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SUMMARY 

In coniferous forests of northern Europe, Heterobasidion annosum and Heterobasidion 

parviporum are the most devastating pathogens, causing stem-root rot. The aim of the thesis 

was to investigate the susceptibility of native and introduced conifer species to 

Heterobasidion spp., and to evaluate possible control measures against Heterobasidion spp. in 

Latvia. Growth rates of H. annosum and H. parviporum in functional sapwood were analysed. 

The results showed that both pathogens differ in their pathogenicity, particularly in Pinus 

sylvestris, where H. annosum is more pathogenic compared to H. parviporum. Both pathogens 

spread faster in living sapwood of Picea abies than in P. sylvestris. Growth rates of 

Heterobasidion spp., three Latvian isolates of Phlebiopsis gigantea (antagonistic fungus to 

Heterobasidion), and Rotstop® were analysed in stem sections of Picea abies, Picea sitchensis, 

Pinus sylvestris, Pinus contorta, Pinus strobus, Pseudotsuga menziesii and Larix sibirica. 

P. gigantea strains and Rotstop®, colonized wood of all tree species except for Pseudotsuga 

menziesii. Growth rate of Latvian P. gigantea isolates in wood of Picea and Pinus species was 

comparable to growth rate of the Rotstop® isolate. Stump treatment with Latvian P. gigantea 

isolates should be recommended for forest management in Latvia. The importance of 

mechanical injury to stems of P. abies, P. sylvestris and P. contorta as infection sources for 

Heterobasidion spp. and other decay causing fungi was analysed. Occasional occurrence of 

H. parviporum (but also of numerous other fungi) in P. abies stems bearing mechanical wounds 

was observed. In contrast, Heterobasidion infections were not detected in any of the pine 

species investigated. The spread of Heterobasidion was analyzed in P. contorta stands and the 

results indicated that freshly cut stumps of P. contorta are highly susceptible both to primary 

and secondary infections, by H. annosum and H. parviporum. Consequently, stump treatment 

is required to control Heterobasidion spp. basidiospore infections in P. contorta plantations in 

Latvia. The effect of natural colonization of P. abies and P. sylvestris stumps by P. gigantea on 

the inhibition of stump infections by Heterobasidion spp. was investigated. Our results 

demonstrated that natural colonization by P. gigantea was not able to restrict the pathogen. This 

confirms the necessity for thorough treatment of cut P. abies and P. sylvestris stumps. In P. abies 

stands after thinning, urea, Rotstop® and native Latvian P. gigantea isolates provided similar 

efficacy against Heterobasidion infection compared to untreated stumps. P. abies stump 

removal did not eliminate Heterobasidion from infested sites. 

Keywords: stem and root rot, stem damage, P. gigantea, stump treatment and removal.  
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KOPSAVILKUMS 

Ziemeļeiropā skuju koku audzēs ievērojamus mežsaimnieciskos zaudējumus izraisa 

Heterobasidion annosum un Heterobasidion parviporum stumbra-sakņu trupe. Darba mērķis ir 

noteikt vietējo un introducēto skuju koku uzņēmību pret Heterobasidion spp. infekciju un 

izvērtēt patogēna ierobežošanas iespējas Latvijā. H. annosum un H. parviporum micēlija 

augšanas ātrums tika analizēts Picea abies un Pinus sylvestris aplievas koksnē. Konstatēts, ka 

analizēto sēņu sugu patogenitāte atšķiras, turklāt P. abies koksnē micēlijs izplatās būtiski ātrāk. 

Heterobasidion, trīs Latvijas izcelsmes Phlebiopsis gigantea izolātu un augu aizsardzības 

līdzekļa Rotstop® sastāvā esošā P. gigantea izolāta augšanas ātrums tika novērtēts Picea abies, 

Picea sitchensis, Pinus sylvestris, Pinus contorta, Pinus strobus, Pseudotsuga menziesii un 

Larix sibirica koksnē. Heterobasidion spp. attīstījās visās koku sugās, bet Phlebiopsis gigantea 

micēlija attīstība netika konstatēta P. menziesii koksnē. Latvijas izcelsmes P. gigantea izolātu 

micēlija attīstība skuju koku koksnē būtiski neatšķiras no bioloģiskā preparāta Rotstop®, tādēļ 

vietējie izolāti ir izmantojami celmu aizsardzībai. Gan P. sylvestris, gan P. contorta uzrāda 

augstu rezistenci pret stumbra brūces kolonizējošām sēnēm, bet Picea abies raksturo uzņēmība 

pret H. parviporum un citām stumbra un sakņu trupi izraisošām sēnēm. P. sylvestris un 

P. contorta stumbra brūces raksturo augsta noturība pret Heterobasidion bazīdijsporu infekciju. 

Analizējot Heterobasidion spp. izplatību trīs P. contorta audzēs, konstatēts, ka P. contorta 

raksturo augsta uzņēmība pret H. annosum un H. parviporum primāro un sekundāro infekciju, 

lai ierobežotu Heterobasidion izplatību, mežizstrādes laikā nepieciešams pielietot celmu 

aizsardzības līdzekļus. Konstatēts, ka vietējās P. gigantea populācijas nenodrošina efektīvu 

celmu aizsardzību pret Heterobasidion spp. bazīdijsporu infekciju P. abies un P. sylvestris 

jaunaudzēs, tādēļ, veicot kopšanas cirtes, jānodrošina skuju koku celmu apstrāde. Pierādīts, ka 

Rotstop®, vietējās izcelsmes P. gigantea un urīnviela nodrošina līdzvērtīgu egļu celmu 

aizsardzību pret sakņu piepi. Celmu izstrāde nenodrošina pilnīgu aizsardzību pret 

Heterobasidion sekundāro infekciju, bet samazina Heterobasidion infekcijas potenciālu.  

Atslēgas vārdi: sakņu un sumbra trupe, stumbra bojājumi, P. gigantea, celmu apstrāde, 

celmu raušana.  
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INTRODUCTION 

The main goal of modern forest management is to keep the balance between three main 

pillars: ecological, economical and socio-cultural necessities. To ensure that, it is mandatory to 

keep forests healthy, especially under conditions when the stands are subjected to intensive 

timber production combined with the pressure resulting from simultaneous wildlife 

management, – currently typical features of Latvian forests.  

In conifer stands in the northern hemisphere, H. annosum and H. parviporum are the most 

devastating and economically important pathogens of pine and spruce, causing root, butt and 

stem rot (Gonthier and Thor 2013; Müller et al. 2018; Gaitnieks et al. 2022; Kovalchuk et al. 

2022). Extensive logging of commercial conifer forests results in huge numbers of cut stumps 

over large areas: a niche which is highly suitable for Heterobasidion spp. (Woodward et al. 

1998; Gonthier and Thor 2013). In the context of global warming, hypothetically we can expect 

suboptimal conditions for native tree species (Terhonen et al. 2019; Venäläinen et al. 2020) and 

more widespread distribution of a wide range of forest pathogens, including such root rot 

pathogens as Heterobasidion spp. (Müller et al. 2014; Terhonen et al. 2019) and subsequently 

increasing infection occurrences. 

Restoration of clearcuts as well as establishment of stands in new areas (e.g., abandoned 

or former agricultural land), have been fundamental components of intensive forest 

management, including in Latvia (Klavina et al. 2021). In this respect, selection of the most 

disease resistant tree species, families, clones, is of crucial importance and applies also to root 

and stem rot pathogens (Hietala et al. 2003; Gonthier and Thor 2013). Therefore, the risks 

associated with the introduction of new tree species in the context of potential susceptibility 

against native pathogens should be evaluated (Karlman 2001) and possible inhibition methods, 

including biological control agents containing P. gigantea spores should be evaluated.  

The aim of the thesis was to investigate the susceptibility of native and introduced conifer 

species to Heterobasidion spp., and to evaluate possible control measures of the pathogens in 

Latvia. 

The objectives: 

1) to conduct comparative analysis of growth rates of H. annosum and H. parviporum in the 

functional sapwood of P. abies and P. sylvestris; 

2) to investigate growth of H. annosum and H. parviporum, Latvian isolates of Phlebiopsis 

gigantea, and the biological control Rotstop® strain in cut stems of Picea abies, Picea 

sitchensis, Pinus sylvestris, Pinus contorta, Pinus strobus, Pseudotsuga menziesii and Larix 

sibirica; 
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3) to estimate the importance of mechanical wounds on stems of P. abies, P. sylvestris, and 

P. contorta to serve as infection foci for Heterobasidion and other decay causing fungi; 

4) to investigate host susceptibility to Heterobasidion spp., and modes of spread of the 

pathogens in P. contorta plantations established on forest clearcuts and former agricultural 

land; 

5) to assess the potential of natural infections of P. gigantea to restrict infection and spread of 

Heterobasidion spp. in P. abies and P. sylvestris stumps; 

6) to compare the efficacy of native Latvian P. gigantea isolates, the biological control 

Rotstop® agent and urea treatments against Heterobasidion spp. basidiospore infection; 

7) to evaluate the persistence of Heterobasidion spp. in root fragments of P. abies left on 

clearcut sites following the removal of infected stumps. 

 

Thesis for defense: 

1) although tree species plays a major role in both pathogen and biocontrol fungus 

development, growth rates of H. annosum and H. parviporum differ in the same tree species; 

2) mechanical stem wounds may play a role in Heterobasidion development in P. abies stands, 

but conversely, P. contorta and P. sylvestris wounds are decay resistant; 

3) P. contorta is highly susceptible to both primary and secondary infections; 

4) the potential of “wild” populations of P. gigantea to colonize and outcompete 

Heterobasidion in P. abies and P. sylvestris stumps by natural infections is insufficient 

to restrict infection, while stump treatment using urea, biocontrol Rotstop® or local 

P. gigantea have similar control efficacy; 

5) removal of infected P. abies stumps may reduce infection potential in the following 

generation. 
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1.  LITERATURE OVERVIEW 

1.1. Economic impact and distribution of Heterobasidion species in Europe 

At the beginning of the 21st century a broad range inventory of Latvian Norway spruce 

Picea abies (L.) Karst stands revealed that approximately 22% of cut trees were colonized by 

rot causing fungi, and the most commonly detected fungus was Heterobasidion parviporum 

Niemelä and Korhonen (Arhipova et al. 2011; Arhipova 2012). It has been estimated that root, 

butt and stem rot pathogens may cause losses to forestry of up to 4,800 euros per hectare 

(Gaitnieks et al. 2008). Although in a wider scale, precise damages caused by Heterobasidion 

infection are almost impossible to detect, by the end of the previous century, the annual losses 

caused by Heterobasidion root-rot to forest production solely in the European Union were 

calculated to be between 500 and 800 million euros (Woodward et al. 1998; Korhonen and 

Holdenrieder 2005). In more recent publications, 1 billion euros in yearly loss in Europe has 

been estimated (Kovalchuk et al. 2022). As a consequence of climate change (Müller et al. 

2014; Trishkin et al. 2016; Terhonen et al. 2019; Venäläinen et al. 2020) and change in land 

use from agriculture lands, pastures, grasslands to forest plantations (Klavina et al. 2021) and 

the increased intensity of the thinning (Vollbrecht and Agestam 1995), direct (decay caused by 

pathogen) and indirect (growth reduction caused by pathogen (Bendz-Hellgren and Stenlid 

1997)), insect attack, wind damages to symptomatic trees etc., losses caused by root rot 

pathogens and pests may become even more severe (Venäläinen et al. 2020). Unfortunately, it 

has been noticed that climate change may favor plant pathogens more than mutual symbiotic 

organisms such as ectomycorrhizal fungi, as pathogens seem to have broader climate niches 

(Větrovský et al. 2019). 

In total, forests cover around 40% of the EU’s land area (Orsi et al. 2020, and references 

therein). In many European countries simple forest structures (monocultures) of conifers have 

been favored in the long term. Some tree species are dominant in forestry management. For 

example, the total share in the European Union of Scots pine (Pinus sylvestris L.) in commercial 

forests reaches almost one fifth (Mason and Alia 2000; Marčiulynas et al. 2019, and references 

therein). In Latvia, P. sylvestris, birch Betula pendula Roth. and P. abies are the three main tree 

species; moreover, conifer stands cover half of the total forest area (Jansons 2021). Conifers 

(P. sylvestris and P. abies) are usually used not only for regeneration but also for afforestation 

in Latvia (Daugaviete et al. 2020), despite reports that P. abies may be negatively affected by 

climate change in many regions, which could affect the forestry sector (Bolte et al. 2010; Schou 

et al. 2015, and references therein). However, optimal forest management in Latvian conditions 
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may increase vitality and resilience of P. abies stands (Bāders et al. 2020). In addition, 

according prediction modelling in the Nordic regions, in Finnish boreal forests in the absence 

of damages, conifer-oriented forestry would lead to 5–10% higher timber yields and carbon 

sequestration compared to mixed-stand- and broadleaf-oriented management (Pukkala 2018). 

Although the Heterobasidion species complex is distributed worldwide (Figure 1.1) and may 

affect both conifers and broadleaves, the most severe damages are usually observed solely in 

conifer stands (Gonthier and Thor 2013). The Heterobasidion complex consists of five species. 

All Heterobasidion complex species can survive saprophytically in woody substrates, they may 

switch from the role of saprophytic organism to necrotrophic, and then cause root, butt and in 

some tree species extensive stem rot (Garbelotto and Gonthier 2013). The biology and ecology 

of Heterobasidion has been the subjects of many studies since the pathogen was first described 

more than 200 years ago in 1821 (Woodward et al.1998; Garbelotto and Gonthier 2013). Based 

on morphology, mating compatibility and ecology, several species have been defined, which 

are intersterile within the Heterobasidion species complex (Korhonen 1978). The latest 

knowledge about genetic diversity, host range and distribution of Heterobasidion resolved the 

complex into five species (Figure 1.1). The evolution of the genus Heterobasidion started 

approx. 60 million years ago and species diverged 45–60 million years ago. Three species of 

this complex are well known and common in Europe Heterobasidion annosum (Fr.) Bref.; 

Heterobasidion parviporum Niemelä and Korhonen, Heterobasidion abietinum Niemelä and 

Korhonen, whereas Heterobasidion irregulare Otrosina and Garbeloto, Heterobasidion 

occidentale Otrosina and Garbelotto are native to North America (Dalman et al. 2010). 

 
Figure 1.1. Native distribution of Heterobasidion species complex, different colours indicate 

different species; picture from Garbelotto and Gonthier 2013. 

  

http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=17745
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=17745
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=17745
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=17745
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More recent research has showed that the borders of pathogen distribution are blurry, 

overlap or sometimes even do not exist, especially if the spread of the pathogen is facilitared 

by humans (Garbelotto and Gonthier 2013). H. irregulare (in Figure 1.1 in green colour) has 

been introduced to Europe from North America during World War II and currently together 

with H. annosum has become established in Pinus spp. stands in Italy (Gonthier et al. 2014). 

H. irregulare is able to hybridize with the European species H. annosum (Garbelotto and 

Gonthier 2013; Gonthier et al. 2014), while H. irregulare and H. occidentale hybrids appear to 

be extremely rare (Garbelotto and Gonthier 2013). This may be explained by evolution as 

H. annosum and H. irregulare are ancient “sister species” (Garbelotto and Gonthier 2013; 

Gonthier et al. 2014). The latest study in Italy also shows that H. irregulare basidiospore 

distribution is not limited by pine woodlands (main host species) and spores have also been 

detected in oak forests in central Italy, which implies that invasion of the pathogen is possible 

over long distances and is less affected by pine forest fragmentation (Garbelotto and Gonthier 

2013; Gonthier et al. 2014). 

In addition to the Heterobasidion species complex, the H. insulare species complex, 

includes six Heterobasidion species (Chen et al. 2015). The geographical border for the two 

Heterobasidion species complexes, as well for many animal species, developed 

30– 160 M years ago between the Ural Mountains and the Turgai Straight (Sanmartin et al. 

2001). Outside of both these Heterobasidion complexes is H. araucariae P.K. Buchanan (Chen 

et al. 2015). In Latvia, only two species have been observed (Figure 1.2) H. annosum and 

H. parviporum (Bruna et al. 2021; Gaitnieks et al. 2022). 

 
Figure 1.2. Heterobasidion annosum on P. sylvestris stump (A) and 

Heterobasidion parviporum on P. abies log (B); photos taken by A. Zaluma. 

  

http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=17745
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=17745
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=17745
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In general, H. annosum more frequently infects pines (Pinus spp.), while H. parviporum 

preferentially infects P. abies (Korhonen et al. 1998b; Gonthier and Thor 2013). However, 

H. annosum and H. parviporum are not strictly host specific and can develop infection centers 

both in pine and spruce forests (Korhonen et al. 1992; Vasiliauskas and Stenlid 1998; Oliva et 

al. 2011; Gonthier and Thor 2013). 

1.2. Infection biology, spread and symptoms of Heterobasidion species 

Spore production and stump infection biology of Heterobasidion species have been 

described in the early 1950’s by the British scientist John Rishbeth (Rishbeth 1951). The 

pathogen spreads via two pathways: by airborne basidiospores infecting freshly cut stump 

surfaces (primary infections), colonizing the wood, where it can survive for decades and then 

can spread by mycelia from colonized stumps via root contacts to uninfected adjacent trees 

(secondary infections) (Garbelotto and Gonthier 2013). 

Primary infections of Heterobasidion are accomplished by dispersal of airborne 

basidiospores, mainly over relatively short distances. Less than 1% of spores are distributed 

more than hundred meters from fruit bodies (Stenlid 1994; Bruna et al. 2021). After landing on 

freshly cut stump surfaces, basidiopsores normally geminate quickly (H. annosum form germ 

tubes within 15 to 24 hours) (Asiegbu et al. 2005). Geminated homokaryotic mycelia may 

become heterokarytized relatively rapidly after compatible mating with other homokaryotic 

mycelia, forming ecologically stable heterokaryotic mycelia (Stenlid 1985). Success of airborne 

infection is dependent not only on distance from spore source to the substrate, but also 

Heterobasidion species, due to compatibility to host tree species (Vasiliauskas and Stenlid 

1998; Bruna et al. 2021), season (Brandtberg et al. 1996; Morrison and Johanson 1999), stump 

diameter (Morrison and Johanson 1999; Gaitnieks et al. 2018; 2019), fungal vectors, e.g., 

Hylobius abietis L. (Viiri 2004), occurrence of root grafts (Rönnberg 2000) and wounds 

(Vasiliauskas et al. 1996), and the presence of competitive microorganisms (Hodges 1969; 

Holdenrieder and Greig 1998; Redfern and Stenlid 1998; Oliva et al. 2017) etc. Stump surfaces 

are susceptible to spore infection directly after cutting, but it has been estimated that in approx. 

two weeks, stump surfaces become less susceptible to Heterobasidion infection (Redfern and 

Stenlid 1998). For example, in P. abies, boundary layers of lignin and suberin are formed 

7– 10 days after wounding (Rittinger et al. 1987). In Latvia, maximum spore load occurs from 

August to November, but in winter sporulation is uncommon (Donis et al. 2014). Only a few 

fungal species, including Heterobasidion spp., have high enzymatic activity and they can 

invade heartwood through wounds and root damage (Asiegbu et al. 2005; Vasaitis 2013; 

Gonthier and Thor 2013). Although P. abies susceptibility to wound colonizing fungi is quite 
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well studied (Vasaitis 2013), only one study has been published about P. abies stands in Latvia 

(McLaughlin and Šica 1996). Moreover, rather limited data is available about Pinus spp. 

susceptibility to wound colonizing fungi. 

After colonizing stump surfaces or wounds, the mycelium grows in both directions from 

wound, but in stumps downwards, colonizing the root system. Adjacent tree infection differs 

by tree species – Heterobasidion spreads necrotrophically in the sapwood of living pines, but 

in spruces it usually spreads into the heartwood (Garbelotto and Gonthier 2013). In P. abies, 

several defense mechanisms have been described (Figure 1.3) (Capador-Barreto 2022). The 

formation of a reaction zone of fungistatic compounds is one of them (Oliva et al. 2012; Nagy 

et al. 2022). Pettersen (1984) has described that wood resistance is affected by extractive 

content and amount in wood. Wood can contain from 4 to 10% of extractives of the dry mass 

of temperate hardwood species and may reach 20% in tropical climates (Pettersen 1984), while 

for example living P. sylvestris wood contains only 5% extractives and P. abies even less 

(Whittaker and Shield 2017).  

 
Figure 1.3. Defence strategy in the P. abies stem. Colours show tissue preference by 

H. annosum and H. parviporum; picture from Capador-Barreto (2022). 

 

Infection symptoms of growing pines and spruces are markedly different, as a 

consequence of wood characteristics. Pines are characterized by resinous heartwood and 

initially H. annosum attacks sapwood, resulting in dieback of cambium and may cause tree 

mortality (Figure 1.4). In young trees, mortality occurs in a short period, while in mature tree 

dieback takes a longer time, but the decay column in stems seldom spreads higher than one 

meter above the root collar (Greig 1998; Korhonen and Stenlid 1998; Gonthier and Thor 2013). 
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Figure 1.4. Hetetrobasidion infection in young (A) and mature (B) P. sylvestris stands;  

photos taken by T. Gaitnieks. 

 

In tree species with non-resinous heartwood, such as P. abies, Heterobasidion infection 

spreads in the heartwood and can cause extensive heart rot in stem and roots, while the tree is 

still growing for many years or even decades, as the outer sapwood of P. abies remains healthy 

(Korhonen and Stenlid 1998; Gonthier and Thor 2013; Capador-Barreto 2022). The maximum 

decay column height in Sweden and Latvia has been detected as high as 11.8 m (Stenlid and 

Wästerlund 1986; Arhipova et al. 2011). Large scale monitoring revealed that in Latvia in 

P. abies stands older than 60 years, more than 12% of the stand volume are characterized as 

rotted, and the frequency of infected trees (Figure 1.5) increases with stand age (Arhipova et al. 

2011). 

 
Figure 1.5. Severity of Heterobasidion infection increases in older P. abies stands 

(A – II class P. abies stand, B – III class P. abies stand); photos taken by A. Zaluma. 

 

Heterobasidion spp. produces at least 10 different secondary metabolites (enzymes which 

are involved in wood degradation and several toxins) including fomajorins, fommanoxin, 
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fommanosin, fommanoxin acid, oosponol, and oospoglycol. Enzymatic activity ensures the 

fungus development necrotrophically in tree sapwood (living tissues) (Lind et al. 2014; Boddy 

2016). The amount of secondary metabolites produced may differ between Heterobasidion 

species (Daniel et al. 1998; Asiegbu et al. 2005). 

After Heterobasidion spp. invades tree root systems, infection centers may be 

established – causing dieback of adjacent trees (also called territorial clone formation) 

(Gonthier and Thor 2013). There have been many studies published regarding territorial clones 

of H. parviporum (Piri 1996; Vasiliauskas and Stenlid 1998; Piri and Korhonen 2008; Gaitnieks 

et al. 2022). It has been proved, that average growth rate of the pathogen in P. abies is 

25 cm yr– 1 in stump roots, whereas 9 cm yr–1 in tree roots (Bendz-Hellgren et al. 1999). 

Information about growth rate in pines is scarce (Gonthier and Thor 2013).  

1.3. Infection prevention and stand management 

Forest managers are responsible for stand vitality and Heterobasidion infection 

prevention or restriction in intensively managed forests. To prevent infection there are two 

accepted ways – freshly cut stem treatment with chemical or biological control agents, or 

planting resistant tree species. To restrict infection stump removal has been recommended 

(Gonthier and Thor 2013). 

1.3.1. Tree species selection and improving resistance 

According to the European Union Forest strategy, more than 3 billion trees are planned 

to be planted by 2030. In a longer perspective, regeneration of heavily infected sites with tree 

species resistant or at least less susceptible or tolerant to Heterobasidion infection would 

provide both environmental and economic benefits. The ability to restrict development of the 

pathogen is called resistance, whereas ability to reduce negative impact on tree growth in a such 

way, that tree can develop normally is called tolerance (Katjiua and Ward 2006; Sniezko and 

Koch 2017). Tree defense mechanisms against damage caused by biotic agents include also 

physical barriers such as lignified cell walls, waxy epidermal cuticle, bark (Franceschi et al. 

2005) and inducible defense mechanisms, such as induction of certain biochemical pathways 

(responsible for secondary metabolites like phenolic acids, terpenoids, lignans) (Kovalchuk et 

al. 2013; Nagy et al. 2022). 

The potential of genetic resistance of conifers against Heterobasidion spp. is widely 

discussed and only few conifer species have been screened using different methods for testing 

tree susceptibility, however breeding programs has not yet been fully implemented (Hietala et 

al. 2003; Karlsson et al. 2008; Skrøppa et al. 2015; Sniezko and Koch 2017; Elfstrand et al. 
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2020). It has been proved previously, that P. abies susceptibility to Heterobasidion infection is 

strongly dependent on the host and has a genetic component (Swedjemark and Karlsson 2006; 

Arnerup et al. 2010; Skrøppa et al. 2014; Skrøppa et al. 2015; Steffenrem et al. 2016; Elfstrand 

et al. 2020; Capador-Barreto 2022). Moreover, analysing 466 two-year-old progenies of open 

pollinated P. abies families Chen et al. (2018) revealed that the genetic component, which 

affects fungal growth in sapwood, does not adversely affect growth and wood quality traits in 

late-age performance. There are several studies which suggest that there is a potential for 

improving P. abies resistance against Heterobasidion species infection (Swedjemark and 

Stenlid 1997; Swedjemark and Karlsson 2006; Chen et al. 2018; Elfstrand et al. 2020; Capador-

Barreto 2022). However, data about the growth rate of the pathogen and selection of 

P. sylvestris genotypes resistant to Heterobasidion spp. is rather limited (Korshikov and 

Demkovich 2008; Gonthier and Thor 2013; Marčiulynas et al. 2019). 

Change of tree species is a significant control method against Heterobasidion infection 

(Gonthier and Thor 2013), as rotation of resistant tree species such as broadleaved species may 

restrict infection. Economically, the change from conifer to broad-leaved tree species is not 

always profitable, and also site conditions, for example, dry, sandy soils may only be suitable 

for planting of pine species (Korhonen et al. 1998a). From the point of root rot pathogen 

distribution, in Lithuania it has been proved, that mixed-stand management could be a better 

option than pure conifer stands (Lygis et al. 2004a). Growing mixed stands (intercropping) has 

advantage over monocultures as it allows delayed thinnings for conifers and as a result lower 

infection risks by Heterobasidion and a better economical outcome could be obtained (Lygis et 

al. 2004a). Although broadleaved trees have been considered for many years to be relatively 

resistant to Heterobasidion spp. caused root rot, also broadleaved species need to be carefully 

evaluated as recently it has been reported that Betula pendula (Lygis et al. 2004b) and Fagus 

sylvatica L. (Łakomy and Cieślak 2008) may become severely infected on heavily infested 

sites. 

1.3.2. Site preparation and stump removal 

Stump removal as a control measure for root rot pathogens was investigated soon after 

Heterobasidion was first described, and for 150 years, knowledge about the efficacy of stump 

removal has been accumulated (Cleary et al. 2013, and references therein). Complete stump 

removal, especially for rotten stumps, is hard to achieve (Vasaitis et al. 2008). Unsuprisingly, 

over a 50-year period, the efficacy of stump removal on Heterobasidion infection in stands 

decreases (Cleary et al. 2013), however stump removal reduces Heterobasidion distribution to 

the next generation (Greig et al. 1980;Vasaitis et al. 2008; Cleary et al. 2013). Also more recent 
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research in Finland showed that stump removal is not the most efficient way to completely 

restrict infection, as decayed root fragments with a diameter of 1.5 cm contained living 

H. parviporum mycelium even after 74 months in soil (Piri and Hamberg 2015). Costs of stump 

removal can vary according to salary, fuel etc. At the beginning of 2010, cost for stump removal 

was reaching 1,200 US dollars per ha (Cleary et al. 2013), or at least 77 euros per oven-dry ton 

of extracted stumps (Berg 2014). Earlier observations in the United Kingdom highlighted that 

stump removal might be economically feasible in pine plantations with high pH (Greig 1984), 

or as an only option in heavily infected stands, where change of tree species is impossible. 

In addition, stump removal may lead to some negative environmental effects resulting 

from site disturbance (Vasaitis et al. 2008). Evaluation of the occurrence of Heterobasidion 

after stump removal and impact of stump removal on the fungal ecology should be evaluated 

also in hemiboreal forests. 

1.3.3. Biological and chemical control 

According to Müller et al. (2018), in root rot infested areas it is complicated to eradicate 

the disease, thus a better solution is to protect stumps from primary infections by treating them 

with urea or biological control agents. To reduce infection by Heterobasidion spores, biological 

or chemical control agents are widely used for treatment of surfaces of freshly cut coniferous 

stumps. Many experiments have been conducted in vitro, and several biological control agents 

have been tested (e.g. bacteria Pseudomonas spp. (Gžibovska 2016), or other fungi 

Trichoderma viride Pers., Trichoderma harzianum Rifai, Verticillium bulbillosum Gams and 

Malla, Hypholoma fasciculare Kumm., Phanerochaete velutina Parmasto, Vuilleminiia 

comedens Maire (Rishbeth 1951; Holdenrieder and Greig 1998). However, one of the widely 

studied and the most promising fungus is Phlebiopsis gigantea (Fr.) Jülich (Figure 1.6), 

characterized as a saprophyte (Holdenrieder and Greig 1998; Garbelotto and Gonthier 2013). 

The efficacy of P. gigantea is mainly related to the ability of the fungus to rapidly colonize the 

upper parts of stumps, and to its vertical growth rate and competitive ability against 

Heterobasidion in roots (Pettersson et al. 2003; Berglund and Rönnberg 2004; Sun et al. 2009). 
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Figure 1.6. P. gigantea fruit bodies on P. sylvestris (A) and P. abies (B) logs;  

photos taken by T. Gaitnieks. 

 

Control agents containing P. gigantea spores and mycelium are produced in Poland, 

United Kingdom and Finland (Holdenrieder and Greig 1998; Pratt 1998; Pratt et al. 2000). The 

earliest formulation of a biological control agent based on P. gigantea was developed in the 

United Kingdom by J. Risbeth in the 1960’s, and is available since 1970. In 1987, a strain of 

P. gigantea almost equally effective against Heterobasidion in both pine and spruce stumps 

was isolated in Finland, and since 1991 is available as the biological control agent Rotstop® 

(Pratt et al. 2000). In the Nordic and Baltic countries one of the most frequently used biological 

control agent is the Finnish preparation Rotstop® (Thor 2005). Rotstop® has been used in 

Latvia for 16 years (Kenigsvalde u.c. 2011). Results of efficacy of Rotstop® depend on many 

factors, including tree species, temperature and moisture content etc. Low efficacy of Rotstop® 

in spruce wood has been observed in Sweden and Finnland (Berglund and Rönnberg 2004; 

Vasiliauskas et al. 2004; Berglund et al. 2005, Rönnberg et al. 2006; Piri et al. 2023). In Latvia, 

on average 36% of P. abies stumps treated with Rotstop® stumps were infected by 

Heterobasidion (Kenigsvalde et al. 2016). Previous studies showed that pine stumps are more 

receptive to P. gigantea treatment than spruce stumps (Korhonen 2003; Webber and Thorpe 

2003; Kenigsvalde et al. 2016; Żółciak et al. 2020). Furthermore, more recent papers reported 

that P. gigantea efficacy might differ based not only on tree species, but also on the origin of 

the P. gigantea isolate. Studies in Latvia also have confirmed that P. gigantea isolated from 

different P. abies and P. sylvestris differ phenotypically, revealing that host-driven intraspecific 

phenotypic variation occurs (Kļaviņa et al. 2023). 

Pratt et al. (2000) highlighted that change of the P. gigantea isolates used for stump 

treatment is crucial to maintain the competitive activity of the fungus and to avoid large scale 

disperse of single P. gigantea genotype (Figure 1.7). As some authors emphasize it is also 
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necessary to determine the effects of the widespread use of Rotstop® on the biological diversity 

of indigenous P. gigantea populations (Vasiliauskas et al. 2004), and resident bacteria 

communities (Sun et al. 2013). In earlier experiment in laboratory and forest it has been 

demonstrated that other isolates of P. gigantea can also be used as alternatives to Rotstop® at 

least in Pinus pinea L. (Annesi et al. 2005). 

 
Figure 1.7. P. gigantea (Rotstop®) colonized pine stump surface (3 months after commercial 

felling and stump treatment); photo taken by A. Zaluma. 

 

Although urea has been widely used as a chemical control agent in Europe (Thor 2003), 

in Sweden the use of urea was prohibited in 2015 (Blomquist et al. 2020, and references 

therein). As in previous decades, due to increasing concerns about the use of chemical pesticides 

and fungicides, biological agents will be required more often (Pratt et al. 2000). Research on 

biological protection methods is especially important in the context of the “EU Biodiversity 

Strategy for 2030” and the “EU Forest Strategy”, which aims to reduce the use of pesticides by 

50% by 2030. Although fungal species richness was reduced equally after treatment by urea 

and Rotstop® (19% and 15%), the structure of fungal communities differed markedly from 

each other (Vasiliauskas et al. 2004). Research in vitro has shown, that urea changes stump 

surface pH, and Heterobasidion mycelium growth was not initiated at pH above 7, which 

resulted in inhibition of pathogen development (Johansson et al. 2002). The obtained results 

could be affected by urea concentration (Brandtberg et al. 1996). Although in some reports, a 

20% concentration of urea was sufficient and resulted in significantly lower colonized areas of 

Heterobasidion in comparison to untreated stumps (Vollbrecht and Jørgensen 1995; Nicolotti 

and Gonthier 2005), other research proves, that higher concentrations (30%) ensure better 

stump protection (Brandtberg et al. 1996). However in the latest studies, urea has been proved 

to be more effective than biological control in spruce precommercial thinning (Blomquist et al. 
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2020). Moreover, the development and growth rate of P. gigantea is more affected by biotic 

and abiotic factors, while use of urea results in more stable inhibition (Żółciak et al. 2020; Piri 

et al. 2023). Gonthier (2019) has highlighted the importance of temperature, as the efficacy of 

urea decreases in the autumn. It is necessary to determine whether the efficacy of urea is equal 

to Rotsop in Latvian conditions and which factors affect both treatment methods. 
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2.  MATERIALS AND METHODS 

2.1. Study sites and field work 

2.1.1. Growth rate of H. annosum and H. parviporum in functional sapwood of 

P. sylvestris and P. abies (Paper I) 

Four-year-old P. sylvestris and five-year-old P. abies (321 and 520 individuals, 

respectively, all different genotypes from Latvia) were grown under field conditions at the 

Forest Research station, Kalsnava, Latvia (56.6877; 25.9633). In spring 2009, saplings were 

dug out from the field and planted in 2 l plastic pots (MCI 17) in peat substrate KKS-M1 (70% 

milled peat, 30% block peat, pH approx. 4.5) (Laflora Ltd.). Saplings were regularly watered 

and also additionally fertilized with Vito-Silva (Spodrība JSC), in autumn 2010. Average root 

collar diameter of P. sylvestris and P. abies saplings was similar (1.35 ± 0.01 cm and 

1.38 ± 0.01 cm (n = 520; p > 0.05)). Average height of P. sylvestris saplings was 

64.36 ± 0.56 cm (n = 321), and P. abies – 70.71 ± 0.58 cm (n = 520; p < 0.05). There were slight 

differences in height, but no difference in root collar diameter, implying that the amount of 

inoculated sapwood of each tree species was about the same. Trees were inoculated with 

H. annosum and H. parviporum in September 2011. Saplings were incubated in field conditions 

for 16 weeks. In total, 201 P. abies and 133 P. sylvestris saplings were inoculated with 

H. annosum, and 199 P. abies, and 136 P. sylvestris saplings were inoculated with 

H. parviporum. For untreated controls, wounds were made, but infected wood material was 

replaced with sterile wood pieces instead of infected – a total 120 P. abies and 52 P. sylvestris 

saplings were used as controls. Diameter of both tree species was similar (1.4 ± 0.2 cm). After 

incubation, trees were cut, dissected and the extent of Heterobasidion spread measured in the 

laboratory. 

2.1.2. Development of P. gigantea and Heterobasidion in wood of seven conifer 

species (Paper II) 

Two visually healthy trees from seven tree species were selected (Larix sibirica Ledeb., 

Picea abies, Pinus sylvestris, Pinus strobus L., Pseudotsuga menziesii Franco, Pinus contorta 

Douglas and Picea sitchensis Carr.). The detailed description of tree characteristics is in 

Paper II. Each tree was dissected into 30-cm-long billets. Immediately after that six 0.5 cm 

deep grooves were drilled in each billet, grooves started in sapwood, ended in heartwood, each 

approx. 5 cm in length. Each billet was inoculated with four P. gigantea (three Latvian isolates 
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and Rotstop®) strains and H. annosum and H. parviporum (one isolate per groove plus negative 

control). For each groove, 0.5 ml suspensions P. gigantea and Heterobasidion (P. gigantea 

concentration: aaprox. 5000 spores/ml and the concentration of Heterobasidion spores to 

500 spores/ml) were used (Sun et al. 2009). After 4-weeks incubation in field conditions, billets 

were cut into 2–3 cm thick discs, and fungal growth was analyzed in the Latvian State Forest 

Research Insitute “Silava” (LSFRI Silava). 

Isolates were selected based on data acquired in laboratory by methodology developed in 

Finland (Sun et al. 2009). P. gigantea isolates were obtained in 2007 and 2008 from fruit bodies 

in Latvia, isolation and comparative analyses are described in more detail in Paper II. 

2.1.3. Fungi inhabiting stem wounds of P. abies, P. sylvestris and P. contorta 

(Paper III, IV, V) 

The study was conducted in Latvia in three stands of P. abies, three stands of P. sylvestris, 

and three stands of P. contorta (Table 2.1, Figure 2.1). In each stand, 30 living trees were 

randomly selected. For individual trees, the diameter at 1.3 m height (DBH) was measured two 

times, for perpendicular directions, estimating mean and the number of individual injuries per 

stem recorded. For all sampled injuries, the maximal length and width and position in relation 

to ground level (height of its lowest margin) were measured. (Paper III, IV, V). The area of 

exposed sapwood (wound) was estimated based on its length and width or for smaller wounds 

by measuring with a planimeter (Paper III and V). 

Table 2.1. Mean parameters (mean ± SD) of analyzed P. sylvestris, P. contorta, P. abies 

stands, trees and wounds 

Parameters P. contorta P. abies P. sylvestris 
Stand age min–max 31–32 32–34 140–167 
No. of stems examined 90 90 90 
Stem diameter at 1.3 height (cm) 16 ± 5 18 ± 5 42 ± 9 
Distance of damage from ground (cm)    
lowest point 78 ± 25 88 ± 33 74 ± 44 
highest point 126 ± 23 121 ± 30 219 ± 39 
Examined wounds 170 157 127 
No. of wounds per stem 1.8 ± 0.8 1.7 ± 0.8 1.4 ± 0.5 
Wound width (cm) 7.5 ± 7 10 ± 5 25 ± 7 
Wound length (cm) 27 ± 22 33 ± 20 146 ± 58 
Exposed sapwood per wound (cm2) 212 ± 469 589 ± 1,173 3818 ± 2,065 
Wood discoloration or decay (%) 11 26.7 41 

 

From each of the injuries, 1 to 2 cm below stem damage, one wood sample (bore core 

length half of the tree diameter, cm) was taken using an increment borer (sterilized in 70% 

ethanol). To avoid fungal infection from bark, it was removed from the sample immediately. In 
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the field each wood core was assessed for the presence of discoloration and observations were 

marked on sterile plastic tubes, where all samples were individually placed and transported to 

the laboratory for fungal isolation. In Paper V in total 30 trees were cut to determine the length 

of discoloration and decay (if present). 

 
Figure 2.1. Location of study sites: green circles P. sylvestris sites (Paper IV), red circles 

P. contorta sites (Paper V and Paper VI), blue – P. abies sites (Paper III). 

 

Additionally, wood cores were taken from 15 resin-tapped pines and from 10 control 

pines (Paper IV), to analyse the influence of resin tapping on radial increment. The trees were 

spatially distributed within the same stand (Kalsnava) and were of a similar age varied from 

120 to 150, average 140 years old. Cores were extracted from each stem at 1.3 m height using 

an increment borer. Sampling was done from the opposite side of the wound (if one wound per 

stem), or, in cases of two wounds per stem, between the wounds. Each bore core reached at 

least the center of the stem.  

2.1.4. Infections and clonality of Heterobasidion species in P. contorta plantations 

established on forest clear-cuts and agricultural land (Paper VI) 

Susceptibility to Heterobasidion spp. and spread of the pathogen was analyzed in three 

P. contorta plantations (Figure 2.2). Plantations were established in Latvia approx. 30 years ago 

with a planting density for all stands of 5000 trees per ha, but each stand had different 

management scenario (Table 2.2). Trees and previous generation stumps were examined for 

Heterobasidion fruit bodies and tree health status was categorized in to three classes (classes 

described in Paper VI). All previous generation stumps were sampled and Heterobasidion spp. 

symptomatic trees were cut and 2–3 cm thick wood discs were taken to the laboratory. The 

number of sampled trees is presented in Table 2.2 and more a more detailed description 

presented in Paper VI. 
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Table 2.2. Charecteristics of 26–31 year-old plantations of P. contorta (< 5% admixture 

of P. sylvestris) in Latvia 

 Stand 1 Stand 2 Stand 3 
Establishment Est. on 

clear-cut a 
Est. on clear-cut a Est. on agricultural 

land, thinned 16 years 
previously 

Stand management Unthinned Unthinned before first 
sampling (2nd sampling done 
4 years after thinning) b 

Thinned 16 years 
before sampling 

GPS coordinates 57.06, 21.95 56.68, 24.46 56.60, 25.49 
Stand areac, ha 0.2 0.8 0.2 
Age, years 26 27 (31) 28 
Tree DBH, cm  12 12 (15) 14 
Stand density at 
sampling, ha–1 

2290 2986 (1471) 2350 

Symptomatic and 
sampled trees 

128 257(120) 220 

a Represents previous forest generation. Stand 1 and Stand 2 (established on clear-cuts) consisted of approx.  
100-year old P. sylvestris. 
b Numbers in brackets from the second sampling in the Stand 2. The first sampling was done in an unthinned 
plantation, and the second sampling was done four years after thinning. 
c Samples were taken in all stand. 

 

Tree and stump samples from entire stands were stored in separate sterile plastic bags. 

All samples in the same day as sampling were transpored and analysed in the laboratory of 

LSFRI Silava. 

2.1.5. Relative susceptibility of P. abies and P. sylvestris stumps to natural 

colonization by P. gigantea (Paper VII) 

To assess the potential of natural colonization by P. gigantea to restrict Heterobasidion 

spore infection, a total 793 P. abies and 1158 P. sylvestris trees were cut and left for natural 

infection of P. gigantea and Heterobasidion spp. The experiment was established in 9 P. abies 

plots and 15 P. sylvestris plots, planted on former P. sylvestris or B. pendula stands. Stands at 

the sampling were without any dieback symptoms. Trees were cut in the 2012 and 2013 

vegetation seasons. Using a chainsaw, 50 cm high stumps were made, none of them showed 

symptoms of discoloration or decay. Each stump was numbered. Characteristics of the sample 

plots, trees and number of analysed stumps per sample plot are presented in Table 2.3. After 15 

to 56 weeks all stumps were examined by cutting two 2–3 cm thick disks – the first (top) disc 

was not used, and the second disc was marked and put in a sterile plastic bag.  
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Table 2.3. Characteristics of the sample plots (Paper VII) 

Tree species Age of cut trees 
(years) 

Age of stumps at sampling 
(weeks) 

Number of analysed 
stumps 

P. abies 24 44 40 
30 20 56 
31 36 121 
39 20 95 
33 20 90 
26 27 103 
17 48 96 
34 33 45 
24 35 147 

P. sylvestris 24 35 49 
15 18 84 
11 44 90 
15 56 71 
20 39 88 
19 18 68 
27 46 96 
19 44 79 
14 15 78 
15 39 104 
14 15 55 
28 39 45 
16 38 75 
16 35 95 
15 40 81 

 

Samples were transported to LSFRI Silava for analyses. 

2.1.6. Efficacy of Rotstop®, a native P. gigantea isolate and urea against primary 

infections by Heterobasidion species (Paper VIII) 

To analyze the control efficiency of Rotstop®, a native Latvian P. gigantea strain and 

urea after pre-commercial P. abies thinning, 480 spruce individuals in three stands were cut in 

July 2018. Half of the stumps (N = 80) in each of the tree stands were cut to a height of 40 cm 

while the other half to 45 cm (N = 80). The high stumps were cut twice and then, after the 

second cut, the 5 cm thick disk cut from the top of the stump was used for the subsequent stump 

cover treatment. 

All stumps after cutting were immediately treated with: 

1) Rotstop® spore suspension; 

2) P. gigantea 422 spore suspension; 

3) 35% urea solution; 

4) distilled water. 
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Half of the stumps were covered by the wood disks. For each treatment and untreated 

control (applied with distilled water), 20 stumps in each stand were used. To avoid clustering 

treatments, we used a randomized complete block design. More details about experiment 

establishment can be found in Paper VIII. Rotstop® and P. gigantea 422 spore suspensions 

were prepared on the same day as inoculation, using the methodology described by Kenigsvalde 

et al. (2016). Stumps were left for incubation for 14 weeks and then sampled, from each stump 

the first disc was cut and discarded, the second taken to the LSFRI Silava for further analysis 

(Paper VIII). 

2.1.7. Persistence of Heterobasidion and other wood-inhabiting fungi in root 

remnants in forest clear-cuts six years after stump removal (Paper IX) 

In total, five stump removal trials were established in cooperation with the Forest 

environment laboratory of LSFRI Silava during 2011–2012 in different regions of Latvia. To 

estimate infection frequency, stumps within sample plots were sampled in July 2012 using a 

Pressler increment borer, and the presence of Heterobasidion was estimated, 1208 stumps were 

sampled. After sampling in winter of 2012, stumps in all sample plots (excluding control areas) 

were removed using the technique described by Zimelis et al. (2013). In total, 1490 spruce 

stumps and 306 stumps of different tree species were removed from sample plots. All 

Picea abies, Populus tremula L., Betula pendula and Pinus sylvestris stumps smaller than 

50 cm in diameter were removed. B. pendula and P. sylvestris stumps greater than 50 cm, as 

well as all stumps 4 m from ecological trees and deciduous tree stumps excluding aspen and 

birch stumps were left in the stump removal area. Samples were taken from 1008 of the removed 

spruce stump roots to determine the occurrence of Heterobasidion and other wood-inhabiting 

fungi. 

In August 2018 (6 years after stump removal), approximately 40 root residuals were 

collected randomly from each sample plot where stumps were excavated (in total 203 root 

fragments), to detect long term Heterobasidion persistence. All samples were placed in separate 

plastic bags and transported to the LSFRI Silava, more detailed description of methods – in 

Paper IX. 

2.2. Laboratory work 

Microbiological analysis as well as statistics for all Papers were performed in the 

LFSRI Silava. DNA extraction, PCR for Paper V and IX were performed in the LFSRI Silava, 

but for Paper III and IV and for part of samples from Paper IX – in the Natural Resources 

Institute Finland (Luke) in 2013. Sanger sequencing was performed by Macrogen Europe. 
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2.2.1. Identification of fungi (Paper I, II, VI, VII, VIII) and somatic compatibility 

tests (Paper VI) 

In Paper I, all branches from trees were removed and stems and roots were surface flame 

sterilized and cut into discs with surface disinfected (in 70% ethanol) secateurs. Discs were 

flame sterilized and incubated for seven days at room temperature in Petri dishes. 

All wood discs from stumps and wood billets (Paper II, VI, VII, VIII), symptomatic 

trees (Paper VI) and samples collected from previous generation stumps and roots (Paper VI, 

IX) were transported to the laboratory and stored at temperature +4°C. On the same or the next 

day, the discs were debarked and washed and put in closed plastic bags. 

After 7-day incubation at 20°C, discs were examined using a stereo microscope to inspect 

for Heterobasidion conidial stage (Paper I, II, VI, VII, VIII) and the presence of the 

antagonistic fungus P. gigantea (Paper II, VII, VIII). Presence of P. gigantea was detected by 

characteristic coloring and mycelium traits (Berglund and Rӧnnberg 2004; Oliva et al. 2015, 

2017) and crystal crusted lamprocystidia (Eriksson et al. 1981; Breitenbach and Kränzlin 1986). 

In Paper VI and IX, samples from roots were visually inspected for presence of fungi, 

cut into smaller pieces approx. 0.5 × 1 cm (Paper VI) and 1 × 2 cm (Paper IX) in size. 

Immediately after cutting, wood samples were surface flame sterilized. Samples were incubated 

for 2–5 weeks on Petri dishes containing malt extract agar (15 g malt extract 12 g agar, 1000 mL 

H2O) (Paper VI) and Hagem agar (5 g glucose, 0.5 g NH4NO3, 0.5 g MGSO4 7H2O, 5 g malt 

extract, 20 g agar, 1000 mL distilled H2O at pH 5.5) (Paper IX). Petri dishes with samples were 

examined each third-fourth day to avoid infection and to isolate all emerging fungal mycelia. 

Pure cultures of Heterobasidion were obtained to detect Heterobasidion clonality 

(Paper VI), all obtained isolates were subjected to somatic compatibility tests (Stenlid 1985) 

by pairwise somatic compatibility tests on malt extract agar in all combinations. The fungal 

species (Paper VI, VII, VIII) were determined using mating compatibility tests (Korhonen 

1978). 

2.2.2. Isolation of fungi (Paper III, IV, V, IX) 

In Paper III, IV, V, IX, obtained wood cores were analyzed on the same or the next day 

after sampling. All samples were stored at +4°C to avoid further contamination. Tree samples 

(cores) were split into max 8 cm-long pieces and immediately after that flame sterilized. All 

samples were placed on malt extract agar media (Paper III, IV, V) or Hagem agar media 

(Paper IX); for incubation of each individual sample 9 cm Petri dishes were used. To obtain all 

emerging fungal mycelia, Petri dishes with wood samples were inspected every three days after 
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incubation at room temperature; all observed mycelia were subcultured on individual Petri 

dishes and divided into onse fugal species pure cultures. All obtained isolates were grouped 

into mycelial morphotypes by microscopic characteristics – mycelial features as described in 

earlier works (Arhipova 2012). The obtained fungal isolates were examined under microscope 

Leica DM4000B after at least one-week incubation. In Paper IX, eight species/genera were 

identified using their microscopic features (Watanabe 2002), no molecular identification was 

performed for Aspergillus niger van Tieghem, Aureobasidium pullulans G. Arnaud, Botrytis 

cinerea Pers., Chaetomium globosum Kunze, Cladosporium sp., Ophiostoma piceae, Mucor sp. 

S18, Umbellopsis sp. The remaining unidentified morphotypes were subjected to molecular 

analysis. 

2.2.3. DNA extraction, amplification and sequencing (Paper III, IV, V, IX) 

One to five isolates of each distinct mycelial morphotype were further subjected to 

molecular identification as dercribed in Arhipova et al. (2011) and Arhipova (2012). DNA 

extraction and PCR amplification were done according to protocols used in other publications 

(Kåren et al. 1997; Padutov et al. 2007). Fungal mycelia from different morphotypes were 

collected from Petri dishes using a flame-sterilized scalpel and placed into 2 ml microcentrifuge 

tubes. For DNA extraction, a modified CTAB method was used (Padutov et al. 2007). To tubes 

containing fugal samples 150 µl 2% CTAB extraction buffer and in flame sterilized metal beads 

(three) were place in 2 ml microcentrifuge tubes and samples were ground two times in the 

buffer using a Bead-Beater homogenizer (Mixer Mill MM 440, Germany) for 45 s at 29 r/s, 

followed by centrifugation at 12000 rpm for 8 s. After centrifugation, and additional 650 µl of 

2% CTAB extraction buffer was added to the suspension and then samples for 5 seconds were 

vortexed (Bio Vortex V1, Latvia). Fungal samples were incubated in a water bath at 65°C for 

60 min with intermittent shaking every 20 min during incubation period (MultiSUB Maxi, UK). 

After heating followed centrifugation at 12000 rpm for 20 min. After centrifugation 700 µl of 

the supernatant was carefully transferred to a new 2 ml microcentrifuge tube containing 700 µl 

of chloroform (proportion 1 : 1). The suspension of choroform and supernatant was shaken for 

30 s following by 20 min centrifugation. After centrifugation solution was divided – 550 µl of 

the aqueous phase was transferred to a new 2 ml microcentrifuge tube, and the remaining liquid 

containing the chloroform phase was discarded. Prepared (preheated to 65°C in the water bath) 

5% CTAB buffer (5% CTAB (w/v), 350 mM EDTA) was added to the aqueous phase 

(proportion 1 : 5) and carefully mixed. After samles were mixed they were incubated for 15 min 

in the water bath at 65°C with intermittent shaking after 7 min during incubation. An equal 

volume of chloroform (proportion 1 : 1) was added and immediately after that the mixture was 

https://link.springer.com/article/10.1007/s00468-022-02307-y#ref-CR1
https://link.springer.com/article/10.1007/s00468-022-02307-y#ref-CR1001
https://link.springer.com/article/10.1007/s00468-022-02307-y#ref-CR18
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shaken for 30 s and then centrifuged for 20 min at 13,000 rpm speed. After centrifugation layers 

of solution were divided and the upper phase of solution was transferred to a new 2 ml 

microcentrifuge tube, and the DNA was precipitated with 2 x of isopropanol. Samples were 

mixed by inversion and incubated for 30 min at +4°C. After incubation, samples were 

centrifuged for 30 min at 13,000 rpm. As a result of centrifugation isopropanol was possible to 

remove and the DNA pellet was washed with 900 ml of 70% cold ethanol (stored in fridge) to 

eliminate salt residues adhering to the DNA. DNA samples with ethanol were centrifuged at 

13,000 ppm for 5 min and then ethanol was removed from each tube. Residual ethanol was 

removed by placing the tubes in the fume hood for 30 min with the lid open, allowing ethanol 

to evaporate. DNA pellets were resuspended in 50 µl of TE buffer (1.21 g/l Tris-HCl [pH 8.0], 

0.372 g/l EDTA [pH 8.0]) samples were incubated at +4°C for 24 hours. DNA concentration 

was determined using a NanoDrop 8000 spectrophotometer (Thermo Fisher Scientific, US). 

These method has been taken from Kåren et al. 1997; Padutov et al. 2007 protocols, detailed 

described in Paper IV, but used also in Paper III, V, IX. 

PCR reactions were performed according to Arhipova (2012) and personal 

communication with N. Arhipova during the work. Used methodology described bellow is 

detailed described in Paper IV. In a volume of 10 μl containing 50 ng DNA, 2 μl HOT 

FIREPol® Blend Master Mix (Solis BioDyne, Estonia) (containing 10 mM MgCl2), 0.3 μM 

ITS 1F (CTTG GTCATTTAGAGGAAGTAA) and ITS4 (TCCTCCGCTTATTGATATGC) 

primers (Kåren et al. 1997) for all above mentioned piblications. For PCR thermocycler 

(Eppendorf Mastercycler epgradient) was used by the following protocol: initial 

predenaturation step at 95°C for 15 min, followed by followed by 30 cycles of 95°C for 30 s, 

55°C for 35 s, and 72°C for 1 min and a final extension of 72°C for 10 min. After PCR reactions 

and electrophoresis on 2% agarose, gels were stained with 0.5 µg/ml ethidium bromide, and 

fragments visualized using an UV Transilluminator (FireReades V10 U). Description taken 

from Paper IV, but used also in Paper III, V, IX. 

PCR products were purified using FastAP Thermosensitive Alkaline Phosphatase and 

Exonuclease I (EF0651 and EN0581, ThermoFisher Scientific, US) and sent to Macrogen 

Europe (Amsterdam, the Netherlands) for further Sanger sequencing (Arhipova 2012). 

Sequencing was conducted in one direction using the universal primer ITS4 for all samples. All 

sequences were manually edited using the Lasergene software package SeqMan (DNASTAR, 

Madison, Wisconsin) (Arhipova 2012 and personal communication with author). BLAST 

searches were performed using sequence database GenBank (Paper III, IV, V, IX). The 

Internal Transcribed Spacer (ITS) sequence homology was set at 98–100% for delimiting fungal 

https://link.springer.com/article/10.1007/s00468-022-02307-y#ref-CR1001
https://link.springer.com/article/10.1007/s00468-022-02307-y#ref-CR18
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taxon and varied from 94 to 98% (differed between Paper III, IV, V, IX) for delimiting at the 

genus level (Arhipova 2012). All ITS sequences obtained were deposited in GenBank. 

2.3. Calculations, tree-ring width measurements and statistical analyses 

Standard characteristics such as species composition, age and site type were acquired 

from the stand inventory database in the Forest State Register and the Forest Research Station 

database. 

Mann-Whitney Tests (Paper I, II, VII), t-tests (Paper I, VII, IX), Wilcoxon tests 

(Paper IV, VI), ANOVA (Paper IX), Kruskal-Wallis Tests (Paper VIII), Chi-squared tests 

(χ2; Paper VII), GLM (Paper I, VII, VIII), Spearman`s rank correlation analysis (Paper V, 

VII), Pearson’s correlation (Paper IX) were performed in R v. 3.6.1 (R Core Team 2019). For 

analysis of similarity between fungal communities (Paper IX), the Sorrensen similarity and 

Shannon diversity index was calculated (Magurran 1988) using the software EstimateS (Chao 

et al. 2005). Statistical analyses are described in more detail in the publications.  

Resin tapped P. sylvestris wood cores (Paper IV) was measured using LINTAB 5, with 

the precision of 0.01 mm (RinnTECH, Germany). Tree ring measurements were made by 

WinCELL 2007 software (Regent Instruments, Canada). An EPSON GT 15000 scanner was 

used to acquire sample images with 24-bit colour depth and 1200 dpi resolution. Additional to 

25 sampled trees to tree ring measurments one tree was rip-cut (Figure 2.2). 

 
       A 

 
       B 

Figure 2.2. Rip-cut of resin tapped P. sylvestris (A) and wood discoloration (B);  

photos taken by A. Zaluma. 
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Length of sampled tree discoloration (Figure 2.2) was measured in vertical and horizontal 

directions.
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3.  RESULTS 

3.1. Development of Heterobasidion spp. in native and introduced conifers 

(Paper I, II) 

To investigate development of Heterobasidion spp. in native and introduced conifers: 

a) growth rate of H. annosum and H. parviporum in the functional sapwood of P. abies 

and P. sylvestris was determined (Paper I); 

b) growth rate of H. annosum and H. parviporum, Latvian isolates of Phlebiopsis 

gigantea, and the biological control agent Rotstop® strain in cut stems of Picea abies, 

Picea sitchensis, Pinus sylvestris, Pinus contorta, Pinus strobus, Pseudotsuga 

menziesii, and Larix sibirica was evaluated (Paper II). 
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3.1.1. Growth rates of H. annosum and H. parviporum in functional sapwood of 

P. sylvestris and P. abies (Paper I) 
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3.1.2. Development of P. gigantea, H. annosum and H. parviporum in wood of seven 

conifer species (Paper II) 
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3.2. Fungi inhabiting stem wounds of P. abies, P. sylvestris and P. contorta 

(Paper III, IV, V) 

To estimate the importance of mechanical wounds on vitality and spread of stem and root 

rot causing fungi, including Herterobasidion spp., P. abies (Paper III), P. sylvestris 

(Paper IV), and P. contorta (Paper V) stands were investigated. 
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3.2.1. Wounding patterns, discoloration and decay causing fungi in P. abies 

(Paper III) 
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3.2.2. Fungi associated with resin tapping wounds of P. sylvestris (Paper IV) 
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3.2.3. Bark stirpping wounds, wood discoloration of P. contorta, and associated 

fungi (Paper V) 
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3.3. Infection, spread and clonality of Heterobasidion spp. in P. contorta 

plantations established on forest clear-cuts and agricultural land (Paper VI) 
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3.4. Protection of stumps against Heterobasidion basidiospore infection 

(Paper VII, VIII) 

The potential of local P. gigantea populations to restrict Heterobasidion basidiospore 

infection in conifer stands in Latvia was evaluated (Paper VII). The efficacy of native Latvian 

P. gigantea isolates, the biological control Rotstop® agent and urea treatments against 

Heterobasidion spp. basidiospore infection in P. abies stands was compared (Paper VIII). 
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3.4.1. The potential of natural colonization by P. gigantea to restrict the 

Heterobasidion primary infection (Paper VII) 
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3.4.2. Efficacy of Rotstop® versus treatments with the native P. gigantea strains 

and urea against Heterobasidion basidiospore infection (Paper VIII) 
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3.5. Persistence of Heterobasidion species and other wood-inhabiting fungi in root 

remnants on forest clear-cuts six years after stump removal (Paper IX) 
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4.  DISCUSSION  

This thesis evaluated a) the susceptibility of native and introduced conifer species to 

Heterobasidion spp.; b) possible control measures against Heterobasidion root rot infection in 

Latvia. 

4.1. Relative susceptibility to Heterobasidion spp. infection of different conifer 

species (Paper I, II) 

The growth rate of both P. gigantea and Heterobasidion mycelium is strongly dependent 

on the host tree species. The efficacy of biological control agent is based and evaluated on 

competition between the growth rate of the pathogen and P. gigantea in wood (Pettersson et al. 

2003; Sun et al. 2009). In the context of climate change and increasing interest in planting 

introduced tree species to reduce the risk of Heterobasidion infection, additional information 

about the development of Heterobasidion spp. and P. gigantea in different conifer species is 

needed. 

4.1.1. Heterobasidion development in living sapwood of P. sylvestris vs. P. abies 

(Paper I) 

Paper I provides evidence that H. annosum and H. parviporum differ in their 

pathogenicity in P. sylvestris (p < 0.05), however in spruce the difference between two 

pathogen growth rate was not significant, which is in agreement with earlier artificial 

inoculation studies (Swedjemark et al. 1999). This is contradictory to results obtained from 

field experiments, where development of both pathogens was analysed in mature P. abies trees, 

and H. parviporum grew faster (Vasiliauskas and Stenlid 1998). In stumps of P. abies, 

H. parviporum even outcompeted H. annosum (Oliva et al. 2011). Meanwhile on P. sylvestris 

stumps after artificial inoculation, heartwood colonization by both fungi was unsuccesful and 

in sapwood only development of H. annosum was observed (Oliva et al. 2013). Results 

presented in Paper I and Swedjemark et al. (1999) provide additional evidence that the spread 

of both pathogens, but especially H. parviporum, might be related to the presence of resin of 

wood and the amount of heartwood. The same pattern (importance of presence of heartwood) 

has been observed in P. abies stumps (Oliva et al. 2011; 2013). More recent greenhouse 

experiments provide evidence that reduced water availability (stressed trees) can increase 

necrosis length in P. abies saplings after inoculation with H. parviporum or H. annosum and 
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water deficit, stress especially, enhanced the growth rate of H. parviporum (Terhonen et al. 

2019).  

The higher pathogenicity (infection rate and mean longitudinal fungal growth rate) of 

H. annosum (Paper I) in P. sylvestris might be related to enzymatic activity. H. annosum 

produces five to six times more laccase than H. parviporum, increasing its wood degrading 

ability (Daniel et al. 1998; Asiegbu et al. 2005). The higher virulence of H. annousm might 

result in wider distribution even in P. abies stands, for example, the proportion of H. annosum 

in spruce stands (up to 10% admixture with P. sylvestris) is approximately 30% in Lithuania 

and Belorussia, while no H. parviporum was found in P. sylvestris stands (Korhonen et al. 

1992). 

Only one isolate per pathogen species was used in Paper I. In Sweden, 11 isolates of 

H. parviporum were used for inoculation experiments in P. abies, and the obtained results 

proved that fungal growth of different H. parviporum isolates were similar (Swedjemark and 

Stenlid 1997). Therefore, it is possible to use one or few fungal isolates for inoculation 

experiments (Swedjemark and Stenlid 1997). The results of Paper I confirm that sapwood of 

P. abies is highly susceptible to both pathogens and wounds may be an important role of 

infection also in saplings as has been reported in this thesis for mature trees (Paper III). 

The variation of pathogen growth within sapwood was analyzed in Paper I and results 

revealed that there are differences within-host species (among individual plants). This result 

provides confidence that Heterobasidion resistant P. sylvestris clones can be identified, as has 

been previously worked with P. abies in Sweden (Swedjemark and Karlsson 2006, and 

references therein). Significant differences in pathogen growth rate in different P. abies clones 

has been observed after atrifical inoculation of branches of 15-year-old Norway spruce 

(Swedjemark and Karlsson 2006). Moreover, in more recent research significant variation was 

observed in Heterobasidion parviporum lesion lengths in the inner bark both between P. abies 

families and between clones within families – 21% of this variation can be assigned to 

genotypic variation (Skrøppa et al. 2014). Other factors, for example plant condition and abiotic 

stress (Terhonen et al. 2019) also can influence fungal development. Identification of 

Heterobasidion-resistant genotypes of P. sylvestris in field conditions might take a long time. 

Recent works on P. sylvestris proved genotypic variation of susceptibility against H. annosum 

and in future use of selected P. sylvestris families may increase resistance against 

Heterobasidion root rot (Marčiulynas et al. 2019).  
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4.1.2. Growth of Heterobasidion and P. gigantea in cut wood of seven conifer 

species from the genera Picea, Pinus, Pseudotsuga, and Larix (Paper II) 

All analysed tree species were susceptible to H. parviporum and H. annosum (Paper II), 

whereas P. gigantea isolates did not colonize P. menziesii. The obtained data is in agreement 

with Thomsen and Jacobsen (2003); in they work weak growth of P. gigantea on wood discs 

of P. menziesii was reported. Our research reveals that biological control agents based on 

P. gigantea might be ineffective for P. menziesii and other stump treatment methods should be 

considered. The growth rates of H. parviporum and H. annosum in wood of L. sibirica and 

P. menziesii were comparable to each other, but significantly slower than in other trees. 

Information about the development of P. gigantea in L. sibirica wood is limited (Woodward et 

al. 1998; Gonthier and Thor 2013). Previously Rishbeth (1963) reported that P. gigantea could 

not protect Larix decidua Miller. from Heterobasidion infection. The growth rate of P. gigantea 

described in Paper II was very low in L. sibirica. The efficacy of biological control agents is 

based on their growth rate and ability to colonize stump surfaces before Heterobasidion spp. 

(Pettersson et al. 2003; Sun 2009), therefore only fast-growing P. gigantea isolates could be 

used. In Paper II the growth rate of local Latvian strains of P. gigantea and Rotstop® were 

comparable and both local strains of P. gigantea and biocontrol Rotstop® can be equally 

effective as biocontrol agents against Heterobasidion. The comparable efficacy of local Latvian 

P. gigantea isolates and Rotstop® in P. abies has been published previously (Kenigsvalde et al. 

2016). 

Paper II revealed that the growth rate of P. gigantea isolates was dependent on tree 

species. Surprisingly, in one P. abies stem we did not observe P. gigantea development. Our 

data prooved that the individual tree properties may significantly affect the results of infection 

experiments, and differences between pathogen development in different P. abies individuals 

has been observed previously (Sun et al. 2009). In Paper II observed growth rates of 

P. gigantea mycelium in P. abies wood were comparable with growth rates observed in 

previous studies (Korhonen et al. 1994; Sun et al. 2009). As spruce is one of the economically 

more important tree species, more research is needed to obtain the best stump protection method 

or to identify spruce reproductive material with low susceptibility against Heterobasidion 

infection. We observed a higher growth rate of P. gigantea in P. sylvestris wood in comparison 

to P. abies and this gives advantages for the use of P. gigantea as a biocontrol agent in 

P. sylvestris compared to P. abies (Paper II). These results confirm that the primary hosts for 

P. gigantea are pine species (Tubby et al. 2008).  
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In six out of seven analyzed tree species, the relative area occupied by P. gigantea isolates 

did not exceed 5%, whereas in P. contorta stems, the fungus occupied a larger area (13%, on 

average over all P. gigantea isolates) (Paper II), indicating that stump treatment with biological 

control agents containing spores of P. gigantea might be more effective in P. contorta. In 

Paper II P. gigantea mainly colonized the sapwood of P. contorta. The proportion of sapwood 

differed between species, as described in Paper II. Previous research indicates the H. annosum 

also prefer sapwood in P. sylvestris stumps (Oliva et al. 2013). An obvious reason for this is 

the high concentration of resin acids in P. sylvestris heartwood, which might limit the 

degradative ability of various fungal species (Martínez-Inigo et al. 1999). 

Paper I revealed that growth rate in functional sapwood of P. abies and P. sylvestris 

saplings was significantly dependent on tree species, whereas difference of growth rate of both 

pathogens in P. abies and P. sylvestris billets was similar (Paper II). The obtained results 

presented in Paper I and Paper II demonstrate that there were significant differences (more 

than sixfold) between average growth rate of both H. annosum and H. parviporum in P. abies 

and P. sylvestris functional sapwood (Paper I) in comparison to wood billets (dead 

sapwood/heartwood) (Paper II). Our data confirms Bendz-Hellgren et al. (1999) 

observations – where the growth rate of Heterobasidion parviporum in P. abies stump roots 

was more than two times higher than in living tree roots. Differences of H. annosum and 

H. parviporum growth rate in functional sapwood and dead wood in both tree species could be 

explained by active resin flow, and enzymatic activity in different tree species (Daniel et al. 

1998; Asiegbu et al. 2005), especially in P. sylvestris, which is characterized by a resinous 

heartwood (Gonthier and Thor 2013). The data obtained in Paper I and II indicate that 

inoculation experiments measuring growth rate of pathogens in seedlings and billets might be 

contradictory. Temperature during the incubation period in both experiments might 

significantly affect mycelium growth rate as optimum range from 22 to 28℃ (Korhonen and 

Stenlid 1998). Terhonen et al. (2019) also emphasized the importance of experiments on mature 

trees. Our data indicated that experiments conducted in dead wood cannot draw direct 

conclusions about the growth rate or host specialization of Heterobasidion in living trees but 

might give valuable information about infection patterns, and this information is crucial when 

analyzing fungal distribution patterns within a tree or stand, as well developing infection 

prediction models. 
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4.2. Fungal infections of stem wounds from the perspective of Heterobasidion: P. abies 

(Paper III), P. sylvestris (Paper IV) and P. contorta (Paper V) 

Stem wounding reduces timber quality due to stem deformations and structural defects, 

and our research also proved that wounds are pathways for fungal infections. Weakened trees 

may break after windstorms or because of snow pressure (Woodward et al. 1998) and trees 

affected by biotic or abiotic stress are more vulnerable to bark beetle attack (Netherer 2022, and 

references therein). 

The most common stem damages were assessed in P. abies (Paper III), P. sylvestris 

(Paper IV) and P. contorta (Paper V) stands. In previous years, moose (Alces alces L.) and 

red-deer (Cervus elaphus L.) populations have increased (Baumanis 2013). Some tree species 

such as P. abies are highly attractive to deer and are frequently subjected to bark stripping 

(McLaughlin and Šica 1996). Previous research indicates that P. abies stems are vulnerable to 

fungal attack due wounds made by moose and deer, and that trees are subjected to wounding 

up to 50 years old (Gill 1992, and references therein; Vasiliauskas et al. 1996; Gill et al. 2000; 

Čermák and Strejček 2007). While P. sylvestris and P. contorta usually are attacked at ages of 

up to 16 years (Gill 1992). However, in Poland, P. sylvestris was subjected to deer attack at the 

age of 19 years on average (Cukor et al. 2022). Bark stripping damages in pine forests in later 

stages has been rarely observed, and for that reason bark stripping of Pinus species has been 

studied less, resulting in a lack of knowledge about Pinus spp. stem wound colonizing fungi. 

Paper V reports that in Latvia, bark stripping damages in P. contorta stands occur on average 

in 20-year old stands and did not cause considerable dieback of trees. Nevertheless, wounded 

P. sylvestris individuals can be found in overmature pine forests. Resin tapping in the Baltic 

and central Europe region (Poland and eastern part of Germany) played important role for 

several decades since the 1950’s (Rasiņš and Vilsons 1960; Racinskas 1995; Baumanis u.c. 

2014; van der Maaten et al. 2017, and references therein), and may become a new trend also in 

the future as currently, harvesting of non-timber products such as bark, leaves and resin 

represents an important source of income to many people (Ticktin 2004). 

Our results from Paper IV revealed that resin tapping wounds are approximately nine 

times larger than bark stripping damages in P. contorta and P. abies stands and represent the 

largest possible stem damages during forest management. Resin synthesis is a key defense 

mechanism against pathogen infestations (Cheng et al. 2007). The obtained results in Paper IV 

and V showed that both P. sylvestris and P. contorta are relatively resistant to stem rot causing 

fungal infections in the exposed sapwood of a living tree, and the obtained results are in 

agreement with previous publications (Allen and White 1997; Gill et al. 2000; Cukor et al. 
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2022). Meanwhile in Paper III 26.7% of P. abies stems were discoloured and decayed, several 

basidiomycetes, like, (Amylostereum areolatum (Chaillet ex Fr.) Boidin, Stereum 

sanguinolentum (Alb. & Schwein.) Fr. and H. parviporum) were isolated from analysed P. abies 

stems (Paper III), which can colonize open stem wounds and later cause stem decay, and as a 

result significantly decrease wood quality (Vasaitis 2013). 

According to the prediction model – based on 40 sampled P. sylvestris individuals, the 

spread of stem rot reaches 0.9 cm yr−1, but rot (fungal species was not detected) did not spread 

more than 50 cm in stems (Cukor et al. 2022). This is in agreement with our results in Paper V, 

where in wounded P. contorta stems, the longitudinal spread of the discoloration in approx. 

13 years did not exceed 10 cm above and 20 cm below the wound margins (growth rate of fungi 

from inoculation point was on average 0.8 cm and 1.5 cm per year, accordingly and 2.3 cm in 

total). Long-term fungal growth in P. sylvestris may be restricted, as shown by our results in 

Paper IV, where discoloration was restricted (max. 3 cm in radial and 7 cm in vertical 

directions) even in 50-year old open wounds. Fungal species composition may affect length of 

discoloration, for example, A. areolatum in P. abies stems may spread on average 28 cm 

(Vasiliauskas 1999), while the rate of vertical spread of decay by S. sanguinolentum in P. abies 

reaches 19.5 cm per year (Čermák and Strejček 2007). 

In Paper IV and V, Sarea difformis Fr. was commonly isolated from P. contorta and 

P. sylvestris wounds; this fungus is not typically associated with stem decay, but with resin 

pockets. In both Paper IV and V, Porodaedalea pini (Brot.) Murrill was observed in 

P. contorta and P. sylvestris. P. pini has been characterized as indicator species for old 

woodland sites (Nitare 2000). This fungal species is not dependent on mechanical injury and 

characterized as the cause of latent infections through natural entries such as dead twigs 

(Vasaitis 2013, and references therein). 

In Paper III the most common fungus isolated from bark stripping wounds of P. abies 

was the ascomycete Neonectria fuckeliana (C. Booth) Castl. & Rossman, which causes canker 

and has become an increasing problem in P. abies stands in Nordic countries (Pettersson et al. 

2018), and also results in disease syptoms in P. abies after artificial inoculation in Latvia 

(Kļaviņa, unpublished data). Heterobasidion species have been detected in P. abies stem 

wounds (Paper III), which gives additional evidence that P. abies stem wounds serve as a route 

for the spread of Heterobasidion infections in stands. 

The effect on resin tapping on radial increment was analyzed in Paper IV. Zevgolis et al. 

(2022) reported that resin tapping reduces the average annual growth of Pinus brutia Ten., 

however the results indicated that the number of tapping scars on the stems affected the results. 

Our data indicated that resin tapping altered the radial growth of P. sylvestris stems at the 
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beginning, as reported in van der Maaten et al. (2017). An additional study revealed that stem 

damage on the circular perimeter had no significant effect on wood production, and the effect 

on tree height was negligible (Cukor et al. 2022).  

4.3. Spread patterns and clonality of Heterobasidion spp. in P. contorta plantations 

(Paper VI) 

The main goal of growing P. contorta in Latvia is to achieve high timber production, 

developing an alternative to P. sylvestris (Sisenis 2013). However, data about Heterobasidion 

infection of this tree species in Nordic Europe is limited (Piri 1996; Rönnberg and Svensson 

2013). Results of the previous publications and other literature resources suggested that pines 

could be better alternative than P. abies in Heterobasidion infected stand regeneration (Paper I, 

II, V, IV; Piri and Korhonen 2008). In Paper V one of the most detailed data on the spread of 

H. annosum and H. parviporum in P. contorta stands has been obtained. 

In Paper VI, Heterobasidion infection frequency in P. contorta stands varied from 9 to 

19% although numbers of symptomatic trees were considerably higher and varied from 11 to 

50%. Moreover, symptoms developed within a short time; four years after removal of all 

symptomatic trees – 120 (11%) of the remaining P. contorta individuals became symptomatic. 

High infection frequency may be explained by both the fast growth and development of 

P. contorta and the large number of infected previous generation stumps. In Paper VI, only 

trees with symptoms were sampled, therefore we cannot exclude that some trees may be 

infected but were asymptomatic. In previous studies in Sweden it was proved that 36-year-old 

P. sylvestris stand crown vitality might not a reliable Heterobasidion infection indicator as 

symptoms were not observed but infection frequency in root systems reached more than 85% 

(Wang et al. 2014). To estimate the real infection frequency in Paper VI, more detailed 

sampling is required, for example, root sampling. Moreover, in Paper VI Heterobasidion 

sporocarps were absent in a significant proportion of symptomatic trees, and we cannot exclude 

the possibility that there may be more than one factor causing tree dieback. For example, in 

Paper VI in stands established on former agricultural lands, more than half of the sampled trees 

were windthrown. Therefore, weak root systems indicate that trees could be damaged due to 

infection by Heterobasidion spp. (Wang et al. 2014). 

Our data in plantation established on agricultural land proved that Heterobasidion 

infection can establish and develop in infection free P. contorta stands. P. contorta stumps are 

susceptible to infection by basidiospores of both Heterobasidion species, followed by 

development of the pathogens in root systems and establishment of pathogen territorial clones. 

Additionally, in Paper VI stands on former forest lands were analyzed; occurrence of 
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Heterobasidion annosum in 26-year-old previous-generation P. sylvestris stumps was 

observed. Obtained results in Paper VI confirmed that in the Baltic region, viable 

Heterobasidion mycelium can persist in stumps for more than 25 years. Persistence of 

H. annosum mycelium in P. sylvestris stumps reach up to 62 years (Greig and Pratt 1976). 

Our data in Paper VI demonstrated the transfer of H. annosum from the previous 

generation of infected P. sylvestris to replanted P. contorta. Only a few previous reports 

describe the intraspecific transfer of Heterobasidion species between tree species. In previous 

publications where intraspecific transfer was analysed the maximal width of territorial clones 

reached up to 48 m (Vasiliauskas and Stenlid 1998; Lygis et al. 2004a). Previously territorial 

clones and relevant population structures of Heterobasidion were mainly analysed in P. abies 

stands (Stenlid 1985; Gonthier and Thor 2013). In Paper VI, in stands established on forest 

land, large territorial clones of H. annosum were detected, with a diameter of up to 30–40 m. 

This demonstrated the high frequency of secondary infections (via root contacts) of the 

pathogen, that occurred over the 30 years since the previous generation of P. sylvestris was 

felled. As mentioned before, data analysis in Paper VI revealed that stumps and living 

P. contorta are highly susceptible to both Heterobasidion species, however H. parviporum 

territorial clones expanded more slowly than H. annosum territorial clones. Higher growth rate 

of H. annosum in pines has been observed previously (Swedjemark et al. 1999; Paper I). In 

general, H. annosum is better adapted to P. sylvestris, but is capable of infecting other species 

as well (Asiegbu et al. 2005). 

The expansion rate of H. annosum and H. parviporum observed (on average 0.2 m), 

(Paper VI) in plantation established on agricultural land is comparable to growth in roots of 

cut P. abies stumps and in roots of living trees (Bendz-Hellgren et al. 1999). The average 

expansion rate of the H. annosum in forest sites was 0.9 ± 0.6 m, and maximal yearly expansion 

rate was 3.5 m, therefore high planting densities in stands and fast development of P. contorta 

could have enhanced spread of Heterobasidion. 

4.4. The potential of P. gigantea and urea to prevent primary infections by 

Heterobasidion (Paper VII, VIII) 

In many European countries solutions containing P. gigantea mycelium and spores are 

widely used as Heterobasidion spp. biocontrol agents (Holdenrieder and Greig 1998). The best 

known in Northen Europe and also widely used in Latvia is the Verdera produced Rotstop®. 

However, there might be several factors may serve as excuses to avoid stump treatment: 

a) concerns about widely distributing a single isolate distribution in natural ecosystems 

and the possibility that this isolate could outcompete local fungal societies 
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(Vasiliauskas et al. 2005); 

b) the hypothesis that natural colonization of stumps by P. gigantea might restrict 

infections by the pathogen (Holdenrieder and Greig 1998); 

c) variable efficacy of P. gigantea (Piri et al. 2023); 

d) increased price for forest management. 

Two publications, Paper VII and VIII, evaluated various possibilities for limitation of 

Heterobasidion basidiospore infection in conifer stands. 

Primary infections through surfaces of freshly cut stumps are the main route for 

Heterobasidion infection in current and the next rotations (Piri 1996; Gonthier and Thor 2013). 

The basidiospores may infect stumps for only a limited period (2–4 weeks), and after that the 

possibility of infection is negligible (Redfern and Stenlid 1998). In Latvia stump treatment is 

not obligatory after tree cutting. However, since 2007 in state-owned forests stump protection 

procedures using Rotstop® (after thinning) has been implemented (Kenigsvalde et al. 2011). 

Rotstop® preparation consists of P. gigantea strain (Pratt et al. 2000). Fungus P. gigantea 

is natural also to Latvian conditions. Hypothetically, natural colonization of stumps by 

P. gigantea might affect distribution of primary infections by Heterobasidion spp. 

(Holdenrieder and Greig 1998, and references therein; Kenigsvalde et al. 2016). However, 

detailed systematic studies in this respect are scarce. The main aim of the Paper VII was to 

prove that natural infections of P. gigantea do not restrict infection and spread of 

Heterobasidion spp. in P. abies and P. sylvestris stumps. 

4.4.1. Natural stump colonization by “wild” P. gigantea strains (Paper VII) 

Colonization by native P. gigantea was observed in Paper VII and VIII. However, 

P. gigantea colonization success of P. abies stumps in both studies was negligible, but more 

than 70% of P. sylvestris stumps were colonized (Paper VII). Results of our study (Paper VII) 

proved that the mean diameter of P. sylvestris stumps could affect the occurrence of P. gigantea 

and Heterobasidion spp., meanwhile in P. abies stumps significant correlation was observed 

only for Heterobasidion spp. Similar pattern was observed in related work in Latvia in 

understory P. abies stand (Gaitnieks et al. 2019). Our data confirmed that co-occurrence and 

interactions of both P. gigantea and Heterobasidion spp. in the same niches is not uncommon. 

In Paper VII, 4% and 12% of untreated P. abies and P. sylvestris (respectively) were colonized 

by both P. gigantea and Heterobasidion spp., however in Paper VIII, 37% of untreated 

P. abies were colonized by both fungi. In previous work in Latvia (Kenigsvalde et al. 2016) 

similar frequencies were observed – 37% of P. abies stumps and 12% of P. sylvestris stumps 

were inhabited by both fungi. 
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Kenigsvalde et al. (2016) proved, that Heterobasidion spp. infection in untreated spruce 

stumps might be affected by local P. gigantea, and that if P. gigantea occupied more than 10% 

of the stump cross section, then infection of Heterobasidion spp. decreased. However, 

Blomquist et al. (2023) observed, that in practice P. abies stump treatment coverage with 

Rotstop® should reach at least 85% to successful reduce Heterobasidion infection. Yet, our 

data in Paper VII, VIII demonstrated that colonization by natural antagonistic fungi did not 

show significant effect or strong correlation with the colonized area of Heterobasidion in 

P. sylvestris and P. abies stumps, which could be explained by the relatively low area of stump 

coverage by P. gigantea. In addition, Tubby et al. (2008) reported that full stump surface 

coverage of the biological control agent containing P. gigantea (mycelium and spores) is 

mandatory to ensure protection of Pinus nigra Arn. ssp. Laricio stumps. Incomplete biological 

control agent coverage allows infection by Heterobasidion spp. Paper II proved that 

P. sylvestris, and especially P. contorta wood ensures relatively fast development of 

P. gigantea. However, Paper VI demonstrated high natural infection by both Heterobasidion 

species in untreated P. contorta stumps. If trees are cut at temperatures below +5°C, then the 

risk for primary (airborne spore) infections is minimal, but the risk increases significantly if 

cutting is done during the vegetation period, from April to October (Donis et al. 2014). 

However, the results of Paper VII demonstrated differences in the ability of the 

Heterobasidion spp. to colonize stumps of P. abies and P. sylvestris. More than 40% of P. abies 

stumps were infected in comparison with P. sylvestris stumps, where only 14.5% of were 

infected. Studies carried out in Sweden had also show that under natural conditions spruce 

stumps are more often colonized by Heterobasidion than by P. gigantea (Vasiliauskas et al. 

2004). Annesi et al. (2005) observations in P. pinea are agreement with our results (Paper VII) 

in P. sylvestris and P. abies, that natural presence of P. gigantea was not able to prevent 

Heterobasidion infection. 

4.4.2. Comparative efficacy of treatments with Rotstop®, urea, and native 

P. gigantea strains (Paper VIII) 

Urea is a chemical alternative to biological control agents (Thor 2003; Blomquist et al. 

2020) and is registered for use in Finland, the United Kingdom, Denmark, France and Ireland 

(Korhonen and Holdenrieder 2005). 

In Paper VIII the efficacy of treatment agents (urea, Rostop® and native Latvian 

P. gigantea) vs. natural P. gigantea colonization was compared in P. abies stumps on former 

agriculture land. Assessments of the efficacy of biological control agents in P. abies stumps are 

crucial (Kenigsvalde et al. 2016). Additionally, in Paper VIII the effect on the stump cover 
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with wood discs was analyzed. Our data proved that all treatments in uncovered stumps provide 

similar efficacy against Heterobasidion infection, while more than one third of untreated 

uncovered stumps (left for natural P. gigantea colonization) were infected. Subsequently, the 

efficacy against Heterobasidion basidiospore infection was evaluated by proportion of relative 

infected stump surface area and proportion of infected stumps using all treatment methods 

(Rotstop®, urea and native Latvian P. gigantea isolates). This is the first work comparing 

chemical and biological control agent efficacy in Latvian conditions. Heterobasidion spp. was 

not completely excluded from treated stumps, as more than 13% of uncovered P. abies stumps 

treated with biological control agents were infected by Heterobasidion spp. Relatively low 

effectiveness of biological control agents in preventing Heterobasidion infections has been 

previously observed in fully covered stumps (Berglund and Rönnberg 2004). Paper VIII 

proved that stump cover promoted efficacy of treatment by biological control agents containing 

P. gigantea by up to 90% of total efficacy (based on relative infected area), unfortunatelly in 

large-scale forestry this option is seemingly impractical. However, stump cover with wood 

discs had deleterious effect on the efficacy of urea treatment, where covering promoted 

development of Heterobasidion infection. If the stump surface was left uncovered (as normally 

done in forest management), biological control agents efficacy reached 60%, while the efficacy 

of urea was only 50% based on the proportion of infected stumps. Efficacy of both biological 

control agents and urea were 65% efficacy of urea and biological control agents based on the 

relative Heterobasidion infected area, indicating that infection area was not significantly 

affected by stump treatment (urea, biological control agents), which is in agreement with earlier 

studies (Nicolotti and Gonthier 2005). Results of Paper VIII on the efficacy of a P. gigantea 

native isolate and Rotstop® (based on both infection incidence and colonized stump area) were 

comparable with previously obtained data in Finland, Sweden and Latvia (Korhonen et al. 

1994; Thor 2005; Rönnberg et al. 2006; Kenigsvalde et al. 2016) and both native strains from 

Latvia and Rotstop® could be used in stump treatment. However, recent studies in spruce stands 

in Sweden and Finland after precommercial thinning showed that P. gigantea performs 

significantly worse than urea (Blomquist et al. 2020; Piri et al. 2023). These results may be 

affected by abiotic factors such as humidity during the treatment period (Tubby et al. 2008), 

growth characteristics of different P. gigantea isolates (Kļavina et al. 2023), enzymatic activity 

of the fungi, wood characteristics and richness of the fungal biota (Żółciak et al. 2020). Yet, 

the decisive factor for prevention of Heterobasidion infection is stump coverage quality 

(Blomquist et al. 2023). In many other studies, the relationship between stump surface coverage 

of P. gigantea and control efficacy against Heterobasidion infection was observed (Korhonen 

2003; Berglund and Rönnberg 2004; Tubby et al. 2008; Kenigsvalde et al. 2016; Blomquist et 
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al. 2023). Kenigsvalde et al. (2016) showed that treatment with P. gigantea significantly 

decreased area occupied by Heterobasidion and, vice versa, high Heterobasidion occurrence in 

stand might affect the efficacy of P. gigantea (Berglund and Rönnberg 2004). In Paper VIII, 

in uncovered spruce stumps treated with urea, the distribution of P. gigantea mycelium on wood 

discs was significantly smaller than in untreated controls, that indicates that native P. gigantea 

populations could be affected by urea treatment in the short term. Results obtained earlier 

showed that the negative effect of urea treatment on fungal diversity decreases in the long term, 

which is important for sustainable forest management (Varese et al. 2003). 

To sum up the results, both Paper VII, VIII indicate the necessity for full coverage of 

cut P. abies stumps either with urea or P. gigantea to prevent infection. Moreover, in the 

subsequent experiments, it was shown that P. gigantea has the potential to limit Heterobasidion 

infection deeper in the wood, in that way reducing spread of Heterobasidion via root contacts 

(Bruna et al. 2020) and pathogen longevity. 

4.5. The potential of stump removal from infested sites to restrict probability of 

secondary infections by Heterobasidion to the next forest generation (Paper IX) 

Wood biomass is one of the most widely used, reliable and renewable fuels and its 

importance is increasing in the context of emission goals set by the European Union (Jansons 

et al. 2013). As previous studies have shown, P. abies stumps, due to their shallow root system 

(Štofko and Kodrík 2008), are a potential bioenergy resource in Baltics (Uri et al. 2015). 

Moreover, stump extraction has been suggested as an effective method to control root rot 

diseases (Vasaitis and Stenlid 2008; Cleary et al. 2013; Gonthier and Thor 2013). Paper IX 

demonstrated that the frequency of root rot causing fungi Armellaria borealis Marxm. & 

Korhonen and H. parviporum decreased (from 11.7% to 3.4%, and from 6.3% to 1%, 

respectively) six years after stump removal in plots where stump removal was performed. In a 

related study in Finland, six years after stump removal, 18% of buried root pieces were 

colonized by Heterobasidion (even small roots with a diameter of 1.5 cm), and 8% of P. abies 

saplings were infected (Piri and Hamberg 2015). Paper IX and a previous study (Piri and 

Hamberg 2015) indicated that in heavily infected sites, even after stump removal, viable 

mycelium can be found in root fragments 6 years after stump removal. In Paper IX we 

observed viable Heterobasidion infection in larger roots < 5 cm, implying that smaller roots 

decompose faster and a proportion of them were completely decomposed. The root pieces 

analysedin Paper IX were half buried which might affect moisture content in wood samples 

and survival of Heterobasidion. Development of Heterobasidion spp. is also affected by soil 

properties and activity of soil fungi and bacteria (Bruna et al. 2019). 
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Although in Paper IX we did not obtain evidence that stump removal significantly 

decreases fungal species diversity, more research is needed to evaluate the impact of stump 

removal on fungal biodiversity. Also, previous works show that although it is not possible to 

eliminate root rot causing fungi from stands, stump removal may considerably reduce infection 

pressure on the subsequent tree generation (Stenlid 1987; Vasaitis et al. 2008; Shaw III et al. 

2012; Cleary et al. 2013). 
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5.  CONCLUSIONS 

1. H. annosum is more pathogenic to P. sylvestris than H. parviporum, while P. abies is 

equally susceptible to both pathogens, implying higher pathogenicity of H. annosum. 

2. Although growth rates of both Heterobasidion species and P. gigantea was highly dependent 

on tree species, stem-wood colonization of Picea, Pinus and Larix by local (Latvian) strains 

of P. gigantea and biocontrol Rotstop® isolate proceeds at a similar rate; thus, local strains 

of P. gigantea can be effectively used for biocontrol against Heterobasidion. 

3. P. abies stem wounds are susceptible to H. parviporum, also to numerous other decay fungi, 

but conversely, P. contorta and P. sylvestris stem wounds are relatively resistant to decay 

causing fungi. 

4. Stumps of P. contorta are susceptible both to primary (airborne spore) and secondary 

(mycelial via root contacts to adjacent trees) infections of Heterobasidion spp., thus stump 

treatment is required to control the disease. 

5. In P. sylvestris and in P. abies, natural colonization of stumps by “wild” P. gigantea 

populations does not prevent infections by Heterobasidion spp. 

6. Stump treatment using urea, biocontrol Rotstop® or a local P. gigantea isolate ensures equal 

Heterobasidion control efficacy in P. abies stumps on former agricultural land. 

7. In P. abies stands, stump removal does not eliminate infection potential of Heterobasidion 

from infested sites but may decrease infection frequency. 
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