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Abstract: This study provides new information on the infection biology and pathogenicity of an
important root-rot fungus, Heterobasidion annosum sensu stricto (Fr.) Bref., through a detailed exami-
nation of the vegetative spread of clonal individuals and their capacity to produce fruiting bodies on
young pine seedlings. The seedlings were planted in a clear-cutting area (c. 1.2 ha in size) after a pine
generation that showed slight external symptoms of Heterobasidion root rot. The first dead seedlings
were found five years after planting and during a nine-year monitoring period; nearly 600 seedlings
were killed by H. annosum s.s. in 48 individual disease centers. Based on pairing tests of 482 isolates,
117 different H. annosum s.s. genotypes were identified. On average, 2.9 genotypes occurred in a
single disease center. The extensive secondary spread of genotypes within root systems (up to 48 pine
seedlings infected by the same genotype) resulted in annually expanding disease centers. In addition,
more than half of the seedlings killed by H. annosum s.s. produced perennial fruiting bodies thus
providing air-borne inoculum. The risk of spore infection should be taken into account in any type
of cutting operation in young pine stands. Moreover, new control measures directed towards the
secondary spread of H. annosum s.s. in pine regeneration are urgently needed in order to maintain
the productivity of the pine forest on infested sites.
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1. Introduction

Root and butt rot caused by Heterobasidion annosum (Fr.) Bref. sensu lato is one of the
most serious diseases of coniferous forests in the Northern Hemisphere [1]. In Europe,
three Heterobasidion species with different host tree preferences are present: Heterobasidion
parviporum Niemelä and Korhonen prefer Picea abies (L.) Karsten, H. abietinum Niemelä
and Korhonen Abies species and H. annosum sensu stricto (Fr.) Bref. Pinus species but
attack many other tree species as well [1,2]. In the Nordic countries, Heterobasidion root
rot is caused by either H. annosum s.s. or H. parviporum. In Finland, H. parviporum is
widely distributed throughout the country while H. annosum s.s. is more scattered and
limited to the south [3]. In recent decades, however, more young pine stands with incipient
Heterobasidion root rot have been observed in southwestern and central parts of Finland
where the disease has not been observed previously.

Conifer stands initially become infected by Heterobasidion sp. when fungal spores
come into contact with a freshly exposed wood substrate. Stumps created during the
warm season when the fungus is sporulating act as the main entry point for Heterobasidion
infections. Also logging wounds expose Norway spruce stands to primary spore infec-
tion, while in Scots pine stands wounds might not be a significant infection pathway for
H. annosum s.s. [4]. After colonization, the Heterobasidion mycelium spreads from a primary
infected stump or tree via root contact and infects nearby growing trees [5].

In the northern part of the distribution area of Heterobasidion spp., the risk of spore
infection is low in winter, when low temperatures and snow covering the fruiting bodies
reduce spore production and dispersal. Spore production occurs when the average daily
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temperature exceeds +5 ◦C, and the infection risk increases rapidly being at its highest from
late June to the end of August [5,6]. As a result of global warming, the sporulation period
of Heterobasidion spp. is lengthening, which increases the risk of the disease spreading in
boreal forests [7]. Most likely, the main reason for the spread of Heterobasidion root rot into
new, initially healthy pine sites are logging operations carried out without stump treatment
during the period when the risk of spore infection is high. For example, in western Finland,
stump treatment in pine stands has been broadly practiced for less than 10 years, while
summer cuttings in pine stands have been carried out for more than 50 years. Before that,
logging operations were conducted almost exclusively during the winter months when the
chance of infection is low.

A single Heterobasidion genotype can live for more than a hundred years and spread
from one tree generation to the next [8]. As a result of the vegetative tree-to-tree spread,
Scots pine stands infected by H. annosum s.s. are characterized by disease centers with
dead and dying trees. Often, the disease centers continue to expand until they reach trees
resisting the Heterobasidion infection or, on badly infested sites, already infected trees of
an adjacent disease center. Although H. annosum s.s. can infect Scots pine trees of all ages,
mature pines are less likely to die from Heterobasidion infection than young trees [9,10].
The fungus can live for decades in the root system of mature pines without showing any
external disease symptoms on the tree [11–14].

The wide range of host species makes the control of H. annosum s.s. difficult. On sites
infested by H. annosum s.s., only a pure deciduous tree rotation using birch (Betula pendula
Roth and B. pubescens Ehrh.) or aspen (Populus tremula L.) remains safe from notable
damage [15–17]. However, in practical forestry, a change of tree species is only seldom
possible due to the different site requirements of pine and deciduous trees. Thus, on poor
forest sites, forest owners rarely have other options than to continue growing Scots pine
despite the expected Heterobasidion damage. On such sites, the disease may become chronic
and the damage tends to increase from generation to generation.

On several pine sites at the edge of the distribution range of H. annosum s.s., as in
southwestern and central Finland, the disease history is relatively short. Most pine stands
are the second tree generation infected by the fungus. So far, very little is known about the
progression and extent of root rot in these pine stands of the second diseased generation.
To meet this need for knowledge, we have followed the spread of individual Heterobasidion
genotypes and the progression of the disease for 13 years in a young Scots pine stand
established on a site infected during the previous tree generation. Detailed information on
the fungal population structure and spreading pattern starting from the first Heterobasidion
infections of pine seedlings will help to assess the impact of Heterobasidion root rot on
future stand productivity and improve disease control in young pine regenerations.

2. Materials and Methods
2.1. Study Site

The experimental Scots pine stand, c. 1.2 ha in size, is located in the municipality of
Loppi in southern Finland in Luke’s (Natural Resources Institute Finland) experimental
forest (60◦36.788′ N, 24◦25.526′ E) 136 m above sea level. The site is a sub-xeric sandy heath
classified as a Vaccinium vitis-idea (VT) forest site type [18]. The effective temperature sum
(threshold >+5 ◦C) is 1224 d.d. degree days. At the beginning of the study, the existing
pine stand was c. 80 years old and showed some external signs (few dead pines) indicating
Heterobasidion root rot.

2.2. Monitoring Heterobasidion Root Rot in the Previous Tree Generation

In April 2005, the 80-year-old pine stand was systematically surveyed and the inci-
dence of Heterobasidion root rot was assessed based on the external condition of the trees.
Pine trees with thin or chlorotic crowns, reduced height growth, or distress cones were
classified as infected by H. annosum s.s. In total, nine separated disease centers with one
to nine mature trees in poor condition were found [19]. All dead and infected trees, as
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well as one or two of the nearest healthy-looking mature trees, were marked with a label
below the stump height. During clear-cutting in July 2005, the stumps of all unmarked
trees were treated with urea to prevent new Heterobasidion infections. After harvesting, the
stumps of the marked trees were sampled by cutting a disc about 10 cm below the stump
surface. In total, 27, 24, and 10 trees classified as dead, infected, or healthy, respectively,
were sampled. The sample discs were washed under running water and incubated in
plastic bags at room temperature for 14 days. The discs were checked every 2–3 days
under a binocular dissection microscope for Heterobasidion conidiophores as indicators of
Heterobasidion infection in the tree. Heterobasidion mycelia including conidiophores were
isolated from the sample discs with the aid of tweezers and transferred to Petri dishes
containing malt extract agar (MEA; 2% w/v malt extract and 1.5% w/v agar). The isolates
were subcultured and stored at 4 ◦C on MEA for later pairing tests.

In order to obtain detailed information about the transfer of H. annosum s.s. from the
previous pine generation (referred to as generation 1) to the subsequent pine regeneration
(referred to as generation 2), a circular study plot 20 m in diameter was established in
the most infested part of the stand after the clear-cutting. In the plot, the stumps of the
previous tree generation (generation 1), including 58 stumps created during clear-cutting
in 2005 (56 pine stumps and one birch and spruce stump) and 53 older stumps created at
thinnings before the clear-cutting (all pine stumps), as well as eight stumps of seed trees
left from the older tree generation (referred to as generation 0) until the establishment of
seedlings of a new tree generation (generation 1), were mapped and sampled with the aid
of an increment borer as described earlier [20]. The samples were taken from the body of
old thinning and seed tree stumps, and from the base of the three to four main roots of
final cutting stumps. The wood cores were cultured on MEA and Heterobasidion mycelia
growing out of wood samples were isolated. Because core samples from some final cutting
stumps with apparent signs of Heterobasidion infection did not yield any Heterobasidion
mycelium, additional sample discs were cut 5 to 10 cm below the top of those stumps. The
discs were prepared and Heterobasidion sp. was isolated as described above. The stump
diameters of the final cutting stumps (without bark) ranged from 10 to 38 cm (mean 26 cm).

2.3. Determination of Heterobasidion Infections in the Subsequent Pine Regeneration

In spring 2006, the clear-cutting area was planted with one-year-old Scots pine
seedlings with 3000 plants/ha. The pine regeneration (generation 2) was first surveyed
in the summer of 2011 and since then annually until 2019. Each year (from 2011 to 2019),
dead and moribund trees (based on the brown color and loss of needles) were mapped
and sampled. Trees with light green or yellowish needles, which were expected to remain
alive until the following year, were left untouched. The sample trees were felled, and the
stump diameter and the height of the tree were recorded. The base of each sample tree
was examined carefully for the presence of fruiting bodies. The area of each fruiting body
was calculated by measuring its width and length or diameter depending on the shape of
the fruiting body. Sampling for the presence of Heterobasidion mycelia consisted of cutting
a disc from the base of the tree 1–2 cm above ground level. A disk from each sample
tree was immediately placed in a paper bag and taken to the laboratory. The disks were
handled similarly as described above for the previous rotation trees, including the isolation
of Heterobasidion mycelium. Because of further studies planned on the experimental site,
no isolations were made from fruiting bodies. The coordinates of each disease center,
with a horizontal accuracy of 1 m, were recorded using a Global Positioning Systems
(GPS) receiver. Moreover, in fall 2019, the number of planted and naturally established
seedlings was counted in 15 circular plots each with a radius of 2.52 m that were evenly
distributed throughout the healthy parts of the regeneration. According to the obtained
result, the number of pine seedlings in the regeneration area would have been c. 3800 if no
Heterobasidion infections had occurred.
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2.4. Somatic Incompatibility Tests

To obtain detailed information about the progression of Heterobasidion infections at
the study site, the number, size, and spatial distribution of Heterobasidion genets (clones)
were identified with the aid of somatic incompatibility tests. For this purpose, agar plugs
with the mycelium of two isolates were placed 1 cm apart on MEA, incubated at room
temperature for 3–5 weeks, and the occurrence (or absence) of a demarcation line between
the paired isolates was recorded [21]. First, all the isolates from the circular plot in the
previous tree generation (generation 1) as well as the isolates from each disease center
outside the plot were paired with each other in all combinations. After that, the isolates
collected over the years from the pine regeneration (generation 2) within c. 10 m were
paired with each other as well as with the isolates collected from stumps of the previous
tree generation located close to them. In all, nearly 8000 pairings were done during the
study. The presence of clamp connections to confirm the heterokaryon of Heterobasidion
mycelia was checked in unclear cases. Mostly, the characteristic external appearance of
heterokaryotic mycelia (compared to more fluffy aerial and less pigmented homokaryotic
mycelia), as well as distinctive pairing reactions between heterokaryotic individuals (sparse
hyphae or gaps between genetically dissimilar heterokaryotic individuals and a continuous
mycelia between genetically similar heterokaryons), indicated that the mycelia isolated
from pine wood were heterokaryotic [2,22]. Finally, the species of Heterobasidion was
determined with the aid of the Buller phenomenon, that is, a representative from each
genet was paired with homokaryotic tester strains of H. annosum s.s. and H. parviporum [2].

2.5. Measurement of the Soil pH

A relationship between soil pH and severity of Heterobasidion root rot has been
shown in several earlier studies [23,24] but no information about the potential variation
of soil pH within a diseased pine stand is available. For this reason, in summer 2019, the
soil pH was measured at 20 disease centers and at 20 healthy points randomly distributed
over the experimental stand. When taking soil samples in disease centers, it was ensured
that the distance to the nearest healthy tree was at least three meters. Correspondingly,
at healthy points, the distance to the nearest infected tree was at least three meters. All
soil samples were taken from the uppermost mineral soil 0–10 cm below the humus layer.
Coarse roots were removed from the samples and the pH was measured electrometrically
from a 15 mL sample suspended in 25 mL of H2O for each soil sample separately.

2.6. Calculations and Statistics

To analyze the temporal spread of root rot in the subsequent pine regeneration, the
number of seedlings killed by H. annosum s.s. and the total number of dead seedlings,
as well as the expansion of individual disease centers (by the number of infected trees),
were determined as a times series in years between 2011–2019. Differences in the soil pH
between the disease centers and healthy parts in the experimental stand were analyzed
using a t test to compare the means (Independent Samples t test).

3. Results
3.1. Heterobasidion Root Rot in the Previous Tree Generation

As a result of a visual evaluation of standing pines, c. 8% of generation 1 were
classified as infected by H. annosum s.s. After final cutting, Heterobasidion mycelium was
isolated from 79.2% of the trees classified as diseased (but still living) by visual monitoring.
The isolation of H. annosum s.s. from samples of dead pines proved difficult and only 59.3%
of the dead tree samples yielded Heterobasidion mycelium. In addition to diseased and
dead trees, H. annosum s.s. was isolated from 40% of the trees without any visible sign of
infection (classified as healthy).

In the circular study plot, 55.4 and 9.4% of the final cutting stumps and older thinning
stumps of Scots pine (generation 1) were infected by H. annosum s.s., respectively. Even
though increment core samples were taken both from the stump body and the largest
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stump roots, Heterobasidion infections were missed in 38% of the stumps in which the
fungus was later successfully isolated from a disc sample. In total, Heterobasidion mycelium
was isolated from 62 pine stumps, that is, ca. 12% of the mature pines.

Based on the results of the pairing tests, 23 distinct Heterobasidion genets were found
in generation 1. Since comprehensive sampling of all stumps was carried out only in
the circular study plot, the size of the Heterobasidion genets outside the plot remains
unknown. In the 20 m circular plot, the maximal number of trees infected by an individual
Heterobasidion genotype was 17 trees and the mean size of the genets was 3.2 trees. Only
isolates of H. annosum s.s. (and thus no H. parviporum) were observed.

3.2. Progression of Heterobasidion Root Rot in the Subsequent Pine Regeneration

The first 27 pine seedlings killed by Heterobasidion infection were found in the summer
of 2011, five years after their planting. However, advanced decay and the occurrence of
fruiting bodies indicated that the seedling mortality had probably started in 2010 (Figure 1).
During a nine-year monitoring period, 710 dead pine seedlings were recorded in the
regeneration area, 38 of which were found to be killed by a causal agent other than
H. annosum s.s. From the remaining 672 dead pines, the fungus was successfully isolated
from 529 seedlings. In an additional 49 cases, fruiting bodies of H. annosum s.s. were found
and the presence of the fungus was recorded even though no mycelium could be isolated
from the disc sample. In addition to these 578 confirmed cases of Heterobasidion infection,
we detected 94 dead seedlings most probably also infected by H. annosum s.s. In these
cases, the contamination of advanced decay by fast-growing molds and bacteria, or the
absence of fungal mycelium due to strongly resinous wood likely prevented the isolation
of Heterobasidion mycelium.
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Figure 1. Fruiting bodies of Heterobasidion annosum s.s. on the base of a 5-year-old (on the left) and a
12-year-old pine (on the right).

The smallest seedling killed by Heterobasidion root rot occurred in 2011 and was
21 cm high (basal diameter 0.9 cm) and the biggest one killed was 640 cm high (basal
diameter 11.2 cm) and occurred in 2019. The number of seedlings killed was at its highest
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in 2015, nine years after planting, when 166 seedlings were killed during the year, 160 of
which were confirmed to have been killed by Heterobasidion root rot. The cumulative
number of seedlings killed by H. annosum s.s. is shown in Figure 2. In the absence of
Heterobasidion infections, the total number of pine seedlings in the study area was estimated
to be ca. 3800 indicating that at least ca. 15% (578 infected trees), but more likely ca.
18% (672) of the seedlings were killed by Heterobasidion root rot over nine years. In
addition to Heterobasidion root rot, seedlings were also killed by competition, moose
browsing, Armillaria sp. Infection, and other non-identifiable causative agents; 7, 7, 5, and
19 seedlings, respectively. In 2018 and 2019, Pissodes pini (L.), the larger banded pine weevil,
was observed in the lower part of five Heterobasidion infected pine trunks with a diameter
at breast height (dbh) over 5 cm.
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Figure 2. Cumulative mortality of pine seedlings infected by Heterobasidion annosum s.s. (verified and probable infections)
on the 1.2 ha regeneration area in the period 2011–2019.

Altogether, 48 disease centers were recorded in the subsequent pine regeneration
(Figure 3). Most centers (27) appeared in 2011 and 2012, but several new disease centers
(10) were found in 2015 when the highest number of seedlings were killed by H. annosum
s.s. The largest disease area (c. 170 m2) consisted of three distinct centers, which had grown
together over the years.
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infected trees in the disease center.

Based on the genotyping of 482 (out of 529) isolates of H. annosum s.s. collected from
infected seedlings, 117 fungal genotypes were identified in the subsequent regeneration
(generation 2) (Supplementary data, Table S1). Of those seedlings, 38.4% were infected
by a genotype that was also isolated from the stumps of the previous tree generation
(generation 1). On average, 2.9 different Heterobasidion genotypes occurred in an individual
disease center. In 16.7% of the disease centers, only one genotype was isolated and 6.3%
of the disease centers were limited to one infected seedling. The maximal number of
Heterobasidion genotypes isolated from an individual disease center was eight. The largest
Heterobasidion genet by seedling number consisted of four pine stumps of the previous tree
generation (generation 1) and 48 seedlings of the subsequent regeneration (generation 2).
On average, the genets that could be traced to the previous generation encompassed
26.6 seedlings (generation 2) and 5.4 trees of generation 1, while the average size of the
genets that could not be traced to the previous generation was 2.7 (max. 22) seedlings. All
identified genets were composed of isolates of H. annosum s.s. (and thus no H. parviporum
was isolated). The annual (2012–2019) spreading of the Heterobasidion genets in an exemplar
disease center is illustrated in Figure 4.

In 2019, 43 genets (out of 117) were in the spreading stage, 23 of them were old genets,
and 20 new genets arisen in 2019.

3.3. Occurrence of Heterobasidion Fruiting Bodies

No Heterobasidion fruiting bodies were found on pine stumps of the previous tree
generation (generation 1). However, in contrast, fruiting bodies were abundant in the
subsequent pine regeneration (generation 2) (Figure 1). In all, Heterobasidion fruiting bodies
were found on 362 pine seedlings, located near ground level at the base of diseased trees.
In one exceptional case, some small fruiting bodies were found on very thin roots about
20 cm from the base of the tree. Most of the fruiting bodies were small, a few millimeters in
diameter, but also some large fruiting bodies up to 168 cm2 in size were formed on the base
of young pine seedlings. The total area of all fruiting bodies (based on the calculated area
of each individual fruit body) was ca. 1800 cm2. The first fruiting bodies on seedlings were
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observed five years after planting (2011) but it is likely that most of them had developed
in the autumn of the previous year. Some fruiting bodies were also found on the roots of
dead heather (Calluna vulgaris L. Hull.) and dead bilberry (Vaccinium myrtillus L.) plants.
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3.4. Soil pH in Disease Centers and Healthy Parts of the Stand

The soil pH in the experimental stands varied from 4.1 to 5.1 and was slightly higher
in disease centers than in healthy parts around them, 4.7 + 0.27 and 4.3 + 0.16 (mean + std.
deviation), respectively (p < 0.001).

4. Discussion
4.1. Incidence of Heterobasidion Root Rot in the Previous Scots Pine Rotation

The present study showed that the abundance of Heterobasidion root rot in a mature
Scots pine stand cannot be reliably assessed based on the external condition of the trees.
In particular, those trees with an incipient infection found growing around the margins
of the disease centers can be incorrectly classified as healthy according to their crown
condition. Similarly, some earlier studies have shown that the visual estimation of root
rot in older Scots pine stands can be inaccurate and underestimates the incidence of the
disease (e.g., [11,12]). A more reliable method of detecting Heterobasidion root rot is to
identify symptoms of infection (resin patches and occasionally decay) on the stump surface
immediately after harvesting. Even then, Heterobasidion infections limited to the root system
remain undetected [13]. In the present study, no thinnings or other management practices,
which could have predisposed the seedlings to direct spore infection, were carried out in
the subsequent regeneration (generation 2), suggesting that the stumps of the previous
tree generation (generation 1) were the main source of infection. The spore infections of
the stumps of the dead seedlings cut during the present study were most probably not
significant because these stumps, with very few exceptions, were entirely colonized by
H. annosum s.s. In other words, a significant level of mortality in the regeneration evidently
reflects widespread Heterobasidion infection in the root systems of the old-rotation trees.
Obviously, the previous rotation was much more widely infected than external evaluation
or stump sampling suggested. More broadly considered, the prevalence of Heterobasidion
root rot in mature pine forests in Finland is likely to be much higher than generally assumed.
Taking into account that the fungus will likely benefit from increasing temperatures not
only by prolonging the sporulation period but also by accelerating mycelial growth [7,25],
the damage caused by Heterobasidion root rot will increase in the future if fungal spreading
in pine stands regenerated on infested sites cannot be controlled.

The management history of the previous tree generation (generation 1) on the study site
is not exactly known and the origin of Heterobasidion infections is unclear. Under the northern
conditions of Finland, H. annosum s.s. mycelium advances quite slowly in the roots of mature
living pines, that is, on average ca. 12 cm/year [26], which is probably due to the short growing
season and unfavorable conditions for the ectotrophic growth of Heterobasidion mycelium in
the outer bark on root surfaces in acidic forest soils [23,27,28]. In stump roots and in the roots
of dead trees the growth rate of Heterobasidion mycelia may, however, be about twice as fast
as it is in the roots of living trees [29]. Assuming that thinnings in the previous stand had
accelerated the disease spread, the largest (and probably the oldest) genet with a diameter of
ca. 28 m and consisting of 17 mature trees may have originated at a very early stage of the
stand development or possibly already when seed trees had been removed from the previous
stand. Due to the small size of the genets, both by tree number and area occupied, most of the
genets appear to be younger, and most likely originated as a result of later thinning operations.
In any case, the timing of the infection is vague because the size of the genet is not only
dependent on the age of colonization but also other factors, such as frequency of root contacts,
the occurrence of competing and antagonistic microorganisms in the rhizosphere [27,30], soil
properties [23,31,32], and improved resistance of the trees with aging [17,23,24]. Furthermore,
differences in the inherent tolerance or susceptibility of Scots pine genotypes to Heterobasidion
infections [33,34] may influence the spread rate of the disease. Moreover, the rate of the fungal
spread could slow down due to reduced vitality of the Heterobasidion mycelium, for example,
due to aging [8] and/or virus infections [35–37]. As shown in an earlier study carried out
on the same experimental site [19], 29% of the Heterobasidion genets and 22% of the isolates
identified in the previous tree generation were infected by dsRNA viruses of the family
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Partitiviridae, which is a considerably higher prevalence of these viruses than is typically
observed among isolates of Heterobasidion spp. in culture collections [38] but resembles our
findings in H. parviporum genets at a spruce-dominated forest site heavily infested by the
pathogen [39].

Mycelial isolates of Heterobasidion strains are necessary to determine the size of fungal
genets in a tree stand. This study showed that, compared to Norway spruce, the isolation
of Heterobasidion mycelia from older Scots pine trees is more challenging and might be
less successful. The patchy occurrence of the pathogen in the pinewood, the infections
limited to below ground and the resin accumulation preventing the successful isolation
of Heterobasidion mycelium from standing trees may lead to an underestimation of the
frequency of infected trees. Moreover, the chance of isolating H. annosum s.s. from a stump
or dead tree diminishes considerably over time [40]. In the present study, only 60% of
dead pines in disease centers yielded Heterobasidion mycelia. Thus, Heterobasidion root
rot might be a considerably more serious problem than can be deduced from the stand
condition, presence of fruiting bodies, or successful fungal isolations.

The number of infected trees, as well as the area occupied by a single fungal genet,
can vary greatly depending on the reasons given above. Small genets confined mainly
to a single stump have been observed in the first pine generation established on post-
agricultural soil, indicating a short disease history [41]. So far, the largest genet of H.
annosum s.s.—up to 48 m across—has been identified in 50–60-year-old Scots pine stands on
former agricultural land, where the disease centers were replanted with Betula pendula [42].
In this Lithuanian study, the maximum number of trees, including both pines and replanted
birches infected by a single genet of H. annosum s.s. was 30. In the present study, up to
59 pines (17 stumps of the previous tree generation and 42 pine seedlings) were infected by
a single Heterobasidion genotype, which is the maximum reported so far. The number of
trees infected by a single genotype may, however, poorly reflect the age of the genet. As
shown in the present study, the number of trees infected by a single genotype can be high
due to the high regeneration density promoting the vegetative spread of H. annosum s.s.
among pine seedlings.

4.2. Progress of Heterobasidion Root Rot in the Subsequent Pine Regeneration

The early mortality of young seedlings, five years after planting, showed that
H. annosum s.s. can colonize very small pine roots, which may therefore act as an effi-
cient means for the disease to spread from the previous to the next stand generation. The
individual disease centers showed different patterns of enlargement. Some of the genets
expanded constantly year by year, while some of them stopped spreading for 1–3 years,
after which they continued to expand again. A few genets progressed for one or two
growing seasons and then seemed to stop permanently (see supplementary data) despite
the fact the disease centers were surrounded by sufficient numbers of susceptible trees
enabling disease spread. Stopped or weakened genotypes may also be a reason that some
trees in a disease center escape infection—at least temporarily.

In the present study, only seven Heterobasidion genets in the regeneration could be
traced back to the previous tree generation. However, all of the largest genets that had
infected four or more trees of the previous generation (generation 1) were also found in the
next tree generation (generation 2), which supports the notion that once the Heterobasidion
infection is well established on the site, it is likely to persist and cause mortality in the
next tree generation. Because not all the stumps in the previous tree generation were
sampled, and in some sampled stumps the infection may have been limited to the root
system, the number of genets originated from old stumps was probably higher than we
could demonstrate. The study site was surrounded by a mature pine forest suffering from
Heterobasidion root rot, so it is possible that some genets at the edge of the study site
originated from the adjacent forest. However, new spore-derived infections during the final
cutting of the previous tree generation (generation 1) are unlikely as the stumps outside
the disease centers were treated with urea.
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4.3. Heterobasidion Populations in Disease Centers

Typically, pines in an individual disease center are infected by several genetically
distinct Heterobasidion individuals [43]. In the present study, 83% of the centers in the
regeneration (generation 2) contained more than one Heterobasidion genotype. Why pines
infected by different Heterobasidion genets appear in discrete disease centers is so far unclear.
It is possible that individual pine stumps, which are very likely to be the main source of
secondary infections, are originally infected by several Heterobasidion genotypes as a result
of multiple infections caused by unrelated basidiospores, and more than one Heterobasidion
genet might inhabit a stump, and each genet may spread to adjacent trees. This possibility
is supported by previous observations of several coexisting Heterobasidion genets on a
single pine [41,43] and spruce stumps [44,45]. In the present study, no attempts were made
to sample several Heterobasidion isolates from each stump so the alternative of multiple
infections cannot be completely excluded. The establishment of new genotypes through
recombination or somatic mutations in disease centers is also a possible explanatory factor
for the occurrence of multiple genotypes in individual disease centers [46]. Moreover,
detailed information is needed about the possible relationship between the spatial soil
properties and incidence of Heterobasidion infections, for example, whether increased soil
pH could predispose the roots of pine seedlings to primary spore infections.

Although several genotypes were present in single disease centers, the average number
of seedlings infected by a single genotype was rather high, 4.1 seedlings (maximum
48 seedlings). Therefore, to minimize future damage, the vegetative spread of Heterobasidion
genotypes should be controlled in young seedling stands.

4.4. Occurrence of Heterobasidion Fruiting Bodies

A high number of fruiting bodies were found on the base of infected seedlings. The
great majority of Heterobasidion spores remain near the spore source [6,47], so the risk of
further spore infections and intensification of the disease in the regeneration area as well as
in nearby forests is considerably increased. Thinnings in young stands are generally carried
out in the summer using a clearing saw and as there is no mechanized method for stump
treatment, the small trees are cut without any control treatment to reduce airborne infection.
The thinning of seedling stands will very likely enhance the spread of Heterobasidion root
rot [48].

In addition to pine seedlings, Heterobasidion fruiting bodies were also found on the
roots of dead heather (Calluna vulgaris L. Hull.) and bilberry (Vaccinium myrtillus L.) plants
located near diseased pine seedlings. Thus, the ability of H. annosum s.s. to infect woody
dwarf shrubs, as shown earlier by Laine [15], was also observed in this study. In Poland,
even a grass (Elymus repens L.) has been found to be infected by H. annosum s.s. in a young
pine stand established on former agricultural land [49]. Although in the present study the
fruiting bodies on dwarf shrubs were only single observations, the possibility that these
plants might carry over Heterobasidion infections to pine trees needs to be investigated in
further studies.

4.5. Variation of Soil pH in the Regeneration

Mortality caused by Heterobasidion root rot in pine stands is particularly sensitive to
soil pH [50]. Severe pine mortality and rapid mycelial spread have been reported to occur
particularly in sandy soils with a pH higher than 6.0 [23,24,51]. Despite the low soil pH
in boreal pine forests—in general, less than 4.5 [52,53]—they can be badly damaged by
Heterobasidion root rot indicating that soil pH may not be the determining factor affecting
the incidence of the disease under boreal conditions. On the other hand, the present study
showed that, at the stand level, the soil pH was significantly higher (0.4 units) in the disease
centers than in the healthy parts around them. Further research is needed to determine
whether the elevated pH is a cause or consequence of the occurrence of Heterobasidion
root rot.
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5. Conclusions

The investigated study site represents a typical boreal pine habitat in the early stage
of Heterobasidion invasion. Although the results cannot be directly generalized to pine
stands growing under different conditions with different management and disease history,
our study showed that a mature pine stand may be severely infected by H. annosum s.s.
even if the damage appears externally minor. This study demonstrated the importance
of the mycelial spread of individual Heterobasidion genotypes from the previous to the
next tree generation, as well as from seedling to seedling in the regeneration, resulting
in annually expanding openings and uneven stand density in the subsequent pine stand.
Moreover, the results obtained suggested the high importance of the spore load due to the
abundant formation of fruiting bodies on infected seedlings, which poses challenges for
the thinning of young pine stands. Taken together, the study highlights the importance of
developing a stump treatment method suitable for small thinning stumps and the urgent
need for new control measures directed towards the secondary spread of H. annosum s.s.
in pine regenerations in order to maintain the productivity of the pine forest on infested
sites. Finally, the study also raises new questions regarding spatial differences in soil pH in
infected pine stands, the role of viruses in the fungal spread, and their usability in disease
control, as well as the significance of dwarf shrubs for transfer of H. annosum s.s. in pine
regeneration.

Supplementary Materials: The following is available online at https://www.mdpi.com/article/10
.3390/f12091289/s1, Table S1: Characteristics of the seedlings killed by Heterobasidion root rot by
disease centers.
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