study by Luoranen and Viiri (2012) included 60 regeneration sites, one half was planted in 2008
and the other half in 2009. Thirty sites planted in 2009 were selected for the present study. These

sites are located in the Pirkanmaa region (regions A and B) and in the South Savo region (region
C) of Southern and Central Finland, ranging between latitudes 61 and 63°N (Fig. 1). There were
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Fig. 1. The location of the survey sites in Finland. Triangles are for
mineral soil and circles for peatland sites. Regions A, B and C were
operated by different organizations.
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0-3 years between clear-cutting and planting and the age of the clear-cuts at time of the inven-
tory varied from 3 to 6 years (Table 1). Norway spruce container seedlings were planted in spring
2009. All the seedlings were treated with insecticides (active ingredient: deltamethrin or lambda-
syhalotrin) against pine weevil feeding before planting. All the peatland sites had been drained
and were either transformed peatland or being transformed with a very thin peat layer (Luoranen
and Viiri 2012). Based on the seedling appearance, about 1% of the seedlings were presumed to
have been supplementarily planted in regions A and B.

Systematic plot sampling was executed as in Luoranen and Viiri (2012) but the location of
the sample plots on the sites were not the same as in the first inventory. The sampling was based
on an area of the regeneration site which varied between 0.5 ha and 6 ha. On average, ten circular
sample plots (50 m?, radius 3.99 m) were systematically placed per site. The distance between
sampled plots was shorter on the smaller sites than on the larger sites. The same person carried
out the inventory on all sites in regions B and C in October 2011 and in region A in May 2012.

On each plot, the site type (mesic, sub-mesic and sub-dry based on Tonteri et al. 1990), soil
texture type and stoniness were visually determined (Table 1). According to the World Reference
Base, the soil type in this study was mainly podzol and the soil texture was assessed visually and
classified into four categories based on the main soil particle size in mineral soil and the amount

Table 1. Numbers of regeneration sites and inventoried planting spots in peatland and mineral soils
(peatlands are presented first) included in the survey done three years after planting in Central Fin-
land. The proportion of seedlings (percentage of seedlings belonging to each category) checked in
each geographical area in each category of sample plot-level variables are also presented.

Geographical area

Region A? Region B Region C

The number of regeneration sites 4/6 5/5 7/3
The number of inventoried planting spots 369/612 474/448 611/267
Number of inventoried planting spots ha™! 1845/1943 1896/1792 1721/1780
Site type®, % of planting spots

Mesic (Oxalis-Myrtillus type) 14/0

Sub-mesic (Myrtillus type) 51/81 60/95 75/84

Sub-dry (Vaccinium type) 49/19 40/5 11/16
Soil texture type, % of planting spots

Medium coarse mineral soil 14/65 3/83 14/67

Fine mineral soil 3/17 0/17 1/0

Peat 83/18 97/0 85/33
Stoniness, % of planting spots

No stones 90/77 96/51 86/69

Normal stoniness 10/22 4/34 3/16

Very stony 0/1 0/15 5/15
Site preparation method, % of planting spots

Soil inversion 83/100 13/55

Spot mounding 34/86 1/0 25/12

Ditching and mounding 66/14 16/0 62/33
Clear-cut age, % of planting spots

3 years 21/21

4 years 58/56 71/31

5 years 47/67 21/23 29/69

6 years 53/33

aGeographical regions A and B were in the Pirkanmaa and region C in South Savo in Finland.
bSite type classification is based on Tonteri et al. 1990 and Cajander 1949.
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of organic material. The four categories were: coarse mineral soil (grain size is easy to evaluate
by naked eye), medium coarse mineral soil (single grains can be still detect by naked eye, grains
detached), fine mineral soil (single soil grains cannot be detect by naked eye), and peat. In Luoranen
and Viiri (2012), a site was classified as a peatland soil class category when most of the soil texture
observations on the site were peat, otherwise the site was classified as a mineral soil. We used the
same categories here for each site. The sites were also classified according to the visible stoniness
into three categories. The classifications were: no stones, normal stoniness or very stony. For each
seedling within a plot, the mechanical site preparation (MSP) method, type of planting spot, the
seedling condition (healthy, slightly damaged, weakened, dead) and the cause (pine weevil, vole,
other reason) of damage, as well as the ground vegetation cover were recorded. If pine weevil
feeding damage was minor without affecting further development of the seedling, the seedling’s
condition was classified as healthy. We used four categories for the MSP: patching (humus layer
removed), soil inversion (humus and mineral soil layers were turned over on the same spot from
which they were taken, with mineral soil on top of inverted humus), spot mounding (humus and
underlying mineral soil turned over onto the adjacent undisturbed forest floor, with the mound
consisting of a double humus layer) and ditch mounding (material for the mounds was taken from
excavated ditches and dropped onto the undisturbed humus). There were five categories for the
type of planting spot (spots in which a seedling had been planted): undisturbed peat, undisturbed
mineral soil, cultivated peat (including patches and mounds covered with peat), cultivated humus
(mounds covered with humus) or cultivated mineral soil (patches and mounds covered with min-
eral soil). The ground vegetation cover was assessed visually and included the cover vegetation,
herbaceous plants, and naturally born tree seedlings that grew in a half meter radius around the
planted seedling. Based on potential effects on the planted seedling, ground vegetation cover was
classified into categories: no vegetation, sparse vegetation (some plants without any effect on the
seedling), and dense vegetation (vegetation affecting seedling development). The age of the clear-
cut (the years since clear-cutting at the time of the inventory) was used as background information.

In total, 2781 seedlings in three regions at 30 sites were evaluated (Table 1). Most of the
sites were classified to be sub-mesic, and 48% were on mineral soil and 52% on peatland. On the
mineral soil sites, 67% had no stones, 25% had a normal level of stoniness and 8% were very stony.
The MSP methods applied were soil inversion, spot mounding, and ditch mounding for 33, 19 and
48%, respectively, of the inventoried seedlings on peatland. The corresponding values were 45, 42
and 13%, respectively, on mineral soil.

The data presented in Luoranen and Viiri (2012) was used to calculate the number of planted
seedlings and the surviving seedlings per hectare after the first growing season. The current data
was used to calculate the number of planting spots and surviving seedlings per hectare three years
after planting. A seedling was defined to be surviving if its condition was either healthy or just
slightly damaged.

2.2 Statistical analysis

First, we analyzed the difference in seedling survival (defined as healthy or only slightly damaged
seedlings), pine weevil feeding damage, vole damage, and mortality caused by pine weevil feeding
between soil class categories, i.e., on peatland and mineral soil. Additionally, the differences in the
ground vegetation around a seedling (combined categories for sparse and dense vegetation) were
analyzed for the two soil classes. In the generalized linear mixed (GLMM) models, the soil class
was used as a fixed effect and the geographical area, regeneration site and sample plot within a site
were set as random effects. All GLMM analyses were done using the PROC GLIMMIX software
in SAS for Windows 9.4 (SAS Institute Inc., Cary, NC, USA).
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The prediction models were used to calculate the probability of survival (healthy or only
slightly damaged seedlings), pine weevil feeding damage, and the presence of ground vegetation
three years after planting. All seedlings with any feeding damage (including all seedling conditions
classes except healthy ones) were used in the prediction model for pine weevil feeding damage. Sup-
plementary planted seedlings were included but empty planting spots were excluded in the analysis.

We used the same approach as previously used in Luoranen et al. (2018) and the model
structure is described there. The analysis was conducted with binary data using the Laplace
approximation method and the logit link function. The regeneration site and sample plot within a
regeneration site were used as random effects. All assessed site-, sample plot- and seedling-level
variables were used as potential predictor variables.

In the prediction models, explanatory variables differed between soil classes and separate
fixed parameters were modelled for peatland and mineral soil using dummy variables. Addition-
ally, the variances of the random effects were assumed to be different for the soil classes. In the
first run, when there were only intercepts in the model, the geographical area was set as a random
effect. In all cases standard deviations for that level were so small that we excluded them from
further runs. The modelling was done by adding variables (mentioned in Tables 1 and 2) one by
one, leaving only the significant ones (p<0.05) in the final models. The models were compared
using fit statistics in the GLIMMIX outputs: smaller values of a -2 Log Likelihood were consid-
ered to explain most of the variation. Additionally, many variables correlated and only the most
logical ones were kept in the final model. After the first analysis, no differences between classes
for several variables were found and the classes were combined keeping the model as simple as
possible. An inverse link function was used to transform the linear predictor back to probabilities.
Random effects were taken to be zero in the linear predictor.

Table 2. The proportion of Norway spruce seedlings (percentage) belonging to each category of seed-
ling-level variables presented separately for each geographical area on peatland and mineral soils. Peat-
lands are presented first. In the last column, the average proportions of seedlings belonging to each
category on each soil class in the whole data set are presented. Regions are explained in Table 1.

Geographical area
Region A Region B Region C Average

Number of surviving seedlings ha™! 1647/1847 1366/1541 1237/1440 1379/1654
Type of planting spot, % of spots

Undisturbed peat 0.5/0 1.5/0 3.5/0.5 2/0.2
Undisturbed mineral soil 0/0 0/6 0.2/1.5 0.1/2.5
Cultivated peat 67/15.5 64/0 74/30 69/13
Cultivated humus 1.5/5.5 0.5/9.5 0.2/9 0.5/7.5
Cultivated mineral soil 31/79 34/84.5 22/58 28/76
Ground vegetation cover, % of spots
No vegetation 31/37.5 42/42 14.5/35 29/39
Sparse 64/61 49/53 58/60 57/57
Dense 5/1.5 9/5 27.5/5 14/4
Degree of damage, % of seedlings
Healthy 83/90 44/56 46/46 55/69.5
Slightly damaged 5/4 26/28 23/33 20/18
Weakened 10/5 26/13 25/17 21/10
Dead 1/0 1/0.5 2/0.5 1/0.5
Empty mound 2/1 4/2.5 4/3.5 32
Cause of damage, % of seedlings
Pine weevil 6/5 39/31 22/28 23/18
Vole 0/0 5/1 23/17 11/4
Other reasons 9/4 15/11 10/7 11/7
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There were three levels of variables in the final models: (1) the clear-cut age assessed on a
regeneration site level, (2) the site type and MSP at the sample plot level, and (3) the type of the
planting spot and the cover of ground vegetation separately for each seedling.

The coefficient of determination (CD) was computed as (1-var/var(), where var was the
variance of the random effect and the var0 was the variance of the random effect in the model
where the intercept was the only fixed effect.

The differences in the number of planting spots or surviving seedlings per hectare between
soil classes and geographical areas were analyzed using a univariate analysis of variance in IBM
SPSS Statistics, Version 25.

3 Results
3.1 Number of planting spots and surviving seedlings

Most of seedlings were planted in cultivated planting spots (mainly on mounds, some on patches),
both on peatland and mineral soil sites (Table 2). On peatland, most of the seedlings were planted
in cultivated peat, but 28% were planted in cultivated mineral soil, which is explained by the thin
peat layer common among the sites included in this study. On mineral soil, 7% of the seedlings
were planted in cultivated humus (mounds covered by humus). Approximately 2% of the seedlings
were planted in undisturbed soil both on mineral soil and peatland.

After the first growing season, there were 18524347 (mean =+ standard deviation) planting
spots ha! and 18394347 surviving seedlings ha~! with no differences between soil classes or geo-
graphical areas (p values between 0.197 and 0.889). After three years, approximately 1830+331
planting spots ha! with no differences between the soil classes (p=0.705) were found. The number
of spots ha~! was lower in the C region than in the other regions (Table 1; p=0.003).

The seedling mortality was low in all regions (Table 2) and the probability of death did
not differ between the soil classes (p=0.351). However, there were approximately 21% and 10%
weakened seedlings on peatland and mineral soil, respectively, meaning that the survival probability
of the seedlings was lower on peatland (with a predicted probability of 0.83) than on mineral soil
(0.95; p=0.007). This also lowered the number of surviving seedlings per ha more on peatland
than on mineral soil sites (p=0.001) in all regions three years after planting (Table 2). The number
of surviving seedlings per ha was also lower in regions B and C than in region A (p<0.001). The
number of surviving seedlings per ha within a site varied from 500 to 1800 on peatland, and from
1100 to 1900 on mineral soil (Fig. 2). There were > 1500 surviving seedlings per ha on 44% of the
sites on peatland, whereas the corresponding value was 79% for sites on mineral soil.

3.2 Seedling damage

For most of damaged seedlings, the cause of damage was pine weevil feeding (Table 2). It caused
23 and 18% of all the seedling damage on peatland and mineral soil. The corresponding values
for vole damage were 11 and 4%. Both pine weevil and vole damage varied substantially between
geographical areas. Other reasons caused on average 9% of observed damage and the cause of these
reasons was unknown in most cases. The recognized reasons included frost heaving (1%) and moose
trampling (1%). Damaged shoots (multiple or dry shoots) were observed for 2% of the seedlings.

There was a large amount of variation in the vole damage between the regeneration sites
(Table 2) and the estimate of the standard deviation at the regeneration site level was 15. When all
regions were included, the predicted probability of vole damage was 0.0004 and 0.003 on mineral
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Fig. 2. The number of a) found planting spots and b) surviving Norway spruce seed-
lings per hectare at regeneration sites on peatland and mineral soil sites three years after
planting. Each bar presents the percentage of sites belonging to each class.

soil and peatland, respectively, without any statistically significant differences between soil classes
(p=0.206). In region C, the probability of vole damage was higher, and the probabilities were 0.06
and 0.07 for peatland and mineral soil without statistically significant differences between the soil
classes (p=0.686). Vole damage was the main reason for the mortality of seedlings causing 50
and 17% of the mortality on peatland and mineral soil sites without any statistically significant
difference (p=0.491).

3.3 Prediction models
3.3.1 Seedling survival
On peatland, the ground vegetation cover and the type of the planting spot explained the probability
of survival (Table 3). The ground vegetation cover predicted survival on mineral soil. The survival

probability was lower when a seedling was surrounded by dense vegetation in comparison to other
vegetation classes both on peatland and mineral soil (Fig. 3). On peatland, the survival probability
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Table 3. The model for the survival probability of Norway spruce seedlings three years after planting in peatland
(Peat) and mineral soil (Mineral) sites. Estimates, their standard errors (SE) and the significance of parameters of
fixed effects and the variances of random effects (regeneration site and sample plot within a regeneration site) in a
generalized linear mixed model are given. Soil classes Peat and Mineral were used as dummy variables. The fixed
and random effect variances were estimated separately for each of them. In the final model, the fixed effects were
the type of planting spot (reference category “Cultivated mineral soil”’) and the ground vegetation cover around a
seedling (reference category “No vegetation”). CD is the coefficient of determination for different random effects.

Effect type Estimate (SE) t Value p-value
Fixed effects
Peat 1.87 (0.37) 5.01 <0.001
Peat x Ground vegetation cover Dense —-0.87 (0.28) -3.07 <0.001
Sparse 0.29 (0.20) 1.49 0.137
Peat x Type of planting spot Undisturbed spot —0.58 (0.53) -1.09 0.276
Cultivated organic spot —-0.61 (0.27) -2.28 0.023
Mineral 3.12(0.47) 6.69 <0.001
Mineral x Ground vegetation cover ~ Dense —1.09 (0.47) -2.31 0.021
Sparse 0.13 (0.25) 0.53 0.597
Variances of random effects Estimate (SE) CD
Regeneration site (Peat) 0.99 (0.43) 0.24
Sample plot (Peat) 0.54 (0.18) 0.13
Regeneration site (Mine) 1.77 (0.97) —-0.05
Sample plot (Mine) 1.26 (0.42) 0.13

was also lower when a seedling had been planted in cultivated peat than in cultivated mineral soil.
The variances in geographical level were small, and they were dropped from the final model. The
CDs of the model were always less than 0.25 in all levels. The model explained the variation best
at the regeneration site-level for peatland (Table 3).
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Fig. 3. The predicted probability of Norway spruce seedling survival
(healthy and slightly damaged) on the different types of planting spots
(only for peatland) and the ground vegetation cover classes on peatland
and mineral soil sites. Undisturbed = planting spot on undisturbed soil,
Cult org = cultivated (mound or patch) planting spot covered by peat,
Cult mine = cultivated (mound or patch) planting spot covered by min-
eral soil. Letters below the type of planting spot on peatland indicate the
statistically significant differences between types. Letters above bars
indicate statistically significant differences between ground vegetation
classes within a type of planting spot.
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3.3.2 Pine weevil feeding damage

The total amount of pine weevil feeding damage did not differ statistically significantly between
soil classes (Table 2; p=0.761). Pine weevils caused 19 and 33% of the mortality on peatland and
mineral soil sites, respectively, without any statistically significant differences between the soil
classes (p=0.208).

The prediction models differed for the mineral soil and peatland. On peatland, the clear-cut
age, site type, ground vegetation cover, type of planting spot and the interaction of the type of
planting spot and the ground vegetation cover explained the probability of pine weevil feeding
damage (Table 4). On mineral soil, the clear-cut age, ground vegetation cover and the type of plant-
ing spot explained the pine weevil feeding damage probabilities. When seedlings were planted on
undisturbed soil there was always ground vegetation around the seedlings both on peatland and
mineral soil.

On mineral soil, when a site was planted one year after a clear-cut (clear-cut age <4 years),
the feeding probability was over 0.1 independent of other variables (Fig 4a). When the seedlings
were planted in cultivated mineral soil, the probability of feeding damage was lower than for other
planting spots. Dense vegetation cover around a seedling increased the feeding damage probabil-

Table 4. The model for the pine weevil feeding damage in Norway spruce seedlings three years after planting. In
the table, estimates, standard errors (SE) and the significance of parameters of fixed effects and the variances of
random effects (geographical area, regeneration site and sample plot within a regeneration site) in a generalized
linear mixed model are given. Soil classes [peatland (Peat) and mineral soil (Mineral)] were used as dummy vari-
ables and the fixed and random effect variances were estimated separately for each of them. In the final model, the
fixed effects were clear-cut age (continuous), the site type (reference category “Sub-dry”), the ground vegetation
cover around a seedling (reference category “No vegetation”) and the type of planting spot (reference category
“Cultivated mineral soil””). CD is the coefficient of determination for different random effects.

Effect type Estimate (SE) t Value p-value
Fixed effects
Peat 3.02 (1.93) 1.56 0.144
Peat x Clear-cut age —1.66 (0.40) -4.12 <0.001
Peat x Site type Mesic -2.29 (1.26) —-1.81 0.070
Sub-mesic 0.33 (0.40) 0.81 0.418
Peat x Ground vegetation cover (V) Dense 2.91 (0.76) 3.80 <0.001
Sparse 1.85 (0.67) 2.75 0.006
Peat x Type of planting spot (S) Undisturbed soil (U) 1.60 (0.62) 2.58 0.010
Cultivated organic (C)  2.20 (0.68) 3.24 0.001
Peat x V x S U and dense -0.59 (2.20) -0.27 0.789
C and dense —2.18 (0.183) -2.61 0.009
U and sparse 0
C and sparse -0.92 (0.71) -1.30 0.195
Mineral 4.62 (1.35) 3.41 0.006
Mineral x Clear-cut age —1.81 (0.30) —6.04 <0.001
Mineral x Ground vegetation cover (V)  Dense 2.65 (0.50) 5.29 <0.001
Sparse 1.31(0.25) 5.25 <0.001
Mineral x Type of planting spot Undisturbed soil 1.11 (0.50) 2.22 0.027
Cultivated organic 2.34 (0.33) 7.01 <0.001
Variances of random effects Estimate (SE) CD
Regeneration site (Peat) 1.04 (0.50) 0.54
Sample plot (Peat) 0.74 (0.23) —-0.15
Regeneration site (Mine) 0.46 (0.30) 0.79
Sample plot (Mine) 0.90 (0.34) -0.15
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Fig. 4. The relationship of the clear-cut age and predicted probability of pine weevil feeding damage on Nor-
way spruce seedlings in different classes in the ground vegetation cover and types of soil planting spots on
(a) mineral soil and (b—d) peatland. On peatland, the predicted probabilities are presented also for (b) mesic,
(c) sub-mesic and (d) sub-dry site types. In the data, there were no cases for undisturbed soil with no ground
vegetation, thus those lines are not presented. Cult = cultivated (mound or patch) planting spot, Undisturbed =
seedling planted in undisturbed soil, mine = planting spot covered by mineral soil, org = planting spot covered
by peat in peatlands and humus in mineral soils.

ity. The probabilities were the highest, when the seedlings were planted in undisturbed soil or in
cultivated planting spots covered by humus (organic material) and the seedlings were surrounded
by dense vegetation. In those environments the probability of feeding damage was over 0.1, at six
years after clear-cutting. On mineral soil, the feeding damage probabilities for seedlings planted
in undisturbed soil surrounded by dense vegetation were 0.76 and 0.34 four and five years after
clear-cutting.

On peatland, the site type clearly affected the feeding damage probability: the probability
was lower on mesic sites than on other site types (Figs. 4b—d) independent of other variables. On all
site types, the feeding damage probability was highest when a seedling was planted on undisturbed
soil and it was surrounded by sparse or dense ground vegetation. When seedlings were planted in
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fresh clear-cuts (clear-cut age 3 years), the feeding damage probability was higher than for older
clear-cuts, especially on sub-mesic and sub-dry sites (Figs. 4 c—d). The feeding damage probabili-
ties for seedlings planted on undisturbed soil and surrounded by dense vegetation were 0.20-0.57
and 0.26—-0.65 for four- and five-years old clear-cuts on sub-mesic and sub-dry sites, respectively.
The corresponding values were 0.12 and 0.03 for mesic sites. The feeding damage probability was
higher on cultivated peat (organic material) than on cultivated mineral soil when there was no or
only sparse ground vegetation around a seedling. However, when a seedling was surrounded by
dense vegetation, there were no differences between the cultivated planting spots. When a seedling
was planted in cultivated mineral soil and there was no ground vegetation around a seedling, the
feeding damage probability was less than 0.2 in all site types independent of the clear-cut age.

The model explained about 79% of the variation between regeneration sites on mineral soil
sites and 54% on peatlands (Table 4). On the sample plot level, CDs were negative.

3.3.3 Ground vegetation cover

Three years after planting, 66% of seedlings were on spots where there was ground vegetation
around them, but in most cases the vegetation cover was still classified as sparse (Table 2). The

Table 5. The model for the presence of ground vegetation around a Norway spruce seedling three years after plant-
ing. Estimates, standard errors (SE) and the significance of parameters of fixed effects and the variances of random
effects (regeneration site and sample plot within a regeneration site) in a generalized linear mixed model are given.
Soil classes [peatland (Peat) and mineral soil (Mineral)] were used as dummy variables and the fixed and random
effect variances were estimated separately for each of them. In the final model, fixed effects were the clear-cut age
(continuous), the site type (reference category “Sub-dry”), the mechanical site preparation (MSP) method (refer-
ence category “Spot mounding”) and the type of planting spot (reference category “Cultivated mineral soil”). CD
is the coefficient of determination for different random effects.

Effect type Estimate (SE) t Value p-value
Fixed effects
Peat 1.21 (0.66) 1.83 0.090
Peat x Site type (T) Mesic (OMT) 14.77 (476) 0.03 0.975
Sub-mesic (MT) —-0.16 (0.54) -0.29 0.769
Peat x MSP Soil inversion (I) —0.28 (0.76) —0.36 0.717
Ditching and mounding (D)  —0.26 (0.72) -0.36 0.716
Peat x Type of planting spot (S) Undisturbed soil (U) 31.59 (0) Infty <0.001
Cultivated peat (C) 0.47 (0.65) 0.71 0.476
Peat x T x S OMT and C -9.93 (476) -0.02 0.983
MT and U 23.14 (0) Infty <0.001
MT and C 1.49 (0.56) 2.64 0.008
Peat x MSP x S Iand U 5.46 (0) Infty <0.001
IxC —-1.07 (0.75) -1.43 0.152
DxU 12.04 (0) Infty <0.001
DxC —-1.21 (0.79) -1.53 0.125
Mineral —1.11 (0.91) -1.22 0.249
Mineral x Clear-cut age (A) 0.33 (0.19) 1.72 0.086
Mineral x Type of planting spot (S) Undisturbed soil (U) 25.74 (0) Infty <0.001
Cultivated humus (C) 0.92 (0.27) 3.39 <0.001
Variances of random effects Estimate (SE) CD
Regeneration site (Peat) 1.10 (0.52) 0.41
Sample plot (Peat) 1.24(0.31) 0.16
Regeneration site (Mine) 0.16 (0.12) 0.60
Sample plot (Mine) 0.87 (0.22) —-0.07
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predicted probability for the presence of vegetation were 0.66 and 0.80 for mineral soil and peatland
sites without any statistically significant differences between the soil classes (p=0.088). However,
the probability of dense vegetation cover was higher (p=0.006) for peatland (0.06) than mineral
soil (0.01).

On peatlands, the type of planting spot, the site type and the MSP method and interaction of
the site type and MSP method with the planting spot predicted the presence of ground vegetation
three years after planting (Table 5; Fig. 5). On mesic sites and on undisturbed soil the probability
of vegetation was always 1.0. On sub-mesic sites the probability was higher than on sub-dry sites
both on cultivated peat and in cultivated mineral soil. Differences in the probability of vegetation
due to different MSP methods were small on cultivated planting spots, although the trend was
that ground vegetation was more probable for spot mounding than in other MSP methods on all
cultivated spots, and more probable on cultivated peat than mineral soil for spot mounds with no
differences between cultivated spots with soil inversion or ditch mounding.

On mineral soil, the age of a clear-cut and the type of the planting spot explained the pres-
ence of ground vegetation around a seedling (Table 5). We included the clear-cut age in the model
although it was nearly significant. By including it, the CD of the model increased at the regeneration
site level. When a seedling was planted in undisturbed soil, the probability of surrounding vegetation
was always 1.0 independent of the clear-cut age (Fig. 6). On cultivated humus, the probability of
surrounding vegetation was always > 0.68, increasing with the age of the clear-cuts. On cultivated
mineral soil, the presence of ground vegetation was more probable the older the clear-cut was.

O Sub-dry o Sub-mesic m Mesic
10

0.8 A

08 -

Predicted probaility of ground vegetation
=
o

02 -
OO T T T T T T T T T T
Undist Cult Cult Undist Cult Cult Undist Cult Cult
peat mine peat mine peat mine
Soil inversion Ditching and mounding Spot mounding

Type of planting spot and site preparation method

Fig. 5. The predicted probability that there would be ground vegetation cover around a
Norway spruce seedling three years after the planting for different types of sites, planting
spots and mechanical site preparation methods on peatland sites. In the data, there were no
cases where seedlings had been planted on undisturbed soil on mesic sites, thus those bars
are not presented. Cult = cultivated (mound or patch) planting spot, Undist = a seedling
planted in undisturbed soil, mine = planting spot covered by mineral soil, peat = planting
spot covered by peat.
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Fig. 6. The effect of clear-cut age on the predicted probability
that there would be ground vegetation cover around a Norway
spruce seedling three years after planting in different types of
planting spots in mineral soils.

4 Discussion
4.1 Planting success

Our results provide novel information about the reasons for differences in the planting success
on mineral soil and peatland sites in boreal forest conditions. The results indicate that the plating
success is poorer on peatlands than on mineral soil and is in accordance with previous studies.
In the study by Kankaanhuhta et al. (2009) a reduction in the number of seedlings for the “Peat”
soil class was 10% compared to mineral soils with a medium coarse texture. In their study, the
planting success was poorer than in our study, while the average number of planted seedlings for
all soil texture types was similar (1388 seedlings ha™!) to the average number of planted seedlings
of peatland sites in our study. Thus, compared to the average planting success in privately owned
forests in Finland at the beginning of the 2000s in the study by Kankaanhuhta et al. (2009), the
planting success in our study was clearly better on mineral soil. Compared to the machine planting
survey by Luoranen et al. (2011), the average number of surviving seedlings per ha~! on mineral
soil sites was approximately the same level, with 1600 seedlings ha!.

The poorer planting success on peatland sites was mainly caused by differences in the
ground vegetation cover surrounding the seedlings since dense vegetation cover was more prob-
able on peatland than on mineral soil. The dense ground vegetation cover increased the risk of
pine weevil feeding damage, as was also shown by Petersson et al. (2006). Additionally, dense
vegetation cover may also increase the risk of vole damage (Teivainen et al. 1986; Huitu et al.
2013). In our study, most of the pine weevil feeding damage was minor with no effect on the
seedling survival. This was an inventory study, in which planting areas were measured three
years after cultivation. Seedlings were also not marked when planting. Thus, our survival and
damage estimates are probably underestimated, since all planted but later dead seedlings were
unlikely to be found at the time of measurement. The survival of the seedlings was highest on
mineral soil covered mounds and more cultivated mineral soils were found on mineral soils than
on peatland sites. This is in accordance with the results by Akerstrém and Hanell (1997), who
observed the increased survival of seedlings on mineral soil-covered mounds on peatland. On the
other hand, the soil texture type in the mounds on peatland affects the development of the ground
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vegetation. The development is the fastest on mounds with a mixture of mineral soil (Saarinen
et al. 2009). The ground vegetation cover, the type of planting spot and the probability of pine
weevil feeding damage are linked and may explain the differences in the planting success on
peatland and mineral soil.

4.2 Ground vegetation

Our results showed that the cover of vegetation around a seedling on peatland depended on the
site type and was more common on mesic-peatland sites than other site types. This is in accord-
ance with previous studies. In the study by Saarinen et al. (2009), the vegetation development was
slower on less fertile peatland than on fertile types of peatland. In our study, mineral soil sites were
all sub-mesic and sub-dry, which are less fertile than peatland sites.

The lower probability of dense ground vegetation growing around seedlings on mineral
soil indicates that the development of vegetation was slower on mineral soil than on peatland,
especially on cultivated planting spots. Previously, the increasing cover of ground vegetation
around seedlings on older regeneration sites has been also observed by Orlander et al. (1996) and
Hanssen et al. (2003) on mineral soil in South Sweden and Norway. Orlander et al. (1996) also
found that the vegetation development was faster on unprepared soil than on mounds. Furthermore,
Saksa (2013) observed that the number of birch seedlings increased when the soil texture type was
peat in comparison to medium coarse soils or if the main species in the ground layer consisted of
Sphagnum or other mosses. In our study, there was always ground vegetation in the vicinity of a
seedling if a seedling was planted in undisturbed soil both on peatland and mineral soil. This is in
accordance with the results by Hallsby (1995) that the development of herbaceous vegetation was
faster on undisturbed soil or with humus-cover than on bare mineral soil.

When the seedlings were planted in spot mounds, there was slightly more ground vegeta-
tion around the seedling than for other types of mounds on peatland. In spot mounding, more
soil is disturbed as there is both a mound and a patch beside it, while in other methods, the soil is
inverted on the same spot, or the soil is dropped onto undisturbed soil. Disturbed soil is a better
surface for the emergence of seed-born broadleaves. Laine et al. (2020) observed that there was a
slightly larger area of cultivated mineral soil and more naturally regenerated birches per hectare in
spot mounded areas than in areas where the inverted method had been used on mineral soil sites
in Central Finland.

4.3 Pine weevil feeding damage

The probability of pine weevil feeding damage modeled in this study predicts the occurrence of
any level of pine weevil damage, including small feeding scars without any effect on the seedling
health. In our survey, some level of pine weevil damage was found for all the inventoried seedlings,
including the seedlings which died in previous years. Thus, the prediction model describes the
probability of the overall damage caused by pine weevil feeding from planting until the inventory,
not solely the damage in the year of inventory. There were also planting spots without seedlings
(2-3% of mounds) and a part of these seedlings had probably died due to pine weevil feeding, so
the prediction model may underestimate the total probability of feeding damage. The levels of pine
weevil feeding damage did not differ between peatland and mineral soil sites. However, different
factors predicted the feeding damage on different soil classes.
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4.3.1 Clear-cut age

The clear-cut age at the time of planting affected the probability of pine weevil feeding damage
even after three years from planting. On mineral soil, the effect of the clear-cut age on pine weevil
feeding damage has been observed in several previous studies (Luoranen et al. 2017; Nordlander
et al. 2017). The feeding damage probability of seedlings planted on undisturbed soil indicates
the size of the pine weevil population on the regeneration site, i.e., the feeding pressure (Luoranen
et al. 2017). On mineral soil sites, there is a risk for pine weevil damage at least two years after
clear-cutting. On peatland, it seemed that the probability of feeding damage decreased earlier than
on mineral soil sites, especially on mesic sites. However, this probably underestimated the cumula-
tive feeding damage from the time of planting until the inventory. On peatland, the probability of
survival was lower when there was dense vegetation cover surrounding the seedlings. On mesic
peatland sites, there was always vegetation around the seedlings. Thus, it is probable that we did
not find all the seedlings that had died in the earlier years, and for which we could not determine
the cause of death. Previously, Langstrom (1982) observed high pine weevil population levels at
least four years after clear-cuts in Central-Finland.

On cultivated mineral soil, the effect of the clear-cut age on the probability of pine weevil
feeding damage was approximately the same for similar site types on peatland and mineral soil.
Despite the higher feeding pressure on mineral soil sites for younger clear-cuts, the protection
effect of soil cultivation, especially with mineral soil cover, was the same for both soil classes
independent of the clear-cut age. The feeding damage probabilities for cultivated mineral soil
without ground vegetation on mesic sites on peatland in our study were approximately the same as
observed by Piri et al. (2020) on clear-cuts with a corresponding age (three- or four-year-old) for
stump removal sites in South and Central-Finland. For the other cases, the feeding damage prob-
abilities in our study were much higher. In the study by Piri et al. (2020), only the current year’s
feeding damage was included in the prediction model while we included the cumulative damage
between planting and inventory.

The survey conducted one growing season after planting discovered that pine weevil feeding
damage decreased with the age of the clear-cut (Luoranen and Viiri 2012). In this study, taking place
three years after planting, a similar trend was observed. Although pine weevil feeding does not kill
the seedlings, it may reduce their growth (Luoranen et al. 2017) and poorly growing seedlings are
more susceptible to ground vegetation competition.

4.2.2 Site type

Based on the model, the soil fertility affected the feeding damage probability substantially and
was much lower on mesic sites than less fertile and drier peatland site types. On mineral soil, the
site type was not a statistically significant predictor in the model. This was probably caused by the
small number (peatland) or lack (mineral soil) of the most fertile sites in the data and the result is
only indicative. Even so, our results considering peatland are in accordance with previous results
by Langstrom (1982). He found more pine weevils on dry, pine-dominated sites compared with
mesic, spruce-dominated sites. Despite the differences in the feeding damage probability between
the site types, the site type did not affect the survival of the seedlings in our study.

4.2.3 Ground vegetation and pine weevils

The probability of pine weevil feeding damage increased with increasing ground vegetation cover
around a seedling both on peatland and mineral soil sites. Surrounding ground vegetation, even
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when it does not grow on the mound itself, creates more favorable conditions for pine weevils
(Petersson et al. 2006), and increases pine weevil damage (Orlander and Nordlander 2003; Peters-
son and Orlander 2003; Petersson et al. 2006). This was also the case in the present study, as the
increasing cover of vegetation was found to increase the feeding damage probability regardless
of the type of planting spot. The difference was greater between vegetation classes on cultivated
mineral soil than on cultivated peat on peatland. This disagrees with the results by Petersson et
al. (2006), who observed that the surrounding vegetation did not affect the pine weevil feeding on
humus covered planting spots in the first season. The differences between the studies can probably
be explained by the time between planting and the inventory, as well as the different definitions of
the surrounding vegetation. Our study was done three years after planting and the ground vegetation
cover was assessed in the immediate surrounding of the seedling, whereas in the study by Peters-
son et al. (2006) the vegetation grew outside the planting spot and gave shelter above seedlings.

4.2.4 The type of planting spot

The MSP method did not affect the survival of the seedlings or pine weevil feeding damage for
either of the soil classes. The quality of MSP and the type of the planting spot were more important
(Wallertz et al. 2018). Mineral soil cover around a seedling is known to reduce the probability
of pine weevil feeding damage (Bjorklund et al. 2003; Luoranen et al. 2017) as was found in our
study. There was less feeding damage on mineral soil-covered planting spots than on other types
of planting spots, both on peatland and mineral soil sites. On peatland, mineral soil cover in the
mounds was possible since all the peatland sites were drained and had a very thin peat layer. The
third-year result was in accordance with a survey done after the first growing season (Luoranen
and Viiri 2012): the probability of damage was clearly higher on peat and humus-covered spots
compared to spots with mineral soil. Our result is also in accordance with several previous studies
(e.g., Nordlander et al. 2011; Pearson et al. 2011; Sikstrom et al. 2020). In the study by Hytonen et
al. (2020), pine weevil damage was found in planted Scots pine (Pinus sylvestris L.) seedlings on
unprepared soil but not on prepared soil on drained peatland in Northern Finland, where the pine
weevil feeding pressure is lower than in South and Central Finland. Our results on peatland sites
are in accordance with the study by Pearson et al. (2011) who found more pine weevil damage on
unprepared or scalped planting spots than for mounds on deep-peated regeneration sites in Central
Finland.

4.3 Statistical inference

The data for this study came from an inventory of practical regeneration sites planted in one year,
not from a designed experiment. The amount of data was quite small, with only 30 sites located in
Central Finland and the models are valid for the corresponding boreal conditions. Different com-
panies operated in the geographical areas (regions) and this affected the study. For instance, each
company had its own guidelines on MSP methods and how many years there had to be between
clear-cutting and planting. In addition, there were no mesic mineral soil sites and only a few mesic
peatland sites. Thus, one needs to be careful when making causal inferences from the statistical
relations. In some cases, there were negative CD-values at the sample plot level. This is probably
caused by estimation errors.
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5 Conclusions

On peatland, there were a high proportion of seedlings planted on organic-covered planting spots
and surrounded by ground vegetation three years after planting. Both these factors increased the
probability of pine weevil feeding damage and reduced the probability of seedling survival. On
mineral soil sites, the seedlings were mainly planted in cultivated mineral soil and the probability of
harmful vegetation around a seedling was more probable on older (five to six years after planting)
regeneration sites. Due to these differences, the planting success of Norway spruce seedlings was
poorer on peatland sites compared to the mineral soil sites. To ensure the proper planting success
on peatland regeneration sites, the quality of the soil preparation and control of the competing
vegetation during the first years after planting should be emphasized, especially on the fertile site
types typical to Norway spruce plantings. Additionally, on peatland regeneration sites with a thin
peat layer, the soil preparation method selected should aim to maximize the amount of mineral
soil covered mounds, as this promotes seedling survival. These results are not valid for sites with
a thick peat layer and planting success or alternative methods for artificial regeneration on those
sites should be further studied.
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