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Long-term investigations revealing the effects of a decay fungus, Chondrostereum purpureum (Pers. Ex Fr.) Pouzar
on competition between deciduous and conifer tree species in young forests are missing. Therefore, the effects of
three different sprout control treatments were tested in young Norway spruce (Picea abies (L.) H. Karst.) and Scots
pine (Pinus sylvestris L.) stands by evaluating sprouting ability of deciduous tree stumps, and competition level
around cultivated conifers five years after the treatments. Sprouting control was performed (i) by cutting only
(control), and ii) by applying low-concentration (dilution 1:400) or iii) high-concentration (dilution 1:100)
C. purpureum preparates (mycelial solutions) on stumps immediately after cutting. Deciduous saplings were cut,
and fungal inoculum was applied by spreading it onto freshly cut stump surfaces. Following high-concentration
fungal treatment, the number of young deciduous trees cut in the treatment was by 25% lower compared to
control; moreover, the number of sprouts per stump was also significantly negatively affected by the fungal
treatment. As a result, the number of cases when competing deciduous trees occurred within a 1 m sample plot
around the investigated conifers was 40% lower following high-concentration fungal treatment than in the
control, resulting in better height and diameter development of conifers. Thus, additional sprout control is not

necessarily needed after the high-concentration fungal treatment.

1. Introduction

In young conifer stands, self-regenerating deciduous tree saplings
cause problems for cultivated conifers by competing for resources and
causing physical damage (whipping) (Jobidon, 2000; Huuskonen and
Hynynen, 2006; Saksa and Miina, 2007; Fahlvik et al., 2011; Huuskonen
et al., 2020). The biggest problems caused by self-regenerating deciduous
saplings include reduction in height and diameter development of young
cultivated conifers such as Norway spruce (Picea abies (L.) H. Karst.) and
Scots pine (Pinus sylvestris L.) (Jobidon, 2000; Varmola and Salminen,
2004; Huuskonen and Hynynen, 2006; Saksa and Miina, 2007; Uotila and
Saksa, 2014). Therefore, early cleaning is performed in order to give more
growing space for cultivated trees, and to ensure their better growth and
future timber quality. Traditionally, deciduous trees are being cut with a
clearing saw but excessive re-sprouting usually causes a need for subse-
quent sprout control operations (Uotila et al., 2010, 2012; Thiffault and
Roy, 2011; Uotila and Saksa, 2014). Thus, the costs of young stand
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management are high: for example, in Finnish forests ca. 56 million euros
were used in early pre-commercial and pre-commercial thinnings in 2019
alone (Natural Resources Institute Finland, 2020).

Previously, chemicals (arboricides) have been utilized to reduce the
effects of competition caused by deciduous trees in young conifer stands,
but their use has raised concerns due to harmful effects on the envi-
ronment (Thiffault and Roy, 2011; PEFC, 2014). Thus, strict restrictions
have requested for new efficient and environmentally friendly alterna-
tives. A decay fungus, Chondrostereum purpureum (Pers. Ex Fr.) Pouzar
fulfills these requirements (e.g. Jobidon, 1998; Harper et al., 1999; Roy
et al., 2010; Lygis et al.,, 2012; Hamberg et al., 2015; Hamberg and
Hantula, 2016, 2018). It can be spread as hyphal inoculum diluted with
water or applied as a paste to stump surfaces immediately after a tree has
been cut (de Jong, 2000; Bellgard et al., 2014; Hamberg et al., 2015).
From stump surfaces the fungus grows within a stump where it decays
wood and may finally kill its host, thus preventing sprouting (Dumas
et al.,, 1997; Becker et al.,, 1999; Hamberg et al., 2017). Since

E-mail addresses: leena.hamberg@luke.fi (L. Hamberg), Tiina.Laine@metsagroup.com (T. Laine), jarkko.hantula@luke.fi (J. Hantula), timo.saksa@luke.fi

(T. Saksa).

https://doi.org/10.1016/j.foreco.2021.119288

Received 1 March 2021; Received in revised form 15 April 2021; Accepted 17 April 2021

Available online 29 April 2021

0378-1127/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:leena.hamberg@luke.fi
mailto:Tiina.Laine@metsagroup.com
mailto:jarkko.hantula@luke.fi
mailto:timo.saksa@luke.fi
www.sciencedirect.com/science/journal/03781127
https://www.elsevier.com/locate/foreco
https://doi.org/10.1016/j.foreco.2021.119288
https://doi.org/10.1016/j.foreco.2021.119288
https://doi.org/10.1016/j.foreco.2021.119288
http://crossmark.crossref.org/dialog/?doi=10.1016/j.foreco.2021.119288&domain=pdf
http://creativecommons.org/licenses/by/4.0/

L. Hamberg et al.

C. purpureum is common in temperate and boreal vegetation zones, it can
be utilized in controlling sprouting of several deciduous tree species
(Wall, 1990; Roy et al., 2010; Lygis et al., 2012; Hamberg et al., 2021a).
It does not cause harm to healthy deciduous trees or to conifers (Wall,
1990; Gosselin et al., 1999). Fungal inoculum is not sensitive to varia-
tion in weather conditions, such as rain showers or high temperatures
(Hamberg and Hantula, 2020, Hamberg et al., 2020). However, its
efficient use is restricted to growing seasons (Vartiamaki et al., 2009;
Laine et al., 2020a; Hamberg, 2021).

Although the biological sprout control method utilizing the ability of
C. purpureum to kill stump sprouts of deciduous trees has been investi-
gated intensively, it cannot yet be used in forest management in Europe
since its commercial use requires permission by authorized European
Union institutions (Hamberg et al., 2021a). Furthermore, fully mecha-
nized devices are needed for effective and cost-efficient vegetation
management (Laine et al., 2019, 2020a,b), as this can fulfil perhaps the
most important task in practical biological sprout control - treating vast
numbers of stumps with fungal inoculum immediately after cutting.

A recent study by Laine et al. (2020a) evaluated the efficacy of fully
mechanized sprout control methods utilizing C. purpureum as a sprout
control agent where the effect of cutting only (control treatment) was
compared to the treatments with fungal preparates of different dilutions.
In the present study, a subset of sites investigated in the above-
mentioned study were revisited in order to find out long-term effects
of the treatments. The situation five years after the treatments was
evaluated in each site by counting viable young deciduous trees cut in
treatments, and by assessing the competition level around cultivated
conifers. We hypothesized that after five years (1) the density of young
deciduous trees cut in treatments and sprouting of deciduous stumps is
lower following fungal treatments compared to control (cutting only),
and as a consequence, (2) the competition around investigated conifers
would be lower in fungal treatment sites compared to the control plots.

2. Material and methods
2.1. Treatments and investigations in the field
Altogether, five sites located in central Finland were included in the

study (Table 1). Three of the sites represented Norway spruce (Picea
abies (L.) H. Karst.) and two of the sites Scots pine (Pinus sylvestris L.)

Table 1
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stands established in 2008 or 2009. Abundant self-regeneration by de-
ciduous trees species was observed on all sites in 2014. Therefore, in
order to provide more growing space for conifers, in 2014, young de-
ciduous trees were either (1) cut only (control treatment), or (2) cut and
freshly cut stump surfaces treated with a mycelial suspension of Chon-
drostereum purpureum of low (diluted with tap water to 1:400), or (3)
high-concentration (1:100). The treatments were carried by Laine et al.
(2020a), and at that state the density of conifers decreased from 5000 to
4300, and that of deciduous saplings from 15 500 to 2000 per hectare.
All the treatments have been performed using a lightweight mini-
harvester Tehojatka equipped with a UW40 cleaning head and a
spreading device (Usewood Ltd., Finland). The basal suspension of
C. purpureum was provided by Verdera Ltd., Finland, and it included a
fungal strain R5 (Hamberg et al., 2015) at a concentration of at least 10°
colony forming units per gram (Gonzales, 1996).

In each site, within each treatment, 14-15 circular sample plots (r =
0.5 m) were regularly located along the treated area following the layout
of the study by Laine et al. (2020a). Thus, in 2019-2020, altogether 208
sample plots were established to investigate the efficacy of the treat-
ments in preventing re-sprouting of the felled deciduous trees (Table 1).
Each sample plot was established at a place with a high density of young
deciduous trees but without planted conifers. Inventories in the field
were performed in late 2019 (21-23 October, after the end of growing
season) or early 2020 (19-20 May, before the start of next growing
season), i.e., approximately five years after the treatments. Within each
sample plot, all deciduous saplings more than 0.5 cm in diameter at a
ground level were investigated. The species and origin of each deciduous
sapling were recorded and all saplings were divided into two categories:
(1) young deciduous trees cut in 2014 and (2) grown from a seed
(seedlings, not cut in the treatment), and their total number was coun-
ted. Furthermore, all self-regenerated coniferous trees were measured
and counted to observe the total number of young conifers in a sample
plot. In the present study, the total number of young deciduous trees cut
in 2014 was 1011 (this amounts to 89% of all young deciduous trees,
treated and seedlings, counted within 208 sample plots established to
investigate the effects of the treatments on unwanted young deciduous
trees, Tables 1 and 2). The majority of young deciduous trees cut in 2014
belonged to birch (silver and downy birch, Betula pendula Roth and
B. pubescens Ehrh., respectively, n = 835, i.e. 83%), followed by rowan
(Sorbus aucuparia L., n = 105, 10%) and willow (Salix sp., n = 71, 7%).

Sites from the study by Laine et al. (2020a) included in the study, their geographical coordinates, year of plantation establishment, cultivated tree species, timing for
the treatment and inventory, and the number of investigated young deciduous trees cut in 2014 (Betula pendula and B. pubescens, Sorbus aucuparia and Salix sp.) and
planted conifers (Norway spruce (Picea abies) and Scots pine (Pinus sylvestris)). Number of young deciduous trees cut in 2014 were investigated within circular sample

plots 0.5 m in radius and planted conifers from separate sample plots 1 m in radius.

Site Geographical Plantation establishment Treated Inventoried Number of deciduous trees cut in Number of planted conifers
coordinates (year) and tree species * 2014 within sample plots 0.5 m in investigated within sample plots 1
radius (n = 208) m in radius (n = 208)
Control Fungal Fungal Control Fungal Fungal
b 1:400° 1:100 ¢ b 1:400° 1:100 ¢
3.1 Matkala, 62°13'47.8"N 2009 (S) June 2014 October 109 55 79 15 15 15
Keuruu 24°20'38.4"E 2019
4.1 Tuohis, 62°18'10.7"N 2008 (P) June - July May 2020 21 32 15 15
Keuruu 24°51'02.0"E 2014
5.1 Ilo, Keuruu 62°09'27.7"N 2008 (P) July 2014 May 2020 70 76 59 15 14 14
24°45'03.4"E
6.1 Limpsi, 62°06'43.8"N 2009 (S) July 2014 October 75 68 41 15 15 15
Keuruu 24°48'41.9"E 2019
8.1 Kalvi, 62°05'29.1"N 2008 (S) September October 122 126 78 15 15 15
Mantta- 24°33'15.1"E 2014 2019
Vilppula
Altogether 397 325 289 75 59 74

@ (S): Norway spruces were planted; (P): Scots pines were planted to a site.
b Control treatment (cutting only).

¢ Chondrostereum purpureum mycelial solution (basal solution diluted with tap water 1:400) was applied on freshly cut stumps.
4 Chondrostereum purpureum mycelial solution (basal solution diluted with tap water 1:100) was applied on freshly cut stumps.
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Table 2
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Number of investigated young silver and downy birch (Betula pendula and B. pubescens, respectively) trees, rowans (Sorbus aucuparia) and willows (Salix sp.) following
different treatments in Norway spruce (Picea abies) and Scots pine (Pinus sylvestris) sites (for more information see Table 1). Young deciduous trees cut in 2014 and
presented in this table were investigated within circular sample plots 0.5 m in radius.

Tree species Control * Fungal 1:400° Fungal 1:100° Total
Norway spruce Scots pine Norway spruce Scots pine Norway spruce Scots pine

Birches 277 49 228 59 169 53 835

Rowan 16 20 8 9 21 31 105

Willow 24 11 14 7 8 7 71

Altogether 317 80 250 75 198 91 1011

@ Control treatment (cutting only).

b Chondrostereum purpureum mycelial solution (basal solution diluted with tap water 1:400) was applied on freshly cut stumps.
¢ Chondrostereum purpureum mycelial solution (basal solution diluted with tap water 1:100) was applied on freshly cut stumps.

The diameter (mm) of each stump within each sample plot was
measured, and for each stump the total number of living sprouts and
height of the tallest living sprout (cm) were recorded. Some young de-
ciduous trees cut in 2014 included more than one stump, possibly
because of branching near the soil surface (birches had ca. 1.1, rowans
ca. 2.1 and willow ca. 1.4 stumps per a treated deciduous tree). How-
ever, only one randomly selected stump was investigated. In some cases,
the sprouting stump had decomposed completely but remains of it were
still visible (such stumps made about 4% of all young deciduous trees cut
in 2014). Because it was not possible to measure the diameter of such
stumps it was extrapolated from mean diameter of the same tree species
stumps having similar (+5 cm) height of the tallest sprouts within the
same site and treatment. Effects of the treatments on birch sprouting
three years after setting up the experiments have been reported as a part
of the study by Laine et al. (2020a).

To investigate competition between planted conifers and all decid-
uous saplings in all sites, an additional sample plot (r = 1 m) was
established next to each investigated sample plot 0.5 m in radius. In
these additional sample plots, a planted conifer — either Norway spruce
or Scots pine — was chosen as a center point. Altogether 208 planted
conifers (138 Norway spruces and 70 Scots pines) and competition
around them were investigated (Table 1). The height (cm) and diameter
at breast height (DBH, cm, at the height of 1.3 m) were measured for
each planted spruce and pine sapling located in the center point of a
sample plot, and the occurrence of browsing was visually evaluated.

Competition from deciduous saplings (both treated and regenerated
from seeds) surrounding a selected central conifers was investigated
within 1 m radius and assessed using two categories: 0 = no competition,
i.e., height of any deciduous saplings is lower than 2/3 of the height of
the central conifer, 1 = competition exists, i.e., height of at least one
deciduous sapling has reached or exceeded 2/3 of the height of the
conifer tree. Competition from conifers within a sample plot was
assessed by counting the number of self-regenerated conifers with a
height of at least !4 of that of the “central” conifer.

2.2. Statistical analyses

All statistical analyses and figure drawings were performed in the
statistical program R (R Core Team, 2020). In order to investigate the
overall success of each treatment five years after the field experiment
has been initiated, we estimated a model for the number of young de-
ciduous trees cut in 2014 per sample plot. As a response we had the
number of young deciduous trees cut in 2014 within a sample plot (n =
208, i.e., the number of observations, each including information on the
number of young deciduous trees cut in 2014), and as explanatory
variables we had (1) treatment (a factor with three levels: control, low-
concentration fungal treatment, and high-concentration fungal treat-
ment) and (2) conifer tree species (a factor with two levels: Norway
spruce or Scots pine). A second explanatory variable was included in the
model to account for the fact that the number of young deciduous trees
cut in 2014 may be lower in drier and nutritionally poorer Scots pine

sites. The numbers of self-regenerated conifers and deciduous tree
seedlings within sample plots were not included in the final model since
they had effect neither on the response (p = 0.670), nor on the co-
efficients and p -values of other explanatory variables in the model. Site
was included as a random factor in the model since young deciduous
trees cut in 2014 within a site may be more similar than single obser-
vations from separate sites (one observation only from one site).
Generalized linear mixed modeling, GLMM, using package Ime4 and
function glmer (Bates et al., 2015) was used in the statistical analyses
assuming Poisson distribution and using log link.

The number of stump sprouts per stump were compared among the
treatments using GLMMs as above. The number of living stump sprouts
per stump was as a response (n = 1011, i.e., the number of observations,
each including information on the number of stump sprouts per stump),
and as explanatory variables we had (1) treatment (a factor with three
levels: control, low-concentration fungal treatment, and high-
concentration fungal treatment), (2) deciduous tree species (a factor
with three levels: silver and downy birches together, rowan and willow),
(3) conifer tree species (a factor with two levels: Norway spruce or Scots
pine), (4) stump diameter (mm), and (5) the total number of saplings
within a sample plot (young deciduous trees cut in 2014 and self-
regenerated deciduous and coniferous trees were included). Silver and
downy birches were analyzed together since no difference has been
found between their sprouting capacities following the C. purpureum
treatment (Hamberg et al., 2015). Explanatory variable two was
included in the model to account for differences between the investi-
gated deciduous species, and other explanatory variables (numbers 3-5)
to account for other variation among young deciduous trees cut in 2014
and sample plots. Site and sample plot were included as nested random
factors in the model to account for the fact that sample plots within sites,
and saplings within sample plots may be more similar than randomly
investigated sample plots and saplings. The model regarding the tallest
living stump sprouts (n = 1011, i.e., the number of observations, each
including information on the tallest living stump sprout per stump)
among the treatments included the same explanatory variables and
random factors as in the number of stump sprouts model. The response,
tallest living stump sprout (cm) was log transformed for the analysis.
Linear mixed modeling, LMM, in the R package nlme and with function
Ime (Pinheiro et al., 2020) was used to estimate the model.

Competition around planted conifers was investigated using gener-
alized linear mixed modeling, GLMM, using package Ime4 and function
glmer, assuming binomial distribution and using logit link function
(Bates et al., 2015). As a response we had the occurrence of competition
(n = 208, a factor with two levels: 0 = no competition, 1 = competition
exists). As explanatory variables we had (1) treatment (a factor with
three levels: control, low-concentration fungal treatment, and high-
concentration fungal treatment), (2) the number of competing conifers
(others than the planted central tree) within a sample plot 1 m in radius,
and (3) a conifer tree species (a factor with two levels: Norway spruce or
Scots pine). The site was used as a random factor in the model to account
for the fact that conditions within a selected conifer site may be more
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similar than when each observation would have been collected from a
separate site.

The effects of different treatments on the height (cm) and the
diameter at breast height (DBH, cm) of cultivated Norway spruces or
Scots pines were investigated using linear mixed models, LMM, package
nlme, function Ime, and assuming normal distribution (Pinheiro et al.,
2020, n = 208 for the conifer height and n = 207 for the conifer DBH:
one tree was removed from the DBH analysis since it was <1.3 m in
height). In both models, explanatory variables were the same as in the
competition models, i.e.: (1) treatment (a factor with three levels: con-
trol, low-concentration fungal treatment, and high-concentration fungal
treatment), (2) the number of competing conifers (other conifers than
the planted central tree) within a sample plot 1 m in radius, and (3) tree
species (a factor with two levels: Norway spruce or Scots pine). Site was
used again as a random factor. All values presented in the result figures
are estimated values (predictions) based on the models. Package AICc-
modavg was used to calculate estimated values based on the linear mixed
effect models (Mazerolle, 2020).

3. Results
3.1. Effects of treatments on young deciduous trees cut in 2014

All results presented under the section 3.1 relate to the data collected
from circular sample plots 0.5 m in radius established for investigations
on the effects of the treatments on deciduous trees. The number of young
deciduous trees cut in 2014 was ca. by 25% lower in high-concentration
fungal treatment sample plots (4.6 in Norway spruce and 2.4 in Scots
pine sample plots) than in control treatment (6.1 and 3.2, respectively,
GLMM, p < 0.001). No significant difference was found between the
low-concentration fungal treatment (5.6 and 3.0 young deciduous trees
cut in 2014 in the Norway spruce and Scots pine sample plots, respec-
tively) and control (p = 0.239). As expected, the number of young de-
ciduous trees cut in 2014 was lower in Scots pine than in Norway spruce
sample plots (p < 0.001).

The number of stump sprouts per stump was significantly lower (p =
0.001) following high-concentration fungal treatment than in control
(GLMM, Table 3, Fig. 1). However, statistically significant differences
were not found between the low-concentration fungal treatment and the
control (p = 0.157). The number of stump sprouts per stump was lower
for birch than for rowans (p < 0.001) and willows (p < 0.001), but no
difference in the number of sprouts per stump was found between the
Norway spruce and Scots pine sites (p = 0. 456). The number of stump
sprouts per stump increased with increasing stump diameter (p < 0.001)
but decreased with increasing tree density (p < 0.001).

The height of tallest stump sprouts did not differ significantly be-
tween the control and low-concentration fungal treatment (LMM, p =
0.321), or high-concentration fungal treatment (p = 0.987, Table 3,
Fig. 1). Although the tallest sprouts were by 10-20 cm lower in Scots
pine sites than in Norway spruce sites (predicted values not shown), no

Table 3
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statistically significant differences (p = 0.176) in the height of tallest
stump sprouts between the Norway spruce and Scots pine sites were
found. Stump sprouts were significantly taller for birch than for rowans
(p < 0.001) and willows (p < 0.001). The height of tallest stump sprouts
increased with increasing stump diameter (p < 0.001) but the density
within a sample plot had no effect on height (p = 0.422).

3.2. Inter-tree competition following different treatments

All results presented under the section 3.2 relate to the data collected
from circular sample plots 1 m in radius established for investigations on
the effects of competition around planted central conifers. Most of the
investigated central conifers were visually healthy but ca. 7% of conifers
were affected by browsing of wild game. In the Scots pine sites, browsing
was more common than in Norway spruce sites. Compared to control,
the competition was lower around planted central conifers following
high-concentration fungal treatment (GLMM, p = 0.052, Fig. 2). The
difference between control and low-concentration fungal treatment was
not statistically significant in this respect (p = 0.199). Competition in the
control plots was observed around 35%, in low-concentration fungal
treatment plots around 25%, and in high-concentration fungal treatment
plots around 21% of planted central Norway spruces. The respective
values in Scots pine sites were ca. 39, 28 and 23%. The probability of
occurrence of competition around Norway spruces did not differ from
that around Scots pines (p = 0.800). The number of self-regenerated
conifers within a sample plot had no effect on the probability of
occurrence of competition (p = 0.804).

The lower competition around planted conifers following high-
concentration fungal treatment as compared to the control treatment
could also have a positive effect on height and DBH increment in the
planted central conifer trees. Following high-concentration fungal
treatment, planted conifers were by 8-11% taller than in control plots,
and the difference was statistically significant (LMM, p = 0.030, Table 4,
Fig. 3). No statistically significant difference was found between control
and the low-concentration fungal treatment (p = 0.477). A similar trend
was also observed for conifer’s DBH growth: it was by 9-14% larger
following high-concentration fungal treatment than in the control (p =
0.070). No difference was found between the low-concentration fungal
treatment and control (p = 0.720). The number of self-regenerated co-
nifers did not affect the height or DBH of the planted central conifers in
sample plots (p = 0.938 for both the height and DBH models). Scots
pines were significantly shorter (p = 0.006) and thinner than Norway
spruces (p = 0.019).

4. Discussion

The results of the present study revealed that biological sprout control
utilizing high-concentration fungal preparates (dilution 1:100) reduces
competition from deciduous saplings around cultivated conifers in young
conifer plantations. The density of young deciduous trees cut in 2014 and

The effects of control treatment (cutting only), low-concentration (dilution 1:400) and high-concentration fungal treatments (dilution 1:100), and the other covariates
on the number and height of tallest stump sprouts of silver and downy birch, rowan and willow (n = 1011). Statistically significant (p < 0.050) coefficients + standard

errors are in bold. See Fig. 1 for the predicted values based on the models.

Model Intercept Fungal treatment Fungal treatment Effect of Scots Rowan ° Willow Stump diameter Density in a sample
1:400 * 1:100 * pine site ” (mm) plot ¢
Number 0.754 + —0.076 + 0.054 —0.173 + 0.054 0.138 + 0.185 0.608 + 0.595 + 0.014 + 0.003 —0.029 + 0.007
0.135 0.062 0.072
Maximum 4.807 + —0.036 + 0.036 —0.001 + 0.036 —0.119 + 0.088 —0.584 + —0.367 + 0.017 + 0.001 0.004 + 0.005
height 0.080 0.033 0.035

@ Difference between the control and low-concentration fungal treatment (dilution 1:400), and between the control and high-concentration fungal treatment

(dilution 1:100).
b Difference between Norway spruce and Scots pine sites.
¢ Difference between birches and rowans, and between birches and willows.
d Effect of the tree density in a sample plot.
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Fig. 1. The effects of control treatment (cutting only), low-concentration (dilution 1:400) and high-concentration (dilution 1:100) fungal treatments on the number
of stump sprouts and height of the tallest stump sprouts per stump of two birch species (Betula pendula and B. pubescens) combined (a and d), rowan (Sorbus aucuparia)
(b and e), and willow, (Salix sp.) (c and f). Statistically significant differences (p < 0.050) between the control and the other treatments are indicated with an asterisk.
The number of investigated young deciduous trees cut in 2014 was 1011. Presented are the predicted values in Norway spruce sample plots with the mean stump
diameter and the mean density per sample plot. See the model results in Table 3.
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Fig. 2. The proportion of freely growing (no competition around) planted central (a) Norway spruces (n = 138) and (b) Scots pines (n = 70) five years after the
control (cutting only), low-concentration (dilution 1:400) and high-concentration (dilution 1:100) treatments with Chondrostereum purpureum preparates. Statistically
indicative differences (0.050 < p < 0.100) between the control and the fungal treatments are indicated with a square dot on top of bars. The total number of
investigated conifers was 208. Presented are the predicted values with the mean number of self-regenerated conifers per sample plot.
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the number of stump sprouts per stump were considerably lower following
this treatment compared to cutting only. Consequently, due to reduced
competition conifers grew better in high-concentration fungal treatment
plots than in control plots (conifers were significantly taller, and their di-
ameters were considerably and significantly larger than that in the control
plots five years after the treatments). However, low-concentration fungal
treatment did not show good sprout control efficacy and cannot be
considered to provide any improvement when compared to cutting only.
Yet, high-concentration fungal treatment seems a promising option to
achieve better cost-efficiency in sprout control by preventing sprouting of
deciduous trees and improving the growth of conifers. Also, consumption of
basal fungal solution is ten times lower than in the dilution 1:10 which has
also successfully been utilized in previous investigations (Hamberg and
Hantula, 2018; Laine et al., 2020b; Hamberg et al., 2021b).

In young Norway spruce stands, young deciduous trees are usually
cut at least once and sometimes the clearing operations are carried out
several times (Uotila and Saksa, 2014; Uotila 2017). The potential
benefit from the fungal treatment is clear if the need to re-visit a young
forest stand more than once could be avoided, and consequently costs
needed for sprout control can be reduced. Based on our field observa-
tions and the proportion of conifers not undergoing any competition in
the high-concentration fungal treatment plots (80%), it seems that there
is no need for another young stand management operation. In this
treatment, the proportion of young deciduous trees cut in 2014 was
lower than in the control sites since stumps treated with C. purpureum
preparate were killed by the fungus. On the other hand, the observed
large proportion of planted conifers without competition can be
considered to be high enough to ensure formation of conifer (Scots pine
or Norway spruce) stands with a sufficient target density (900-1400
stems ha™1; Aijal et al., 2019) after the first thinning. This is promising
although only about 34% of the deciduous stumps in high-concentration
fungal treatment were dead three years after treatment (Laine et al.
2020a).

We showed for the first time that fungal treatment can reduce
competition around young planted coniferous trees and enable their
better growth. In young forests, reduced competition increases the
height development of conifers but still the effects on stem diameter are
more pronounced and reported more often than those on conifer height
(Jobidon, 2000; Uotila and Saksa, 2014; Huuskonen et al., 2020).
Diameter growth is affected earlier than height growth but if tree growth
is inspected for a longer time, similar responses in terms of height and
diameter increment are found (Jobidon, 2000; Krasowski and Wang,
2003; Varmola and Salminen, 2004; Zenner, 2008; Hoepting et al.,
2011; Uotila and Saksa, 2014; Gauthier and Tremblay, 2018). When
competing vegetation is removed, conifer saplings get more space and
they start to allocate resources to root growth or to radial growth of a
stem, and therefore height growth may be delayed for few years (Zenner,
2008). Increased growing space improves availability of water, nutrients
and solar radiation, and conifer saplings start growing more rapidly and
therefore suppress the growth of stump sprouts and seedlings of the
unwanted deciduous species (Uotila and Saksa, 2014).

Compared to rowan and willow, the number of stump sprouts was
lower in birch, although in birch these were taller. Rowan is one of the
most preferred species by moose (Andrén and Angelstam, 1993; Motta,
2003), which explains their lower height and higher number of branches
compared to birch. In careful manual treatments, C. purpureum can pre-
vent sprouting of birch very efficiently: our earlier studies have shown
that up to 80-100% of birch stumps may die in a couple of years following
fungal treatment (Hamberg et al., 2015; Hamberg and Hantula, 2018).
Effects of treatment with C. purpureum preparates on rowan are less
pronounced: stump mortality rates rarely exceeded 40-50% (Hamberg
etal., 2014; Hamberg, 2021). Some effect of C. purpureum treatment has
also been observed on sprouting of willow stumps. After the treatment,
this fungus has been frequently found on willow stumps (Hamberg et al.,
2017), and stump mortality has also been higher among the treated
stumps (57%) than in the control (cutting only, 23%, Lygisetal., 2012). In
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Table 4

Height and diameter at breast height (DBH) of planted central Norway spruces
and Scots pines five years after the control (cutting only), low-concentration
(dilution 1:400) and high-concentration (dilution 1:100) treatments with
Chondrostereum purpureum preparates. Presented are the predicted values (and
standard errors) with the mean number of other conifers per sample plot. See
Fig. 3.

Variable Control * Fungal 1:400" Fungal 1:100°
Height (cm)
Norway spruce 373 +£37 383 + 37 401 + 37
Scots pine 264 + 42 274 + 42 292 + 41
DBH (cm)
Norway spruce 4.4+ 0.6 4.5+ 0.6 4.8 £ 0.6
Scots pine 29+ 0.6 3.0+ 0.6 3.3+0.6

 Control treatment (cutting only).

b Chondrostereum purpureum mycelial solution (basal solution diluted with tap
water 1:400) was applied on freshly cut stumps.

¢ Chondrostereum purpureum mycelial solution (basal solution diluted with tap
water 1:100) was applied on freshly cut stumps.

studies where fully mechanized stump treatment devices have been used,
the mortality of willow stumps was lower (ca. 17-23% following fungal
treatment and 6% in the control, Laine et al., 2019).

In general, Scots pine sites are nutritionally poorer and drier than
Norway spruce sites (Cajander, 1926). Consequently, the number of
young deciduous trees cut in 2014, and the height of stump sprouts were
lower in Scots pine sites compared to that in Norway spruce sites. Wild
game browsing of planted conifers was observed more frequently in
Scots pine than Norway spruce sites (see also Andrén and Angelstam,
1993; Motta, 2003), and this may also have affected the height devel-
opment of stump sprouts of deciduous trees.

Increase in the stump diameter produced higher number of sprouts
and these were generally taller which corresponds to the results of
numerous earlier studies (e.g., Uotila and Saksa, 2014; Hamberg et al.,
2015, 2020). Also, an increased number (density) of other saplings in
sample plots has resulted in lower number of sprouts on treated decid-
uous tree stumps (see also Hamberg et al., 2015, 2020; Hamberg and
Hantula, 2018), yet no effect of the sapling density was found on sprout
height.

5. Conclusions

We conclude that treatment of deciduous tree stumps with a decay
fungus C. purpureum provides more growing space for cultivated target
tree species (conifers) than cutting only by reducing the number of
viable stump sprouts. The high-concentration fungal treatment (dilution
1:100) resulted in better growth of the cultivated conifers as they were
taller and larger in diameter at breast height than those in the control
plots. Since the proportion of conifers not affected by competition was
high enough (80%) following the high-concentration fungal treatment,
there is not necessarily need for another young stand management
operation before the first thinning. Thus, the results of the present study
indicate that high-concentration fungal treatment improves cost-
efficiency and could thus be a promising method in young stand man-
agement in the future. However, long-lasting studies extending to the
first precommercial thinning would be needed to confirm this
conclusion.
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Fig. 3. Height and diameter at breast height (DBH) of planted central Norway spruces (a and c¢) and Scots pines (b and d) five years after the control (cutting only),
low-concentration (dilution 1:400) and high-concentration (dilution 1:100) treatments with Chondrostereum purpureum preparates. Statistically significant differences
between control and different fungal treatments are indicated with an asterisk (p < 0.050) and indicative differences (0.050 < p < 0.100) with a square dot. Presented
are the predicted values (and standard errors) with the mean number of other conifers per sample plot. See Table 4 for values used in the figure.
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