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For about 25 years, forest managers in Sweden have been treating stumps following harvesting with Phlebiopsis
gigantea, retailed as Rotstop®S gel, against spore infections of Heterobasidion, which cause root rot in order to
minimize losses in timber production. However, not all forest managers trust the efficacy of stump treatment and
this fact has hindered widespread adoption of stump treatment using P. gigantea. In this study, we evaluated
stump treatment in the field during commercial thinning operations across 15 sites, by assessing the degree of
stump coverage and subsequent infection levels in stump discs. In total, 45 % of all stumps were infected with
Heterobasidion spp.. Nineteen percent of all stumps were considered to have full (100 %) coverage by Rotstop®S
but contractors failed to achieve the manufacturers stipulated minimum coverage (85 %) in approximately 1/3 of
all stumps. Using PCR, we could only detect the presence of P. gigantea in 73 % of the tested stumps. Large
variation occurred between stump coverage and the recovery of P. gigantea in wood chip samples collected from
stump discs across sites. In the worst case, we detected P. gigantea in only three out of ten treated stumps at one
site. Despite this discrepancy we saw a clear reduction of the size of Heterobasidion infections on stumps where
stump treatment coverage was more than 85 % of the stump surface.

Our results suggest that forest operators in Sweden repeatedly fail to either apply a spore solution of P. gigantea
or cover enough of the stumps to provide the desired protection. The outcome of such sub-standard application,
could further undermine the usage of biological control agents in forestry and limit any potential control against
Heterobasidion spp..

1. Introduction

The forest sector in Sweden has long been an integrated and essential
part of the national economy. However, several persistent forest health
threats are currently jeopardizing sustainable wood production from
Swedish forests. Norway spruce (Picea abies (L.) Karst.) is one of the most
commercially important tree species in Sweden, but about 25 % of its
stands are affected by root rot and butt rot, mainly caused by Hetero-
basidion spp.. Infection by Heterobasidion spp. leads to downgrading of
timber, increased risk of windthrow and growth loss, which can result in
severe financial losses (Bendz-Hellgren et al., 1998). Spores of Hetero-
basidion spp. enter stands mainly through the stumps created at

* Corresponding author.
E-mail address: Jonas.Ronnberg@slu.se (J. Ronnberg).

https://doi.org/10.1016/j.foreco.2023.120778

thinnings (Rishbeth, 1951a) during the growing season (Brandtberg
et al., 1996). The fungus spreads subsequently by mycelial growth to
adjacent trees via root grafts and contacts (Rishbeth, 1951b). Spread of
Heterobasidion spp. can be reduced if a control treatment is applied to
surfaces of freshly cut stumps (Rishbeth, 1952, 1957). The saprophytic
fungus Phlebiopsis gigantea (Fr.), and other chemicals such as urea or
borate have been shown to be efficient stump treatments (Kallio, 1971;
Korhonen et al., 1994; Rishbeth, 1963).

For the last two decades in Sweden, P. gigantea has been the most
frequently used agent for stump treatment (Thor, 2003), and from 2017
it is the only control agent approved for application against Hetero-
basidion spp. (Kvakkestad et al, 2020). Multiple studies have
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demonstrated the effectiveness of P. gigantea as a stump treatment agent
against Heterobasidion spp. (Blomquist et al., 2020; Oliva et al., 2010;
Pellicciaro et al., 2021; Ronnberg et al., 2006). Several studies have
stressed the importance of 100 % coverage of Rotstop on the stump
surface (Berglund and Ronnberg, 2004; Oliva et al., 2017; Ronnberg
et al., 2006), and the manufacturer of Rotstop®S Gel in Sweden rec-
ommends at least 85 % coverage (Rotrota 2019). In spite of over-
whelming support of the efficacy of P. gigantea shown in research, many
contractors are hesitant about stump treatment, perceive it as an
annoyance and costly, and/or question its efficacy in practice (Jonas
Ronnberg pers. comm).

To our knowledge, there are no previous studies on the efficacy of
stump treatments when applied by contractors during regular forest
thinnings. Practical issues may arise with improper handling of the
product from storage to its actual application on stumps. There might be
technical issues with the machinery causing improper application of the
agent or temperatures high enough to kill P. gigantea spores rendering
the treatment inefficacious. Also abiotic factors might affect stump
inoculation such as dilution of the agent on the stump surface due to
heavy rainfall during or after felling. The aim of this project was to
investigate infection levels of Heterobasidion spp., the coverage and the
presence of the biological control agent P. gigantea in several forest
stands across southern Sweden that were recently thinned during
normal forest practices.

2. Material and method
2.1. Study sites and sampling

The experiment was carried out in thinnings performed by contrac-
tors in commercial forest operations, i.e. thinnings and stump treatment
were not designed to include controls, and contractors responsible for
treatment were not informed about the scope of the study to avoid any
biases. Fifteen commercially thinned stands of Norway spruce were
selected in southern Sweden where Heterobasidion spp. are known to be
endemic (Table S1).

Thinnings were conducted between September and October 2017
and between May and August 2018, with single-grip harvesters equip-
ped with a mechanized head for treatment. Immediately after cutting,
the stumps were treated with a suspension of P. gigantea spores prepared
from Rotstop®S gel (Inter Agro Skog AB, Eslov, Sweden) according to
the manufacturer’s instructions. A blue indicator dye added to the
Rotstop®S formula colored the stumps upon application. In order to
assess treatment coverage, 30 treated stumps in each stand were
randomly selected for analyses. Any of the selected stumps showing

Table 1
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visible evidence of existing decay was excluded from further analyses,
rendering a sample of 20-30 stumps in each site (Table 1). Stumps were
marked in the field with a label marker and ribbon, and the GPS point
was recorded for each location. Each stump was calipered to obtain a
diameter measurement and then photographed soon after cutting
(within one to six hours after felling to ensure the indicator dye’s color
was still visible). Some discs had only a faint blue color where they were
treated, so in addition we used imaging software to make a visual esti-
mation of the coverage on site. The estimation was made by covering
one-half of the disc at a time and estimating the color percentage on each
side and summing the coverage for the whole disc. Discs that appeared
to be fully covered on site or in photographs were considered to have
100 % coverage and were not analyzed further using imaging software.
To verify the presence of P. gigantea on treated stumps, wood samples (1
cm x 1 em x 0.5 cm) were taken from the surface of the stumps
immediately after Rotstop treatment. A sterile chisel was used to collect
each sample. Ten stumps were sampled for each site for a total of 150
samples. Wood samples were wrapped in aluminum foil and transported
to the laboratory for further processing.

Six to seven weeks after thinning, sites were revisited and discs from
the marked stumps were collected to analyze the presence of Hetero-
basidion spp. To prevent contamination from spores on the bark, the side
of each stump was sprayed with 70 % ethanol. The top two centimeters
of each stump was cut off with a chainsaw and discarded, before cutting
a 3 cm disc, which was immediately transferred into a plastic bag and
sealed. At the lab, discs were incubated in the dark for seven to ten days
at room temperature (approximate 20-23 °C), and then analyzed for the
presence of Heterobasidion spp. conidia on the disc surface using a stereo
microscope. The edges of the infections were marked on the disc.
Infected area was measured using a transparent 1-cm grid paper and the
number of colonies was noted. Infection frequency of Heterobasidion spp.
and the relative infected area was determined for each site.

2.2. Image processing of treatment coverage on stump surface

For stumps that were not considered to have 100 % treatment
coverage, we used the image analysis software ImageJ (version 1.52)
(Schneider et al., 2012) that utilized the blue dye. To isolate areas with
blue pigment, the pictures were processed in GNU Image Manipulation
Program (GIMP) (version 2.10), and everything but the treated area was
removed. The image was then cropped and transferred into ImageJ
which transformed the treated area into pixels. The colored area was
then calculated as a proportion of the number of blue pixels relative to
the total number of pixels, yielding a percentage to multiply with the
cross calipered based area of the stump. Where ImageJ failed to detect

Number of sampled stumps, stump area, frequency of Heterobasidion infected stumps, stump treatment coverage, positive P. gigantea PCR, mean number of Hetero-

basidion colonies and relative infected area for infected stumps for each site.

Site  Number of Mean stump size Infected (%) Mean coverage Positive PCR (%) Mean number of colonies/ Mean relative infected area
stumps (em?) (%) dm? (%)

1 29 156 + 15 48 77.4 £ 3.82 80 2.76 £ 0.95 2.05 £ 1.07
2 26 204 + 17 31 81.82 + 2.2 60 2.15+0.87 0.67 £ 0.24
3 25 575 + 74 72 68.25 + 4.87 60 1.65 + 0.41 1.1 £ 0.44
4% 24 156 + 13 42 74.96 + 5.25 89 1.08 £ 0.12 0.48 £ 0.26
5 24 143 £11 62 90.8 £1.74 80 1.56 + 0.27 0.46 £ 0.15
6 30 108 £ 6 17 88.71 £ 1.3 70 1.54 + 0.42 0.77 £ 0.35
7 25 225 + 34 24 87.65 + 2.4 90 1.08 + 0.35 0.18 £+ 0.08
8 27 327 £33 56 90.28 + 1.53 100 1.12 +0.28 0.27 £ 0.09
9 20 105 £ 10 10 98.54 + 0.6 60 5.37 £ 4.1 1.58 + 1.26
10 28 119 + 12 57 87.11 + 1.67 70 3.71 £ 0.56 1.33 + 0.34
11 28 180 + 22 86 86.98 + 2.7 70 4.55 £ 0.88 1.36 + 0.33
12 27 282 + 35 30 82.93 + 2.14 70 1.61 +£0.73 0.54 £ 0.25
13 28 391 + 41 79 93.16 + 1.28 80 2.27 £ 0.46 0.76 + 0.34
14 27 217 + 32 26 84.51 + 4.24 30 1.86 + 0.76 1.39 + 1.24
15 26 281 + 57 31 77.66 + 7.06 90 0.93 £ 0.34 0.84 £ 0.57

*One stump in site four could not be used in PCR due to insufficient DNA.
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colored areas due to the presence of only a faint blue color, the visual
estimations of coverage from the field were used to provide a more ac-
curate estimate of the coverage.

2.3. Optimization of protocol for PCR

To optimize molecular detection of P. gigantea from the wood sam-
ples collected from stumps post-thinning and treatment, a controlled
laboratory study was conducted that simulated treatment on fresh
woody stem billets. For this, a 21-year-old Norway spruce tree was cut
down, the branches and outer bark were manually removed with a knife
(sterilized with 70 % ethanol), and 20 discs (about 1.5 cm thick) were
cut with an electric reciprocating saw. The saw blade was sterilized with
70 % ethanol after each cut. Discs were immediately transferred to a
sterile hood in the lab and phloem tissue was peeled off the discs and
discarded. Ten discs were treated with sterile water and ten were treated
with Rotstop®S diluted in sterile water to the manufacturer’s recom-
mended concentration of 1 g 171, For both treatments, the liquid was
applied with a sterile syringe such that it totally covered the disc surface
with a 1 mm thick layer, estimated visually. Discs were left in the hoods
for 2 h after which the treated top layer of wood (1 cm x 1 cm x 0.5 cm)
was excised with a scalpel.

Excised wood tissue was lyophilized using SCANVAC CoolSafe™
during a week and ground to a fine powder in a Retsch MM 400 ball mill.
DNA was extracted from the milled tissue using (Inglis et al., 2018)
CTAB method with the following minor modifications: 40 mg of tissue
was used, and 0.5 pl of 5 mg ml~! glycogen (RNA grade) was added to
each sample during the isopropanol precipitation step. To serve as a
positive control, DNA from the RotStop®S suspension, not the concen-
trate, used to treat the discs in the controlled study was extracted by
using the above method on pelleted material following centrifugation of
the solution. DNA concentrations were determined using the Qubit high
sensitivity dsDNA Kkit.

The presence or absence of P. gigantea was ascertained for all wood
samples using nested PCR targeting the GH28 gene (GenBank
KN840450.1) described in (Hori et al., 2014) using outer primer pair
GH28 and nested pair GH28nest (appendix B). For reactions using GH28
primers, 4 ng of template DNA was used in a 50 pl reaction with an initial
denaturation step at 95 °C for 5 min followed by 35 cycles of 95 °C for 1
min, and annealing at 53 °C for 1 min and 72 °C for 1 min, followed by a
final extension step at 72 °C for 6 min. Resulting products were diluted
1:250 with nuclease-free water. For reactions using GH28nest primers,
1.5 pl of the diluted product was used in a 25 pl reaction with an initial
denaturation step at 95 °C for 5 min followed by 25 cycles of 95 °C for 1
min, and annealing at 55 °C for 1 min and 72 °C for 1 min, followed by a
final extension step at 72 °C for 6 min. All reactions were conducted
using Platinum™ II Hot-Start PCR Master Mix (2X) on an Eppendorf
Mastercycler 5333. Products were visualized on 1.5 % agarose gel in
Tris-acetic acid-EDTA buffer (TAE) with GelRed (see appendix B). If no
products were visible in the nested round for a sample, both PCRs were
repeated to confirm it as negative.

2.4. Calculations and statistics

For each site the following descriptive information was calculated:
the percentage of samples where P. gigantea could be reisolated using
PCR, the mean stump size (cm?), infected stumps (%), the mean
coverage (%), mean number of colonies per dm? and mean relative
infected area. The relative infected area for each stump was calculated
as the infected area divided by the total area. For each stand data was
grouped into three categories: stumps with less than 85 % coverage,
stumps with a coverage of P. gigantea ranging from 85 to 99 %, and
stumps with 100 % coverage.

Statistical analysis was performed in the same way for the relative
infected area and the number of colonies per dm2 Due to uneven
infection pressure, uneven application of treatment across sites, and no
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difference in number of infected trees regardless of treatment coverage,
stumps with no colonies were removed before statistical analysis. The
removal of non infected trees was not done when testing if the PCR re-
sults were affected by coverage. Across all models, the site was used as a
random factor in a linear mixed-effects model from package lme4 (Bates
et al.,, 2015). Pairwise comparisons were made using least-squares
means from package emmeans (Lenth et al., 2018), and was done be-
tween the aforementioned three groups with different treatment
coverage. All data handling and visualization was done using tidyverse
(Wickham et al., 2019) in R (R Core Team, 2021).

3. Results

Of the total 450 stumps sampled across 15 sites, the average area of
the stumps ranged from 105 to 575 cm?, with the smallest being 24 cm?
and the largest being 1521 cm?. Of the 450 stumps, 56 were determined
to be rotten on site and were hence excluded from the experiment,
leaving 394 stumps for image analysis (see Table 1). The image analysis
revealed that the blue colorant mixed in with P. gigantea failed to reach
the minimum stipulated stump cover rate of 85 % in all but site nine.
This site was also the only site that had more than half of all stumps
entirely covered by treatment (Fig. 1, Fig. 2). Across all sites, 19 % of all
stumps were fully covered, while 46 % of stumps had coverage between
85 and 99 %, and 35 % of treated stumps had less than 85 % coverage,
although coverage varied considerably across sites (Fig. 2).

3.1. Heterobasidion infections and treatment coverage

Heterobasidion infections were detected on stumps at all sites. Of the
394 stumps that were analyzed, 178 (45 %) were infected with Hetero-
basidion spp.. Three sites (sites 3, 11, and 13) had high infection fre-
quency (72-86 %), and one site (site 9) had low infection frequency (10
%) with only two infected stumps (see Table 1). The percentage of
infected stumps did not differ between treatments (less than 85 %
coverage; 45 % infected, greater than 85 % covered; 46 % infected, full
coverage; 45 % infected). Neither was there a significant effect of the
application on the number of colonies (Fig. 3A). There was a significant
difference when considering the percentage of infected area between the
treatment under 85 % coverage and either of the two treatments above
85 % coverage (Fig. 3B).

3.2. PCR detection of P. gigantea from controlled pilot study

In the pilot study aiming at protocol optimization to test presence of
P. gigantea in wood samples, all Rotstop®S-treated discs had visible
products corresponding to the positive control following the GH28 PCR,
while no such products were observed in the water-treated controls (see
appendix B). Several bands of different sizes were visible in both water
and Rotstop®S-treated discs indicating that the GH28 primers are likely
amplifying Norway spruce DNA and are not specific to P. gigantea.
However, these non-specific bands also verify that any lack of P. gigantea
corresponding products cannot be because of unsatisfactory PCR con-
ditions and that 4 ng of template DNA is sufficient for visible GH28
product formation. Nested PCR using primer pair GH28nest yielded no
visible products for the water-treated controls, while all Rotstop®S-
treated samples had a band corresponding to the positive control.

3.3. Presence of P. gigantea as determined by PCR

Of the 396 stumps that were assessed in the field study, 150 were
sampled for DNA analysis to determine the presence of P. gigantea. No
DNA could be extracted from tissue collected from one of the stumps in
site four despite repeated and varied extraction methods, and it was not
included in subsequent analyses. In total, 109 of the 149 stumps (73 %)
were positive for P. gigantea (Table 1), with all sites having at least three
positive stump samples and all but site 14 having > 60 % of the stumps
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across sites. The n value above each bar represents the number of stumps examined, the thick lines in each boxplot indicate the median stump treatment coverage and
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being positive for P. gigantea. Only in site eight did all ten stumps test
positive for P. gigantea. There was no correlation between PCR results
and the presence or relative infected area of Heterobasidion on the
stumps (p >.90).

4. Discussion

We investigated the application of P. gigantea in the field at the end-
user level and found that the provided protection was considerably
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Fig. 3. On both graphs the x-axis shows three groups of different coverage levels during the application of P. gigantea. Above the bars are the pairwise p-values from a
linear mixed-effects model. The figure on the left: A) the number of colonies per dm?. The figure on the right: B) the relative infected area in percentage.

poorer than previous controlled studies have reported (Blomquist et al.,
2020; Oliva et al., 2010; Pellicciaro et al., 2021; Ronnberg et al., 2006).
The reason for this is likely that this study followed the normal practice
during commercial felling operations whereas previous studies were
conducted under strictly controlled conditions and are therefore not
representing real-world efficacy. We assessed the application of
P. gigantea on its presence on stumps using PCR and the stump area
covered with treatment. Both are critical aspects of the successful
colonization of P. gigantea. Heterobasidion spp. colonies were noted on
discs six to seven weeks after treatment.

From the results we draw the following conclusions: 1. Almost every
other stump became infected by Heterobasidion spp. despite being me-
chanically treated with Rotstop®S and even stumps considered to have
100 % coverage had an infection frequency of 45 %. 2. Forest operators
rarely achieved full coverage and failed in all sites except one to cover all
stumps with treatment at the minimum of 85 % stipulated by the
distributor. 3. In roughly-one quarter of all analyzed stumps, P. gigantea
DNA was not detected. The percentage of stumps where we could detect
P. gigantea varied considerably across stands ranging from 100 % posi-
tive in one site to as low as 30 % in another. One possible explanation
may be that only 10 stumps per site were analyzed in this study, which
could be too few. 4. Results of coverage versus recovery of P. gigantea
were varied; in some of the fully covered stumps we could not detect
P. gigantea, while in some of the less covered stumps we could find the
biocontrol agent. Two of the sites stood out; Stand eight had the best
score based on PCR results, but the coverage was poor. Site nine was the
only site that had more than 50 % of all stumps entirely covered by
treatment and reached the distributor’s recommended minimum
coverage (85 %) on all stumps, but this was the second worst site in
terms of detection of P. gigantea spores, present in only on six out of ten
stumps.

As sampling was conducted during normal felling operations it was
not possible to include controls (untreated stumps). The lack of controls
made the extrapolation of disease pressure on different sites and efficacy
calculations of P. gigantea meaningless. Nevertheless, the stumps were
treated with a spore-solution of unknown viability coupled with low
coverage of stump surfaces. Our results suggest that the true potential of
P. gigantea is not realized in practice and hence stump treatment does not
guarantee the successful colonization of P. gigantea and the expected
effect against Heterobasidion spp..

The adoption of biological control of pathogens in forestry has been

limited in practice (Prospero et al., 2021) and the usage of P. gigantea
against Heterobasidion spp. is one of the few examples where biological
control is used in the field. If proper treatment is performed at an early
stage of the rotation, Heterobasidion has less time to colonize and spread
in the stand before final felling (Cleary et al., 2013; Wang et al., 2015).
The effect of biological control of Heterobasidion with P. gigantea also
seems to be effective in the long term. Stands initially investigated by
Thor and Stenlid (2005), where Heterobasidion was effectively controlled
by P. gigantea, was reevaluated 13 years later by Oliva et al. (2010), who
found that the stump treatment had a persistent effect on H. annosum,
with less infections in stands established in former agricultural land and
less genetic variation of Heterobadision spp. in stands established in
former forest land. Interestingly, when different application techniques
were tested and the control agents were applied through the bar, showed
a very uneven coverage, two out of three sites had the lowest coverage in
the study and performed equally or worse compared to non-treated
controls. Application through the bar is the same method that forest
operators are using in practical stump treatment today, and in our study.
Thor and Stenlid (2005) also found that manual application resulted in
less Heterobasidion infections.

Earlier studies have shown that as coverage increases so does also
protection, with the best protection achieved at 100 % coverage (Ber-
glund and Ronnberg, 2004; Oliva et al., 2017; Ronnberg et al., 2006). An
explanation could be that P. gigantea can outcompete Heterobasidion for
resources, although there are likely several important features which
gives advantage to P. gigantea if applied as a plant protection agent
(Prospero et al., 2021). However, the protective effect of P. gigantea
seems to be local, and if the coverage is less than complete, Hetero-
basidion spp. will be able to colonize untreated parts of the stump. This
might slow down the infection of the stump initially, but over time
Heterobasidion grows quicker down the stump compared to P. gigantea
(Berglund and Ronnberg, 2004), which further points at the need to
treat the whole stump surface.

Several studies have shown that smaller infections have a lower
viability long term, while larger colonies are more likely to survive
(Berglund and Ronnberg, 2004; Dimitri et al., 1971; Morrison and
Johnson, 1978; Ronnberg and Cleary, 2012). In this study, few stumps
(19 %) were fully covered with treatment and increasing treatment
coverage levels significantly decreased the size of Heterobasidion spp..
Interestingly, no such effect was found for the number of infections per

dm?.
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The poor efficacy in this study is probably due to problems at the end
user level and the discrepancy between previous results from meticulous
application by scientists and real-world application by harvesters likely
explains the continued skepticism by forest managers around stump
treatment. One issue could be that P. gigantea needs to be kept in cold
storage before use and failures in the cold chain can have a detrimental
effect. If there are no viable spores in the stump treatment solution the
coverage and treatment itself become irrelevant. Thor et al. (1997)
found that the temperature maximum for P. gigantea iodiospores is
around 35 °C, and that temperatures and pressure in the harvester
during normal mechanical usage does not severely affect the spores.
However, P. gigantea needs to be handled with caution also before the
application as the shelf life decreases with increasing temperatures and
time (Rotrota 2019). A further complication is that the amount of
detected P. gigantea on treated stumps were highly variable between
sites, and that the efficacy of P. gigantea also can be influenced by site-
specific factors such as humidity and temperature (Berglund and
Ronnberg, 2004). Our samples were gathered during the summer of
2018, which was drier and hotter than usual, as well as during more
normal autumn conditions in 2017 (Fig. S1). It seems unlikely that both
these contrasting weather conditions would have a negative effect on
P. gigantea on discs collected six to seven weeks post treatment.

Our results point at the importance of investigating points of failure
on the chain from production to application of P. gigantea. Future studies
should focus on developing training methods for operators on how to
handle P. gigantea to assure that the biocontrol agent is viable enough to
provide the desired protection both before and after the spore solution is
applied on the stump. It is also essential to improve coverage during
commercial thinning operations, as well as assisting forest operators in
making relevant decisions on when breakthrough infections are inevi-
table and other tools could be selected, e.g. (Blomquist et al., 2020)
found that P. gigantea failed to provide a similar level of protection as
urea on small stumps.

5. Conclusions

The practical implications of our findings are that the chain from
producer to end user needs to undergo a quality control overhaul to
identify the likely points of failures. It seems evident that operators need
to be trained for quality control, machinery improved to secure persis-
tent and complete stump coverage and there is a need to have field tools
that make it possible to evaluate the vitality of the biological control
agent when treating stumps. If there is a lack of positive experience from
forest operators and forest managers to the efficacy of biological control
agents it could spill-over to future tools. It is essential that scientific
outreach assists in developing protocols to address the failing points and
to unlock the potential of P. gigantea as a biological control agent against
Heterobasidion spp..
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