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*  Spotand ditch mounding methods favoured spruce sapling development on fine-textured soils.
* Inverted and unprepared plots showed the weakest growth.

*  Vegetation control suppressed the growth differences between site preparation methods.

»  Vegetation control reduced the density of resprouts after early cleaning.

Mechanical site preparation (MSP) is a common practice that precedes the planting of Norway
spruce (Picea abies (L.) H. Karst.) in Nordic forests. Mounding has become the most used method
in spruce planting in recent years. This study examined the effects of different mounding treatments
(spot and ditch mounding, inversion, unprepared control with or without herbicide application)
and a mechanical vegetation control (MVC) treatment done 3—4 years after planting on the post-
planting growth of spruce container seedlings and their development to saplings during the first
11-13 years on two forest till soils in central Finland, one on flat terrain and other on a southwest
slope. On these fine-textured soils the spot and ditch mounding methods favoured spruce saplings
development. Inversion and unprepared plots showed weakest growth. On the site with flat terrain,
11 years post planting, spruce saplings were 78—144 cm (38—80%) taller and their breast height
diameters were 11-13 mm (60-74%) thicker for ditch or spot mounding than for inversion or
herbicide treatment. On the site with sloped terrain the differences were minor between the MSP
treatments. MVC improved spruce height growth on sites which did not have intensive MSP,
especially on control saplings planted on unprepared soil in herbicide and inversion treatments.
On the flat terrain, MVC reduced the density of resprouts to be removed later in pre-commercial
thinning. As a conclusion, spot or ditch mounding favoured the growth of spruce over inversion
especially on flat terrain with fine-textured soil.
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1 Introduction

Norway spruce (Picea abies (L.) H. Karst.) is the most planted tree species in boreal forests of
northern Europe (Peltola et al. 2019; Sikstrom 2020). Nowadays mechanical site preparation (MSP)
commonly precedes spruce planting since it has been found to facilitate the planting work and
expedite the survival and early growth of planted seedlings (Ritari and Lihde 1978; Orlander et al.
1990; Sutton 1993; Hallsby and Orlander 2004; Boateng et al. 2006; Nilsson et al. 2010; Wallertz
and Malmgqvist 2013; Wallertz et al. 2018; Hjelm et al. 2019; Sikstrom et al. 2020). Mounding
has shown better plantation establishment than patch scarification or disc trenching (Hallsby and
Orlander 2004; Saksa et al. 2005; Kankaanhuhta et al. 2009; Korhonen et al. 2010; Uotila et al.
2010; Saksa 2011; Sikstrom et al. 2020), and it is currently one of the mostly used methods in
Fennoscandia (Peltola et al. 2019). The recent upsurge of mounding started by promising results
of Swedish and Finnish studies in the late 1970s (Sutton 1993). Mounding started to gain more
popularity in the 1990s and become the most widely used site preparation method only after the
early 2000s, e.g. in Finland (Laine et al. 2019). Thus, information on the long-term effects of
mounding methods have only become recently available.

In all mounding methods, humus and mineral soil layers are inverted or mixed (Orlander et
al. 1990; Sutton 1993; Orlander et al. 1998; Heiskanen et al. 2013), but there are some principal
differences between different mounding methods. In ditch mounding, mineral soil from short
ditches is placed on the undisturbed single humus layer beside the ditch. In inversion, the dug-up
soil is re-laid inverted into the same pit. In spot mounding, the dug-up soil is placed inverted on
undisturbed soil next to the pit, forming a double humus layer beneath the mineral soil.

Soil temperature and nitrogen availability from humus layer, along with less damage from
ground vegetation and pine weevils (Hylobius abietis L.) after MSP have been reported to increase
post-planting seedling growth. (Orlander et al. 1998; Orlander and Nilsson 1999a; Nordborg 2001;
Nordborg et al. 2003; Heiskanen and Viiri 2005; Smolander and Heiskanen 2007; Nilsson et al.
2010; Luoranen et al. 2017; Luoranen and Viiri 2021). MSP may also affect the soil water status
and on subsequent post-planting seedling growth (Sdderstrom et al. 1978; Orlander et al. 1990;
Munson et al 1993; Grossnickle 2000; Knapp et al. 2008). MSP may also have negative effects
on seedling performance. In exposed bare mineral soil seedlings are prone to frost heave damage
in fine-textured soil (Heiskanen et al. 2013). The risk of winter damage can increase in very high
(over 30 cm) mounds (Lindstrom and Troeng 1995), but in typical modern mounds (average height
10 cm) the risk is minimal (Luoranen et al. 2022a). Overall, the damage risks are lower in pre-
pared soil and the survival of the seedlings is better than in unprepared soil (Sikstrom et al. 2021).
Mineral soil also improves the germination of unwanted deciduous trees (Raulo and Mélkonen
1976; Uotila et al. 2010; Johansson et al. 2013; Uotila et al. 2014; Laine et al. 2020; Sikstrom et al.
2020), which subsequently require clearing operations for the competing deciduous trees (Uotila
et al. 2012; Uotila and Saksa 2021).

On fine-textured soils in boreal forests of northern Europe the survival and growth of planted
spruce seedlings have been reported to be worse than on coarser soils regardless of the use of
mounding (Miina and Saksa 2006; Saksa and Kankaanhuhta 2007; Heiskanen et al. 2016). Reasons
for the varying plantation success may follow from occurrence of soil waterlogging, drought, pine
weevils, voles, and competing vegetation, which can vary among MSP methods and influence
seedling growth and damage (Heiskanen et al. 2013).

Few studies or surveys have examined the post-planting performance of seedlings planted
with different mounding methods. Laine et al. (2020), Hallsby and Orlander (2004), or Johansson et
al. (2013) did not find any differences in the height of conifer seedlings between inversion and spot
mounding. Orlander et al. (1998) found that conifer saplings grew better with inversion compared
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to spot mounding. Only Orlander et al. (1998) and Johansson et al. (2013) studied the response of
the trees 10 or more years after planting. Sikstrom et al. (2020) carried out a meta-analysis on dif-
ferent MSP methods, but consistent growth differences between mounding methods were not found.

Vegetation control (weeding) means protecting small saplings (Taylor 1945), e.g. by using
herbicides, or by trampling, scything or cutting ground vegetation or naturally established trees
from the vicinity of the saplings. Vegetation control has been shown to increase survival and growth
of planted seedlings, but the research has focused on arable land (Siipilehto 2001; Hyténen and
Jylhid 2005; Jylhd and Hytonen 2006; Hytonen and Jylhd 2013). The information available on the
effects of mechanical vegetation control (MVC) on spruce on northern European boreal forests
sites is scarce. Competition from ground vegetation is typically much lesser on forest sites than
on former agricultural lands (Hytonen et al. 2009).

This study deepens the knowledge of the long-term (over 10 years) development of spruce
trees after different mounding treatments and adds ditch mounding to the compared treatments.
Furthermore, our study includes within site replicates, which in long-term studies have been ear-
lier included only by Orlander et al. (1998). Our aim was to i) compare the height and diameter
growth of planted and survived saplings following different MSP treatments (spot mounding, ditch
mounding and inversion, as well as examining unprepared control spots with and without herbicide
application), and ii) the effects of MVC on growth parameters and survival rates of planted spruces
during 11 or 13 years after planting on two fine-grained forest till soils in central Finland. We also
studied if there were any effects of MSP treatment or MVC on the height and density of resprouts.
MSP can also impact on survival rate of planted seedlings, especially in the very first years after
establishment. The survival rate of the seedlings in the studied stands has been reported earlier by
Heiskanen et al. (2013).

2 Materials and methods
2.1 Study sites

The study sites were located on sloped terrain in Suonenjoki (62°65'N, 27°10°E) and on flat terrain
with periodic soil wetness (increased wetness can be expected to prevail after snowmelt in spring
and rainy periods in summer) in Pieksdmaki (62°38'N, 27°29°E) in central Finland. Both sites were
typical spruce sites (mesic heath forest, Myrtillus type; Cajander 1949) on silty, frost susceptible
till soil. Soil type is podzol according to FAO/WRB classification system. The study sites were site
prepared with an excavator in spring 2007 (Suonenjoki) and autumn 2008 (Pieksamaki) after clear
cutting the previous winter. Both sites also underwent slash removal between the clear cutting and
site preparation. Two-year-old standard grown, local origin Plantek 81F container seedlings were
planted in spring 2007 (Suonenjoki) and 2009 (Pieksdméki). Seedlings were treated against pine
weevil feeding damages by 0.05% deltamethrin solution. Spot mounding formed slight elevations
consisting of a mineral soil layer on top of a double humus layer (Fig. 1). In ditch mounding, min-
eral soil from short ditches (not leading water away) was placed on the undisturbed single humus
layer beside the ditch. In inverted spots, the dug-up soil was re-laid inverted into the same pit with
the mineral soil uppermost. Herbicide treatment was applied in the second growing season (27
June 2008 in Suonenjoki, 10 June 2010 in Pieksédméki) by spraying 50 cm around the seedlings
with glyphosate in 1.2% concentration (Glyfonova Bio, Cheminova A/S, Lemvig, Denmark).
Seedlings were covered by an upside-down bucket during spraying. The site preparation treatments
resulted in almost 2000 planting spots ha™! in Suonenjoki and in slightly sparser spot positions in
Pieksdmaéki. Within plots, the soil treatment spots were randomly positioned and the plots were
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Fig. 1. Schematic illustration for the site preparation treatments of ditch and spot mounding, inversion and untreated
control drawn from aside (single seedling) and above (multiple seedlings).

randomly assigned into each block (Fig. 2). Both sites had 4 replicates of each site preparation
treatments. The study sites, meteorological data, and used planting and site preparation treatments
are described in more detail by Heiskanen et al. (2013).

The main plots (site-preparation treatment, 20 m x 32 m) were split into sub plots (20 x 16 m)
that underwent MV C or an untreated control treatment which was applied at Suonenjoki in August
2010 and in Pieksdmaéki in August 2011. On MVC sub plots the vegetation was scythed from the
vicinity (~ 50 cm radius) of the spruce saplings.

Furthermore, excess and smothering broadleaved trees were removed from the stands in
early cleaning (see cleaning, Taylor 1945). Early cleaning was carried out in each treatment and
control plots in Suonenjoki in August 2011 and in Pieksdmaiki in August 2016.

A) Suonenjoki

Plot 1 Plot 2 Plot 3
BLOCK I BLOCK I D S 50% | & 50% CTRL
MVC Control MVC
opaEEHl BLOGEIY Control MVC Control
B) Pieksamaki
Plot1 Plot 2 Plot 3 Plot4
BLOCK BLOCK I 67% D &33% CTRL  67% S&33%CTRL  50% 1 &50%CTRL  50% H & 500 CTRL
MVC Control MVC Control
BLULRN BLOUR I Control MVC Control MVC

Fig. 2. Schematic graph of the study design A) Suonenjoki and B) Pieksdmaki sites in Finland. The percentage of initial
planting spots in each plot is shown next to the abbreviation of site preparation methods in plots containing two site
preparation methods (mounding or herbicide, and control). Soil preparation plot is split in to sub plots according to two
mechanical vegetation control methods (MVC and control). Size of a sub plot with edge area is 20 x 16 m (320 m?),
and the circular sample taken from the center of each sub plot is 50 m2. Abbreviations; D = ditch mounding, S = spot
mounding, | = inversion, CTRL = unprepared soil, H = Herbicide treatment after planting.
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2.2 Seedling and sapling measurements

The planted seedlings were measured for height (mm) and vigour in the autumn after planting for
five years in Suonenjoki (2007-2011) and three years in Pieksdmaiki (2009-2011) as described
by Heiskanen et al. (2013). In addition to the height and vigour, also the collar diameter (at 2 cm
height) of the seedlings was measured in the third and fifth year, respectively in Pieksdmaéki and
Suonenjoki. In April-May 2020 the stands were remeasured at the ages of 13 and 11 years. Circular
sample plots (50 m?) were taken from the centre of each sub plot (MVC treatment). However, on
ditch mounded plots, the samples were located aside from the ditches because ditches were on small
clusters, and they were not initially planted with spruce seedlings. Each planted spruce sapling
on a circular sample plot was measured for height and three years’ height growth to within 5 cm
accuracy and diameter at breast height at 5 mm accuracy. The total number of observations were
218 in Suonenjoki and 381 trees in Pieksdmaki (Table 1). Furthermore, each naturally established
broadleaved tree was counted from the circular sample plot and their mean height was approximated
with a tape measurer to within 10 cm accuracy. These were mainly resprouts from early cleaning
and are hereafter referred to as resprouts.

Table 1. Observations of spruce saplings in different treatments in Suonenjoki and Pieksédmaiki sites in south-boreal
forest in Finland. The target share indicates the targeted share of planted seedlings on a prepared point or between them
in unprepared control points (CTRL) within plots. The p-value is the result of binomial test of equality of the proportion
(50%) of measured saplings between mechanical vegetation controlled (MVC) and untreated control plots.

Suonenjoki Pieksdmaki
Observations Observations
Target MWC Control Total  p-value Target MWC Control Total  p-value
share share
Inversion plots
Mound 12 18 20 38 0.871 12 41 35 76 0.567
CTRL 172 7 5 12 0.774 12 16 16 32 1.000
Spot mounding plots
Mound 1/1 43 37 80 0.576 2/3 36 28 64 0.382
CTRL 1/3 11 4 15 0.119
Ditch mounding plots
Mound 171 46 42 88 0.749 2/3 46 35 81 0.266
CTRL 1/3 6 10 16 0.754
Herbicide plots
Herbicide 172 42 28 70 0.120
CTRL 12 7 20 27 0.263
Total 114 104 218 0.542 205 176 381 0.151
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2.3 Data analyses

We had three different approaches to analysing the effects of site preparation treatments on the
height and diameter of the seedlings or saplings. First, the height development of the spruce trees
from establishment to the last measurement was analysed with linear mixed model as a response
of the stand age and the treatments.

The response variable was a natural logarithm of the height of the planted spruce trees (cm).
The explanatory variables were the natural logarithm of the stand age (years) as a continuous
variable, MSP, MVC treatment (0 = untreated control, 1 = MVC), and full interactions between
them. A transformation was carried out for the stand age [In(age+9)] in the analysis to optimize
the model fit and shape of the growth curve. However, it was back-transformed when representing
the results. In the growth model for Suonenjoki random variables included the block, sub block
nested within a block, stand age as a factor nested within a block, the MSP nested within a block,
stand age as a factor nested within MSP and block, stand age as a factor nested within all the
former random variables, and tree. A sub block was used to separate the inversion treatment from
other MSP treatments in Suonenjoki, because inverted plots also had control saplings planted in
unprepared soil. In Pieksdmaki, all MSP treatments included control saplings, so for that reason
sub blocks were dropped from the Picksdmaki growth model.

Second, the annual height growth was also analysed with a mixed model. The response
variable was the annual height growth of the spruce saplings (cm). The explanatory variables
were MSP and MVC treatments. No interactions were included (MSP and MVC interaction was
found to be significant only in one out of 16 instances). Random variables included the block, MSP
nested within a block, MVC nested within a block and the MSP. In these analyses we examined
the differences between individual years and growth differences between the treatments at the later
stage (11-13 years) of the study. Third, a similar modelling approach was used to test the treat-
ment effects on the spruce height and diameter (d; 3) for the last measurements taken at the sites,
and on the height (cm) and density (trees ha) of resprouts. The MVC level was dropped from the
random variables at this stage. No interactions were included in these analyses. Between groups
differences were tested with a Tukey HSD test.

One more test was done to analyse the effect of MVC on the survival rate of the spruce
saplings. This was done with a binomial test.

The data was analysed with statistical software R version 4.0.2. (Venables and Smith 2021).
The Lme4-package and the Imer-function was used in mixed modelling, and the biom.test-function
was used in binomial test.

3 Results
3.1 The effect of site preparation or mechanical vegetation control on height growth

Spruce saplings on different MSP and MVC treatments had different growth patterns, and there
were significant differences (Table 2). Generally, growth was the highest for those sapling which
had undergone ditch and spot mounding treatments and was the lowest for those that had under-
gone herbicide and inversion treatments. However, MVC suppressed the differences between MSP
treatments. The results varied also between sites.

The differences between MSP methods were the most apparent in Pieksdméki, when MVC
was not done (Fig. 3, middle row). The best growth was for those saplings which had undergone ditch
mounding, and then for spot mounding, inversion and herbicide treatment (p<0.001 MSPxage).
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Table 2. Mixed models for the height of spruce saplings at the Suonenjoki and Pieksdmaéki sites in south-boreal forest
in Finland. The response variable is the natural logarithm of the sapling height in centimetres. The CTRL refers to con-
trol saplings planted in unprepared soil between seedlings undergoing different site preparation (MSP, ref. Inversion)
treatments including application of seedling surroundings with glyphosate (Herbicide). MVC = mechanical vegetation
control, DitchM = ditch mounding, SpotM = spot mounding.

Predictors Pieksdmaki Ln(height) Suonenjoki Ln(height)

Estimates  std. Error  p-values  Estimates  std. Error  p-values
(Intercept) —4.089 0.273 <0.001 -3.460 0.189 <0.001
MSP [DitchM] —1.380 0.344 <0.001 —-0.603 0.207 0.004
MSP [SpotM] —0.842 0.335 0.012 —0.079 0.207 0.704
MSP [Herbicide] 1.462 0.405 <0.001
MSP [DitchMCTRL] —0.620 0.390 0.112
MSP [SpotMCTRL] 0.033 0.486 0.946
MSP [InversionCTRL] 0.012 0.351 0.972 0.411 0.284 0.148
MSP [HerbicideCTRL] 0.928 0.341 0.006
MVC 0.440 0.247 0.076 -0.067 0.204 0.744
Ln(Aget9) 3.172 0.097 <0.001 3.115 0.068 <0.001
MSP [DitchM] x MVC —0.100 0.333 0.764 0.488 0.256 0.057
MSP [SpotM] x MVC 0.078 0.329 0.813 —0.130 0.258 0.616
MSP [Herbicide] x MVC —1.351 0.409 0.001
MSP [DitchMCTRL] x MVC 0.416 0.460 0.366
MSP [SpotMCTRL] x MVC —0.407 0.495 0.410
MSP [InversionCTRL] x MVC 0.010 0.358 0.978 -0.312 0.389 0.423
MSP [HerbicideCTRL] x MVC —1.889 0.422 <0.001
MSP [DitchM] x Ln(Age+9) 0.623 0.121 <0.001 0.246 0.074 0.001
MSP [SpotM] x Ln(Age+9) 0.413 0.118 <0.001 0.025 0.074 0.739
MSP [Herbicide] x Ln(Age+9) -0.730 0.145 <0.001
MSP [DitchMCTRL] x Ln(Age+9) 0.206 0.139 0.138
MSP [SpotMCTRL] x Ln(Age+9) 0.034 0.171 0.844
MSP [InversionCTRL] x Ln(Age+9) —0.040 0.124 0.748 —0.196 0.101 0.052
MSP [HerbicideCTRL] x Ln(Age+9) —0.433 0.120 <0.001
MVC x Ln(Age+9) —0.183 0.086 0.034 0.003 0.072 0.964
(MSP [DitchM] x MVC ) x Ln(Age+9) 0.019 0.116 0.868 —0.184 0.091 0.044
(MSP [SpotM] x MVC ) x Ln(Age+9) —0.034 0.115 0.767 0.095 0.092 0.300
(MSP [Herbicide] x MVC ) x Ln(Age+9) 0.618 0.146 <0.001
(MSP [DitchMCTRL] x MVC ) x Ln(Age+9) —0.102 0.163 0.530
(MSP [SpotMCTRL] x MVC ) x Ln(Age+9) 0.186 0.173 0.281
(MSP [InversionCTRL] x MVC ) x Ln(Age+9)  0.083 0.126 0.512 0.217 0.137 0.114
(MSP [HerbicideCTRL] x MVC ) x Ln(Age+9)  0.822 0.149 <0.001
Random Effects

2 0.042 0.031

Too

0.011 Biock:MsP:Age_f

0.069 Tree

0.006 Biock:Age £
0.014 jock:-msp

0.001 Biock

0.003 Block:Sub_block:MSP:MVC:Age_f
0.035 Tree

0.002 Block:MSP:Age f

0.005 Block:Age_f

0.000 pjock:msp

0.001 Biock:sub_block
0.000 Block




Silva Fennica vol. 56 no. 4 article id 10762 - Uotila et al. - Long-term growth response of Norway spruce in ...

Applying MVC suppressed the differences between the MSP treatments (p<0.001), but the order
between the treatments remained the same. Control seedlings planted on unprepared soil grew
more slowly than their corresponding alternatives for all mounding methods, but not herbicide
treatment (Fig. 3, middle vs bottom row). Differences were small between control saplings even
when MVC was not applied and became even smaller, or negligible, when it was applied (Fig. 3,
bottom row). MV C especially increased the growth of control saplings planted on unprepared soil
which had undergone herbicide (Fig. 3, HerbicideCTRL) or inversion (Fig. 3, InversionCTRL)

SUONENJOKI
Ditch mounding | | Spot mounding | | Inversion | | InversionCTRL |

600

b

=

[=]
1

Height, cm

2001

0 5 10 0 5 10 0 5 10 0 5 10
Stand age, years

PIEKSAMAKI
Ditch mounding | | Spot mounding | | Inversion | | Herbicide

400

3004

200

100 A

=]
L

Ditch moundingCTRL | | Spot moundingCTRL | | InversionCTRL | | HerbicideCTRL |

Height, cm

400

3004

2004

Stand age, years

— Mo vegetation control - -- Vegetation control

Fig. 3. Height development of spruce saplings in south-boreal forest in Finland at the Suonenjoki and Pieksémaki sites,
respectively during the first 13 and 11 years after establishment according to site preparation and mechanical vegeta-
tion control (MVC) treatments. Lines represent the estimated median of the population and the transparent grey ribbon
+95%CI. When the ribbons are darker grey, Cls between MVC treatments overlaps each other. CTRL refers to control
saplings planted in unprepared soil between the saplings planted on prepared soil.
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treatments. The effective period of MVC was one year in Pieksdmaki, until early cleaning was
applied throughout the site.

In Suonenjoki, differences in the height growth of the spruce saplings were significant
(p = 0.004 MSPxage) but rather small between MSP methods when MVC was not done. MVC
evened out the differences even more (p = 0.001 MSPxMVCxAge), as it especially increased
the growth of the control saplings (Fig. 3, top row). The effective time of MVC was five years in
Suonenjoki, until early cleaning was applied throughout the site.

In Suonenjoki, growth differences between MSP treatments in different years were small and
inconsistent. Statistically significant differences were found only during the first three years after
establishment, when ditch and spot mounding had small advantage over other methods (Fig. 4).

Suonenjoki
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Fig. 4. The annual height growth of planted spruce saplings in south-boreal forest in Finland at the Suonenjoki and
Pieksdamaiki sites in different growing seasons. The letters (a, b, c¢) represent significant differences in the Tukey HSD
test at a confidence level of 95% within a single group of bars. (* variation of random factors on the main plot level was
small and the random effect in the analyses had singular fit, which may affect reliability of p-values).
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Fig. 5. The mean height of spruce saplings 13 and 11 years after
establishment respectively at the Suonenjoki and Pieksdmaki sites
in south-boreal forest in Finland. The letters (a, b) represent sig-
nificant differences in the Tukey HSD test results at a confidence
level of 95% within one site.

The third growing season was exceptional at the Suonenjoki site due to seedling damage. The mean
growth of the stand for those saplings which had undergone spot mounding, inversion and control
treatments was negative (Fig. 4), only for those saplings which had undergone ditch mounding did
the seedlings show positive growth.

In Pieksédmaki, ditch mounding and spot mounding yielded consistently higher growth than
inversion or herbicide treatment, and on many occasions the differences were statistically signif-
icant (Fig. 4). Moreover, inversion yielded consistently higher growth than the use of herbicides,
but the difference was statistically significant only in the first growing season.

At the end of the experiment the sapling heights differed between MSP treatments at Piek-
samaki (p=0.001). The saplings were 116—147 cm (51-76%) taller after ditch mounding than after
inversion or herbicide treatment (Fig. 5). In Suonenjoki, however, the differences were not statisti-
cally significant (p=0.908). MVC treatment did not cause significant differences to the height of
the spruce saplings at either Suonenjoki (p=0.830) or Pieksdmaéki (p=0.560).

3.2 The effect of site preparation or mechanical vegetation control on diameter

The treatment effect on the diameter was tested at collar height (2 cm) in 3- or 5-years old stands
or at breast height (1.3 m) in 11- or 13-years old stands. In Pieksdméiki, MSP treatments had a
statistically significant effect both 3 (p<0.001) and 11 (p=0.003) years after establishment. The
spruce saplings favoured ditch and spot mounding. At the age of 11, those saplings which had
undergone ditch mounding rather than herbicide treatment were 23 mm thicker. Even though
the difference in the diameter of the saplings was quite large between those saplings which had
undergone inversion and other mounding methods (15—19 mm), it was not statistically significant.
Statistically significant differences were found also at Suonenjoki (p=0.009, Fig. 6) but only when
the stand age was 5 years old as those saplings which had undergone ditch mounding rather than
inversion were 5.2 mm thicker.

At Suonenjoki, MVC (4th season) treatment had a significant effect on the diameter of spruce
saplings (Fig. 6). Before MVC, in 0-3 year old stands, the difference in collar diameter of spruce
was under 0.3 mm and it was not statistically significant (p=0.132). Two years later, the spruce
saplings were 2.6 mm thicker for those saplings which had undergone MVC treatment than the
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Fig. 6. The mean collar diameter of spruce saplings in 3- or 5-year-old stands or the mean diameter at breast height
in 11- or 13-year- old stands in south-boreal forest in Finland at the Suonenjoki and Pieksédmaéki sites according to A)

mechanical vegetation control (MWC) or B) site preparation treatments. The letters (a, b) represent significant differ-

ences in the Tukey HSD test at a confidence level of 95% within one age category. Inversion/CTRL are control saplings

on inversion plots.

untreated control (p=0.009). However, at the last measurement, in 13 year old stands, the effect of
MVC treatment was no longer significant for the breast height diameter (p=0.749). At Pieksamaki,
MVC did not have a significant effect on the diameter of the planted spruce trees, although saplings
on MVC treatment had grown slightly better between 4—11 years (Fig. 6).
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3.3 The effect of site preparation or mechanical vegetation control on resprouts

Resprouts were measured at the last measurement in 11- and 13-years old stands, respectively
in Pieksdméki and Suonenjoki. At that stage, all the treatments were already early cleaned after
MVC. Thus, the observed trees were resprouts from the cleaning. Neither MSP or MVC treatment
had statistically significant effect on the height of resprouts in either Suonenjoki (MSP p=0.843,
MVC p=0.200) or Pieksdméki (MSP p=0.442 and MVC p=0.360).

However, at Suonenjoki, ditch mounding reduced the density of resprouts by 9 024 trees ha™!
or 47% compared to combined inversion and control treatment (Fig. 7, p=0.034). Spot mound-
ing did not differ significantly from ditch mounding or inversion. At Pieksdmaéki, the herbicide
treatment had the lowest density of resprouts and spot mounding the highest, but the differences
between MSP methods were not statistically significant (p=0.368).

MVC had significant effect on the density of resprouts at Pieksémaiki (p=0.004, Fig. 7).
MVC reduced the density of resprouts by 4400 trees ha~!, which was a 43% decrease compared
to the mean estimated density of 10260 trees ha~! in control. Although MVC reduced the density
of resprouts by 1100 trees ha! also at Suonenjoki, the difference was not statistically significant
there (p=0.685).

3.4 Effect of mechanical vegetation control on the survival rate of spruce saplings

The effect of MVC treatment on the survival rate of the spruce saplings was tested in 11- and
13-years old stands, respectively in Pieksdméki and Suonenjoki. In general, more surviving
saplings were found on the MVC plots. However, the proportion of observed saplings did not
significantly differ from the expected 50% between MVC treatments, not even within any of the
MSP treatments (Table 1).

A)D Ditch Mounding B Spot mounding B Inversion E Herbicide B) OControl mMVC
20000 b 20000
ab
a
15000 15000 - 4
5 a a =
(2] 12 a
= a 3 i
3 10000 5 @ 10000
2 L
— F = b
5000 5000
0 0
Suonenjoki Pieksamaki Suonenjoki Pieksamaki
(p=0.034) (p=0.368) (p=0.685) (p<0.001))

Fig. 7. The density of the resprouts in south-boreal forest in Finland at the age of 11 at Pieksdmiki and at the age of
13 at Suonenjoki for those saplings that had undergone A) site preparation and B) mechanical vegetation control treat-
ments (MVC). The letters (a, b) represent significant differences within site in the Tukey HSD test at a confidence level
0f 95%.
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4 Discussion

In this study, we found that on long-term (> 10 years), on fine-textured soil and on flat sites, the
growth of spruce saplings was favoured by ditch or spot mounding rather than inversion, using
herbicides or planting in unprepared soil. At 11 years, inversion led to a growth disadvantage of 2—5
years compared to those saplings that had been planted using ditch or spot mounding. Nonetheless,
growth on the control or herbicide treatment plots was even poorer than on the inversion plots. This
study extends the earlier findings from the same site to consider longer time periods (Heiskanen
et al. 2013). On flat terrain with fine-textured soil with periodic wetness, ditch or spot mounding
can improve growing conditions in the long term, as was also found by Heiskanen et al. (2016).

On the sloped terrain of Suonenjoki, the differences in height, height growth or diameter of the
spruce saplings were much lesser for those saplings which had undergone mounding methods than
in Pieksédmaéki. Inversion and spot mounding did not have any significant differences in Suonenjoki.
Ditch mounding achieved significantly better height growth than inversion, but between the years
the growth differences were inconsistent. Significant growth differences were found only during
the first three years or size differences during the first five years, but not later on. Inversion did not
provide significantly better growth compared to the control in Suonenjoki.

MSP has commonly been reported to result in a better survival rate and increased growth
of planted seedlings compared to seedlings in unprepared soil in Nordic forests (Orlander et al.
1996; Hallsby and Orlander 2004; Saksa et al. 2005; Kankaanhuhta et al. 2009; Hjelm et al. 2019;
Sikstrom et al. 2020; Luoranen et al. 2022b). Kankaanhuhta et al. (2009) found MSP to be the
most important factor explaining improved regeneration results when planting spruce in Finnish
privately-owned forests and mounding was found to produce better results than patching and disc
trenching. In a meta-analysis of planting studies, Sikstrom et al. (2020) found that MSP increases
the sapling height by 10-25% 10-15 years after planting.

Some earlier planting studies have suggested better seedling survival and growth for saplings
planted using inversion techniques than with mounding in Sweden and Finland (Orlander et al.
1998; Heiskanen and Viiri 2005; Heiskanen and Rikala 2006). Orlander et al. (1998) found that
conifer saplings were significantly taller after inversion compared to spot mounding ten years after
planting. According to Orlander et al. (1998), differences between observed MSP became detectable
during the third growing season and increased towards the end of the study period. However, older
inversion methods used in Orlander et al. (1998) may have been more intensive than their modern
counterparts used in our study. On the other hand, in a meta-analysis of planting studies, Sikstrom
et al. (2020) did not find statistically significant differences in sapling height due to the mounding
methods. Neither did Laine et al. (2020) in the height of conifer seedlings when comparing inver-
sion (56 cm) and spot mounding (57 cm) three growth seasons after planting, nor did Hallsby and
Orlander (2004) five years after planting (inversion 46 ¢cm, spot mounding 42 c¢m), and nor did
Johansson et al. (2013) 18 years after planting (inversion 413—430 cm, spot mounding 424 cm).

Variability in the mounding results may derive from soil conditions. Low-positioned inverted
spots with a fine soil texture can suffer from occasional waterlogging and coolness according to
Heiskanen et al. (2013, 2016). As they pointed out, the differences in planting success for varying
mounding methods are affected by the variability of the sites (hydrology, fertility) and years (weather,
damage). Slope prevents waterlogging and can limit the disadvantages of planting on unprepared or
only mildly prepared soils. The southwest slope is also better positioned for sunshine to warm the
site than flat sites, which may furthermore decrease the benefit of increased temperature of elevated
planting spot of mounding (Nilsson et al. 2010). Mounding is commonly applied prior to planting
of container grown spruce seedlings on fine-grained till soils that are susceptible to frost heave.
Different site preparation methods, typically disc-trenching or patching, are used on other soil types.
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In this study, slashes were removed from the studied sites before soil preparation. Slash
removal can facilitate soil preparation and improve quality of mounds (Saarinen 2006; Saksa et
al. 2018). However, benefits are minor in excavator-based mounding. Retained slashes release
slowly nutrients to the soil, and because of that, slash removal may have short- or long-term growth
effects (Wall 2008; Wall and Hytonen 2011; Jacobsen et al. 2015). However, the effect of nutrient
balance would likely be quite similar in any MSP. For example, Hjelm et al. (2019) did not find
slash removal to have any long-term effects on conifer growth in disc-trenched sites. Thus, we do
not expect slash removal to have large effect on the results between MSP or MVC treatments, not
at least when mounding is excavator-based. On forwarder-based mounding, on the other hand,
slash retention may strongly affect quality of mounding (Saksa et al. 2018), and thus it may impact
especially short-term growth of spruce.

In this study, growth pattern of spruce saplings in their third growing season was somewhat
peculiar in Suonenjoki, as there was negative mean growth for all but those saplings which had
undergone ditch mounding treatment. The number of saplings damaged by herbivores, mainly
pine weevils and voles was noticed to be especially high that year, and the proportion of seedlings
damaged by voles was slightly lower for saplings which had been planted in ditch mounds than
had undergone other MSP treatments (Heiskanen et al. 2013). Damage caused by voles was the
most obvious reason for the negative growth. During the third year, growth in the saplings that
had undergone ditch mounding was significantly higher than for those which had undergone other
treatments, which gives a reason to suspect that ditch mounding may protect seedlings from her-
bivore damage as has been speculated also by Huitu et al. (2013).

Herbicide treatment yielded the lowest growth for spruce saplings of all the soil preparation
treatments at Pieksdmaiki and was lower than the controls. There was more pine weevil feeding
damage especially for those saplings which had undergone herbicide treatment, but also for those
which had undergone the control treatments (Heiskanen et al. 2013). Pine weevil feeding damage,
even slight damage, reduces seedling growth (Langstrom and Hellqvist 1989; Luoranen et al. 2017)
and probably affected the seedlings growth also here. The other, reason for reduced growth for
the saplings which had herbicide treatment might be contamination damage from the herbicide.
Spruce has been considered quite tolerant to glyphosate (Lund-Heie 1983; Kogan and Allister
2010; Wendel et al. 1984). However, the tolerance depends on time and conditions of application.
Elongating saplings in warm summer conditions are highly susceptible to glyphosate (Lund-Heie
1983), and needle damage may affect the later growth of the seedlings (Langstrom and Hellqvist
1989). The saplings were briefly covered with an upside-down bucket during the spraying applica-
tion of glyphosate, but the seedlings still had apparent contamination damage from the application
done in the middle of the summer. Herbicide application may be more suitable when applied before
planting or then in few years after, once the trees are taller, or when the trees are already winter
hardened and not so susceptible to herbicides (Boateng et al. 2006). According to former studies,
repeated or even one-off herbicide treatment could be an effective alternative to MSP (Munson
et al. 1993; Orlander and Nilsson 1999b; Boateng et al. 2006; Lof et al. 2006; Cole et al. 2018).

MVC had a positive effect on the growth of spruce saplings which had undergone herbicide
treatment, and control saplings on unprepared soil in plots which had undergone herbicide and
inversion treatments. However, with more intensive MSP methods (ditch and spot mounding)
MVC did not improve the growth of the saplings, not even the growth of the control saplings in
unprepared soil between the mounds. It seems that for these treatments, the control saplings also
benefitted from MSP. There is little information available on the effects of MVC on spruce on
forest sites, which typically have less competition from ground vegetation. Though, Siipilehto
and Lyly (1995) found that herbicide treatment or mulching did not improve the growth of Scots
pine on reforestation sites. On arable land, vegetation control has been found to improve growth
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or survival of different tree species (Siipilehto 2001; Hytonen and Jylhd 2005, 2013; Jylhd and
Hytonen 2006), including the shade tolerant spruce (Siipilehto 2001; Jylhd and Hytonen 2006;
Hytonen and Jylhéd 2008). According to our results, MVC seems to be especially important when
MSP has not been done on a site.

MVC heavily reduced (43%) the density of resprouts at Pieksdmaéki. This finding is important
to silviculture because high densities of resprouts add to high pre-commercial thinning costs and
may also lead to extra pre-commercial thinning. There are some indications that juvenile stand
management, in which excess trees are cut in forest stands, typically reduces the density of trees
later (Uotila et al. 2014). Such a strong response between MVC and number of resprouts years
after the treatment is surprising. Especially when the stands were early cleaned later (and this
was done also for the control plots). However, there are some indications that repeated cuttings
(MVC, early cleaning, pre-commercial thinning) may decrease sprouting ability or survival of re-
sprouted broadleaves (Johansson and Lundh 2009). It is also known that the timing of cutting and
weather conditions during and before the cutting can have a large effect on sprouting (Mikola 1942;
Johansson and Lundh 2009; Uotila and Saksa 2021). Nonetheless, if density of broadleaved trees
reduces over each cutting, several less expensive cutting for smaller trees may be a better option
than one expensive cutting for larger trees. It is good to find that the density of resprouts was also
lower (8%) in Suonenjoki after MVC treatment, even though the difference was non-significant.

The density of resprouts was much lower for those saplings which had undergone ditch
mounding than other mounding methods at the Suonenjoki site. Typically exposed mineral soil
increases the natural establishment of trees (Raulo and Milkénen 1976; Uotila et al. 2010; Johans-
son et al. 2013; Laine et al. 2020). It should be acknowledged that initially, when the stand was
established, it was decided not to plant seedlings around ditches. Thus, our sample plots did not
locate near ditches, which because of the exposed mineral soil should be a good seedbed for natu-
rally emerging trees. It is possible though, that on dryish, sloped terrains like on the Suonenjoki
site, the extra drainage of the ditches may also reduce seed germination. The density of resprouts
was also lower on ditch mounding plots in Pieksdmaki than on spot mounding or inversion plots,
but the difference was not significant. Furthermore, Laine et al. (2020) suggested that less exposed
mineral soil and subsequently less naturally regenerated broadleaves may be achieved by using
inversion methods rather than spot mounding, which may improve the growth of conifer seedlings
on the long-term. In this study, we did not find statistically significant differences between inversion
and spot mounding on the sprout density. However, the sites have undergone 1-2 juvenile stand
management operations after MSP, which have had an impact on the resprout density.

There are a handful of previous studies of different mounding methods on the development
of planted stands (Orlander et al. 1998; Hallsby and Orlander 2004; Heiskanen and Viiri 2005;
Heiskanen and Rikala 2006; Johansson et al. 2013; Laine et al. 2020). Only a few extend to time
periods after the first decade (Orlander et al. 1998; Johansson et al. 2013), and to our knowledge,
inversion in Orlander et al. (1988) did not represent a modern method of application of the MSP
method by excavator. Our results represent the current mounding methods used in Finland in prac-
tice, and the results can be generalized on fine-textured soil types planted with spruce seedlings on
southern and central Finland and in similar conditions in other northern boreal forests.

To conclude the results of the present study, inversion showed poorer growth compared to
spot or ditch mounding on fine-textured soils on flat terrain. Inversion was the only MSP method
of the study that did not show a clear improvement over the saplings on unprepared soil on such
conditions. However, in more favourable conditions which do not benefit from extra drainage,
inversion provided comparable growth results to spot mounding. Herbicide treatment showed the
poorest growth in the study. Thus, herbicide treatment should not be applied as an alternative in
site preparation, not at least when there is a high risk of damage to adjacent spruce seedlings. MVC
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applied in 3rd or 4th season had only minor effect on the growth of spruce on MSP sites, but on
the other hand, it may be a necessary treatment on sites without MSP. Moreover, on flat terrain
MVC lowered the density of resprouts quite heavily.
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