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Summary 

Ash dieback, caused by the fungal pathogen Hymenoscyphus fraxineus, was first 

identified in Northern Ireland in November 2012.  This study, started in autumn 2013, 

investigated the behaviour of H. fraxineus in Northern Ireland. 

H. fraxineus isolates and DNA samples were tested alongside European samples to 

compare their phenotypic (colony growth and morphology) and genotypic 

characteristics.  The Northern Irish H. fraxineus population could not be distinguished 

from the European populations.  H. fraxineus isolates from both populations showed 

a wide range of morphological characteristics, no one characteristic linked to a single 

location.   

H. fraxineus isolates from N. Ireland and Europe were inoculated into ash trees 

obtained from Co. Armagh, N. Ireland to determine if there were any differences in 

aggressiveness between the two populations.  Lesion length was measured as an 

indicator of aggressiveness.  There were significant differences in lesion length 

between individual H. fraxineus isolates, but the diversity in the N. Irish H. fraxineus 

population mirrored that of the European population.  

Urea was investigated to determine if it aided in the decomposition of ash leaves and 

thus might have potential as a control measure for ash dieback.  Urea applications 

did not enhance the degradation of ash leaves; the rachises (on which the apothecia 

of H. fraxineus are produced) remained largely intact.  It was therefore concluded that 

urea was unlikely to be effective in reducing ash dieback. 

In 2015 a site recently planted (2006) with ash in Co. Antrim, N. Ireland was found 

through routine plant health inspections to be infected with H. fraxineus.  This site 

was used for an in-depth case study.  Previously published work had suggested that 

apothecia could only form on fallen, infected ash rachises; raising the question of the 

initial source of infection of N. Ireland ash trees and inoculum build up if ash was 

imported as leafless whips.  A unique finding from the site was that apothecia were 

observed on ash stems, branches and roots (in addition to the leaf rachises).  This 

could explain the environmental spread of ash dieback into N. Ireland.  A disease 

timeline was constructed for the site, showing that there was a disease lag time 

between two and three years from planting to symptom development.   
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Chapter 1 

Literature Review  

This Chapter reviews the current literature which has been published.  The thesis 

commenced in 2013; during the time covered by this research, the name of the 

pathogen which causes ash dieback underwent several changes. 

Ash dieback symptoms were first observed in Poland in the early 1990s (Przybył, 

2002) and have emerged through Europe in the last 20 years.  Ash dieback is caused 

by a fungus now named Hymenoscyphus fraxineus (anamorph Chalara fraxinea).   

The cause of ash dieback was unknown until Kowalski (2006) described the causal 

agent as Chalara fraxinea.  The teleomorph was assigned to the genus 

Hymenoscyphus.  In 2011, it was named Hymenoscyphus pseudoalbidus (Queloz et 

al., 2011).  However, the new codex rules from the International Botanical Congress 

in 2011 (McNeill et al 2012) stated that pleomorphic fungi cannot have dual names.  

In 2014, ash dieback was reclassified as H. fraxineus (T. Kowalski) Baral, Queloz, 

Hosoya, comb. nov. (Baral et al., 2014).  

1.1 Fraxinus excelsior and its distribution 

1.1.1 Fraxinus species throughout the world 

Fraxinus is a genus of flowering plants which belongs to the family Oleaceae 

(Table 1.1; Wallander, 2008).  Fraxinus includes 43 species found worldwide, 

differentiated into six sections: Dipetalea, Meliodes, Pauciflorae, Ornus, Sciadanthus 

and Fraxinus (Wallander, 2008).  Narrow-leafed ash (Fraxinus angustifolia) and 

European Ash (F. excelsior), which both belong to section Fraxinus, are found 

throughout Europe and some parts of Africa.  Among the species found in North 

America are White ash (F. americana) and Texas ash (F. texensis), belonging to 

Section Melioides, and Single leaf ash (F. anomala) and Blue ash (F. quadrangulata), 

belonging to Section Dipetalae.  Species found in Asia include Bunge’s ash 

(F. baroniana) and Japanese ash (F. japonica) (Section Ornus) and Afghan ash 

(F. xanthoxyloides) (Section Pauciflorae).  Fraxinus’ relatives include the olive (Olea 

europaea) and lilac (Syringa vulgaris). 

 



2 

Table 1.1 Taxonomy of Fraxinus excelsior (CABI., 2014).  

Kingdom Plantae 

Division Angiosperms 

Class Eudicots 

Order Lamoales 

Family Oleaceae 

Genus Fraxinus 

Species F. excelsior 

Binomial name Fraxinus excelsior 

The majority of ashes are large, deciduous trees.  Ash is distinguished by its green, 

compound leaves which comprise six to twelve pairs of oval leaflets on a long stalk.  

Ash leaves can reach lengths of 35 cm.  Ash trees produce long winged seeds 

(samara, also referred to as keys) which are dispersed by wind.  Fraxinus species 

have varied breeding systems.  They can produce separate male and female flowers 

on different plants (dioecious) or have hermaphrodite and male flowers on separate 

plants (androdioecious).  The majority of Fraxinus spp. are wind-pollinated 

(anemophilous) and around one third of the species are insect-pollinated 

(entomophilous) (Wallander, 2008).  

Fraxinus excelsior is distributed throughout Europe; here it exhibits a polygamous 

breeding system.  Recent literature has suggested that Common ash could be 

subdioecious or functionally dioecious (Wallander, 2001; FRAXIGEN, 2005). 

1.1.2 Fraxinus excelsior 

F. excelsior, known as European ash or common ash, is a tree species native to the 

majority of Europe (Figure 1.1).  F. excelsior can reach heights of 40 m with a trunk 

width of 2 m.  The ash tree has a pale grey bark which is smooth on young trees with 

a fine lattice pattern of ridges and fissures appearing on older trees.   The twigs are 

also grey.   New shoots are a pale green/grey colour and they have a distinguishable 

jet-black bud.  F. excelsior is one of the last trees to flush in spring and the last to lose 

its leaves in autumn.  The leaves turn a pale green/yellow in the autumn. 
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Figure 1.1. Distribution of Fraxinus excelsior (European ash) in Europe      Native 

range ✖ Isolated population ▲ Introduced and naturalised).  

Downloaded from Euforgen website 

(http://www.euforgen.org/species/fraxinus-excelsior accessed 24 

November 2020), source Caudullo, G. et al. (2017). 

The flowers appear on the tree before the leaves emerge; they are dark purple and 

do not have petals.  The flowers are wind-pollinated and the female flowers remain 

longer on the tree than the male flowers.  It is common to find trees with all male or 

all female flowers but trees which produce both flowers of both sexes do occur.  A 

tree which produces all male flowers one year can produce all female flowers the next 

and vice versa.  

F. excelsior then produces fruit/seeds known as samara.  The seeds are around 4 cm 

long and 6 mm broad.  These hang off the ends of the branches in bunches.  These 

seeds will germinate immediately if planted when they are not fully ripe and still green.  

Once the seeds have ripened and turned brown, they will not germinate until 18 

months after planting.  F. excelsior seldom reaches over 250 years of age. 

F. excelsior is the second most abundant tree in the British Isles (Thomas., 2016), it 

is a native species and is abundant throughout Northern Ireland.  Indeed, common 

ash is one of the most important and valuable broadleaf trees in Northern Ireland and 

Ireland.  It features in Irish forests and hedgerows, is widely planted for landscaping 

and can survive on poor ground.  Before the Second World War, ash trees were 
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coppiced on a 10-year cycle in Britain as a source of fuel.  Ash is a hard and tough 

wood which wears well, making it ideal for wood flooring and furniture.  It is highly 

flexible, resistant to splitting and shock resistant which makes it an ideal wood for 

hammers, axes, snooker cues and hurley sticks (hurleys).  Ash is the only wood that 

is used for hurleys, a straight and knot-free cut of the wood must be used.  The 

majority of the ash used for hurley sticks is imported from eastern Europe.  Ash is 

valuable firewood which burns slowly, even when green and is nearly smokeless due 

to its high caloric value (Bell et al., 2008).   

F. excelsior is suited to the Irish climate as it can adapt to a range of environmental 

conditions which Ireland experiences (Dobrowolska et al., 2008).  Ash is mesophilic 

but can withstand cold winters, late spring frosts and maritime climates; ash can 

withstand seasonal water-logging (Pratt., 2017).   Ash seedlings and saplings are 

shade-tolerant (Tapper, 1996), an ideal feature in forests which have dense canopies 

reducing the amount of light available to the forest floor.  These qualities allow ash to 

regenerate effectively in Ireland’s natural conditions.  F. excelsior is undemanding in 

terms of soil fertility (Pliūra & Heuertz, 2003).  Ash favours a soil pH level of 5.5 but 

can endure levels as low as 4.5 pH.   

The ash tree has its emotional place within Ireland, it can be seen throughout the 

landscape and it is interwoven within Irish history and culture.  The natural ash tree 

populations have changed radically since the intensification of farming and 

agricultural practices.  Agriculture accounts for 70% of UK landscape (NFU, 2017).  

Data taken from the International Union of Forest Research Organisations showed 

that of Ireland’s total land surface area, 10% of the land contained forests.  This figure 

puts Ireland on the second lowest percentage of forestry in any country in Europe 

(Dietzsch et al., 2012).  The intensification of farming practices changes the landscape 

of the countryside and enlarging field sizes has resulted in the loss of hedgerows 

(which are abundant with ash) and the reduction of forestry.   
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1.2 The ash dieback pathogen, Hymenoscyphus fraxineus 

1.2.1 Taxonomy and morphology of Hymenoscyphus fraxineus 

The genus Hymenoscyphus belongs to the family Helotiaceae (Table 1.2) and 

includes more than 150 species worldwide (Kirk et al., 2008).  The disease-causing 

agent of ash dieback was described as the mitosporic ascomycete fungal species 

Hymenoscyphus pseudoalbidus (anamorph: Chalara fraxinea).   C. fraxinea was first 

identified in its anamorphic stage as a new species associated with ash dieback in 

2006 in Poland (Kowalski, 2006; Kowalski & Holdenrieder, 2009a).  The indigenous 

ascomycete fungus H. albidus has been a widely known and established saprotroph 

or endophytic species which was identified in 1851 (Kowalski & Holdenrieder 2009a).  

It is present as apothecia on ash rachises in the forest leaf litter (Desnaziéres, 1851).   

Table 1.2 Taxonomy of Hymenoscyphus fraxineus  

Kingdom Fungi 

Division Ascomycota 

Class Leotiomycetes 

Order Helotiales 

Family Helotiaceae 

Genus Hymenoscyphus 

Species Hymenoscyphus fraxineus.  

C. fraxinea was first believed to be the anamorph of H. albidus after culturing from 

ascospores as the teleomorphic characteristics of the two Hymenoscyphus species 

are very similar.  In 2011, the teleomorph was identified as H. pseudoalbidus (Queloz 

et al., 2011).  Gross et al (2012) separated the two cryptic species using microsatellite 

(MS) markers.  The two Hymenoscyphus species are morphologically almost identical 

but can be distinguished through differences in ITS rDNA, calmodulin gene, 

translation enlongation factor 1-α and ISSR markers (Queloz et al., 2011).  H. albidus 

and H. pseudoalbidus (now H. fraxineus) could occupy the same niche.  H. albidus 

has been distributed in Europe for over a century and has not had a damaging effect 

on ash (Queloz et al., 2011).   
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Fungi are complex haploid organisms which have varied cell cycles.  H. fraxineus is 

a fungus which belongs to Division Ascomycota.  Ascomycetes produce their sexual 

spores within an ascus.  This ascus cell encompasses a diploid nucleus which results 

from karyogamy (the final stage in the haploid fusing process).  The nucleus within 

the ascus undergoes meiosis.  These asci produce ascospores within them which can 

then be transmitted by the wind and rain (Carmichael et al., 1980; Glass & Kuldau, 

1992; Alexopoulos et al., 1996; Webster, 2007). 

The majority of Ascomycota are saprotrophs obtaining their nutrition by living off 

decaying plant debris (Webster, 2007; Carlile et al., 2001).  Many Ascomycota, like 

H. fraxineus, are highly specialised, growing on certain hosts and restricted to certain 

parts of the plant; H. fraxineus infects (to date) only Fraxinus spp. and resides within 

the woody tissue of the tree (Kirisits et al., 2012a,b; Gross et al., 2012).  H. fraxineus 

belongs to the class Leotiomycetes.  These form cup- or disc-shaped apothecia and 

have inoperculate (no operculum) asci.  They are typically saprotrophs on leaf debris 

and favour the moist environments of the forest floor. 

H. fraxineus produces apothecia (Figure 1.2A).  They are characterised by their 

hymenium (the layer of cells containing the spore-bearing cells/asci) which is visible 

once they reach maturity (Kirisits and Cech, 2009; Kowalski & Holdenrieder, 2009a,b). 

They can be seen on the petiole of the ash leaf and are supported on a stalk-like 

structure known as a stipe.  Their colour can range from white/cream to yellow/pale 

orange.  They are very small (around 3 mm in width, rarely up to 8 mm), fleshy and 

moist (Gross et al., 2012).  

The hymenium of the apothecia contains cylindrical paraphyses (Figure 2 B) which 

are 1-8 µm thick and cylindric-clacate asci (80 – 107 µm x 8 x 10 µm).  They form 

hyaline 1-celled ascospores which are approx. 13 – 21 x 3 – 5 µm (Gross et al., 2014). 

The apothecia contain the asci in their central cavities which are enclosed within a 

thick cell wall of sterile hyphae which develop from the ascogonia. During the 

germination stage, the ascospores become melanised and 1-septate appressoria 

and/or germ tubes form (Gross et al., 2013).  The asexual C. fraxinea stage is 

characterised by brown phialides (16 – 24 x 4 – 5 µm) which form hyaline 1-celled 

conidia (3 x 2.5 µm).  These conidia are contained within spore droplets. 
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Figure 1.2 (A) Micrograph of apothecium of H. fraxineus.  (B) Micrograph of a 

sliced apothecium of H. fraxineus showing the cylindrical paraphyses 

(Photos courtesy of David McCall, AFBI). 

In line with many ascomycetes, H. fraxineus produces distinctive somatic structures 

known as sclerotia or pseudosclerotia (Kiristis et al., 2013) which are characterised 

by a dark (near black) outer crust which surrounds a pale inner medulla.  The function 

of the sclerotium is to protect the fungus from unfavourable conditions with its hard, 

resistant structure.  The fungus can then remain dormant until favourable conditions 

for growth approach. 

The majority of the Hymenoscyphus species are known saprotrophic decomposers of 

plant material; none (apart from H. fraxineus) are known to cause plant diseases 

(Wang et al., 2006).  There are, however, forest pathogens that belong to the family 

Helotiaceae; Crumenulopsis sororia which causes cankers on Scots pine (Pinus 

sylvestris) trees (Vuorinen, 2000).  Sieber (2007) noted that many species that belong 

to the family Helotiaceae are endophytic and can transform to a pathogenic stage if 

the host is under stress. 

1.2.2 The life cycle of Hymenoscyphus fraxineus 

The schematic diagram (Figure 1.3) shows the sexual and asexual stages of the life 

cycle of H. fraxineus as proposed by Gross et al. (2012).  Gross et al. (2012) showed 

that H. fraxineus is a heterothallic ascomycete in which the mating type (MAT) is 

defined by a single locus having one of two different sequences termed idiomorphs, 

which dictate sexual compatibility.  The two mating types of H. fraxineus are known 

as MAT1-1 and MAT1-2 (Turgeon and Yoder, 2000).  The red and blue colours of the 

A B 
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spores and mycelia in Figure 1.3 denote these two mating types.  The proposed cycle 

has been extrapolated from what has been observed in affected countries (Gross et 

al., 2012) and further research is needed to understand when the different stages of 

the life cycle take place in the Irish climate. 

 

Figure 1.3. Hypothetical life cycle of Hymenoscyphus pseudoalbidus [now 

H. fraxineus] (Gross et al., 2012) 

H. fraxineus completes its life cycle in the F. excelsior leaves.  Research relating to 

the Nordic regions has shown that apothecia are formed in the summer on the fallen 

debris of the previous year’s leaves (Kowalski & Holdenrieder, 2009a,b; Kirisits & 

Cech, 2009; Timmerman et al., 2011).  The apothecia are produced on the woody 

tissue of the leaves namely the petioles and rachises (Kirisits & Cech, 2009).  

Timmerman et al. (2011) noted sporulation occurred from June to September (even 

as late as October if the conditions were favourable) in Norway. 

The sexually produced ascospores are spread by wind (Kowalski & Holdenrieder, 

2009a,b; Timmerman et al., 2011) and land on the leaves of another ash tree.  They 

adhere to the surface of leaves by secreted mucilage (Gross et al., 2014).  The 

ascospores germinate and then penetrate the waxy cuticle by means of appressoria 

(condensed tips of the hyphal branch which enable them to penetrate the host plant).  

Lesions on the ash leaf can be observed 2 weeks after infection (Cleary et al., 2013).  
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These necrotic lesions present on the leaf blade spread to the leaf veins and through 

the petioles in a proximal direction into the main stem resulting in the typical diamond-

shaped lesion. (Kirisits et al., 2009).  Leaves wilt and develop typical dieback 

symptoms of shrivelling and dying.  The leaf dies as a result of the death of the petiole.  

As H. fraxineus moves through the woody tissue, it kills the living tissue (Schumacher 

et al., 2010). 

Infected and healthy ash leaves start to fall in the autumn.  As conditions become 

unfavourable for the H. fraxineus to grow, the fungus forms a protective black 

pseudosclerotial plate on the petioles (Kowalski & Holdenrieder, 2009; Gross & 

Holdenrieder, 2013).  The pseudosclerotia form and the exterior leaf tissue is 

decomposed by other organisms.  

If both mating types of H. fraxineus are present within the infected petiole, the fungus 

undergoes sexual reproduction.  The following spring (the next vegetative period), the 

spore-bearing apothecia are formed on pseudosclerotial plates and the cycle 

continues (Gross & Holdenrieder, 2013).  If conditions are not favourable for 

apothecial development, H. fraxineus can delay the production of apothecia, for up to 

2 years, until conditions are favourable (Gross & Holdenrieder, 2013).  

This fungus can undergo both asexual (the production of conidiospores) and sexual 

reproduction (with ascospores).  Generally, with ascomycetes, the asexually 

produced conidiospore forms a haploid mycelium.  These haploid hyphae have the 

ability to produce both female and male reproductive structures (Coppin et al., 1997); 

Once the hyphae have matured, the mycelium produces the female reproductive 

structure called the ascogonium; an apical hypha (trichogyne) is also formed.  This 

trichogyne binds with the male counterpart known as the spermatium.  Fertilisation 

occurs and the apothecia start to develop and produce the wind-borne ascospores 

completing the infection cycle.  H. fraxineus however does not appear form hyphae; 

(Gross & Holdenrieder, 2013).  The conidia are believed to function only as spermatia 

(non-motile cells which function as the male gametes) and they are not directly 

involved in the development of infection. 

In addition to spreading through wind-borne ascospores, ash dieback may also 

spread in soil, water and in living plants and wood (Kile, 1993).  There is a possibility 

that the pathogen may also be spread by insect vectors (Nag Raj & Kendrick, 1993; 

Webber & Brasier, 2010), but no insect species are known to specifically inhabit 

F. excelsior.  
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1.3 Symptoms of ash dieback 

Ash dieback affects trees of all age classes from saplings to mature trees.  On young 

ash plants, it can lead to the death of the tree within a few years of infection.  On older 

ash plants, the infection becomes chronic, resulting in the weakening of trees and 

increasing their susceptibility to secondary infection.  Ash is one of the latest tree 

species to both flush in spring and lose its leaves in autumn.  The period between 

ascospores landing on the leaf and lesion development can be up to 10 – 14 days.  

Lesions spread in the leaf along its veins in a proximal direction and move into the 

rachis.  The fungus colonises the rachis and the distal part of the leaf wilts and 

desiccates (Bakys et al., 2009a,b).  The leaf symptoms of ash dieback can be 

observed from August onwards (Jankovský & Holdenrieder, 2009).  The fungus grows 

from the rachis into the shoot (Kowalski & Holdenrieder, 2009a,b; Timmermann et al., 

2011; Gross et al., 2012; Kirisits et al., 2012a.b).  An infected tree may have some 

shoots that fail to flush and others may show ill-health (brown, curling leaves shown 

in Figure 1.4 A) or dieback.  Most leaves that have been infected with ascospores are 

shed before the fungus actually reaches the stem.  Occasionally, the pathogen 

mycelium can spread from the petiole in an axial direction and into the inner shoots. 

The pathogen hyphae grow intracellularly and form intrahyphal hyphae (Schumacher 

et al., 2010).   

The infection within the xylem spreads in an axial direction (Figure 1.4 B).  This is 

associated with coloured (brown to orange) necrotic lesions without slime flux on the 

bark of the stem and branches (Kowalski 2006; Schumacher et al. 2010).  Bark 

cankers which are associated with xylem necroses can also be identified (Kowalski & 

Holdenrieder, 2009a).  The bark lesions/cankers are apparent in the late autumn and 

winter but can take until the spring to become visible posing a risk of dissemination 

through trade, as trees may be asymptomatic.  The infection is not systemic although 

DNA of H. fraxineus has been detected in apparently healthy inner bark tissue up to 

10 cm away from the necrotic lesion (McKinney et al., 2012).  Infection may cause 

death of trees of all age classes as the necrotic lesions increase in size, spread 

through the tree and cause leaves to wilt and the tops of the branches to dieback 

(Przybył 2002; Kowalski & Łukomska 2005).  

H. fraxineus can colonise the root system and has been isolated from dead roots 

(Kowalski & Łukomska 2005; Schumacher, 2011).  Severely infected trees are subject 

to secondary infections by opportunistic fungi such as honey fungus (Armillaria spp.) 
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which speed up the rate of tree death (Bakys et al., 2009a.b; Bakys et al., 2011; 

Husson et al., 2012).  

Figure 1.4. Symptoms of Hymenoscyphus fraxineus on Fraxinus excelsior. Wilting 

leaves and discolouration (A) and characteristic diamond-shaped 

lesion on the stem of an ash tree (B). 

When the disease was first identified in a new geographical area, its incidence and 

severity increased rapidly due to the build-up of inoculum of the pathogen.  Where the 

disease occurred, the impact on the ash tree populations was considered to be high 

(Barklund, 2005; Kirisits et al., 2009; Kowalski et al., 2010). 

H. fraxineus causes necrotic lesions on Fraxinus spp. whereas its non-pathogenic 

sister H. albidus does not (Husson et al., 2011).  At the time this study was initiated, 

there had been relatively little research on the pathogenicity of different H. fraxineus 

strains.  Husson et al. (2011) and McKinney et al. (2011) artificially inoculated stems 

of Fraxinus spp. with H. fraxineus and measured the necrotic lesions that developed.  

They observed differences in the lesion lengths caused by the different pathogen 

strains but did not find any significant differences.  Investigation of the pathogenicity 

of genotyped H. fraxineus isolates on ash clones is needed to clarify the variation in 

host-pathogen interaction.   

A B 
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1.4 Ash dieback in Europe 

Forest decline or dieback is characterised as the trees displaying symptoms such as 

stunted growth, decline of the tree canopy, dieback of leaves and branches, and tree 

mortality (Manion, 2003).  F. excelsior is native and widespread throughout Europe 

(Figure 1.1). 

F. excelsior is the main host for H. fraxineus.  It is thought that the pathogen causing 

ash dieback originated in Asia (Zhao et al., 2012).  Large-scale deterioration of 

populations of common ash was first identified in Lithuania and North-Eastern Poland 

in the early to mid-1990s (Juodvalkis & Vasiliauskas, 2002; Kowalski & Lukomska, 

2005; Kowalski, 2006).  The disease front moved from Poland to Switzerland within 

16 years (Gross & Holdenrieder, 2013); this distance of more than 1,200 km suggests 

that the pathogen can advance on average 75 km a year.  This rate of advance is 

similar to the rate of spread of cereal mildew (Limpert et al., 1999).  Dieback of 

F. excelsior has been observed spreading towards the south, west and north of 

Europe (Figure 1.5; Timmermann, 2011) and by 2011 had been confirmed in more 

than 22 countries (Timmermann, 2011).  These countries include (in alphabetical 

order): Austria (Cech, 2006; Kiristis et al., 2009, 2011; Timmermann, 2011), Belarus 

(Timmerman, 2011), Belgium (Chandelier et al., 2011), Croatia (Barić & Diminić, 

2010), the Czech Republic (Jankovskỳ & Holdenrieder, 2009), Denmark (Thomsen, 

2005), Estonia (Rytkönen et al., 2011), Finland (Rytkönen et al., 2011), France (Ioos 

et al., 2009), Germany (Schumacher et al., 2007, 2010), Hungary (Szabó, 2009), Italy 

(Ogris et al., 2010), Latvia (Rytkönen et al., 2011), Norway (TalgØ et al., 2009), 

Romania (Timmermann, 2011), Russia (Timmermann, 2011), Slovakia (Kunca, 

2006), Slovenia (Ogris et al., 2009), Sweden (Barklund, 2005; Bakys et al., 2009a,b) 

and Switzerland (Queloz et al., 2010).  Ash dieback was widespread by 2015 in 

Luxembourg, the Netherlands and Turkey and was found in Montenegro in 2016 

(EPPO, 2021). 

To date, a large percentage of the F. excelsior populations in these countries have 

been affected (Figure 1.5). 
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Figure 1.5.  Map of Europe showing the distribution range of Fraxinus excelsior (in 

blue) and the year of the first observation of symptoms of ash dieback 

in each country.  No first record is known for the Kaliningrad Oblast of 

Russia, where the disease also occurs.  This map is reproduced with 

the kind permission of Dr. Thomas Kirisits.  

Ash dieback has had a detrimental effect on F. excelsior populations throughout 

Scandinavia.  The disease was first recorded in Denmark in 2003 and since then the 

country has experienced a massive decline of the F. excelsior populations.  Ash 

dieback established itself quickly and from 2005 to 2007 spread rapidly (Thomsen, 

2005; Thomsen & Skovsgaard, 2006; Thomsen et al., 2007).  By 2010, the effects of 

ash dieback could be witnessed throughout Denmark’s forests (Skovsgaard et al., 

2010).  Sweden has also been impacted by ash dieback.  The effect of dieback on 

Sweden’s F. excelsior population was first noted in the south in 2001 and in 2004 was 

reported throughout the country (Barklund, 2005; Barklund, 2006).  Before Sweden 

was affected by the emergence of the ash dieback disease, F. excelsior was of high 

commercial importance for timber production.  F. excelsior is now listed in Sweden’s 

Red Data Book (Anon, 2010).   

This disease has spread in a distinct spatial pattern (Timmermann et al., 2011) which 

is typical for an alien invasive air-borne plant pathogen.  The route of introduction of 

the pathogen from Asia into Europe is unclear.  Ash dieback was first observed in 

Central Lithuania and North-eastern Poland and explaining how it emerged there is 
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problematic if it represented the point of ingress of an alien pathogen.  The Lithuanian 

State Forestry Service stated that it did not import any F. excelsior seed or vegetative 

material and all F. excelsior seedlings were grown locally in orchards in adequate 

numbers (Bakys et al., 2011).  Research has shown the pathogen must have been 

introduced to Europe as multiple infections as there was a high genetic variability of 

the pathogen populations (Rytkönen et al., 2011; Kraj et al., 2012) which is atypical 

for a newly introduced pathogen.  If there was only one introduction, this would have 

resulted in a founder effect (bottleneck).  

Ash dieback was first reported in the UK in early 2012 in Buckinghamshire in the south 

of England (Anon., 2012).  The disease was found in Northern Ireland and its 

presence was confirmed on 16 November 2012 (Anon., 2013), just a month after it 

had been confirmed in the Republic of Ireland (the introduction of ash dieback to the 

Island of Ireland is discussed further in Chapter 7).  It is not clear how ash dieback 

was introduced into Northern Ireland, but its association with relatively recent ash 

plantings of material imported into Northern Ireland suggested that the long-distance 

transport of the pathogen occurred in latently infected plants. 
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1.5 Hymenoscyphus fraxineus genetics 

European H. fraxineus populations are a subset of the H. fraxineus population at its 

centre of origin, which is believed to be in Asia (Zhao et al., 2012), H. fraxineus 

populations in Asia are highly diverse.  Studies using SSR markers have 

demonstrated that H. fraxineus in Europe has come from a common source 

population.  In contrast to Asia, differentiation between subpopulations is small, allelic 

variation is low and genotypic diversity is high (Gross et al., 2014; Burokiene et al., 

2015; Haňáčková et al., 2015).  Gross and Queloz (2014) noted a significant 

population bottleneck within the whole European population, a result from a founder 

effect when H. fraxineus was first introduced to Europe.   

Burokiene et al. (2015) genotyped 480 Swiss and 367 Lithuanian H. fraxineus 

samples with 11 H. fraxineus SSR markers.  The SSR markers showed that there 

was very little differentiation of the European H. fraxineus populations, despite the 

Swiss and Lithuanian populations being geographically separated and having very 

different dates of first disease outbreak, ash dieback having been present in 

Lithuania much longer than in Switzerland.  

When McMullan et al. (2018) investigated 43 H. fraxineus isolates from across 

Europe and compared them with 15 from Japan (using SNP markers) they 

observed a population bottleneck (strong founder effects) in Europe. The SNPs 

showed that the European H. fraxineus population was founded by two genetically 

divergent individuals representing the polymorphism within the native Asian 

populations.   

Orton et al. (2018) investigated the population genetics of H. fraxineus in two regions 

of the UK.  Single-nucleotide polymorphisms (SNPs) were used to study H. fraxineus 

isolates obtained from England and Wales.  Results followed the same pattern as 

previous studies in that there was little genetic differentiation between the UK 

populations or between them and populations from mainland Europe (additional 

samples from the UK, France, Norway and Poland were included for comparison).  All 

the marker alleles found in the UK were also found in isolates from continental Europe, 

with most of the genetic diversity of UK H. fraxineus within and not between 

subpopulations.  There was no strong evidence of founder effects, indicating that 

multiple individuals founded the populations in the UK at each location.  
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1.6  F. excelsior resistance/tolerance to H. fraxineus 

Plants have developed a range of mechanisms to limit or avoid infection by pathogens 

or to reduce their negative impacts.  The two main mechanisms are ‘resistance’, 

defined as the “the host’s ability to limit pathogen multiplication” and ‘tolerance’ 

defined as “the host’s ability to reduce the effect of infection on its fitness, regardless 

of the level of pathogen multiplication” (Pagán & García-Arenal, 2018).   

In previous studies, some authors (e.g. Stener et al., 2018) do not clearly distinguish 

between the terms tolerance and resistance and would appear to use them 

interchangeably.  When assessing disease symptoms in the field it can be very difficult 

to determine whether plants are displaying tolerance, resistance or a combination of 

the two.  Hence tolerant trees may be infected with the pathogen but have only mild 

disease symptoms.  In the case of ash dieback, this may mean that some trees do 

not develop stem infections or may have very little loss of tree leaf canopy.  These 

trees may be described as disease tolerant although it is not clear if this trait is 

heritable. 

A breeding programme can only be successful if there is existing variation in 

resistance i.e. these variations need to be the result of genetic differences between 

individuals so that they are heritable, and the trees can be bred from.  If heritable 

resistance does exist within a population, then the number of genetic loci involved will 

be a factor in the success of the breeding programme.  If there is only one locus 

involved, or few loci with large additive effects, it would be relatively straightforward 

to include the trait in the population.  Those loci that demonstrate resistance can be 

rapidly brought together during breeding to produce resistant trees (Carson & Carson, 

1989; Burdon, 2001).  This would be the most straightforward method of producing 

resistant trees.  However, using only one or a few loci could result in host resistance 

being overcome as the pathogen population evolves (Snieko at al., 2014).   Having 

several loci involved with resistance and breeding and selecting the trees over many 

generations should result in more durable resistance, but takes much longer (Carson 

& Carson, 1989; Burdon, 2001).  If no heritable resistance is identified in the 

indigenous tree populations, resistance would need to be investigated in other 

species of the same genus.  If resistance was found in neighbouring species, the trait 

could be incorporated into an indigenous species using a hybrid breeding programme 

as was used by Clark et al. (2012) for resistance to chestnut blight in American 

chestnut (Castanea dentata) from the resistant species (C. mollissima). 
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If no neighbouring species demonstrated resistance, then genetic modification would 

be the last resort for breeding resistant ash trees (Marzano et al., 2019).  However, if 

the expression of disease symptoms varies not due to the inherent characteristics of 

the tree but only in response to environmental factors, then a breeding programme 

would not be relevant and management practices should be implemented instead 

(Marciulyniene et al., 2017).   

In Europe: Several ash breeding programmes have taken place in Europe to 

investigate the variability of resistance to ash dieback.  Two Swedish ash-seed 

plantations (planted in 1991) are currently being monitored to determine if there are 

any trees resistant to ash dieback (Cleary et al., 2017; Stener, 2013; 2018).  Cuttings 

have been taken from healthy ash trees across Sweden and grafted onto young ash 

trees in the hope that they will be used as the basis of future ash breeding 

programmes in Sweden (Cleary et al., 2017).  In Lithuania, an ash progeny trial was 

established in 2005 with 27,000 three-year-old ash trees being planted across three 

sites (Pliura & Baliuckas, 2007; Pliura et al., 2011).  Pliura et al. (2017) selected 52 

trees that demonstrated the most resistance to ash dieback and cloned these in 2010 

and planted these in spring 2012 in seven locations through Lithuania.  In Austria, a 

large ash breeding programme at the Austrian Research Centre for Forests was set 

up in 2015.  The seeds from 700 healthy ash trees (taken from throughout Austria) 

were used to produce over 30,000 offspring.  These have been studied for their 

resistance to ash dieback (Unger et al., 2017).  The aim of this project is to identify 

Austrian mother trees that are the most resistant to ash dieback and establish ash 

seed plantations with the improved breeds. In Denmark, Kjær et al. (2017) set up 

clonal seed woodlands with “more-resistant” trees with the aim of producing resistant 

seed by 2025.  No results have been published yet from these long-term studies.  

There are a large number of studies across Europe that have investigated the 

variation in resistance to ash dieback based on disease symptoms; Denmark 

(McKinney et al., 2011; Semizer-Cuming, Finkeldey, Nielsen, & Kjær, 2019), Sweden 

(Cleary et al., 2014; Stener, 2013) and Germany (Enderle et al., 2014).  Coker et al. 

(2019) carried out a meta-analysis on these previous studies of ash tree death due to 

ash dieback within Europe.  Coker et al. (2019) surveyed 36 woodlands; the mature 

ash trees that had been exposed to ash dieback from between four and 20 years (a 

total of 17,825 trees) were surveyed.  The meta-analysis showed a maximum mortality 

of 69%.  The meta-analysis then looked at 10 surveys that analysed naturally 

regenerated saplings (a total of 18,461 trees) and found a maximum mortality of 82%.  



18 

Coker et al. (2019) concluded that with mature ash trees, mortality increased with time 

of exposure to ash dieback with the mortality rate rapidly rising around 10 years after 

the first detection of ash dieback in the regions (Figure 1.6).  

 

Figure 1.6 Ash mortality in European woodlands and trials planted before regional 

ash dieback was detected (Coker et al., 2019).  Each point is one 

trial/woodland plot.  

 

A German study (Enderle el al., 2017) that was included in the Coker et al. (2019) 

meta-analysis showed that two naturally regenerated ash sites had the lowest level 

of mortality and the longest exposure to ash dieback (a contrast to Figure 1.6).  

Enderle el al. (2017) suggested that this result may be because a large number of 

seedlings were killed before they reached a size to be included in the survey.  Older 

trees take longer to die when infected with ash dieback than younger trees/seedlings 

(Timmerman et al., 2017).  Plumb et al. (2020) concluded that within Europe, ash 

trees have a high variability in degree of resistance to ash dieback. 
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In the UK: Forest Research (Stocks et al., 2017) conducted a mass screening trial of 

young ash trees that were planted between 2012 and 2013.  These ash trees were 

planted in 14 sites located in Southeast England (this area had high infection 

pressure).  After three years (2016), the tree health was assessed for the 28,160 trees 

at the two worst affected sites.  Stocks et al. (2017) demonstrated that seed origin 

had a significant (P≤ 0.001) effect on tree health, trees from certain provenances in 

Scotland being least damaged by ash dieback.  Tree mortality was 18% while 3% of 

the trees studied remained healthy, giving some hope for a successful resistance 

breeding programme.  Stocks et al (2019) then went on to sequence whole genomic 

DNA from 1,250 ash trees from England, Germany, France and Ireland in 31 DNA 

pools.  Each DNA pool contained trees with similar levels of ash dieback damage.  A 

genome-wide association study identified 3,149 single nucleotide polymorphisms 

(SNPs) associated with low and high ash dieback damage levels.  Stocks et al (2019) 

demonstrated that 61 of the 203 SNPs were in (or close to) genes with recognised 

homologs known to be in associated in other plant species pathogen responses.  

From these results, they were able to predict tree health with over 90% accuracy but 

also demonstrated that ash dieback resistance in ash trees is a polygenic trait that 

should respond well to natural selection and breeding.  

The Living Ash Project (started in 2013 and funded by DEFRA) is examining ‘healthy’ 

ash trees from seed orchards (throughout the UK) and testing their progeny for 

resistance to ash dieback (livingashproject.org.uk).  If resistant ash was found within 

the UK, DEFRA would work with the various European breeding programmes to 

exchange material in the hope to produce European ash populations with higher 

resistance to ash dieback.  The final project report has not yet been published.  

In Ireland: Researchers from 35 countries, including Ireland and Northern Ireland 

joined the EU-funded COST Action FRAXBACK (detailed in Section 7.9) to reduce 

the impact of ash dieback.  Scientific research is freely shared, including information 

on how tolerance / resistance of the disease is passed on to the seed offspring 

(Enderle et al., 2017).  The natural selection of tolerant / resistant trees on the island 

of Ireland has been limited by relatively low disease pressures (high disease pressure 

is needed to identify tolerant trees) until the last 3 years.  In 2013, DAFM gathered 

14,000 ash plants from two distinct seed lots within Ireland to be included in the UK 

mass screening trials (CoFord, 2021).  Teagasc sent 1,000 genotypes of Irish ash to 

Lithuania (where disease pressure is high) to identify resistant genotypes (which will 

then be sent back to Ireland).  Teagasc is currently collaborating with six European 
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research agencies and propagated 212 ash genotypes which are showing as tolerant 

to ash dieback.  These trees have been observed as remaining healthy over several 

years of being planted in a location with high tree mortality. 

 

1.7 Control of Hymenoscyphus fraxineus in Northern Ireland 

F. excelsior may be specifically susceptible to H. fraxineus because of its narrow 

genetic background (McKinney et al., 2011).  The adaptation of a species to an 

invasive pathogen depends on the genetic variation within the species (Burdon, 

2001).  Wild plant populations have a higher level of genetic variation. 

Control of H. fraxineus which has become established in the wider environment is 

practically impossible.  When this study commenced, Northern Ireland was in the 

unique situation in that the disease was in its early stages.  Findings were on recently 

introduced planting stock and had not spread between trees.  In this scenario, the 

removal and destruction of infected plants was recommended (DEFRA, 2013).  The 

removal of ash litter was also recommended to prevent the infected petioles and 

rachises going on to produce apothecia and ascospores.  Within Northern Ireland, 

before ash dieback became established there were three main ways in which 

H. fraxineus could spread into the wider environment: 

• The first and most likely way of local spread was that an infected tree dropped 

its leaves and apothecia developed on the fallen infected petioles producing 

infective ascospores.   

• The second potential cause of spread was the physical transfer of infected 

material.  When people moved through an area of ash trees with dieback, 

infected leaf debris could be moved on boots, clothing, equipment and 

transport vehicles.  Apothecia could then develop on this debris and in turn 

produce ascospores facilitating spread.   

• The third potential way of spread could be through infection of healthy ash 

trees by use of contaminated equipment such as secateurs or pruning saws.  

This could then result in the infected tree spreading the disease through the 

first route (Forestry Commission, 2015).  

Once a site had been recognised as infected, rigorous biosecurity measures were 

needed to prevent the further spread of the pathogen.  These could include cleaning 

of equipment, washing boots and vehicle tyres and taking every precaution to prevent 

movement of infected material off the site. 
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Ash leaf debris could be removed from the forest floor and burnt or chemically treated 

in situ to prevent production of apothecia.  Burning infected material would reduce the 

amount of wind-blown leaves and therefore reduce the amount of ascospore spread. 

During sample collection and other work on sites by government officials, all 

equipment that came into contact with the site was washed with disinfectant.  It was 

required that protective clothing and footwear were used and either disposed of, or 

carefully cleaned before leaving the site.  All vehicles, in particular tyres that had 

entered the site, were also cleaned upon leaving. 

Public sites that were infected, such as parks etc. were sign-posted to alert members 

of public to the disease.  Vehicle tyres should have been disinfected on entry and 

upon leaving infected sites and facilities were made available for the public to disinfect 

their shoes / bicycle tyres. 

 

1.8 Environmental and Economic Importance of Fraxinus 

excelsior in Northern Ireland and Ecological considerations of 

Hymenoscyphus fraxineus 

Many aspects of the behaviour of H. fraxineus were poorly understood at the time this 

study commenced.  Possible impacts of the pathogen in N. Ireland were extrapolated 

from research from affected European countries which have different climates. 

H. fraxineus can infect all Fraxinus spp., but common ash, F. excelsior, is particularly 

susceptible.  Common ash can be found throughout Europe (Figure 1.1) and is one 

of the most charismatic tree species (Pautasso et al., 2013).  In Ireland, F. excelsior 

is widespread in many native woods and hedgerows where it makes an important 

contribution to biodiversity and it is often planted in urban landscapes and along 

roadsides.  Throughout Europe’s forests, ash is incorporated with other tree species 

but is seldom dominant (Ellenburg & Leuschner, 2010); this is not true for Northern 

Ireland as common ash can often attain dominance in forests.  If H. fraxineus 

becomes established throughout Ireland, the landscape could radically change in 

appearance as common ash is an important tree in Ireland, as well as being a vital 

species in forest ecosystems (Pautasso et al., 2013).   

The fact that F. excelsior is widespread and present in high population densities does 

not make it less susceptible to ash dieback.  The widespread devastation of ash is 
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more than likely to result in major ecological consequences for Irish biodiversity and 

ecosystems.  Destruction of trees will affect tree biomass and therefore carbon 

assimilation and sequestration, which will have a negative impact on the climate 

(Liebhold et al., 1995; Orwig, 2002; Lovett et al., 2006; Gaston & Fuller, 2008; Tang 

et al., 2011; Pautasso et al., 2013). 

At the time this study commenced in 2013, whole countries that were infected by ash 

dieback included Poland (Gil et al., 2006), Denmark (Skovsgaard et al., 2010), Austria 

(Kirisits, 2011), Slovakia (Kunca et al., 2011) and Germany (Metzler, 2012).  

Extrapolating from current literature and national surveys, it was feared that following 

the identification of the pathogen in Ireland, it would disperse rapidly throughout the 

Island.  

Throughout Europe, F. excelsior plays an essential part in the floodplain in forest 

ecosystems (Pautasso et al., 2013).  Ash dieback will therefore threaten forest 

ecosystems.  Ireland is the least forested country in Europe and the loss of an 

important species such as ash would have a significant impact (McCracken 2013).  

H. fraxineus is widespread throughout Europe demonstrating that the pathogen can 

withstand a wide range of environments.H. fraxineus was shown to be resistant to 

frost and drought; it able withstand temperatures of -20oC for more than 2 months 

(Gross & Holdenrieder, 2013).  

Reduction in the ash tree populations will threaten the species which depend on ash. 

When this research study commenced, there had been little research on the 

importance of the Northern Irish F. excelsior population on biodiversity.  Hacker 

(2001) stated that large numbers of butterflies and moths (Macrolepidoptera) live on 

F. excelsior.  Many wood-decaying fungi, epiphytic lichens, insects, land molluscs and 

birds depend on woodlands as their home so the destruction of F. excelsior would 

impact on these organisms (Jarolimek, 1994; Emborg et al., 2000; Lonsdale et al., 

2008; Jüriado et al., 2009; Chiari et al., 2010; Dahlberg et al., 2010; Thor et al., 2010; 

Molina et al., 2011; Pautasso et al., 2013).  For any organisms entirely dependent on 

F. excelsior, the loss of the tree would mean the loss of their habitat and possibly their 

extinction.  

In Northern Ireland, the economic impact of H. fraxineus on F. excelsior has not been 

quantified.  F. excelsior is native to Northern Ireland and is grown for forestry and 

aesthetic purposes.  Ash is an important hardwood in furniture production and hurley 
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stick production.  Large scale dieback throughout Ireland is likely to have significant 

impacts. 

1.9 Hymenoscyphus fraxineus in Northern Ireland 

 H. fraxineus spread through mainland Europe by clouds of airborne ascospores.  

Northern Ireland is unique in that ash dieback was apparently introduced through the 

import of diseased ash plants.   All infections in Northern Ireland were identified on 

recently planted sites.  At the time this study commenced in 2013, H. fraxineus was 

in the early stages of invading Northern Ireland and there was no evidence of spread 

from infected to healthy trees.  The first reported case of ash dieback in the wider 

environment in N. Ireland was in 2015 (DAERA, 2016).  Up until 2015 DARD/DAERA 

recorded positive cases at individual premises.  Post 2015, Northern Ireland was 

divided into 10 km squares which were recorded as positive even if only a single 

diseased tree was identified within the square.  In the vast majority of cases from 2016 

onwards positive findings were on trees growing in the wider environment and not in 

planted plantations. 
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1.10 Aims of the project 

This project is focused on the epidemiology of H. fraxineus.  The aims of the study 

are to:  

• Assess the phenotypic and genotypic variation of H. fraxineus in N. Ireland 

compared to other European populations 

• Compare the aggressiveness of a range of H. fraxineus isolates from Northern 

Ireland and mainland European  

• Study the effect of urea on the degradation of ash leaf and rachis debris and 

assess its potential as a disease control measure 

• Conduct a case study of a specific ash planting site following the introduction 

of H. fraxineus.  It is hoped that the case study will: 

o Identify the original source of infection 

o Provide evidence for the mechanism of inoculum build up 

o Enable the proposal of the probable pattern and timeline of inoculum 

spread and disease development 

o Give sufficient information about the introduction of the pathogen and 

subsequent disease development to critique the effectiveness of the 

DAERA eradication and containment policy. 
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Chapter 2 

Materials and Methods 

2.1 Collection of Hymenoscyphus fraxineus isolates  

Isolates of Hymenoscyphus fraxineus were obtained during 2007 to 2014 from a 

range of different locations throughout Northern Ireland and the European mainland 

(Austria, Denmark, Italy, Latvia, Lithuania, Norway, Romania and Russia).  The 

isolates were taken from different parts of infected plants (Table 2.1) collected during 

routine plant health inspections.  Those from the European mainland were kindly 

provided by Dr Thomas Kirisits (Institute for Forest Entomology, Forest Pathology and 

Forest Protection, University of Natural Resources and Life Sciences, Vienna, 

Austria).  In addition, DNA samples (Table 2.2) were taken directly from infected ash 

tissue from Northern Irish samples submitted to the Agri-Food and Biosciences 

Institute (AFBI) Plant Pathology Laboratories for diagnosis and confirmation of the 

pathogen (Section 2.2).  Two DNA samples from the Republic of Ireland were also 

included. 
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Table 2.1  Locations and extraction sites of Hymenoscyphus fraxineus isolates used in the phenotypic variation, genetic variation and 
aggressiveness studies.   
 

Isolate Name Substrate Location Country Inspector Year 
Isolated 

Used in 
Chapter 

     3 4 5 
N1/3 Holz Stem Lambach Austria E. Halmschlager 2007 ✓ ✓  
N/5/4/A Shoot/Twig Styria Austria E. Halmschlager 2007 ✓ ✓  
T/8/1/H3 Shoot/Twig Laussa Austria T. Kirisits 2007 ✓ ✓ ✓ 
T/16/1/H2 Shoot/Twig Laussa Austria T. Kirisits 2007 ✓ ✓  

NEW/1/2/H1 Dead Twig Vienna Austria T. Kirisits 2008 ✓ ✓  
HO/II/6/1 Dead Twig Hohenau Austria T. Kirisits 2008 ✓ ✓ ✓ 
MIB/2/1 Dead Twig Michelberg Austria T. Kirisits 2008 ✓ ✓  

SFB/II/7/2 Stump Sprout Vienna Austria T. Kirisits 2008 ✓ ✓  
KAB/1/1/1 Shoot/Twig Vienna Austria T. Kirisits 2008 ✓ ✓  
TU/3/2/1 Shoot/Twig Vienna Austria T. Kirisits 2008 ✓ ✓  
LOF 5 Shoot/Twig Lofer Austria T. Kirisits 2009 ✓ ✓  
KAR 4 Shoot/Twig Karlsbach Austria T. Kirisits 2009 ✓ ✓  
VER/2 Shoot/Twig Verditz Austria T. Kirisits 2009 ✓ ✓ ✓ 

STL/1/6 Shoot/Twig Styria Austria T. Kirisits 2010 ✓ ✓  

HAS/FP/4/2 Seedling Stem Vienna Austria T. Kirisits 2011 ✓ ✓  

PAL/1/1/1 Shoot/Twig Palanga Lithuania T. Kirisits 2008 ✓ ✓ ✓ 
LIE1/1/2 Shoot/Twig Liepaja Latvia T. Kirisits 2008 ✓ ✓ ✓ 
NOR1/6 Shoot/Twig Oslo Norway T. Kirisits 2010 ✓ ✓ ✓ 
NOR1/37 Shoot/Twig Oslo Norway T. Kirisits 2010 ✓ ✓ ✓ 
NOR2/5 Shoot/Twig Oslo Norway T. Kirisits 2010 ✓ ✓ ✓ 
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Table 2.1 cont’d Locations and extraction sites of Hymenoscyphus fraxineus isolates used in the phenotypic variation, genetic variation and 

aggressiveness studies.  

Isolate Name Substrate Location Country Inspector Year 
Isolated 

Used in 
Chapter 

     3 4 5 
STP/1/TR/1 Shoot/Twig St. Petersburg Russia T. Kirisits 2011 ✓ ✓ ✓ 

STP/5/ST/5/1 Stump Sprout St. Petersburg Russia T. Kirisits 2011 ✓ ✓ ✓ 
IDRO/AMEA/1 Shoot/Twig Idro Italy T. Kirisits 2013 ✓ ✓ ✓ 
IDRO/AMEA/11 Shoot/Twig Idro Italy T. Kirisits 2013 ✓ ✓ ✓ 
IDRO/AMEA/15 Shoot/Twig Idro Italy T. Kirisits 2013 ✓ ✓ ✓ 

FN/2/2 Leaf Rachis Horsholm Denmark T. Kirisits 2013 ✓ ✓ ✓ 
FN/3/1 Leaf Rachis Horsholm Denmark T. Kirisits 2013 ✓ ✓ ✓ 
FN/4/1 Leaf Rachis Horsholm Denmark T. Kirisits 2013 ✓ ✓ ✓ 

ROM1/1 Leaf Rachis Zamostea Romania T. Kirisits 2013 ✓ ✓ ✓ 
ROM1/4 Leaf Rachis Zamostea Romania T. Kirisits 2013 ✓ ✓ ✓ 
Rant 1 Leaf Rachis Antrim N. Ireland E. Baxter 2014 ✓ ✓ ✓ 
Rant 2 Leaf Rachis Antrim N. Ireland E. Baxter 2014 ✓ ✓ ✓ 

CF 28/13 Shoot/Twig Antrim N. Ireland M. Wilson 2014 ✓ ✓ ✓ 
CF 221/13 Shoot/Twig Antrim N. Ireland M. Wilson 2014 ✓ ✓ ✓ 
CF 3/2 - B Shoot/Twig Antrim N. Ireland M. Wilson 2014 ✓ ✓ ✓ 

TK Leaf Rachis Antrim N. Ireland T. Kirisits 2014 ✓ ✓ ✓ 



28 

Table 2.2 Locations and extraction sites of Hymenoscyphus fraxineus DNA samples used in the genetic variation study.  

Sample Name DNA 
Number Substrate Location Country Inspector 

Year Isolated 
Used in 
Chapter 

      3 4 5 
CHL 13 14760 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 43 14863 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 44 14864 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 7 14868 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 65 14894 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 76 14933 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 78 14934 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 79 14935 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 95 14955 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 112 15069 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 144 15089 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 173 15238 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 272 15490 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 426 15901 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 3 A145 Shoot/Twig Antrim N. Ireland J. Taylor 2012  ✓  
CHL 4 A146 Shoot/Twig Antrim N. Ireland J. Taylor 2012  ✓  
CHL 15 A705 Shoot/Twig Antrim N. Ireland J. Taylor 2012  ✓  
CHL 16 A706 Shoot/Twig Antrim N. Ireland J. Taylor 2012  ✓  
CHL 22 A805 Shoot/Twig Antrim N. Ireland J. Taylor 2012  ✓  
CHL 23 A806 Shoot/Twig Antrim N. Ireland J. Taylor 2012  ✓  
CHL 43 A905 Shoot/Twig Antrim N. Ireland J. Taylor 2012  ✓  
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Table 2.2 cont’d Locations and extraction sites of Hymenoscyphus fraxineus DNA samples used in the genetic variation study.  

Sample Name DNA 
Number Substrate Location Country Inspector 

Year Isolated 
Used in 
Chapter 

      3 4 5 
CHL 44 A906 Shoot/Twig Antrim N. Ireland J. Taylor 2012  ✓  
CHL 52 A997 Shoot/Twig Antrim N. Ireland J. Taylor 2012  ✓  
CHL 53 A998 Shoot/Twig Antrim N. Ireland J. Taylor 2012  ✓  
CHL 54 A999 Shoot/Twig Antrim N. Ireland J. Taylor 2012  ✓  
CHL 78 A1068 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 79 A1069 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 80 A1070 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 95 A1122 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 97 A1124 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 125 A1246 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 126 A1247 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 222 A1638 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 275 A1942 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 297 A1991 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 298 A1992 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 299 A1993 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 300 A1994 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 301 A1995 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 302 A1996 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 23 B1079 Shoot/Twig Antrim N. Ireland F. Spaans 2013  ✓  
CHL 100 14981 Shoot/Twig Armagh N. Ireland F. Spaans 2013  ✓  
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Table 2.2 cont’d Locations and extraction sites of Hymenoscyphus fraxineus DNA samples used in the genetic variation study.  

Sample Name DNA 
Number Substrate Location Country Inspector 

Year Isolated 
Used in 
Chapter 

      3 4 5 
CHL 412 15895 Shoot/Twig Armagh N. Ireland F. Spaans 2013  ✓  
CHL 77 A1067 Shoot/Twig Armagh N. Ireland M. Porter 2012  ✓  
CHL 100 A1127 Shoot/Twig Armagh N. Ireland M. Porter 2012  ✓  
CHL 101 A1128 Shoot/Twig Armagh N. Ireland M. Porter 2012  ✓  
CHL 38 14849 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 45 14865 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 46 14866 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 66 14895 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 48 14901 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 94 14954 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 149 15094 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 150 15095 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 236 15340 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 277 15495 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 392 15830 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 393 15831 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 394 15832 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 18 A800 Shoot/Twig Down N. Ireland J. Cassidy 2012  ✓  
CHL 19 A801 Shoot/Twig Down N. Ireland J. Cassidy 2012  ✓  
CHL 24 A807 Shoot/Twig Down N. Ireland J. Cassidy 2012  ✓  
CHL 25 A808 Shoot/Twig Down N. Ireland J. Cassidy 2012  ✓  
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Table 2.2 cont’d Locations and extraction sites of Hymenoscyphus fraxineus DNA samples used in the genetic variation study.  

Sample Name DNA 
Number Substrate Location Country Inspector 

Year Isolated 
Used in 
Chapter 

      3 4 5 
CHL 49 A994 Shoot/Twig Down N. Ireland J. Cassidy 2012  ✓  
CHL 67 A1042 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 75 A1050 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 93 A1120 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 99 A1126 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 102 A1129 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 113 A1234 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 114 A1235 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 116 A1237 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 233 A1822 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 234 A1823 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 222 A1863 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 452 A3265 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 469 A3551 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 474 A3634 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 24 B1218 Shoot/Twig Down N. Ireland K. Hall 2013  ✓  
CHL 31 14842 Shoot/Twig Fermanagh N. Ireland M. Hasson 2013  ✓  
CHL 32 14843 Shoot/Twig Fermanagh N. Ireland M. Hasson 2013  ✓  
CHL 33 14844 Shoot/Twig Fermanagh N. Ireland M. Hasson 2013  ✓  
CHL 34 14845 Shoot/Twig Fermanagh N. Ireland M. Hasson 2013  ✓  
CHL 35 14846 Shoot/Twig Fermanagh N. Ireland M. Hasson 2013  ✓  
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Table 2.2 cont’d Locations and extraction sites of Hymenoscyphus fraxineus DNA samples used in the genetic variation study.  

Sample Name DNA 
Number Substrate Location Country Inspector 

Year Isolated 
Used in 
Chapter 

      3 4 5 
CHL 36 14847 Shoot/Twig Fermanagh N. Ireland M. Hasson 2013  ✓  

CHL 30B 14854 Shoot/Twig Fermanagh N. Ireland M. Hasson 2013  ✓  
CHL 96 14956 Shoot/Twig Fermanagh N. Ireland M. Hasson 2013  ✓  
CHL 33 A852 Shoot/Twig Fermanagh N. Ireland J. Gervin 2012  ✓  
CHL 34 A853 Shoot/Twig Fermanagh N. Ireland J. Gervin 2012  ✓  
CHL 35 A854 Shoot/Twig Fermanagh N. Ireland M. Hasson 2012  ✓  
CHL 36 A855 Shoot/Twig Fermanagh N. Ireland M. Hasson 2012  ✓  
CHL 50 A995 Shoot/Twig Fermanagh N. Ireland M. Hasson 2012  ✓  
CHL 90 A1080 Shoot/Twig Fermanagh N. Ireland M. Hasson 2013  ✓  
CHL 91 A1081 Shoot/Twig Fermanagh N. Ireland M. Hasson 2013  ✓  
CHL 28 A811 Shoot/Twig Londonderry N. Ireland N. Cummins 2012  ✓  
CHL 81 14937 Shoot/Twig Londonderry N. Ireland D. Coulter 2013  ✓  
CHL 258 A1860 Shoot/Twig Londonderry N. Ireland D. Coulter 2013  ✓  
CHL 215 15308 Shoot/Twig Londonderry N. Ireland D. Coulter 2013  ✓  
CHL 261 15403 Shoot/Twig Londonderry N. Ireland D. Coulter 2013  ✓  
CHL 369 15816 Shoot/Twig Londonderry N. Ireland S. Peake 2013  ✓  
CHL 20 A802 Shoot/Twig Londonderry N. Ireland N. Cummins 2012  ✓  
CHL 28 14839 Shoot/Twig Londonderry N. Ireland N. Cummins 2013  ✓  
CHL 81 A1071 Shoot/Twig Londonderry N. Ireland N. Cummins 2013  ✓  
CHL 89 A1079 Shoot/Twig Londonderry N. Ireland D. Coulter 2013  ✓  
CHL 221 A1637 Shoot/Twig Londonderry N. Ireland S. Peake 2013  ✓  
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Table 2.2 cont’d Locations and extraction sites of Hymenoscyphus fraxineus DNA samples used in the genetic variation study.  

Sample Name DNA 
Number Substrate Location Country Inspector 

Year Isolated 
Used in 
Chapter 

      3 4 5 
CHL 28 14839 Shoot/Twig Londonderry N. Ireland N. Cummins 2013  ✓  
CHL 81 A1071 Shoot/Twig Londonderry N. Ireland N. Cummins 2013  ✓  
CHL 89 A1079 Shoot/Twig Londonderry N. Ireland D. Coulter 2013  ✓  
CHL 221 A1637 Shoot/Twig Londonderry N. Ireland S. Peake 2013  ✓  
CHL 256 A1858 Shoot/Twig Londonderry N. Ireland S. Peake 2013  ✓  
CHL 260 A1862 Shoot/Twig Londonderry N. Ireland S. Peake 2013  ✓  
CHL 59 A1004 Shoot/Twig Tyrone N. Ireland M. Hasson 2012  ✓  
CHL 82 A1072 Shoot/Twig Tyrone N. Ireland M. Hasson 2012  ✓  
Leitrim 1 A3553 Shoot/Twig Leitrim Rep. Ireland M. Wilson 2013  ✓  
Leitrim 2 A3554 Shoot/Twig Leitrim Rep. Ireland M. Wilson 2013  ✓  
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Where a necrotic lesion was visible; a small piece of tissue was taken aseptically from 

the xylem at the edge of the lesion (where the fungus was actively growing).  Samples 

were cultured on plates containing Malt Extract Agar (MEA, see Appendix) and 

incubated at an optimum growing temperature of 18oC.  Once the pathogen started 

to grow, a small sample was cut from the edge of the culture and sub-cultured onto a 

fresh MEA plate to prevent contamination from other microorganisms.  Aerial 

mycelium was collected and H. fraxineus confirmed using real-time PCR (see below) 

as many samples had a considerable amount of contamination.  

For Chapter 4 (The genetic variation of Hymenoscyphus fraxineus in Europe with 

emphasis on Northern Ireland) a total of 151 DNA samples were studied, 121 of 

which were from Northern Ireland and two from the Republic of Ireland.  

2.2 Subculture and storage of isolates  

The isolates were maintained on Petri plates (90 mm) containing MEA (Appendix) 

and stored in an incubator at 18oC in darkness.  The plates were stored at room 

temperature for a week to ensure there was no contamination. 

When sub-culturing, a small 2 mm plug was cut from the edge of the original 

H. fraxineus culture and placed in the centre of a new Petri dish containing autoclaved 

MEA media.  The mycelium on the surface of the plug was placed downward onto the 

new media to ensure it was touching and therefore increase the success of the sub-

culturing.  The mycelium/hyphae grow on the surface of the media, rather than into 

the media itself.  The plates were stored upside down in a dark incubator at 18oC for 

14-21 days.  They were checked regularly for signs of contamination. 

Once there was sufficient mycelium to be used for the experiments, the plates were 

stored in a fridge at 5oC.  When needed again, the isolates were sub-cultured again 

onto MEA plates in duplicate and incubated at 18oC until the culture developed.  This 

ensured that fresh, actively growing cultures were used. 

 

2.3 DNA testing to confirm H. fraxineus 

The DNA was extracted using the protocol outlined by Qiagen UK in the “DNA Easy 

Plant Tissue” QIAcube equipment (Qiagen.com, 2019, accessed 09/11/2019) 
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Once the H. fraxineus cultures had sufficient mycelium (between 14 and 21 days after 

inoculation), it was lifted off the MEA media using a sterilised loop and mixed with 400 

μL of buffer AP1 and 4 μL of RNase in 1.5 μL sterilised tubes.  This was incubated 

for 15 minutes at 65oC.  Buffer P3 (130 μL) was added to the tubes and placed on ice 

for 10 minutes.  The tubes were then centrifuged for 2 minutes at maximum speed 

(14,000 rpm) and the supernatant added to an empty 2 μL tube. The tubes were 

placed in the QIAcube robot for automated DNA extractions.  

For the identification of H. fraxineus, a pair of species-specific ITS molecular primers 

(Table 2.3) developed by Johansson et al. (2009), based on the ITS sequence of C. 

fraxinea (as it was named in 2009) that was obtained by Bakys et al. (2009), were 

used.  

Table 2.3 Molecular primers used in the identification of Hymenoscyphus 

fraxineus samples 

 Primer Primer Sequence (5’-3’) 

ITS1F F AGC TGG GGA AAC CTG ACT G 

ITS4 R ACA CCG CAA GGA CCC TAT C 

Real-time PCR amplification (RT-PCR) is used to determine the presence of 

H. fraxineus.  The recipe requires 12.5 µl of 2X Real Time PCR Master Mix Primer, 

1.25 µl of Primer 1 (ITS1f - 10 µM), 1.25 µl of Primer 2 (ITS4 - 10 µM), 0.25 µl of 

Probe (10 µM), 1 µl of the H. fraxineus DNA template (~1 ng) and 8.75 µl of Ultrapure 

Water.  

The Real-Time PCR robot is set to the following thermal cycling profile: 

Initial Denaturation: 95°C for 2 minutes  

Denaturation: 40 cycles of 95°C for 5 seconds 

Annealing and Extension: 60°C for 5 seconds 

2.4 Mating type confirmation of H. fraxineus 

To determine the mating types of H. fraxineus, the multiplex PCR method of Gross et 

al. (2012) was used to identify the MAT 1-1 and MAT 1-2 idiomorphs (sexual mating 

types).  The multiplex PCR was adapted from Gross et al. (2012) with one 

modification, a singleplex approach was used.  The multiplex amplification system 



36 
 

used by Gross et al. (2012) caused competitive PCR preventing some of the samples 

from amplifying sufficiently to analyse accurately.  The singleplex regime resulted in 

no such competiveness and amplification products were more apparent. 

Amplification using the primer pair HPMat1F4019 & HPMat1R2832, produced a 1207 

bp long fragment of the MAT1-1 idiomorph.  Primer pair CFHmgR2 & CFHmgF1 

amplified a 571 bp long fragment of the MAT1-2 idiomorph. 

 

2.5 Statistical analyses  

The results obtained from all experiments (unless otherwise stated) were subjected 

to statistical analysis using the Genstat programme for Windows, 20th Edition (VSN 

International, 2019). 

 

All experiments were subjected to analyses of variance (unless otherwise stated in 

the chapter) using an experimental design suited for the Genstat software.  Half-

normal probability plots of the residuals were performed to check for normality of the 

data and as these showed that the data were normally distributed, no transformations 

were used. 

 

  



37 
 

Chapter 3 

The phenotypic variation of Hymenoscyphus fraxineus in 

Europe with emphasis on Northern Ireland 

3.1 Introduction  

Hymenoscyphus fraxineus grows within the tissues of an ash tree (Fraxinus excelsior) 

both inter- and intracellularly (Schumacher et al., 2010) once the ascospores (the 

primary spread of the disease) have infected that tree (Gross et al., 2014).  Isolates 

of H. fraxineus grown on agar media in vitro differ considerably in their phenological 

morphologies, showing intra- and interpopulation diversity (Kowalski & Bartnik, 2010; 

Rytkönen et al., 2011).  

Kirisits et al. (2013) investigated the growth rates of H. fraxineus isolates from 

Le Gouyandeur, France on malt extract agar (MEA) and ash leaf malt extract agar 

(AMEA).  The isolates were incubated in darkness for three weeks at 20ºC.  

Established growth was observed after two weeks on both media types.  The 

experiment was repeated but with the isolates incubated at 8ºC and growth observed 

over a four-month period.  Assessment of the isolates showed a difference in growth 

rates between MEA and AMEA; on AMEA, the growth rate of H. fraxineus was greatly 

enhanced.  On the MEA, the mean radial growth rate of the culture was 0.52 mm/day 

compared to 2.31 mm/day on AMEA.  Kirisits et al. (2013) noted the temperature 

effects on the variation of the cultural characteristics of H. fraxineus isolates.  

H. fraxineus cultures that were first grown at 20 °C and then incubated at 8 °C 

produced newly formed parts of the colonies that were grey.  Phialophore formation 

was sparse at 20 °C and asexual sporulation was greatly enhanced at low 

temperatures. 

Kowalski & Bartnik (2010) investigated the morphological variation and effects of 

temperature on colony growth of 30 H. fraxineus isolates originating from six forest 

districts in southern and northern Poland.  Colony growth on MEA plates incubated 

in darkness at 5, 10, 15, 20, 25 and 30ºC was calculated.  All isolates grew at 5 – 

25ºC in vitro.  Three isolates were able to grow slowly at 30ºC.  The study showed 

that five isolates grew most rapidly at 25ºC and four at 15ºC.  Differences between 

the colony diameter measurements of different isolates were statistically different at 

5, 10, 20 and 30ºC.  Differences at 15 and 25ºC were not statistically significant.  It 
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was concluded that at some temperatures, differences in growth were related to the 

origin of the isolates.  Kowalski & Bartnik (2010) noted the colony colour of 

H. fraxineus and found that there was considerable variation in isolate colour and 

structure.  White colonies were favoured by low temperatures whereas brown 

colonies, by higher temperatures.  

The study described in this chapter investigated the results of long-term observation 

on the differences in the morphology and phenotypic characteristics of N. Irish 

H. fraxineus isolates in vitro compared to H. fraxineus isolates from mainland Europe 

on different media types (potato dextrose agar (PDA) and ash potato dextrose agar 

(APDA) and at a range of temperatures (5, 10, 15, 20 and 25ºC).  PDA and APDA 

were used instead of MEA/AMEA as H. fraxineus isolates grew consistently well on 

this media type and the pale colour allowed for an accurate assessment of the colony 

morphological characteristics.  

 

3.2 Materials and Methods 

3.2.1    Hymenoscyphus fraxineus isolates used in the study 
The 36 isolates used for this study and their country of origin are listed in Table 2.1.  

The collection and maintenance of the isolates are described in Chapter 2.1. 

3.2.2 Subculture of isolates and DNA confirmation 

The 36 isolates were subcultured using the method described in Chapter 2.2.  All 

isolates were subjected to DNA testing to confirm that they were H. fraxineus 

(Chapter 2.3). 

3.2.3 Media Study 

The 36 H. fraxineus isolates (six from N. Ireland) were transferred onto Petri dishes 

containing PDA or APDA (Appendix).  Two weeks before the experiment was to take 

place, each isolate was subcultured onto both of the media types.  Dishes were 

placed into a dark incubator at 18ºC (this was the optimum growth temperature 

reported by Kowalski & Bartnik, 2010) and incubated for two weeks to check that 

there was growth on all Petri dishes.   
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One week before the experiment was due to begin, an incubator was cleaned and set 

at 18ºC and allowed to run empty.  The incubator was set up with four evenly spaced 

shelves.  Each shelf was regarded as a statistical block.  An Ice Spy monitor was 

placed inside to monitor temperature and set off an alarm should the temperature 

change. 

On the first day of the experiment (2/5/16), a 2 mm plug was taken from each isolate 

at the edge of an actively growing culture.  There were four replicates for each isolate 

on each media type.  Four plugs were taken from each culture, plugs taken from PDA 

cultures were placed on PDA Petri plates and from APDA cultures on APDA Petri 

plates.  

Each isolate replicate was randomly assigned to a block.  With 36 isolates and four 

replicates over the two media types, there were a total of 288 Petri dishes (these were 

fully randomised within each block).  

The growth of the cultures was assessed by taking a measurement (in mm) from the 

largest diameter and then another measurement at a 90º angle from that.  The mean 

diameter was recorded for each culture.  Measurements were made twice a week for 

a total of 16 weeks.  The maximum diameter any isolate colony could reach was 83 

mm (85 mm minus the 2 mm inoculum plug, the size of the Petri dish). 

The following were analysed: 

• Colony diameters on 9/5/16 and 12/5/16  

• Area under the colony growth curve (AUCGC) for growth to 9/5/16 and 12/5/16 

(for the APDA media only).  

The factors that were analysed were: 

• Media Type  

• Individual isolate 

• Isolate origin (Ireland v. other countries) 

• Mating type (HMG/MAT) 
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3.2.4 Temperature Study 

The 36 H. fraxineus isolates were cultured on APDA only for the temperature 

experiment.  Each isolate was freshly subcultured and grown in a dark incubator at 

18ºC for two weeks.  On the first day of the experiment (2/8/16), a 2 mm plug was 

taken from each isolate at the edge of the actively growing culture and placed on each 

replicate Petri dish.  There were four replicates for each isolate.   

To investigate the effect of temperature on H. fraxineus growth, five incubators were 

set at 5, 10, 15, 20 and 25ºC and allowed to run a week before the experiment to 

ensure a consistent temperature.  Ice Spy equipment was used to monitor for any 

changes to temperature.  Each incubator had four shelves evenly distributed to 

represent the four blocks.  

The 36 isolates, with four replicates, over five temperatures produced 720 Petri 

dishes.  These were fully randomised in their blocks.  

Growth was assessed by taking the mean of the largest diameter and of a diameter 

recorded at 90º from that.  Measurements were recorded twice a week for a total of 

sixteen weeks.  

The AUCGC value for each temperature was calculated from the date of inoculation 

to the date when colonies first reached 83 mm, or to the final assessment (for 

example, those in the 5°C temperature study where no colony may reach 83 mm).    

The following factors were analysed.  

• Individual isolate 

• Temperature  

• Isolate origin (Ireland v. other countries) 
• Mating type (HMG/MAT) 

 

3.2.5 Morphological characteristics 

Each individual isolate was observed during the media study and the appearance of 

the culture appearance noted.  Each isolate presented the same appearance on each 

media type and over the four replicates. 
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A key was used to assign a physical characteristic to each isolate, noting the culture 

colour, border, shape, appearance (if it was ‘fluffy’) and its size at the time of 

observation.  Table 3.1 shows the allocation number for each characteristic with 

Figure 3.2 in results section showing the isolate colony appearance. 

Table 3.1 Key to assess the morphological characteristics of H. fraxineus from a 

range of locations in vitro 

Characteristic Scale 

 1 2 3 4 5 

Colour White Light Tan Orange Dark Tan Brown 

 1 2 3   

Border Defined Less Defined No Definition   

Shape Circle Near Circle Misshapen   

Appearance Fluffy Slightly Fluffy Dense   

Size Large Medium Small   

3.2.6 Nearest Neighbour Cluster Analysis  

Nearest neighbour clustering, which is an agglomerative, single linkage cluster 

method, was used to find a structure or relationship in the group of morphological 

characteristics of individual H. fraxineus isolates.  Each individual isolate forms a point 

in n-dimensional Euclidean space.  In this space, each isolate is a certain distance 

from all other isolates.  With the nearest neighbour clustering method, the isolates 

that are nearest to each other are put in a cluster. The distance of this cluster from 

each of the remaining isolates is the distance of the nearest isolate within the cluster 

to that remaining isolate.  Hence the name: nearest neighbour.  Further clusters are 

then sequentially formed according to these new distances.  The resulting distance 

between two clusters is the shortest distance between any two isolates within the 

different clusters.  The result of this clustering is demonstrated as a dendrogram 

(Figure 3.4).  
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In mathematical terms, the linkage function for nearest neighbour clustering, the 

distance D(X,Y) between clusters X and Y is described by the expression (where X 

and Y are any two individual isolates and d(x,y) signifies the distance between X and 

Y) :  

 

(Parvin et al, 2012) 

 

 

Other statistical analyses were performed as described in Chapter 2 (Section 2.5).  
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3.3 Results 

3.3.1 Media Study 

The colony diameters were measured twice weekly for 16 weeks.  To compare 

individual isolates, the diameters measured on 9/5/16 and 12/5/16 were analysed as 

after these dates, some isolates had reached the edge of the Petri plates (diameters 

83 mm).  Results for 12/5/16 are reported below as those from 9/5/16 showed the 

same levels of significance.  Differences in colony diameters between individual 

isolates were very highly significant (P<0.001) as shown in Figure 3.1.   

There was a highly significant effect of media type (Table 3.2); on average, the mean 

colony diameters were greater on APDA than on PDA.  As growth was greater on 

APDA, it was decided that the APDA media data alone would be used in subsequent 

analyses. 

Table 3.2 The effect of media type on Hymenoscyphus fraxineus 

colony diameter (mm), inoculated on 02/05/16 and assessed 

on 12/5/16 

Media Type Number of 
isolates 

Colony diameter 
(mm) 

PDA 36 43.5 

APDA 36 49.7 

   

S.E.   0.52 

Significance  *** 

L.S.D. (P<0.05)  1.44 
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Figure 3.1  Individual Hymenoscyphus fraxineus isolates’ colony diameter on Ash Potato Dextrose Agar (APDA) media and Potato Dextrose 

Agar (PDA), inoculated on 2/5/16 and assessed on 12/5/16 
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The area under the colony growth curve (AUCGC) was analysed for each H. fraxineus 

isolate on APDA calculated to 9/05/16 and 12/05/16.  As the analyses showed the 

same significances, only the latter are presented. 

The area under the colony growth curve (AUCGC) was analysed for each H. fraxineus 

isolate grown on APDA calculated to 9/05/16 and 12/05/16.  As the analyses showed 

the same significances, only the latter is presented.  Table 3.3 compares AUGCG 

values for isolates from Ireland with those from each other country separately, while 

Table 3.4 compares values for isolates from Ireland with those from all other countries 

analysed together. 

 

Table 3.3 Mean AUCGC values for isolates of Hymenoscyphus 

fraxineus growing on APDA comparing isolates from Ireland 

with those from each country individually 

Location Number of isolates AUCGC 

Ireland 6 202 
Austria  15 268 
Lithuania 1 448 
Latvia 1 143 
Norway 3 226 
Russia 2 379 
Italy 3 281 
Denmark 3 247 
Romania 2 198 
   
S.E. min. rep.  262.0 
S. E. max. rep  191.4 
Significance  n.s. 
   

 

Table 3.4 Mean AUCGC values for isolates of Hymenoscyphus 

fraxineus growing on APDA comparing isolates from Ireland 

with those from other countries 

Location Number of isolates AUCGC 

Ireland 6 202 
Other countries 30 267 
   
S.E. min. rep.  38.9 
S. E. max. rep  17.4 
Significance  n.s. 
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There was no significant difference in the AUCGC values of H. fraxineus isolates 

between the two mating types, HMG and MAT (Table 3.5).  

Table 3.5 Mean AUCGC values for isolates of Hymenoscyphus 

fraxineus growing on APDA comparing the two mating types 

(HMG and MAT) 

Mating Tpre Number of isolates AUCGC 

HMG 25 269 
MAT 12 227 
   
S.E. min. rep.  29.1 
S. E. max. rep  19.3 
Significance  n.s. 
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3.3.2 Temperature Study 

For the temperature study, the AUCGC values for each temperature (5, 10, 15, 20 

and 25°C) were calculated to the assessment date when the H. fraxineus colonies 

first reached the maximum growth diameter of 83 mm.  None of the H. fraxineus 

colonies reached 83 mm at the 5°C temperature so the AUCGCs were calculated to 

the final assessment.  The 5°C temperature study was therefore calculated to day 42, 

10°C to day 35, 15°C to day 17, 20°C and 25°C to day 7 (after these days, 83 mm 

was reached).  

The growth rates for the H. fraxineus isolates cannot statistically be compared 

between temperatures, as the temperatures were not replicated.  The colony 

diameters for the mean of all isolates at each temperature are shown in Figure 3.2.  

The dashed lines show the date to which the AUCGC value was calculated for each 

temperature.  The AUCGC values at the lower temperatures are greater than those 

at the higher temperatures as they were calculated over a longer period of time.
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Figure 3.2 Mean colony diameters for the Hymenoscyphus fraxineus isolates at each temperature and time, the dashed lines showing the 

date the AUCGC was taken for each temperature (°C). 
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Table 3.6 Mean AUGCG values for Hymenoscyphus fraxineus isolates for each 

country on APDA at a range of temperatures (5, 10, 15, 20 and 25ºC)   

Location Number of 
Isolates 

Mean AUCGC at temperature  

  Temperature (ºC) 
  5 10 15 20 25 
Ireland 6 301 193 167 104 91 

Austria 15 433 279 238 136 120 

Lithuania 1 996 745 508 243 223 

Latvia 1 211 115 117 75 55 

Norway 3 332 174 160 108 87 

Russia 2 833 610 434 217 196 

Italy 3 581 404 265 150 126 

Denmark 3 473 307 215 127 106 

Romania 2 441 313 216 110 90 
       
S.E. min. rep. 212.1 164.7 107.0 49.1 49.4 
S.E. max. rep. 54.8 42.5 27.6 12.7 12.7 
Significance  0.039* 0.027* 0.045* 0.09(ns) 0.11 (ns) 
L.S.D. (P<0.05) min. rep. 615.5 123.4 310.5 n/a n/a 
L.S.D. (P<0.05) max. rep. 449.5 349.1 226.8 n/a n/a 

 

There were some significant differences between the mean AUCGC values for the 

H. fraxineus isolates from individual countries at the lower temperatures, but these 

were not considered biologically significant as there was only a single isolate from 

some countries (Table 3.6).  The mean AUCGC values for the Irish H. fraxineus 

isolates were therefore compared to those from all other European countries analysed 

together.  There were no significant differences between the mean AUCGC values 

for the H. fraxineus isolates from Ireland compared with those from the other countries 

at any temperature (Table 3.7).  
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Table 3.7 Mean AUCGC values for isolates of Hymenoscyphus fraxineus on 

APDA comparing isolates from Ireland compared to other countries at 

each temperature 

Location Number 
of 

isolates 

AUCGC 

  Temperature (ºC) 
  5 10 15 20 25 
Ireland 6 301 193 167 104 91 
Other countries 30 480 319 247 139 120 
       
S.E. min. rep.  97.4 77.8 49.2 21.9 21.9 
S.E. max. rep.  43.5 34.8 22.0 9.8 9.8 
Significance  n.s. n.s. n.s. n.s. n.s. 
 

There was no significance in the mean AUCGC values for the H. fraxineus colonies 

when comparing the two mating types (HMG vs MAT) at any temperature (Table 3.8).  

 

Table 3.8 Mean AUCGC values for isolates of Hymenoscyphus fraxineus 

comparing growing on APDA comparing isolates from the two mating 

types (HMG and MAT) at each temperature 

Mating type Number 
of 

isolates 

AUCGC 

  Temperature (ºC) 
  5 10 15 20 25 
HMG 25 489 326 252 141 122 
MAT 11 363 232 191 115 99 
       
S.E. min. rep.  72.6 57.7 36.5 16.3 16.2 
S.E. max. rep.  48.2 38.3 24.2 10.8 10.7 
Significance  n.s. n.s. n.s. n.s. n.s. 
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3.3.3 Morphological characteristics 

The morphology of each isolate was observed during the media study, not the 

temperature study.  While Kowalski & Bartnik (2010) noted that temperature was the 

main factor affecting H. fraxineus morphology in vitro, the current experiment was 

subject to both time and resource constraints.  If there had have been more time, 

morphology would have been investigated under a range of temperatures.  

There was considerable morphological variation among the individual isolates of 

H. fraxineus (Figure 3.3).  Each isolate had four replicates; the isolates’ morphology 

was consistent on all plates.   

No single country contained H. fraxineus isolates that had the exact same colour, 

border, shape, appearance and size (Table 3.9).  The most commonly occurring 

colour was “Light Tan” (2), which occurred in 13 (36%) of the isolates, and the least 

commonly occurring colour was “Brown” (5) which occurred in 3 (8%) of the colonies.  

Regarding the border, 18 (50%) of the colonies had a “Less Defined” (2) border.  

Seventeen (47%) of the colonies had a “circle” (1) shape; 27 (75%) of isolates had a 

“Slightly Fluffy” (2) appearance and 20 isolates (56%) were “Medium” (2) sized with 

only 2 (6 %) isolates being “Small” (3).  

The nearest neighbour clustering method, a single linkage cluster method, was used 

to find a structure or relationship in the group of morphological characteristics of 

individual H. fraxineus isolates (Figure 3.4).  Some individual H. fraxineus isolates did 

show similar morphological characteristics and were from the same country (Rant 1 

and Rant 2 from N. Ireland; HAS/FP/4/2 and N/5/4/A; N1/3Holz and STL/1/6 from 

Austria) but the nearest neighbour dendrogram demonstrated no overall groupings 

by country.   
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Figure 3.3 The morphological characteristics of H. fraxineus from a range of 

locations in vitro. 
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Figure 3.3 cont. The morphological characteristics of H. fraxineus from a range 

of locations in vitro. 
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Table 3.9 Morphological characteristics of individual Hymenoscyphus 
fraxineus in vitro, ordered by country 

Isolate Name Colour Border Shape Texture Size 

Austria T/8/1/H3 2 1 3 2 2 
Austria HO/II/6/1 3 3 1 2 1 
Austria MIB/2/1 5 3 3 2 1 
Austria SFB/II/7/2 4 3 2 2 2 
Austria LOF 5 1 3 1 2 1 
Austria VER/2 4 1 3 3 1 
Austria N 1/3 Holz 3 2 1 2 2 
Austria N/5/4/A 2 2 2 2 2 
Austria T/16/1/H2 1 2 1 1 2 
Austria NEW/1/2/H1 3 2 1 2 2 
Austria KAB/1/1/1 2 2 1 1 2 
Austria TU/3/2/1 4 3 2 2 1 
Austria STL/1/6 2 2 1 2 2 
Austria HAS/FP/4/2 3 2 2 2 2 
Austria KAR 4 2 2 1 2 1 
Denmark FN/2/2 1 3 2 1 2 
Denmark FN/3/1 1 2 2 2 2 
Denmark FN/4/1 5 2 2 2 2 
Italy IDRO/AMEA/1 2 3 3 1 2 
Italy IDRO/AMEA/11 1 3 1 1 1 
Italy IDRO/AMEA/15 1 2 2 1 2 
Latvia LIE1/1/2 2 3 2 2 2 
Lithuania PAL/1/1/1 2 2 1 2 1 
Norway NOR1/6 4 2 2 2 2 
Norway NOR1/37 4 2 1 2 1 
Norway NOR2/5 5 3 1 2 1 
Romania ROM1/1 2 2 2 2 1 
Romania ROM1/4 2 3 3 2 1 
Russia STP/1/TR/1 4 3 1 2 1 
Russia STP/5/ST/5/1 3 2 2 2 2 
NI Rant 1 4 1 1 2 2 
NI Rant 2 4 1 1 2 2 
NI CF 28/13 2 2 2 3 3 
NI CF 221/13 2 2 1 2 1 
NI CF 3/2 - B 2 3 3 2 3 

NI TK 3 1 1 3 2 
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Figure 3.4  Nearest Neighbour Dendrogram comparing the morphological characteristics of individual H. fraxineus isolates
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3.4 Discussion 

The individual colonies of H. fraxineus (European and N. Irish) growing in vitro, on 

both media types (APDA and PDA) and at the range of temperatures (5, 10, 15, 20 

and 25ºC) showed considerable variation in growth rates and colony morphology.  

This mirrors the observation of Kowalski & Bartnik (2010), Rytkönen et al. (2011) and 

Kirisits et al. (2013) and who noted differences in phenological morphology of 

H. fraxineus in vitro. 

Media type had a highly significant effect on mean colony diameter.  Colony growth 

on average was greater on APDA than PDA.  Kirisits et al. (2013) investigated the 

growth rate of H. fraxineus on the media types MEA and AMEA.  AMEA greatly 

enhanced the growth rate of H. fraxineus.  Although the present study used APDA 

instead of AMEA, the addition of the ash to the media had a significant effect on the 

growth of H. fraxineus isolates in vitro; growth of H. fraxineus was favoured by the 

addition of ash to the media.  

Regarding the growth comparisons within the APDA media, there was no significant 

effect comparing Irish isolates to those of other counties.  The Irish H. fraxineus 

isolate growth mirrors that of the European populations.  There was no significant 

effect of mating type on the growth of H. fraxineus isolates on APDA.  

For the temperature study, the growth rate for the H. fraxineus isolates could not be 

statistically compared between the temperatures as the temperatures were not 

replicated.  However, from Figure 3.2 it can be seen that the growth rate of 

H. fraxineus isolates was greatest at 20ºC with growth at 25ºC being only slightly less.  

H. fraxineus isolates grown at 5ºC had the slowest growth rates.  Similarly, Kowalski 

& Bartnik (2010), Hauptman et al. (2013) and Pham et al. (2013) stated that 

H. fraxineus is a cold tolerant organism but has an optimal temperature for growth 

between 18-22ºC.  

There were some significant differences comparing the mean AUGCG values for 

H. fraxineus isolates from individual countries (Table 3.7).  However, as there was 

only a single isolate from some countries whereas there were several isolates from 

other countries, these significances were not considered biologically significant.  The 

AUGCG values of the Irish H. fraxineus isolates were therefore compared to those of 

the grouped European H. fraxineus isolates (Table 3.8) as this compared larger 

sample sizes.  This was also considered scientifically and geographically valid as it 

compared isolates from Ireland to the population on the European mainland (the 
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assumed source of H. fraxineus in Ireland) as opposed to small samples defined by 

arbitrary political boundaries. There were no significant differences comparing the 

AUCGC values for H. fraxineus isolates from Ireland to those from other countries at 

any temperature nor were there any significant differences associated with mating 

type at any temperature.  The Irish H. fraxineus phenotypic variation mirrors that of 

the European populations.  As the Irish H. fraxineus population is a subset from the 

European H. fraxineus populations, differences between these groups were not 

anticipated.  

Kowalski & Bartnik (2010) observed that the majority of their H. fraxineus colonies 

(obtained from locations throughout Poland) grew fastest at 20ºC (with some growing 

fastest at 15ºC), which is the temperature during the summer in Poland.  The average 

temperature in N. Ireland during the summer months is 16ºC (based on weather 

reports collected from 1985-2015, Time and Date, 2021).  In this current study the 

optimum average temperature for H. fraxineus was 20ºC (Figure 3.2).  

The individual isolates of H. fraxineus grown in vitro showed considerable 

morphological variation in colour, appearance, structure and size (Figure 3.3).  The 

morphology of H. fraxineus isolates was consistent on all replicates.  The most 

common colour among all the H. fraxineus colonies (grown at 18ºC) was “Light Tan”.  

Kowalski & Bartnik (2010) noted that pale H. fraxineus colonies were favoured by 

lower temperatures.  H. fraxineus colonies from N. Ireland had a mix of light tan, 

orange and dark tan colours; these isolates may be favoured by the N. Ireland 

maritime climate, but it is likely that there is a large variation in the morphology of 

H. fraxineus. 

The single linkage cluster method (nearest neighbour dendrogram, Figure 3.4) 

showed three groupings of individual H. fraxineus isolates clustering together with 

their nearest neighbours; Rant 1 and Rant 2 from N. Ireland; HAS/FP/4/2 and N/5/4/A; 

N1/3Holz and STL/1/6 from Austria.  Overall, the dendrogram did not show any clear 

structuring or relationship between the morphological characteristics of individual 

H. fraxineus isolates by country.   

The 36 H. fraxineus isolates were also used in the genotypic study (Chapter 4) to 

assess the genotypic variation of H. fraxineus in N. Ireland compared to other 

European populations.  This discussion is continued in Chapter 4.  
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Chapter 4 

The genetic variation of Hymenoscyphus fraxineus in 

Europe with emphasis on Northern Ireland 

4.1 Introduction  

The large-scale deterioration of Fraxinus excelsior populations due to 

Hymenoscyphus fraxineus was first observed in Lithuania and North-Eastern Poland 

in the early to mid-1990s and was moving in a western direction (Juodvalkis & 

Vasiliauskas, 2002; Kowalski & Lukomska, 2005; Kowalski, 2006).  H. fraxineus is 

thought to have originated in East Asia (Zhao et al., 2012) where it has little impact 

on its host (it has been identified from the leaves of indigenous ash species in Japan).  

The Asian populations are different from those in Europe and have greater genetic 

diversity, as shown by simple sequence repeat (SSR; microsatellite) markers 

(Zhao et al., 2012; Gross et al., 2014; Cleary et al., 2016), and genome sequencing 

(Yoshida et al., 2013). 

The pathogen has been devasting to European ash populations and also displaced 

the native, non-aggressive Hymenoscyphus albidus populations (Drenkhan et al., 

2017).  The evolutionary potential of a pathogen is determined in its genetic diversity 

or effective population size (McDonald & Linde, 2002). 

Studies on the genetic diversity of H. fraxineus in Europe using microsatellite markers 

have shown that European H. fraxineus comes from a common population source 

(Gross et al., 2014; Burokiene et al., 2015; Haňáčková et al., 2015).  There is little 

differentiation between subpopulations, allelic variation is low, but the genotypic 

diversity is high.   

Orton et al. (2018) investigated the population structure of H. fraxineus in England 

and Wales.  Single-nucleotide polymorphisms (SNPs) were used to study 

H. fraxineus samples obtained in England and Wales.  Results displayed little genetic 

differentiation; all marker alleles found in the UK could also be found in samples from 

continental Europe.  Orton et al. (2018) noted most of the genetic diversity of UK 

H. fraxineus was within subpopulations and not between them (this shows a variation 

between the founder populations, not limited gene flow between the populations).  

These authors also reported some limited differentiation between UK subpopulations, 



59 
 

similar to that between populations in mainland Europe, indicating that multiple 

individuals founded populations in the UK at each location. 

N. Ireland is a substantial importer of ash plants (Sansford, 2015).  When a pathogen 

has been introduced to a country (it is thought that H. fraxineus was introduced to 

N. Ireland on imported, infected ash plantings; see Chapter 7), this is often associated 

with a population bottleneck or founder effect (Gladieux et al., 2015).  Although there 

is a possibility that H. fraxineus could have been introduced to N. Ireland through 

“ascospore clouds” from mainland GB, this is considered unlikely.  Spore samplers 

were set up in N. Ireland (as described in Chapter 7.4 Introduction of Hymenoscyphus 

fraxineus to Ireland) and there was no detection of H. fraxineus.  

The aim of this study was to assess the genotypic variation of H. fraxineus in 

N. Ireland and compare it to other European populations. 

4.2 Materials and Methods 

4.2.1 Hymenoscyphus fraxineus isolates  

A total of 36 H. fraxineus isolate cultures (listed in Chapter 2.1) were used in this study 

and their DNA extracted as described in Chapter 2.3.  There were also 115 previously 

catalogued DNA samples (listed in Table 2.2) used.  A total of 151 DNA samples were 

analysed.  

4.2.2 DNA confirmation 

See Chapter 3, Section 3.2.2. 

4.2.3 Microsatellite markers, Simple Sequence Repeats (SSR) 

The molecular toolkit for H. fraxineus outlined by Bengtsson et al. (2012) was followed 

in order to select microsatellite primers.  A total of 151 samples (121 Northern Irish 

samples) were tested to determine their population structure/lineage.   

The microsatellite primers for H. fraxineus were developed by Bengtsson et al. (2012) 

and synthetised by Ecogenics GmbH, Wagistrasse 23, 8952 Zurich-Schlieren, 

Switzerland.  GT/CT and CGT/GCT were searched for polymorphic microsatellites.  

The genotyping of the samples was performed using the QIAcube Robot (Qiagen 

UK).  
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Table 4.1 Microsatellite primers used for characterisation of Hymenoscyphus 

fraxineus (Bengtsson et al., 2012) 

Locus Primera Primer Sequence (5’-3’) Repeat motive Fragment 
size (bp) 

Chafra 01 F AGGAACGAATATAAGGAAATGAAG (AG)15(TG)11 165-175-
190-200 

 R TGAATATGAACATGTCTGTTATCGAG   

     

Chafra 02 F TCCCCAGTCATCATCACCTC (CA)18 77-79 

 R CAATGAATGTCAGGCGGAAG   

     

Chafra 03 F CGGAATTCTGGGTCAGAAAC (AG)21 179-189-
208 

 R CAATACGCCAGCACAATACG   

     

Chafra 04 F TGAACCTGGCTCTTGCTTTAG (TG)16TC(GT)4 95-101-
111 

 R AGCGGCAACAAAGAAAACC   

     

Chafra 09 F ATGAGGGGATACTGCGATTG (GCA)8 130-136-
145 

 R GTVAGTAGCAGCCTCGGAAG   

     

Chafra 13 F CCCGTCAGATAACAACTTTGC (TC)13 172-175-
179 

 R AGCTTGAGCGCCACTACTC   

     

Chafra 14 F GATCCTTGAATGTTGTCGATT (AG)2AT(AG)12 143-151-
160 

 R CCACGAAGAATTGCCGTTAT   

a F = Forward, R = Reverse 
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The PCR reaction contained 6.25 μL of GoTaq DNA Polymerase (containing GoTaq 

DNA Polymerase, 5X Green GoTaq Reaction Buffer and 5X Colourless GoTaq 

Reaction Buffer), 0.25 μL of each primer (F and R), 4.75 μL of H2O and 1 μL of the 

sample DNA, measured with a nanodrop (ThermoFisher Scientific, USA). The total 

reaction volume was 12.5 μL per sample.  

The PCR run cycle was a 5-minute activation step at 95 ºC; 35 cycles of 30 seconds 

to denature at 56 ºC, 30 seconds of annealing at 72 ºC and 30 seconds of extension 

at 95 ºC and a final extension step of 1 minute at 56 ºC and 30 minutes at 72 ºC.  The 

fragments were sized according to this method in a high resolution-screening 

cartridge using capillary electrophoresis.  The PCR yields were run using an 

alignment marker (15 bp to 1 Kb) and ladder (25 bp to 500 bp) with the method 

OM1200 (QIAxcel, QIAGEN).  This high-resolution electrophoresis method used a 

sample injection of 10 s at 5 kV voltage and a separation time of 1,200 s at 3.5 kV 

voltage.  Each primer set had its own pattern of bands for the different sample 

lineages.   

4.2.4 Population groups  

The isolates/DNA samples were labelled and grouped according to their location (with 

the analysis being neutral to location).  For the Northern Irish H. fraxineus samples, 

A 20 km grid of Northern Ireland was produced, and the position of individual samples 

plotted (Figure 4.1, some sample location pins have multiple samples from the same 

location).  The distance from each sample was calculated to produce a distance (km) 

table (Appendix) to be used in the Mantel test (see section 4.2.8).  The European 

samples were grouped by location: Group 1 (Denmark, Latvia, Lithuania, Norway and 

Russia) and Group 2 (Austria, Italy and Romania). 

4.2.5 Arlequin Software for data analysis 

The software package that was used for the data analysis was Arlequin version 

3.5.2.2 (Excoffier, 2010) developed for analysis of population genetics.  This software 

was used with other statistical software including Molecular Evolutionary Genetics 

Analysis (MEGA) version 7 (Kumar et al., 2018) that display the phylogenies.  

The SSR band sizes of the amplification fragments from the seven sets of primers of 

microsatellite markers were entered into Arlequin.  The data from the microsatellite 

markers analysis were arranged according to the required format.  The instructions 

were manually followed for the creation of a software input file.  Using a text editor 
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notepad, the bandwidths of each of the seven primers used for each sample were 

typed in and then the file changed to an arp. file so the software could read it.  

4.2.6 MEGA software for phylogenetic tree construction 

The Arlequin software displayed the allele distance between the selected groups to 

create a distance matrix.  This information was entered into the MEGA software 

(Kumar et al., 2018) that conducted the statistical analysis and produced a 

phylogenetic tree.  

4.2.7 Minimum spanning network 

The results from each sample were displayed in the high resolution-screening 

cartridge using capillary electrophoresis (QIAxcel, QIAGEN) as outlined in 4.2.3, 

producing peak profiles for that sample.  These were edited in GeneMapper (Applied 

Biosystems) version 5.0.  A data file containing the SSR information for each country 

(Northern Ireland, Romania, Italy, Austria, Russia, Norway, Lithuania, Latvia and 

Denmark) was compiled and Bruvo’s distances were calculated and used to generate 

a minimum spanning network (MSN) in poppr 2.8.5 (Kamvar et al., 2015) in R 3.6.3 

(R core team, 2020).  A second tree was produced using the SSR information for 

individual N. Ireland samples.  

4.2.8 Mantel test 

A Mantel test (Mantel, 1967; Sokal & Rohlf 1995) was used to estimate the distance 

between two data sets (Matrix A and B); one data set containing genetic distances 

and second data set containing geographical distances (Rousset, 2013).  The 

hypothesis being tested was whether variation in genetics for an organism was 

correlated to variation in geographical distance.   

A Mantel test was used to determine if there were any correlations between the FST 

distances for the N. Ireland samples and their locations.  Two matrices were produced 

(Appendix), each N. Irish H. fraxineus sample was placed onto a 10 km grid map of 

N. Ireland and those samples were grouped into 20 x 20 km squares (Figure 4.1).  A 

FST distance between each sample grouping was conducted (Matrix A) and a 

physical distance (km) between each sample grouping was conducted (Matrix B).   
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Using the XLStat software, version 2021.3.1 (XLStat.com), the correlation co-efficient 

between the two matrices was produced and the statistical significance tested.  The 

correlation co-efficient is calculated using the equation: 

 

 

4.2.9 Principal component analysis 

A Principal component analysis (PCA) is a standard means of expressing the 

variability in the Bruvo distance dataset, minimising information loss and increasing 

the data’s interpretability. The continuous initial variables are standardised a 

covariance matrix is computed to identify any correlations.  The horizontal axis 

represents the first discriminant component, and the vertical axis represents the 

second discriminant component. The data is displayed as an X Y scatter chart 

(Kamvar et al., 2015).   

 

4.2.10 Phylogenetic trees 

Neighbour-joining phylogenetic trees were produced based on genetic distances and 

minimum spanning networks (MSN) that were based on Bruvo’s distance (Bruvo et 

al., 2004).  Two phylogenetic tree distance scales were produced; the first to 

determine the genetic distances between individual Northern Irish Hymenoscyphus 

fraxineus DNA samples and the second to determine the genetic distances between 

Hymenoscyphus fraxineus DNA samples from all countries.  

 

4.2.11 Northern Irish Hymenoscyphus fraxineus genetic variability within 

populations and groups 

A pairwise population genetic distance table (Table 4.3) was generated using the 

Arlequin software (Excoffier, 2010; section 4.2.5).  This gave information on the 

genetic diversity between the populations.  A population with a small genetic distance 

has many similar alleles.  Distances were calculated between location (as N. Ireland 
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counties) and by location groups, as the samples fell into their 20 km grid (Figure. 

4.1). 

 

Figure 4.1 Map of Northern Ireland showing 20 km squares from which 

Hymenoscyphus fraxineus samples (in blue) were obtained. 

4.3 Results 

Each sample was tested to determine its multilocus genotype (MLG) through the use 

of seven microsatellite primer sets.  The fragment size (bp) was recorded.  A value of 

0/0 is a true value which represents a null allele, whereas N/A means that the primer 

set failed to amplify the H. fraxineus DNA (Table 4.2).  
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Table 4.2 Hymenoscyphus fraxineus sample band sizes from each of the microsatellite primer sets  

Sample 

Name 
Chafra01 Chafra02 Chafra03 Chafra04 Chafra09 Chafra13 Chafra14 

CHL 13 N/A 77/77 208/208 111/111 145/145 179/179 160/160 

CHL 43 N/A 77/77 0/0 0/0 0/0 0/0 151/151 

CHL 44 N/A 0/0 208/208 0/0 136/136 0/0 151/151 

CHL 7  N/A 77/77 189/189 111/111 145/145 179/179 160/160 

CHL 65 N/A 77/77 208/208 101/101 136/136 175/175 160/160 

CHL 76 N/A 77/77 189/189 111/111 145/145 179/179 160/160 

CHL 78 N/A 77/77 189/189 101/101 145/145 175/175 151/151 

CHL 79 N/A 77/77 208/208 101/101 145/145 179/179 160/160 

CHL 95 N/A 77/77 208/208 101/101 136/136 179/179 160/160 

CHL 112 N/A 77/77 208/208 111/111 136/136 175/175 160/160 

CHL 144 N/A 79/79 208/208 101/101 136/136 175/175 160/160 

CHL 173 N/A 77/77 208/208 111/111 136/136 175/175 160/160 

CHL 272 N/A 79/79 189/189 101/101 136/136 179/179 151/151 

CHL 426 N/A 79/79 208/208 111/111 145/145 175/175 151/151 

CHL 3 N/A 79/79 189/189 111/111 145/145 179/179 151/151 

CHL 4 N/A 77/77 189/189 101/101 136/136 175/175 151/151 

CHL 15 N/A 79/79 189/189 111/111 136/136 179/179 0/0 

 



66 
 

Table 4.2 cont’d  Hymenoscyphus fraxineus sample band sizes from each of the microsatellite primer set  

Sample Name Chafra01 Chafra02 Chafra03 Chafra04 Chafra09 Chafra13 Chafra14 

CHL 16 N/A 77/77 189/189 111/111 145/145 179/179 160/160 

CHL 22 N/A 77/77 208/208 101/101 136/136 0/0 0/0 

CHL 23 N/A 0/0 0/0 0/0 136/136 179/179 151/151 

CHL 43 N/A 77/77 208/208 111/111 136/136 175/175 151/151 

CHL 44 N/A 77/77 208/208 101/101 136/136 179/179 151/151 

CHL 52 N/A 0/0 0/0 111/111 0/0 175/175 0/0 

CHL 53 N/A 77/77 189/189 101/101 145/145 175/175 160/160 

CHL 54 N/A 0/0 189/189 101/101 145/145 179/179 0/0 

CHL 78 N/A 79/79 208/208 101/101 145/145 179/179 151/151 

CHL 79 N/A 79/79 208/208 111/111 136/136 179/179 160/160 

CHL 80 N/A 79/79 208/208 111/111 136/136 179/179 160/160 

CHL 95 N/A 77/77 189/189 111/111 136/136 179/179 160/160 

CHL 97 N/A 77/77 208/208 111/111 136/136 175/175 160/160 

CHL 125 N/A 79/79 208/208 111/111 136/136 179/179 151/151 

CHL 126 N/A 79/79 0/0 0/0 136/136 0/0 0/0 

CHL 222 N/A 77/77 0/0 0/0 136/136 175/175 160/160 

CHL 275 N/A 79/79 189/189 101/101 136/136 179/179 151/151 

CHL 297 N/A 79/79 189/189 111/111 130/130 179/179 0/0 
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Table 4.2 cont’d  Hymenoscyphus fraxineus sample band sizes from each of the microsatellite primer set  

Sample Name Chafra01 Chafra02 Chafra03 Chafra04 Chafra09 Chafra13 Chafra14 

CHL 298 N/A 79/79 208/208 111/111 145/145 0/0 0/0 

CHL 299 N/A 79/79 208/208 111/111 136/136 175/175 151/151 

CHL 300 N/A 0/0 0/0 111/111 136/136 0/0 160/160 

CHL 301 N/A 0/0 189/189 111/111 0/0 179/179 0/0 

CHL 302 N/A 0/0 208/208 101/101 136/136 179/179 0/0 

CHL 23 N/A 79/79 208/208 111/111 145/145 179/179 160/160 

CHL 100 N/A 77/77 0/0 111/111 136/136 179/179 151/151 

CHL 412 N/A 79/79 189/189 111/111 145/145 175/175 151/151 

CHL 77 N/A 0/0 0/0 101/101 0/0 0/0 151/151 

CHL 100 N/A 79/79 0/0 0/0 136/136 179/179 151/151 

CHL 101 N/A 0/0 208/208 0/0 136/136 175/175 151/151 

CHL 38 N/A 0/0 0/0 0/0 145/145 0/0 151/151 

CHL 45 N/A 0/0 189/189 0/0 136/136 0/0 0/0 

CHL 46 N/A 77/77 189/189 0/0 136/136 0/0 0/0 

CHL 66 N/A 0/0 0/0 0/0 136/136 0/0 160/160 

CHL 48 N/A 0/0 189/189 0/0 136/136 0/0 0/0 

CHL 94 N/A 77/77 0/0 101/101 145/145 175/175 160/160 

CHL 149 N/A 77/77 189/189 111/111 136/136 175/175 160/160 
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Table 4.2 cont’d  Hymenoscyphus fraxineus sample band sizes from each of the microsatellite primer set  

Sample Name Chafra01 Chafra02 Chafra03 Chafra04 Chafra09 Chafra13 Chafra14 

CHL 150 N/A 77/77 208/208 111/111 136/136 179/179 160/160 

CHL 236 N/A 77/77 189/189 101/101 145/145 179/179 160/160 

CHL 277 N/A 79/79 208/208 111/111 145/145 175/175 151/151 

CHL 392 N/A 79/79 208/208 101/101 136/136 175/175 160/160 

CHL 393 N/A 0/0 208/208 111/111 145/145 179/179 0/0 

CHL 394 N/A 77/77 189/189 101/101 136/136 179/179 160/160 

CHL 18 N/A 0/0 189/189 111/111 136/136 0/0 0/0 

CHL 19 N/A 0/0 189/189 111/111 136/136 0/0 0/0 

CHL 24 N/A 0/0 208/208 111/111 145/145 0/0 160/160 

CHL 25 N/A 77/77 208/208 101/101 145/145 175/175 160/160 

CHL 49 N/A 79/79 189/189 101/101 136/136 179/179 160/160 

CHL 67 N/A 77/77 208/208 111/111 145/145 175/175 151/151 

CHL 75 N/A 79/79 208/208 111/111 136/136 175/175 151/151 

CHL 93 N/A 79/79 208/208 111/111 136/136 179/179 151/151 

CHL 99 N/A 77/77 208/208 111/111 136/136 175/175 151/151 

CHL 102 N/A 79/79 208/208 111/111 145/145 175/175 160/160 

CHL 113 N/A 0/0 208/208 101/101 145/145 179/179 0/0 

CHL 114 N/A 77/77 0/0 111/111 136/136 0/0 151/151 



69 
 

Table 4.2 cont’d  Hymenoscyphus fraxineus sample band sizes from each of the microsatellite primer set  

Sample Name Chafra01 Chafra02 Chafra03 Chafra04 Chafra09 Chafra13 Chafra14 

CHL 116 N/A 79/79 189/189 111/111 145/145 175/175 160/160 

CHL 233 N/A 77/77 208/208 101/101 130/130 179/179 160/160 

CHL 234 N/A 77/77 208/208 111/111 145/145 175/175 151/151 

CHL 222 N/A 0/0 0/0 111/111 130/130 175/175 0/0 

CHL 452 N/A 79/79 208/208 111/111 145/145 179/179 151/151 

CHL 469 N/A 77/77 208/208 111/111 0/0 0/0 151/151 

CHL 474 N/A 79/79 208/208 111/111 136/136 175/175 160/160 

CHL 24 N/A 79/79 208/208 111/111 136/136 175/175 160/160 

CHL 31 N/A 79/79 189/189 111/111 136/136 179/179 151/151 

CHL 32 N/A 77/77 189/189 101/101 145/145 175/175 151/151 

CHL 33 N/A 0/0 0/0 111/111 0/0 0/0 151/151 

CHL 34 N/A 0/0 208/208 101/101 136/136 179/179 160/160 

CHL 35 N/A 0/0 208/208 0/0 0/0 0/0 160/160 

CHL 36 N/A 0/0 208/208 111/111 136/136 175/175 160/160 

CHL 30B N/A 77/77 208/208 111/111 136/136 179/179 160/160 

CHL 96 N/A 77/77 208/208 111/111 136/136 175/175 160/160 

CHL 33 N/A 0/0 208/208 111/111 0/0 0/0 160/160 

CHL 34 N/A 79/79 0/0 101/101 136/136 179/179 151/151 
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Table 4.2 cont’d  Hymenoscyphus fraxineus sample band sizes from each of the microsatellite primer set  

Sample Name Chafra01 Chafra02 Chafra03 Chafra04 Chafra09 Chafra13 Chafra14 

CHL 35 N/A 0/0 0/0 111/111 136/136 0/0 0/0 

CHL 36 N/A 79/79 208/208 111/111 136/136 175/175 151/151 

CHL 50 N/A 0/0 0/0 111/111 136/136 0/0 160/160 

CHL 90 N/A 79/79 208/208 111/111 136/136 175/175 151/151 

CHL 91 N/A 0/0 208/208 111/111 136/136 0/0 160/160 

CHL 28 N/A 77/77 189/189 101/101 145/145 179/179 151/151 

CHL 81 N/A 77/77 189/189 101/101 136/136 179/179 151/151 

CHL 215 N/A 79/79 189/189 111/111 136/136 175/175 151/151 

CHL 261 N/A 79/79 208/208 101/101 136/136 179/179 151/151 

CHL 369 N/A 77/77 208/208 111/111 145/145 179/179 151/151 

CHL 20 N/A 79/79 208/208 111/111 136/136 175/175 151/151 

CHL 28 N/A 79/79 208/208 111/111 145/145 179/179 0/0 

CHL 81 N/A 77/77 208/208 111/111 145/145 179/179 0/0 

CHL 89 N/A 0/0 0/0 0/0 136/136 0/0 151/151 

CHL 221 N/A 79/79 197/197 111/111 136/136 175/175 160/160 

CHL 256 N/A 77/77 208/208 111/111 136/136 179/179 0/0 

CHL 258 N/A 0/0 189/189 101/101 136/136 0/0 0/0 

CHL 260 N/A 79/79 208/208 101/101 145/145 179/179 151/151 
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Table 4.2 cont’d  Hymenoscyphus fraxineus sample band sizes from each of the microsatellite primer set  

Sample Name Chafra01 Chafra02 Chafra03 Chafra04 Chafra09 Chafra13 Chafra14 

CHL 281 N/A 77/77 0/0 111/111 0/0 0/0 0/0 

Leitrim 1 N/A 79/79 208/208 111/111 136/136 179/179 0/0 

Leitrim 2 N/A 79/79 208/208 111/111 145/145 179/179 0/0 

CHL 233 N/A 79/79 208/208 111/111 136/136 175/175 151/151 

CHL 420 N/A 77/77 208/208 111/111 145/145 179/179 151/151 

CHL 59 N/A 77/77 189/189 101/101 136/136 179/179 151/151 

CHL 82 N/A 0/0 0/0 111/111 136/136 0/0 160/160 

Rant 1 0/0 77/77 208/208 101/101 136/136 175/175 N/A 

Rant 2 0/0 79/79 208/208 101/101 136/136 175/175 N/A 

CF 28/13 200/200 77/77 208/208 111/111 145/145 175/175 N/A 

CF 221/13 175/175 77/77 208/208 111/111 145/145 175/175 N/A 

CF 3/2 - B 200/200 77/77 189/189 111/111 136/136 0/0 N/A 

TK 175/175 79/79 189/189 111/111 130/130 175/175 N/A 

LIE 1/1/2 175/175 77/77 189/189 111/111 145/145 179/179 N/A 

STL/1/6 200/200 79/79 208/208 111/111 136/136 175/175 N/A 

T/8/1/H3 175/175 77/77 0/0 0/0 136/136 175/175 N/A 

STP/5/ST/5/1 0/0 79/79 208/208 111/111 136/136 179/179 N/A 

FN/4/1 200/200 77/77 0/0 0/0 136/136 179/179 N/A 
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Table 4.2 cont’d  Hymenoscyphus fraxineus sample band sizes from each of the microsatellite primer set  

Sample Name Chafra01 Chafra02 Chafra03 Chafra04 Chafra09 Chafra13 Chafra14 

FN/3/1 200/200 79/79 189/189 111/111 145/145 175/175 N/A 

FN/2/2 200/200 77/77 208/208 111/111 136/136 175/175 N/A 

PAL/1/1/1 0/0 79/79 208/208 101/101 136/136 175/175 N/A 

MIB/2/1 165/165 79/79 0/0 0/0 145/145 175/175 N/A 

HO/II/6/1 200/200 79/79 208/208 101/101 136/136 179/179 N/A 

N 1/3 HOLZ 0/0 77/77 189/189 111/111 136/136 179/179 N/A 

KAB/1/1/1 200/200 79/79 189/189 111/111 136/136 179/179 N/A 

LOF 5 200/200 79/79 189/189 101/101 136/136 175/175 N/A 

IDRO/AMEA/15 200/200 79/79 189/189 111/111 136/136 175/175 N/A 

IDRO/AMEA/11 200/200 77/77 189/189 111/111 136/136 179/179 N/A 

IDRO/AMEA/1 200/200 79/79 208/208 111/111 136/136 175/175 N/A 

ROM 1/4 200/200 79/79 208/208 111/111 136/136 179/179 N/A 

ROM 1/1 200/200 79/79 189/189 101/101 145/145 175/175 N/A 

ROM 2/4 200/200 79/79 208/208 111/111 136/136 179/179 N/A 

STP/1/TR/1 0/0 79/79 208/208 111/111 136/136 0/0 N/A 

HAS/FP/4/2 175/175 79/79 208/208 111/111 145/145 175/175 N/A 

NOR 1/6 200/200 79/79 189/189 101/101 145/145 175/175 N/A 

SFB/II/7/2 200/200 79/79 189/189 111/111 145/145 175/175 N/A 
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Table 4.2 cont’d  Hymenoscyphus fraxineus sample band sizes from each of the microsatellite primer set  

Sample Name Chafra01 Chafra02 Chafra03 Chafra04 Chafra09 Chafra13 Chafra14 

KAR 4 200/200 79/79 189/189 101/101 136/136 179/179 N/A 

NEW/1/2/H1 0/0 79/79 208/208 111/111 136/136 175/175 N/A 

N/5/4/A 200/200 79/79 208/208 111/111 136/136 175/175 N/A 

VER/2 200/200 79/79 0/0 0/0 136/136 175/175 N/A 

TU/3/2/1 200/200 79/79 208/208 111/111 136/136 175/175 N/A 

T/16/1/H2 200/200 79/79 208/208 111/111 136/136 175/175 N/A 

NOR 1/37 200/200 79/79 189/189 111/111 136/136 179/179 N/A 

NOR 2/5 200/200 79/79 208/208 101/101 136/136 179/179 N/A 
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4.3.1 Northern Irish Hymenoscyphus fraxineus genetic variability within 

populations and groups 

The Fst (developed from Wright’s F-statistics) is taken from the genetic polymorphism 

data from the microsatellites and gives a measure of population differentiation to the 

genetic structure.  The genetic variability within and between populations is given a 

value between 0 and 1.  A zero value suggests no difference; a panmixis.  A value of 

one suggests that the two populations do not share any genetic diversity.  Hartl and 

Clark (1997) had some classes for Fst. 

 

<0.05: Little genetic difference 

0.05-0.15: Moderate genetic difference 

0.15-0.25: Great genetic difference  

>0.25: Very great genetic difference  

Frankham et al. (2002; 2010) put a Fst >0.15 as significant differentiation.  

 

A pairwise population genetic distance table (Table 4.3) was generated using the 

Arlequin software (Excoffier 2010, explained in section 4.2.5).  The geographical 

distances were calculated between the groupings of samples that fell into the 20 km 

grid locations on the N. Ireland map (Figure 4.1). 
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Table 4.3 FST distance matrix of Northern Irish Hymenoscyphus fraxineus samples in 20 km map groupings  

FST 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

1 0.000 0.308 0.111 0.179 0.000 0.111 0.091 0.022 0.026 0.123 0.076 0.254 0.064 0.063 0.135 0.054 0.062 0.105 0.017 0.020 

2 0.308 0.000 0.200 0.492 0.069 0.314 0.367 0.200 0.170 0.116 0.271 0.339 0.280 0.046 0.166 0.229 0.120 0.119 0.093 0.381 

3 0.111 0.200 0.000 0.200 0.492 0.069 0.314 0.367 0.200 0.170 0.116 0.271 0.339 0.280 0.046 0.166 0.229 0.120 0.119 0.093 

4 0.179 0.492 0.200 0.000 0.267 0.057 0.152 0.111 0.333 0.239 0.176 0.065 0.089 0.180 0.103 0.065 0.157 0.222 0.109 0.130 

5 0.000 0.069 0.492 0.267 0.000 0.173 0.094 0.052 0.046 0.071 0.167 0.184 0.159 0.073 0.131 0.125 0.041 0.003 0.094 0.180 

6 0.111 0.314 0.069 0.057 0.173 0.000 0.195 0.067 0.152 0.186 0.087 0.030 0.050 0.086 0.043 0.012 0.163 0.099 0.055 0.211 

7 0.091 0.367 0.314 0.152 0.094 0.195 0.000 0.067 0.077 0.085 0.059 0.251 0.059 0.121 0.203 0.073 0.059 0.079 0.118 0.057 

8 0.022 0.200 0.367 0.111 0.052 0.067 0.067 0.000 0.075 0.083 0.011 0.094 0.022 0.026 0.032 0.009 0.073 0.016 0.023 0.143 

9 0.026 0.170 0.200 0.333 0.046 0.152 0.077 0.075 0.000 0.073 0.079 0.215 0.193 0.138 0.125 0.081 0.019 0.038 0.056 0.158 

10 0.123 0.116 0.170 0.239 0.071 0.186 0.085 0.083 0.073 0.000 0.070 0.214 0.117 0.094 0.117 0.141 0.031 0.089 0.051 0.150 

11 0.076 0.271 0.116 0.176 0.167 0.087 0.059 0.011 0.079 0.070 0.000 0.241 0.028 0.071 0.095 0.012 0.119 0.120 0.006 0.127 

12 0.254 0.339 0.271 0.065 0.184 0.030 0.251 0.094 0.215 0.214 0.241 0.000 0.076 0.224 0.046 0.114 0.135 0.180 0.152 0.203 

13 0.064 0.280 0.339 0.089 0.159 0.050 0.059 0.022 0.193 0.117 0.028 0.076 0.000 0.017 0.009 0.007 0.112 0.099 0.002 0.126 

14 0.063 0.046 0.280 0.180 0.073 0.086 0.121 0.026 0.138 0.094 0.071 0.224 0.017 0.000 0.050 0.053 0.093 0.030 0.020 0.217 

15 0.135 0.166 0.046 0.103 0.131 0.043 0.203 0.032 0.125 0.117 0.095 0.046 0.009 0.050 0.000 0.054 0.116 0.094 0.023 0.214 

16 0.054 0.229 0.166 0.065 0.125 0.012 0.073 0.009 0.081 0.141 0.012 0.114 0.007 0.053 0.054 0.000 0.072 0.080 0.039 0.073 

17 0.062 0.120 0.229 0.157 0.041 0.163 0.059 0.073 0.019 0.031 0.119 0.135 0.112 0.093 0.116 0.072 0.000 0.074 0.077 0.017 

18 0.105 0.119 0.120 0.222 0.003 0.099 0.079 0.016 0.038 0.089 0.120 0.180 0.099 0.030 0.094 0.080 0.074 0.000 0.088 0.162 

19 0.017 0.093 0.119 0.109 0.094 0.055 0.118 0.023 0.056 0.051 0.006 0.152 0.002 0.020 0.023 0.039 0.077 0.088 0.000 0.191 

20 0.020 0.381 0.093 0.130 0.180 0.211 0.057 0.143 0.158 0.150 0.127 0.203 0.126 0.217 0.214 0.073 0.017 0.162 0.191 0.000 
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The Fst value of 0.00885 (Table 4.3 and Table 4.4) demonstrates that Northern Irish 

20 km groupings (20 groups) showed no genetic differences between the populations.  

The H. fraxineus populations within the 20 groupings did not show any genetic 

diversity between the groups; any diversity was within the groups (Table 4.4).  

 

Table 4.4 Genetic structure (AMOVA design) to test Northern Irish 

Hymenoscyphus fraxineus samples grouped within 20 km squares 

using number of different alleles (Fst) as a distance method 

Source of Variation Sum of 
squares 

Variance 
Components 

Percentage of 
variation 

Among population 
groups 

56.017 0.01357 0.88 

Within populations 278.511 1.54728 100.88 

Total 334.527 1.533  

Fixation Indices 

Fst :      0.00885 

   

 

The H. fraxineus DNA samples (listed in Table 2.2) were labelled according to region 

and there were 20 groups (from where the individual samples fell into the 20 km 

N. Ireland map in Figure 4.1) to generate an MSN.  In Figure 4.2 each node 

represents an MLG, the size of the nodes indicates the number of samples within an 

MLG e.g. 8 = 8 samples in an MLG.  The shading represents the genetic relatedness 

based on Bruvo’s genetic distance.  This MSN shows a lack of spatial pattern of the 

SSR diversity; there are no distinct groupings of samples within N. Ireland.  The large 

number of MLGs is in line with the life cycle of H. fraxineus in which sexual 

recombination occurs during each cycle and asexual reproduction is absent so there 

are no clonal genotypes. 
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Figure 4.2 Minimum spanning network of individual Irish Hymenoscyphus 

fraxineus DNA samples  

 

4.3.2 Principal component analysis and phylogenetic tree for the Northern 

Irish Hymenoscyphus fraxineus samples 

The principal component analysis (Figure 4.3) and the phylogenetic tree (Figure 4.4) 

both show a lack of clustering between samples.   
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Figure 4.3 Principal component analysis for individual Northern Irish Hymenoscyphus fraxineus DNA samples 
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Figure 4.4 Phylogenetic tree based on genetic distances between individual 

Northern Irish Hymenoscyphus fraxineus DNA samples 
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4.3.3 Mantel test for the Northern Irish Hymenoscyphus fraxineus samples 

Two matrices were produced for the N. Irish H. fraxineus samples.  There were 20 

groups (each N. Irish H. fraxineus sample was plotted onto the 10 km grid map of 

N. Ireland and then grouped into 20 x 20 km squares; Figure 4.1).  Matrix A contained 

the FST distance values between each grouping (Table 4.3) and Matrix B contained 

the physical distance (as the crow flies) between samples (Appendix).  These 

matrices were placed into the XLStat software (Section 4.2.5) to determine any 

correlations between H. fraxineus sample location and genetic FST value.  

Figure 4.5 shows a lack of relationship between genetic distances (derived from FST 

values) and the geographic distances between the H. fraxineus samples.  The 

correlation coefficient generated by the Mantel test indicated little or no correlation  

(r = 0.133) (Figure 4.6).   

 

Figure 4.5 Mantel test scatter graph for the Northern Irish Hymenoscyphus 

fraxineus samples in 20 km groupings showing the relationship 

between geographic and genetic distances between samples 
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Figure 4.6 Mantel test histogram for the Northern Irish Hymenoscyphus fraxineus 

samples in 20 km groupings assessing correlation between sample 

locations and genetic distance (FST values) 

 

4.3.4 European and Irish Hymenoscyphus fraxineus genetic variability within 

populations and groups 

A pairwise population genetic distance table (Table 4.5) was generated using the 

Arlequin software (Excoffier 2010, explained in section 4.2.5).  Genetic distances 

were not calculated between countries as some locations had more samples than 

others which would have given an inaccurate representation of the genetic 

populations.  

Distances were calculated between three groupings of countries (Group 1, Denmark 

(3 samples), Latvia (1), Lithuania (1), Norway (3), Russia (2), total 10 samples; Group 

2, Austria (15), Italy (3), Romania (2), total 20 samples, and Group 3, the island of 

Ireland (N. Ireland and ROI, 121 samples).  

A distance table was then calculated comparing the island of Ireland to Europe.  
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Table 4.5 European and Irish Hymenoscyphus fraxineus (Groups 1 vs 2 vs 3) 

genetic structure distance table: number of different alleles (Fst) 

Population pairwise Fst  

 1 2 3 
1 0.00000   
2 0.00223 0.00000  
3 0.08590 0.01148 0.00000 

Key: 1: Group 1 (Denmark, Latvia, Lithuania, Norway, Russia) 
 2: Group 2 (Austria, Italy, Romania) 
 3: Group 3 (Island of Ireland) 
 

Table 4.6 Genetic structure to test European and Irish Hymenoscyphus 

fraxineus groupings using number of different alleles (Fst) as a 

distance method.  

Source of Variation Sum of 
squares 

Variance 
Components 

Percentage of 
variation 

Among populations  12.615 0.06683 4.36076 

Within populations 430.892 1.46562 95.63924 

Total 443.507 1.53245  

 

Fixation Indices 

      Fst :     0.04361 

   

 

A phylogenetic tree (Figure 4.7) was generated to observe if there were any genetic 

relationships and variation among the H. fraxineus samples from Ireland vs. Europe.  

Samples were analysed by country and by groupings as outlined in Table 4.5.  The 

information from the FST values (Table 4.5) and the phylogenetic tree (Figure 4.7) 

show that there are no significant differences between Group 1 and 2 and no 

significant differences between Groups 2 and 3.  There is a very low genetic 

difference between Groups 1 and 3.  

The evolutionary history was inferred using the UPGMA method.  The optimal tree 

with the sum of branch length = 0.04975 is shown.  The tree is drawn to scale, with 
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branch lengths in the same units as those of the evolutionary distances used to infer 

the phylogenetic tree.  Evolutionary analyses were conducted in MEGA.  

 

Figure 4.7 Phylogenetic tree showing the genetic distances between populations 

(Countries, Groups 1 vs 2 vs 3).  Group 1 (Nordic Europe), Group 2 

(Central Europe) and Group 3 (Island of Ireland). 

The European groups (Groups 1 and 2 in Table 4.5) showed little genetic difference 

between each other (Fst 0.01321), but while Ireland (Group 3) did not differ 

significantly from Group 2, it had a low significant difference from Group 1 (FST 0.08).  

This apparent significance may be due to the fact that Irish H. fraxineus samples are 

a subset of the European population and therefore differences may have arisen as a 

result of founder effects.  
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The H. fraxineus DNA samples (listed in Table 4.2) were analysed as individual 

countries to generate a MSN.  This MSN (Figure 4.8) showed a lack of spatial pattern 

of the SSR diversity; there are no distinct groupings of samples related to location 

and, as with the Northern Ireland MSN (Figure 4.2), the large number of MLGs is to 

be expected from a sexually reproducing pathogen in which asexual reproduction is 

considered to play little or no role in the disease cycle.  

 

 

Figure 4.8 Minimum spanning network of Irish and European Hymenoscyphus 

fraxineus DNA samples.  Colours of samples from each country are 

shown in the key.  AT: Austria, IT: Italy, RO: Romania, IRE: Ireland, 

DK: Denmark, LV: Latvia, NO: Norway, LT: Lithuania, RU: Russia 
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The H. fraxineus DNA samples (listed in Table 4.2) were analysed as individual 

countries to generate a MSN.  This MSN (Figure 4.6) showed a lack of spatial pattern 

of the SSR diversity; there are no distinct groupings of samples related to country of 

origin and, as with the Northern Ireland MSN (Figure 4.2), the large number of MLGs 

is to be expected from a sexually reproducing pathogen in which asexual reproduction 

is considered to play little or no role in the disease cycle.  

 

Table 4.7 European vs Irish Hymenoscyphus fraxineus genetic structure 

distance table: number of different alleles (FST) Population pairwise 

Fst  

 1 2 
1 0.00000  
2 0.06654 0.00000 

 

Key Population Name  

1 Island of Ireland 

2 Mainland Europe  

 

The Fst value of 0.06654 (Table 4.7) shows that there is a very low significant genetic 

difference between the two population groups.  

 

4.3.5 Principal component analysis and phylogenetic tree for the European 

Hymenoscyphus fraxineus samples 

The principal component analysis (Figure 4.9) and the phylogenetic tree (Figure 4.10) 

both show a lack of clusterint between samples from the different countries. 
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Figure 4.9 Principal component analysis for individual Hymenoscyphus fraxineus DNA samples from all regions
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Figure 4.10 A phylogenetic tree distance based on the genetic distances between 

individual Hymenoscyphus fraxineus DNA samples from all countries  
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4.4 Discussion 

4.4.1 Northern Irish Hymenoscyphus fraxineus genetic populations 

H. fraxineus DNA samples were obtained from all six counties of Northern Ireland.  

The majority were collected from diseased trees planted east of Lough Neagh, (the 

greater Belfast area).  In order to examine if there was relationship between 

geographic location and genetic variation between samples, each H. fraxineus 

sample was plotted on a 20 km grid N. Ireland map and the samples grouped by 20 

km locations (Figure 4.1).  The hypothesis was that ash dieback was introduced to 

N. Ireland through the import of infected trees from nurseries in Scotland (ex-imported 

from Europe) and therefore genetic variation between the N. Irish H. fraxineus groups 

was unlikely to be observed.  

Through the analysis of Fst distances, there was no significant variation between the 

20 km Northern Irish H. fraxineus groupings (Fst value of 0.00885).  Any variation that 

was shown, was within the N. Irish groups rather than between them.  This is strong 

evidence to suggest that there was either only one introduction of H. fraxineus into 

N. Ireland (which is unlikely) or that there were multiple introductions (more likely) 

from the same source location.  The MSN analysis for the individual N. Irish samples 

mirrored the Fst analysis, showing no population groupings between the samples.  

This is similar to the study by Orton et al. (2018) that used 28 SNP (single nucleotide 

polymorphism) markers to test 90 H. fraxineus samples from the UK.  Their results 

indicated high genetic diversity throughout the UK population; both mating types were 

found throughout the UK (ratio of 1:1, expected in a sexual recombining population).  

Each H. fraxineus sample had a unique multilocus genotype (some data points were 

missing).  There was very limited differentiation within the English H. fraxineus 

subpopulations.   

A Mantel test was used to determine if there was any relationship between 

geographical and genetic differences between H. fraxineus samples.  Figure 4.5 

showed that the Northern Irish H. fraxineus genetic variation was not correlated to 

geographic distance (km).  The r value of 0.133 (Figure 4.6) confirmed no correlations 

between the matrices.  This is in agreement with the FST results shown in Table 4.4.  
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4.4.2 European and Irish Hymenoscyphus fraxineus genetic populations 

The European data were grouped by location, Group 1 (Denmark, Latvia, Lithuania, 

Norway, Russia), Group 2 (Austria, Italy, Romania) and Group 3 (Northern Ireland 

and ROI- Island of Ireland).   

Comparing the two European groups (Groups 1 and 2) using the Fst analysis, there 

was no significant genetic difference between the groups, mirroring the results from 

the European H. fraxineus population study by Bengtsson et al. (2012) and Gross et 

al. (2012) that demonstrated low allelic richness, limited genetic diversity and low 

pairwise population differentiation.  Any genetic variation was within these groups (as 

the study of Orton et al., 2008 also demonstrated).  Orton et al. (2018) tested 43 

H. fraxineus samples from continental Europe and compared these to 90 UK 

H. fraxineus samples using SNP markers and showed very low genetic differentiation 

between both the UK and European H. fraxineus populations.  All the marker alleles 

that were present in the UK H. fraxineus samples were also found in the European 

samples.  The SSR information from the present study revealed that the alleles found 

in the European H. fraxineus populations were also found in the Irish H. fraxineus 

populations with three exceptions.  Chafra 03 (197) and Chafra 09 (130) were found 

in the Irish H. fraxineus population, but not in the European population.  Chafra 01 

(165) occurred in the European H. fraxineus population (only once in Austria), but not 

in the Irish population.  As these alleles only occurred infrequently, they are more 

likely rare alleles rather than suggesting the populations are different.  

The European H. fraxineus populations are a subset from the original H. fraxineus 

population which is believed to have originated from Asia (Zhao et al., 2012) where, 

in contrast, there are highly diverse H. fraxineus populations.  The results from the 

present study echo that of previous research into the genetic diversity of ash dieback 

in Europe.  Gross and Queloz (2014) noted a significant population bottleneck within 

the whole European population resulted from a founder effect when H. fraxineus was 

introduced to Europe.  McMullan et al. (2018) also did a thorough investigation into 

the European genetic diversity of H. fraxineus and observed a population bottleneck 

(strong founder effects).  McMullan et al. (2018) investigated 43 H. fraxineus 

samples from across Europe (using SNP markers).  The H. fraxineus diversity 

observed in the European samples was an eighth of that observed in 15 individuals 

from a single wood in Japan.  The SNPs revealed that the European H. fraxineus 

population is genetically divergent and bottlenecked from the native Japanese 

population.  Burokiene et al. (2015) collected 480 Swiss and 367 Lithuanian 
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H. fraxineus samples and genotyped them with 11 H.  fraxineus SSR markers.  The 

SSR markers showed that there was very little differentiation of the European 

H. fraxineus populations, both the Swiss and Lithuanian subpopulations were 

genetically very similar despite the large geographical difference between them and 

the date that H. fraxineus was first identified.   

The Fst analysis showed a very low significant difference between the European and 

Irish H. fraxineus populations.  The MSN analysis also did not display any population 

groups and showed a lack of spatial pattern of the SSR diversity.  There was no 

evidence of ingress from ascospores from the UK mainland or from the ROI as spore 

samplers were set up in a number of locations where the highest deposition of spores 

would have been likely to occur (based on meteorological and geographical data).  

These locations were the Mourne Mountains and the Antrim Plateau and Glenwherry 

Hill Farm, and close to the Co. Leitrim / Fermanagh border.  At none of these sites 

during any of the sampling periods were ascospores detected (A. R. McCracken, 

AFBI/QUB, personal communication).  The most likely route of introduction of 

H. fraxineus to N. Ireland was through the multiple plantings of infected ash material 

that were ex-imported. The MSN analysis showed that the diversity in the N. Irish 

H. fraxineus population is similar to that from European populations i.e. there were no 

distinct population groupings.  The Fst analysis indicated that the Irish H. fraxineus 

populations were significantly different from the European populations, but only at a 

low level.  This low significance may be due to the small number of SSR markers 

selected (seven markers were available at the time) and the small sample size (all 

available DNA samples were used), which were the resources that were available at 

the time of the study.  Use of a greater number of SSR markers and more H. fraxineus 

DNA samples from both N. Ireland and Europe, would have given more robust data.  

It would also have been useful to have included H. fraxineus DNA samples from 

England and Scotland for comparison.  As the N. Irish H. fraxineus populations are a 

subset of the European H. fraxineus populations, this may account for the Fst analysis 

showing a significant difference in genetic diversity.  

Chapter Three (The phenotypic variation of Hymenoscyphus fraxineus in Europe with 

emphasis on Northern Ireland), compared the phenotypic variation of N. Irish 

H. fraxineus samples to European H. fraxineus samples.  The results confirmed (in 

both the media type and temperature study) that there were no significant differences 

in the N. Irish H. fraxineus populations compared to those of Europe.  Comparing the 

H. fraxineus phenotypic information with the genotypic information suggests that there 
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is little variation between the two locations.  It had been hoped to combine the 

genotypic and phenotypic data within analyses to test further the hypothesis that 

N. Irish H. fraxineus populations mirror the European populations, suggesting that the 

introduction of H. fraxineus into N. Ireland was from Europe.  Unfortunately, limitations 

of time and resources precluded this. 
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Chapter 5 
The differences in aggressiveness between Northern Irish 

and European Hymenoscyphus fraxineus isolates 

 
5.1 Introduction 

This chapter reports an experiment designed to test the aggressiveness of isolates of 

Hymenoscyphus fraxineus from Northern Ireland and isolates from mainland 

Europe/Russia by inoculating them onto Northern Irish ash (Fraxinus excelsior) trees.  

Once a pathogen comes in contact with its host, it may or may not cause infection i.e. 

it may or may not be pathogenic.  Pathogenicity is the ability of a pathogen to cause 

disease on a particular host (Sacristan & Garcia-Arenal, 2008).  In plant pathology, 

Van der Plank (1963) originally defined aggressiveness to designate the quantity of 

disease induced by a pathogenic strain on a susceptible host.  This definition was 

subsequently discussed by Andrivon (1993) who pointed out that aggressiveness 

depends primarily on the pathogen but also on the partial resistance of the host.  

Pariaud et al., (2009) further discussed aggressiveness, defined as the quantitative 

component of pathogenicity, and its role in the adaptation of plant pathogens to host 

and environment and considered it still insufficiently investigated.  Aggressiveness 

continues to be accepted as the standard term used in plant pathological studies of 

the quantitative aspects of host-pathogen interactions.   

With regards to plant pathogens, their aggressiveness may be quantitatively 

measured by parameters including infection efficiency, latent period, sporulation rate, 

infectious period and lesion size.  This experiment used lesion size as a measure of 

pathogen aggressiveness.  The latent period is defined as the time between the initial 

infection and the appearance of physical symptoms.  This would normally allow the 

duration of epidemic cycle to be calculated (rate of epidemic development) but the 

technique used to compare isolates in this study is not what would happen in a forest 

setting.  The tree would not be infected through inoculation of actively growing 

mycelium into the mainstem of the tree but by airborne ascospores landing on the 

leaves and entering the tree that way.  For that reason, the latent period was not 

recorded in this experiment. 

The sporulation rate is the number of spores that are produced per lesion during a 

specific time period (Clifford & Clothier, 1974; Sache, 1997).  The spores are counted 
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(Leonard, 1969; Rouse et al., 1980) and number expressed as spores per lesion area.  

The infectious period is the time from the production of ascospores to the end of 

sporulation.  Apothecia were not produced in this experiment so the sporulation rate 

and infectious period could not be calculated.  

During a visit to the University of Copenhagen, Lea Vig McKinney demonstrated a 

technique she used to inoculate small F. excelsior trees with H. fraxineus.  Described 

in her paper (McKinney et al., 2012), H. fraxineus inoculum was grown on malt extract 

agar media (for two weeks) and autoclaved plugs of ash branches (approximately 10 

mm in width) placed onto the plate to allow the mycelium to growth through and infect 

the plugs.  These plugs were left for a further two weeks before being used for the 

tree inoculation.  Two branches were inoculated on the ash tree by cutting into the 

bark, placing in the plug and covering with parafilm.  A third branch was inoculated 

with a control plug.  This method was adapted for the present study.  The H. fraxineus 

isolate was grown on ash potato dextrose agar (APDA) (rather than malt extract agar) 

as the added ash allowed for an increased H. fraxineus growth rate (see Chapter 3, 

Section 3.3.1).  As the ash trees used in this study were smaller than those used in 

the McKinney et al. (2012) study, an autoclaved 2 mm ash plug was used in the Petri 

dish to allow the mycelium to grow through it.  Each tree was inoculated in this study 

once (instead of three times) and replicated four times.  Controls were on separate 

trees instead of on each tree.  This was to prevent further injury and stress to the trees 

which could have affected the results.  

There have been similar aggressiveness studies regarding H. fraxineus and/or the 

susceptibility of Fraxinus spp. to H. fraxineus.  Some studies investigated the 

pathogen’s aggressiveness and pathogenicity.  Orton et al. (2019) studied the 

pathogenicity of H. fraxineus on F. excelsior through the method of rachis inoculation 

using mycelium (rather than the inoculated wooden plugs placed in the woody tissue 

of the stem as in the present study).  Kowalski et al. (2015) carried out aggressiveness 

tests using H. fraxineus inoculum inserted into superficial tissue incisions on rachises 

and covered with parafilm.  Kosawang et al. (2020) carried out a study to test the 

variation in aggressiveness of different H. fraxineus isolates on young, Danish ash 

seedlings but used single spore isolates obtained from apothecia.  Mansfield & Saville 

(2018) used an H. fraxineus ascospore suspension to investigate the host/pathogen 

interaction and suitability of ascospores for infection assays.   

Lesion length was the best quantitative trait that could be measured as an 

aggressiveness indicator (Kolmer & Leonard, 1986; Mundt et al., 2002).  With this 
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experiment, the lesion area was defined as the discolouration and/or characteristic 

diamond-shaped lesion (Gross et al., 2012; Kirisits et al., 2012) that was produced at 

the inoculation site.  The length from the top of the lesion to the bottom was measured. 

The trees that were selected for the current study were of a natural seed population 

of F. excelsior from a single location in Northern Ireland.  Trees were chosen at a 

height and stem diameter to standardise the experiment as far as possible.  This 

experiment was aimed to compare the differences in aggressiveness between the 

pathogen isolates, rather than investigate the variation in host susceptibility. 

 

The objectives of this study were:  

• To compare the relative aggressiveness of a range of H. fraxineus 

isolates on a population of Fraxinus excelsior from Northern Ireland 

• To determine if the aggressiveness of isolates of H. fraxineus from 

N. Ireland differed from those from other countries  

• To compare the relative aggressiveness of isolates of the two mating 

types  
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5.2 Materials and Methods 

5.2.1  Trees 

Northern Irish ash trees (that had naturally re-seeded) were obtained from a site in 

Loughgall, Co. Armagh, Northern Ireland (GPS coordinates 

54.4044650488, -6.60664424008).  The trees were dug from the forest, loose soil 

removed by agitation and placed in sacks to be transported.  Once they arrived at the 

laboratory, they were placed in 15 litre (31.5 cm diameter, 26 cm height) round plastic 

vacuum-formed plant pots and bedded with sterilised soil.  A total of 100 trees were 

selected at random that had a similar age and stem diameter.  The tree stem width 

was recorded so that a statistical analysis of covariance could be carried out to ensure 

than tree stem width did not influence the treatment results.  The trees were placed 

in a glasshouse in AFBI Newforge, Belfast for six months to ensure they acclimatised 

to their new environment; any stress that resulted from the change of environment 

had subsided before the experiment took place.  The trees were grown under artificial 

light.  At the time of this experiment, there had been no studies to examine the 

aggressiveness of N. Irish H. fraxineus isolates on N. Irish ash trees.   

5.2.2    Hymenoscyphus fraxineus isolates and inoculum preparation 

 

A total of 24 European (including six Northern Irish) H. fraxineus isolates were used 

for this study (as detailed in Chapter 2, Table 2.1).  Isolates were maintained using 

the method outlined in Chapter 2, Section 2.2.  The selected isolates were numbered 

so that the experiment could be conducted blind.  A negative control (number 25) was 

included. 

Branches were selected with a diameter of roughly 2 mm.  They were autoclaved at 

121oC for 30 minutes to sterilize them.  The ash branches were chopped using a 

scalpel to make plug cubes of approx. 2 mm in diameter and length. 

A two-week-old actively growing culture of H. fraxineus (grown on ash malt extract 

agar media, recipe in Appendix) of each selected isolate was used and plugs of ash 

placed around the edge of the colony (Figure 5.1).  This was so that the H. fraxineus 

would grow through the wooden plug, allowing it to be used as for inoculation.  

Sterilised wooden plugs not exposed to H. fraxineus colonies were used as the 

negative control.  This method was an adaptation of the McKinney et al. (2012) 

inoculation method.  
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Figure 5.1 Petri dish containing ash malt extract agar with actively growing 

H. fraxineus and a ring of ash plugs placed around the mycelium  

5.2.3 Tree inoculation and experimental design 

The diameter of the stem on each ash tree was measured and recorded at 20 cm 

from the base of the stem.  At this 20 cm point, an inoculation point was marked on 

the tree.  Each tree was inoculated by cutting thinly into the epidermis and exposing 

the cortex with a scalpel.  A plug inoculated with the appropriate isolate was placed 

into the incision flap and wrapped with parafilm to ensure it stayed in place (Figure 

5.2).  Control trees were inoculated in the same way with the sterile ash plugs that 

had not been exposed to H. fraxineus. 

Trees were allocated a number 1-25 to designate with which isolate each would be 

inoculated and arranged in a fully randomised block design with four replicates, 

totalling 100 trees.  

Petri Dish 

H. fraxineus 
inoculate 

Mycelium  

Ash Plugs 
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Figure 5.2 Ash tree inoculated with an ash plug infected with H. fraxineus.  The 

inoculation site is wrapped with parafilm and a lesion will develop with 

a successful inoculation 

5.2.4 Assessment 

The inoculations were monitored throughout the duration of the experiment until the 

trees were harvested destructively 8 weeks after inoculation.  The longitudinal spread 

of discoloured necrosis was recorded as shown in Figure 5.2 (Lesion development).  

A section from each successful inoculation (where a lesion was present) was 

subjected to DNA extraction and real-time PCR (Chapter 2, Section 2.3) to confirm 

that the discolouration was associated with H. fraxineus. 
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Quantifying the aggressiveness in the case of this experiment was achieved by 

determining how many of the ash trees showed symptoms of ash dieback 

(successfully infected) and then measuring the physical symptoms of dieback (in this 

case, the length of the lesion at the inoculation site on the tree).  

5.2.5 Statistical analysis  

The individual tree lesion lengths (in mm) were measured, recorded and results 

subjected to analyses of variance as described in Chapter 2, Section 2.5.  Isolates 

were categorised into Isolate, Country and Mating Type to determine if these factors 

significantly affected lesion length.  A statistical analysis of covariance was carried 

out including the tree stem width to ensure that stem width had not influenced the 

treatment/isolate inoculation results. 

The statistical tests used within this chapter report a P-value, they are the probability 

under a null hypothesis that the result would have been achieved by random chance; 

the given result is only considered statistically significant if the P-value is below the P 

< 0.05 threshold.  A statistical power calculation is the probability of correctly rejecting 

the null hypothesis; the power of the experiment is dependent of on number of factors 

i.e. the more individuals and more replicates, the greater the statistical power.  If a 

study has 80% power, that means there is an 80% chance of the test having 

significant results.  A higher statistical power means that the test results are likely 

significant; a lower statistical power means that the results are questionable.  The 

following is the equation used to perform the power calculation (Figure 5.3): 

 
Figure 5.3 Power calculation equation (Columbia edu; 2021) 
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5.3 Results 

From the 24 European (including Northern Irish) H. fraxineus isolates that were 

inoculated into Northern Irish ash trees, necrosis formation was observed on all trees, 

except for two isolates that did not produce any lesions on any of the four replicates.  

The four control trees (inoculated with wooden plugs without H. fraxineus) showed no 

signs of infection, as expected.  In total, 88 trees (22 isolates that were inoculated 

with four replicates) were successfully infected (minus the eight from two failed isolate 

inoculations that did not cause necrotic lesions on the host) and four controls totalling 

100 trees.  Of the 22 successfully inoculated trees that were tested for the presence 

of H. fraxineus using RT-PCR, all gave a positive result (Section 2.3), while the control 

tested negative (data not presented).  Raw lesion length data are presented in the 

Appendix (Appendix Table.1).  

The power calculations (Table 5.1) demonstrate that with each isolate tested on the 

four tree hosts, if there was a difference in lesion length between location means of 

138.49, then there was an 80% chance that it would be shown to be significant at 

P < 0.05. 

Table 5.1 Power calculations for Hymenoscyphus fraxineus isolate 

lesion lengths (mm) eight weeks after inoculation on ash 

stems to determine the minimum number of replicates 

needed for statistical significance 

Number (n) of 
replicates (hosts) 
inoculated per 
single isolate  

Replicates of 
isolate 

Difference in two lesion length 
isolate means (each inoculated 

onto n hosts), that if such a 
difference occurs, there is an 
80% chance of showing it to 
be significant at the 5% level 

   
2 2 195.85 
4 4 138.49 
6 6 113.07 
8 8 97.93 
10 10 87.59 
12 12 79.96 
   

Trees were chosen at random to be inoculated with a H. fraxineus isolate.  Table 5.2 

demonstrates that there were no significant differences in the tree stem widths 

between the inoculations (treatments).   
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Table 5.2 Mean width of ash stems inoculated with isolates of Hymenoscyphus 

fraxineus (four replicate stems per isolate) 

Isolate origins and 

names 

Stem width (mm) 

Austria T/8/1/H3 14.1 

Austria HO/II/6/1 14.5 

Austria VER/2 14.3 

Lithuania PAL/1/1/1 14.1 

Latvia LIE1/1/2 14.8 

Norway NOR1/6 14.1 

Norway NOR1/37 15.1 

Norway NOR2/5 15.0 

Russia STP/1/TR/1 14.1 

Russia STP/5/ST/5/1 15.0 

Italy IDRO/AMEA/1 14.4 

Italy IDRO/AMEA/11 14.7 

Italy IDRO/AMEA/15 14.6 

Denmark FN/2/2 14.1 

Denmark FN/3/1 14.5 

Denmark FN/4/1 14.8 

Romania ROM1/1 14.3 

Romania ROM1/4 14.4 

NI Rant 1 14.1 

NI Rant 2 14.3 

NI CF 28/13 14.1 

NI CF 221/13 14.7 

NI CF 3/2 - B 14.4 

NI TK 14.7 

  

S.E.  0.31 

Significance 0.37 (ns) 

 
 
There was a highly significant difference between individual isolates in terms of lesion 

length (Figure 5.4). The largest lesion was 200mm in length (isolate NI CF 28/13) and 

the smallest was 18mm (Italy IDRO/AMEA/11). 
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Figure 5.4  Mean length of lesions on ash stems 8 weeks after inoculation with isolates of Hymenoscyphus fraxineus (S.E. 34.95, 

P<0.01) 
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An analysis of covariance was carried out to determine if the tree stem width 

influenced the treatment (isolate).  Table 5.3 demonstrates that while isolate had a 

highly significant effect on lesion length, the tree stem width (covariate) had no 

significant effect.  

 

Table 5.3 Statistics for analysis of covariance of lengths of lesions on 

ash stems 8 weeks after inoculation with isolates of 

Hymenoscyphus fraxineus using stem widths as covariate 

Source of variation Covariate effect Probability 

Isolate 0.99 0.002 

Covariate  0.606 

S.E.   35.41 

 

There was no significant difference in lesion length when comparing isolates between 

countries (Table 5.4).  Those from N. Ireland had the longest lesion length compared 

to the other countries, but this was not significant, and N. Ireland had more isolates 

than other groups.  Table 5.5 presents the statistics for the analysis of covariance 

comparing countries of origin of isolates using tree stem width as covariate and shows 

that this had no significant effect on the results. 
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Table 5.4 Length of lesions on ash stems 8 weeks after inoculation with isolates 

of Hymenoscyphus fraxineus, comparing countries of origin of isolates 

Country of origin of 

isolates 

Number of 

isolates 

Mean lesion length 

(mm) 

Austria 3 56.6 

Denmark 3 53.1 

Italy 3 59.4 

Latvia 1 26.3 

Lithuania 1 65.0 

Norway 3 35.9 

Romania 2 46.4 

Russia 2 72.9 

Northern Ireland 6 118.3 

   

S.E. (min. rep.)  56.07 

S.E. (max. rep.)  22.89 

Significance  0.55 (ns) 

 
 

Table 5.5 Statistics for analysis of covariance of lengths of lesions on 

ash stems 8 weeks after inoculation with isolates of 

Hymenoscyphus fraxineus comparing countries of origin of 

isolates using stem widths as covariate 

Source of variation Covariate effect Probability 

Country of origin 0.96 0.626 

Covariate  0.994 

S.E. (min. rep.)  59.36 

S.E. (max. rep.)  24.23 

There was no significant difference in lesion length when comparing isolates between 

mating types (Table 5.6).  There were twice as many isolates of the HMG mating type 

as isolates of the MAT mating type.  Table 5.7 shows the statistics for the analysis of 

covariance comparing mating type of isolates using tree stem width as covariate and 

shows that this had no significant effect on the results. 
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Table 5.6 Length of lesions on ash stems 8 weeks after inoculation with isolates 

of Hymenoscyphus fraxineus, comparing isolate mating type  

Mating type Number of isolates Lesion length (mm) 

MAT 8 81.7 

HMG 16 62.6 

   

S.E. (min. rep.) 19.58 19.58 

S.E. (max. rep.) 13.85 13.85 

Significance  0.43 (ns) 

 

 

Table 5.7 Statistics for analysis of covariance of lengths of lesions on ash stems 

8 weeks after inoculation with isolates of Hymenoscyphus fraxineus 

comparing isolate mating type using stems widths as covariate 

Source of variation Covariate effect Probability 

Mating Type 0.96 0.512 

Covariate  0.649 

S.E. (min. rep.)  20.40 

S.E. (max. rep.)  14.43 
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5.4 Discussion 

This study was designed to investigate differences in pathogen aggressiveness 

between individual H. fraxineus isolates, not to determine any differences in 

resistance /tolerance between hosts (F. excelsior resistance/tolerance to H. fraxineus 

is discussed in Chapter 1.6).  Host variation can affect how a pathogen may interact 

with a host, but through selecting similar trees at random from within a naturally local 

seed population for the study and using a severe inoculation technique (cutting into 

the woody tissue of the mainstem), which bypasses most host defences, the impact 

of variation in host susceptibility was minimised (Neilsen, 2017; Kosawang, 2018).  

Necrosis formation was observed on all the ash trees inoculated with each of the 24 

H. fraxineus isolates with two exceptions.  Two isolates did not cause infection, and 

these were T/8/1/H3 (a 2007 isolate from Austria) and NOR1/37 (a 2010 isolate from 

Norway).  These isolates may have lost their pathogenicity despite growing well in 

culture – growth on artificial media is therefore not a good indication of the pathogen’s 

ability to induce disease symptoms as also noted by Kosawang et al. (2020).  Other 

isolates of the same age and from the same countries successfully infected the trees 

so it is not clear why these two had lost their ability to infect.  Thus this study reported 

a 92% infection rate (22 of the 24 isolates successfully infected their host by showing 

physical symptoms).  The high infection rate from this experiment mirrors previous 

pathogenicity studies that have reported infection rates of up to 100% (Bakys et al., 

2009a; Kowalski & Holdenrieder, 2009; Kirisits et al., 2010; Ogris et al., 2010; Husson 

et al., 2011; McKinney et al., 2012).   

There have been many H. fraxineus pathogen aggressiveness studies carried out by 

other authors who have used different inoculation techniques.  Kowalski et al. (2015) 

carried out pathogenicity tests using nine Southern Polish H. fraxineus isolates on 

Polish trees using a similar method to the current study.  All isolates infected all the 

trees demonstrating the high pathogenicity of H. fraxineus to native trees; again, 

similar to the author’s N. Irish study.  

Krautler et al. (2015) did a similar experiment where they colonised pieces of Fraxinus 

excelsior wood with H. fraxineus (method explained in Section 5.2.2), but unlike the 

present study, they inoculated the pieces into unwounded leaf scars of four-year-old 

F. excelsior seedlings.  The study used five Austrian isolates of H. fraxineus (collected 

from 2007 to 2009 from symptomatic trees).  They reported an infection rate of 36%.  

Kraulter et al. (2015) method of inoculation is very different from the method used in 
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the current study where the trees were wounded before inoculation.  Wounding 

beforehand is less discriminating between isolates as it exposes the phloem and/or 

xylem, increasing the potential for the tree becoming infected with H. fraxineus.  The 

bark of the tree offers some protection to the host from infection.  Although not a 

woody tissue, Oliveira et al. (2014) investigated wounding melon fruit before 

inoculating with the fungus Fusarium semitectum to assess if there was accelerated 

lesion development.  They found that the wounded fruit facilitated the penetration of 

the pathogen while the damage to the plant tissue increased the metabolic activity of 

the injured cells (Guzman et al., 1999).  This increase in cell metabolic activity 

increases cell water loss and the consequent deterioration of the plant (Adaskaveg et 

al., 2005; Jacomino et al., 2004).  Ash leaves are thought to be the primary and most 

important point of entry for H. fraxineus to its host (Kirisits and Cech, 2009; Kirisits et 

al., 2009; Schumacher, 2011; Timmermann et al., 2011), but injury to the woody tissue 

of the tree could be another entry point for the pathogen.  In addition, after the present 

study had been completed, Nemesio-Gorriz et al. (2019) showed that ash shoots can 

also be naturally infected via lenticels. 

 

Mansfield & Saville (2018) investigated the use of H. fraxineus ascospores for 

infection assays and to investigate the early host-pathogen interactions.  They 

collected rachises and petioles that were infected with H. fraxineus and incubated 

them in plastic sandwich boxes so that they would produce apothecia.  The 

ascospores were collected on glass coverslips placed above the apothecia.  These 

were shaken in sterile distilled water to create a spore suspension and the 

concentration adjusted using a haemocytometer.  A 10 µl drop of the spore 

suspension was placed on detached, compound ash leaves.  The cut ends of the 

petioles were wrapped in moistened tissue and leaves incubated in sealed sandwich 

box.  When lesions were observed, small sections of infected leaf tissue were taken 

and decolourised in 100% methanol overnight before placing in chloral hydrate 

solution for two days.  Tissues were observed under a microscope to observe 

plasmolysis (if the plant cell does not plasmolyse, this indicates irreversible 

membrane damage).  The authors were able to establish that H. fraxineus had a 

significant period of biotrophic growth within an ash cell before the lesion appeared.  

It is therefore possible that the isolates in the present study that did not produce 

necrotic lesions may have lost their pathogenicity but also could have shown 

biotrophic growth in the ash tissue surrounding the inoculation site.  The present study 
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does differ from the Mansfield & Saville (2018) study in that mycelia were used instead 

of spores, woody tissue was inoculated instead of the leaf material and that the tree 

was wounded before inoculating.  If this experiment was to be repeated, evidence of 

biotrophic growth could be investigated by testing the tissue around the inoculation 

site (even if no lesion had developed) for the presence of H. fraxineus DNA as outlined 

in Chapter 2.3. 

Orton et al. (2019) studied the pathogenicity of H. fraxineus on F. excelsior by 

inoculating rachises with mycelium.  They used five English H. fraxineus isolates to 

inoculate English F. excelsior seedlings.  A 10 mm incision into the epidermal layer of 

the rachis was made before 10 mg of mycelium agar mix was placed under the flap 

and covered with Parafilm.  Each tree was inoculated at multiple locations.  

Aggressiveness was assessed by measuring from the point of incision to the edge of 

the lesion.  Following all inoculations, symptoms developed, either a lesion at the 

incision area or wilting of the leaves.  This shows infection can be initiated by 

H. fraxineus mycelia rather than using the wood method (Section 5.2.2).  Both the 

inoculation method using agar (instead of infected wooden plugs) and using ash 

petioles (instead of the tree main stem as in the present study) would be ideal for 

future investigations into the pathogenicity and aggressiveness of H. fraxineus 

isolates from Northern Ireland.  Infection via lenticels could also be studied if a method 

could be developed to inoculate lenticels artificially. 

H. fraxineus is a sexually reproducing organism, which undergoes sexual 

recombination during each infection cycle generating individual ascospores of 

different genotypes that could have varying degrees of aggressiveness.  Kosawang 

et al. (2020) carried out a study to test the variation in aggressiveness of 19 different 

single spore H. fraxineus isolates from apothecia on young, Danish ash seedlings.  

DNA extraction, microsatellite and genotyping were carried out to determine the 

genetic relationship of the isolates.  The isolates were grown through the woody tissue 

(as outlined in Section 5.2.2) and each isolate inoculated on each ash seedling.  The 

aggressiveness was assessed by measuring the necrosis at each inoculation site.  

Kosawang et al. (2020) found that there was a significant difference in the 

aggressiveness among single spore isolates of H. fraxineus.  

Kosawang et al. (2020) reported that the only significant difference in aggressiveness 

was between individual isolates of H. fraxineus (mirroring that of the present study); 

there was no correlation between isolate growth rate in vitro and the disease progress 

on the tree stem.  The microsatellite data from that study showed that those 
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H. fraxineus isolates that did have different aggressiveness levels were sampled from 

a uniform population (there was no evidence of any reproductive barriers between 

specialised aggressive and nonaggressive genotypes within the population). 

However, these results are based on single ascospore (uninucleate) isolates whereas 

the current study used mycelia which are multi-cellular and multi-nucleate.  For this 

reason, the two studies cannot be directly compared.  The present study did not find 

any significant difference between the aggressiveness of isolates of H. fraxineus from 

Northern Ireland (in terms of length of lesions produced after inoculation into ash 

stems) and that of isolates from mainland Europe.  This was not unexpected as it is 

believed that H. fraxineus was introduced into Northern Ireland from mainland Europe 

and the genotypic studies (Chapter 4) indicated little genetic variation between 

countries of origin.  A single spore isolate study could be carried out using ascospores 

harvested from apothecia (Kosawang et al. 2020) collected in N. Ireland.  Using a 

large sample of H. fraxineus single-spore isolates (spores harvested from each 

isolate at a certain date so that they are similar in age) from N. Ireland would allow for 

an investigation into the existence of aggressive and less aggressive genotypes within 

that sampled area.  Although this is would be a very time-consuming experiment, it 

might provide useful data and is a possible area for further research. 

Fraxinus excelsior populations have been under great threat from H. fraxineus in 

mainland Europe and the pathogen has devastated the tree populations in many 

regions.  In Denmark, 80% of ash populations have been affected by the disease 

(Gross et al., 2014).  The present study included H. fraxineus isolates from Denmark, 

which produced lesions of similar sizes to those of the Northern Irish H. fraxineus 

isolates.  Extrapolating from this, it could be forecast that ash dieback could be as 

devasting for the Northern Irish ash populations.  An epidemic requires that there be 

a large number of susceptible host individuals, an aggressive pathogen with a high 

reproduction rate and suitable environmental conditions for said pathogen 

(FRAXIGEN, 2005).  These conditions are met in Northern Ireland, and so it is likely 

that ash dieback will spread rapidly and widely.   

This infection experiment has shown that Northern Irish ash is highly susceptible to 

H. fraxineus.  Two of the N. Irish isolates produced the largest lesions on the trees, 

but some isolates from N. Ireland produced significantly smaller lesions. 

The study showed no significant difference in aggressiveness between isolates from 

different countries of origin.  This was expected as the evidence has shown that 

H. fraxineus was introduced to N. Ireland on infected material from mainland Europe.  
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The N. Irish population would therefore follow the pattern from mainland Europe.  

There was no significant difference between isolate mating type; an expected result 

since the pathogen undergoes sexual recombination every time it produces 

ascospores.  
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Chapter 6 

The effect of urea treatments on Common ash (Fraxinus 

excelsior) leaf litter in Northern Ireland 

6.1 Introduction  

6.1.1 The Life Cycle of Ash Dieback 

The life cycle of Hymenoscyphus fraxineus is described in Section 1.2.2.  Initial 

infections take place in late summer.  H. fraxineus ascospores land on leaves, 

penetrate the epidermis, and colonise leaf tissue.  The pathogen grows through the 

leaves, into the woody petiole, the rachises, and through the shoot and into the stem 

where classic diamond-shaped lesions are formed (Gross et al., 2012).  Infected 

petioles fall to the forest floor, overwinter, and produce apothecia (if both mating types 

are present) the following summer.  As leaves plays an important part in the life cycle, 

theoretically, if they were removed, the disease life cycle would be broken.   

H. fraxineus can also undergo asexual reproduction with the production of 

conidiospores.  However, at the time this study commenced, there was no evidence 

that conidia directly play a role in the development of infection by H. fraxineus; they 

were thought to function only as spermatia (Gross et al., 2012). 

6.1.2 Apple Scab (Venturia inaequalis) Life Cycle  

Apple scab, a leaf and fruit disease of apples, is caused by the ascomycete fungus, 

Venturia inaequalis.  It has a similar disease life cycle (Figure 6.1) to ash dieback in 

that infection takes place through the leaves (Hirst & Stedman, 1962a,b).  Like ash 

dieback, apple scab infection is spread through the sexual ascospores that are 

produced from the fallen, diseased apple leaves on the ground.  

The infection cycle for both V. inaequalis and H. fraxineus begins in the late spring to 

summer where the temperature and moisture is favourable for the ascospore 

production.  The spores are windborne and land on a healthy tree leaf where they 

germinate (either with a germ tube or appressorium) and penetrate the waxy cuticle.  

With V. inaequalis, mycelium is produced and spreads between the leaf cuticle and 

epidermal tissue that causes dark lesions.  The asexual reproduction of the pathogen 

takes place here releasing conidia.   
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Figure 6.1 The life cycle of Venturia inaequalis (Agrios, 2005) 

This secondary (asexual) infection takes place throughout the summer (MacHardy, 

1996; Aylor, 1998) and this is the primary source of inoculum. Apple leaves do not 

contain a woody petiole in the same way that ash leaves do and conidia overwinter 

on diseased wood, shoots and buds of the apple tree, not in the leaf petiole (Holb, et 

al. 2004). Emerging leaves and flower buds of the apple tree are infected by the 

pathogen.  Apple scab disease is multi-cyclic (Figure 6.1) unlike ash dieback which is 

mono-cyclic (Hirst & Stedman, 1962a,b; Gross et al., 2012).   

If the sexual, ascospore-producing stage of the life cycle could be broken, the number 

of infections the following year would be reduced.  As the sexual stage of the life cycle 

takes place on the leaf, the complete removal or enhanced breakdown of the leaf 

(before the sexual reproductive stage can take place) could significantly slow the 

onset of the disease.  
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6.1.3 Breaking the Disease Life Cycle  

While apple scab infection is predominantly controlled through regular and frequent 

applications of fungicides in spring and early summer, studies have shown that 

ascospore production can be significantly reduced by enhanced leaf decomposition.  

Using a 5% concentration urea application, post-harvest, pre-leaf fall, in autumn to 

Bramley trees in English orchards, Burchill et al. (1965) noted that in the following 

spring, there was no ascospore production.  Burchill (1968) also showed that when 

5% urea was applied to Bramley’s Seedling leaf litter in late autumn, apple scab 

lesions the following spring were reduced by 59% and 46% in the two trials, compared 

to that of the untreated control.   

Mac an tSaoir et al. (2010) tested the effect that half rate (23.9 kg/1,000 L) and full 

rate (47.9 kg/ 1,000 L) urea treatments had on apple leaf decomposition in Northern 

Ireland.  Leaf degradation was measured by oven drying at 80°C for 4 days to 

determine the reduction of dry matter.  Results showed that urea did not have any 

significant effect on apple leaf degradation.  From November to March, there was a 

dry matter reduction of 45% but this was due to natural degradation.  The leaf matter 

that was left consisted of undegraded xylem. 

With ash dieback, the ash leaf petiole plays a major role in the pathogen life cycle. 

Removing petioles through collection or finding a method by which they can be 

degraded before the summer, could break the life cycle and prevent apothecia 

formation.  Ash leaf debris could potentially be removed from the forest floor and 

burnt.  Alternatively leaf debris could be or sprayed with an appropriate fungicide.  

These measures should help reduce the amount of wind-blown leaves and therefore 

reduce the amount of ascospore production (Cooke et al., 2013).  However, the 

fungicides are costly and, due to the widespread distribution of ash, it would be 

impossible and impractical to physically remove the leaf material.   

Hence it is hypothesised that the use of urea to enhance the breakdown of ash leaves, 

as it is used with apple leaves, could be a cost-effective method to either slow or stop 

the spread of the disease.   

6.1.4 Aim 

To determine if the breakdown of ash leaves is enhanced when treated with urea in a 

natural field setting in winter.   
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6.2 Materials and Methods  

6.2.1 Leaf Collection 

Fresh ash leaves were collected from ash in mature hedgerows in Co. Antrim.  The 

ash trees were in good health and showed no signs of dieback or other 

diseases/environmental damage.   

Apple leaves were used as a positive control as urea treatment has been shown to 

aid in their degradation (Burchill, 1968). Apple leaves were taken from mature 

Bramley’s Seedling trees in Newforge, Co. Antrim.  The apple trees were in good 

health and showed no signs of apple scab or other disease/environmental damage.  

In both cases leaves were collected in November 2013 before natural leaf senescence 

and abscission. Leaves were stored at 4°C before being used for the study the 

following day.  In a natural setting, leaves would fall from the trees during winter when 

the trees senescence. This experiment took place during the winter (December 2013 

to March 2014) to replicate this.  

The leaves were thoroughly mixed by type to ensure standardisation and weighed 

into 50 g fresh weight batches.  This experiment was designed to replicate what would 

happen in a forest situation, having contact with natural saprotrophs which aid in 

decomposition. The leaves were placed into nylon nets which were tied and fastened 

to ground, allowing for contact to the grass (Figure 6.2) on 18th November 2013.  The 

treatments could easily penetrate the leaves through the nylon netting whilst the 

netting provided a barrier to prevent foreign material mixing with the leaves and 

affecting the results.    

The experiment was undertaken at the Agri-Food and Biosciences Institute, 

Newforge, Co. Antrim, BT9 5PX (Ordinance Survey map grid reference NW 45061 

25438).  The experimental plot was surrounded by hedgerows.  The 16-week 

experiment was started in December 2013 with assessments at four-week intervals 

(16/12/13; 13/01/2014; 10/02/2014; 10/03/2014).  
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Figure 6.2 Ash leaves contained in nylon bags, fastened to the ground 

6.2.2 Experimental design 

The experimental design consisted of a fully randomised block design with nine 

treatments and four replicates (Figures 6.3 and 6.4).  

 

 

Figure 6.3 Randomised block design layout for the effects of urea applications on 

ash leaf litter decomposition experiment 

BLOCK I
T8 R1 T2 R1 T6 R1 T1 R1 T7 R1 T9 R1 T5 R1 T4 R1 T3 R1

BLOCK II
T3 R2 T1 R2 T5 R2 T6 R2 T4 R2 T7 R2 T9 R2 T8 R2 T2 R2

BLOCK III
T6 R3 T4 R3 T9 R3 T8 R3 T5 R3 T3 R3 T1 R3 T2 R3 T7 R3

BLOCK IV
T7 R4 T3 R4 T1 R4 T4 R4 T2 R4 T9 R4 T6 R4 T5 R4 T8 R4

Treatment 1 = (ASH)   Water Control x 1 application
Treatment 2 = (ASH)    ½ Urea x 1 application
Treatment 3 = (ASH)    1 Urea x 1 application
Treatment 4 = (ASH)    Water Control x 2 application
Treatment 5 = (ASH)     ½ Urea x 2 application
Treatment 6 = (ASH)    1 Urea x 2 application
Treatment 7 = (APPLE)    Water Control x 2 application
Treatment 8 = (APPLE)    ½ Urea x 2 application
Treatment 9 = (APPLE)    1 Urea x 2 application
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Figure 6.4  The study site showing placement of bags of leaves 

 

Nine treatments were used; six ash leaf treatments and three apple leaf treatments 

(Table 6.1).  Two concentrations of urea, half rate (29.3 Kg/1,000 L) and full rate (47.8 

Kg/1,000 L) urea (Net Urea 46 % Sefton Fertiliser Ltd.) and a water control were 

applied to ash leaves and apple leaves using a Knapsack sprayer.  Treatments were 

assigned either one (applied on 18/11/2013) or two applications (second application 

applied 13/01/2014) of the urea solution or water control.  The leaves received an 

even application of the treatment and there was sufficient space between treatment 

plots to prevent contamination.   
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Table 6.1 Urea Application to Ash and Apple Leaves 

Treatment Name  Leaf Type Treatment  Applications 

Treatment 1 Ash Water Control One 

Treatment 2 Ash Half Rate Urea One 

Treatment 3 Ash Full Rate Urea One 

Treatment 4 Ash Water Control Two 

Treatment 5 Ash Half Rate Urea Two 

Treatment 6 Ash Full Rate Urea Two 

Treatment 7 Apple Water Control Two 

Treatment 8 Apple Half Rate Urea Two 

Treatment 9 Apple Full Rate Urea Two 

 

6.2.3 Assessments 

The rate of leaf degradation was determined by (a) assessing the leaf tensile strength 

and (b) determining the reduction in leaf dry matter.  A nylon net leaf bag was chosen 

at random from each of the treatment plots (a total of 36 bags).  Each bag was opened, 

and ten leaves chosen at random.  The leaf material was removed from the petiole 

and placed back into the bag for weighing at a later stage.  Each petiole was measured 

for length (mm) and width (mm) before being placed in a Testometric 2.5 kN machine 

(Fig 6.5).  The machine held the petiole and stretched it to breaking point recording 

two indicators of tensile strength: 

• The amount of force (N) required to break the petiole  

• How far the petiole stretched (mm) before breaking 

The more force required to break the petiole, the greater the petiole’s structural 

integrity and therefore the less degradation.  Recording how much the petiole 

stretched is also a measure of structural integrity; as a petiole degrades, it becomes 

softer.  This means that the petiole is less likely to ‘snap’ and more likely to become 

‘gummy’.  Some leaf types stretch more but with regards to apple and ash, they break 

apart easily and stretch less before breaking using the Testometric machine.  
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The petioles were returned to the bag for weighing. 

 

Figure 6.5 Testometric 2.5 kN machine (Testometric, 2020) 

 

The reduction of dry matter was determined by oven drying the leaves.  Leaves were 

placed in metal trays and dried in the oven at 80oC for four days.  After oven drying 

the leaves were weighed and the dry matter weight recorded.  

 

All results were subjected to statistical analysis as described in Chapter 2, section 

2.5.  
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6.3 Results 

6.3.1  The effect of urea on degradation of leaves as assessed by the force 

required to break the petioles 

Assessing the leaf tensile strength (through the measurement the breaking force) 

showed that the apple leaves had significantly less strength at every sampling date 

compared to the ash leaves (Table 6.2).  The force required to break either apple or 

ash leaves decreased over time (this was significant except for the January and 

February sampling dates).  This is evidence that the leaves were indeed degrading 

but this occurred whether the leaves received a treatment of urea or had the water 

control.  The treatments that received urea did not consistently reduce the force that 

was needed to break the leaves.   

Regarding the apple leaves, the urea did not have a significant effect on the breaking 

force at any sampling date.  With the ash leaves, there was a downwards trend (Figure 

6.7) on the amount of force required to break the leaves that had received the full rate 

urea treatment compared to those that received the water control; however, this was 

only significant at the February sampling.  
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Table 6.2 The effect of urea concentration and number of applications on 

degradation of leaves over time as assessed by breaking force 

Leaf 
type 

Number of 
applications 

Urea 
concentration 

Load at peak (N) 

   Date when sample was collected 
   Dec 13 Jan 14 Feb 14 Mar 14 
Ash One None 42.62 32.71 38.63 26.55 
  ½ rate 43.33 33.14 34.19 17.11 
  Full rate 44.04 28.26 28.70 18.10 
   
Ash Two None 44.13 35.83 37.29 28.00 
  ½ rate 40.71 29.65 31.65 25.50 
  Full rate 42.47 27.69 24.50 24.56 
   
Apple Two None 18.55 12.89 16.05 9.58 
  ½ rate 14.38 10.46 15.22 10.68 
  Full rate 16.31 7.62 14.88 10.73 
   
  S.E. Significance  
Week  1.015 ***  
Leaf type  1.012 ***  
Urea frequency  1.012 *  
Week x Leaf type  1.829 ***  
Week x Urea frequency  1.829 n.s.  
Leaf type x Urea frequency  1.754 n.s.  
Week x Leaf type x Urea frequency 3.168 n.s.  
    
L.S.D. (P<0.05) Week x Leaf type x Urea 
frequency 

8.886   
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Figure 6.7  The effect of urea concentration and number of applications on degradation of leaves during each assessment date, as assessed 

by breaking force 
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6.3.2  The effect of urea on degradation of leaves as assessed by the 

elongation required to break the petioles 

Assessing the leaf tensile strength (through the measurement of elongation) shows 

that the apple leaves had significantly less strength at every sampling date compared 

to the ash leaves (Table 6.3).  The force required to break either apple or ash leaves 

decreased over time (this was significant again except for the January and February 

sampling dates).  This downwards trend of degradation occurred regardless of 

treatment type (Figure 6.8).  The treatments that received urea did not consistently 

reduce the elongation that was needed to break the leaves.   

 

Table 6.3 The effect of urea concentration and number of applications on 

degradation of leaves over time as assessed by elongation at point of 

breaking 

Leaf 
type 

Number of 
applications 

Urea 
concentration 

Elongation (mm) 

   Date when sample was collected 
   Dec 13 Jan 14 Feb 14 Mar 14 
Ash One None 1.764 1.358 1.340 1.082 
  ½ rate 1.785 1.600 1.376 0.761 
  Full rate 2.453 1.296 1.120 0.795 
   
Ash Two None 2.659 1.522 1.430 1.071 
  ½ rate 1.837 1.331 1.364 1.004 
  Full rate 1.650 1.302 1.223 1.169 
   
Apple Two None 1.790 1.919 1.007 0.874 
  ½ rate 1.458 0.897 0.924 0.798 
  Full rate 1.794 1.096 0.915 0.706 
   
  S.E. Significance  
Week  0.0551 ***  
Leaf type  0.0485 ***  
Urea frequency  0.0485 n.s  
Week x Leaf type  0.0958 n.s.  
Week x Urea frequency  0.0958 n.s.  
Leaf type x Urea frequency  0.0840 n.s.  
Week x Leaf type x Urea frequency  0.1660 ***  
     
L.S.D. (P<0.05) Week x Leaf type x Urea 
frequency 

0.4656 
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Figure 6.8 The effect of urea concentration and number of applications on degradation of leaves during each assessment date assessed by 

elongation at point of breaking 
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6.3.3  The effect of urea on degradation of leaves as assessed by the dry 

weight of the leaves 

The dry weight of both the apple and ash leaves decreased significantly at each 

sampling date (Table 6.4).  This indicates that both leaf types were being degraded 

although this occurred even on the water control leaves as opposed to just the leaves 

that received a urea treatment.  The urea treatments did not consistently reduce the 

amount of dry matter recorded at each sampling date.  

There was a downwards trend (Figure 6.9) for the degradation of leaves (using the 

dry weight as a measure) but this occurred regardless of treatment type; this was due 

to ‘time’ as the dry weight decreased at every sampling date.   

Table 6.4.   The effect of urea concentration and number of applications on 

degradation of leaves over time as assessed by dry weight 

Leaf 
type 

Number of 
applications 

Urea 
concentration 

Dry Weight (g) 

   Date when sample was collected 
   Dec 13 Jan 14 Feb 14 Mar 14 

Ash One None 14.22 12.60 10.22 4.67 
  ½ rate 13.36 11.34 4.84 4.30 
  Full rate 13.34 11.77 4.30 4.03 
   
Ash Two None 16.03 12.69 9.00 5.66 
  ½ rate 14.40 9.00 6.60 5.69 
  Full rate 13.90 10.88 6.70 5.17 
   
Apple Two None 14.22 12.92 7.69 5.33 
  ½ rate 13.65 11.06 8.76 5.16 
  Full rate 14.59 11.57 8.58 5.47 
   
  S.E. Significance  
Week  0.288 ***  
Leaf type  0.316 n.s.  
Urea frequency  0.316 **  
Week x Leaf type  0.535 n.s.  
Week x Urea frequency  0.535 n.s.  
Leaf type x Urea frequency  0.547 n.s.  
Week x Leaf type x Urea frequency 0.927   
     
L.S.D. (P<0.05) Week x Leaf type x Urea 
frequency 

2.601 
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Figure 6.9 The effect of urea concentration and number of applications on degradation of leaves at each sampling date as assessed by dry 

weight
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6.4 Discussion 

The proposed life cycle of H. fraxineus (described in Section 1.2.2) indicates that 

ascospores play a key role in the spread of the disease.  Although H. fraxineus 

undergoes asexual reproduction with the production of conidiospores, it was thought 

that conidia did not play a role in the development of infection (Gross et al., 2012).  A 

2016 paper (Fones et al., 2016) discussed how conidia did indeed play a role in the 

infection of H. fraxineus.  Their study showed that conidia germinated on ash leaves 

in vitro and were able to infect ash seedlings through their leaves and in soil.  They 

formed structures that looked like apothecia.   

Fones et al. (2016) noted that the original life cycle overlooked the importance of 

H. fraxineus conidia and their role in causing infection.  Even with this important 

updating of the lifecycle, it does not contradict the reasoning for conducting this 

experiment.  This experiment was developed to determine if urea would aid in the 

breakdown of ash debris on the forest floor.  If the conidia caused infection on leaves 

which produced structures resembling apothecia, this experiment would still be 

relevant in aiding in the breakdown of the leaf before H. fraxineus could sporulate and 

cause infection.  

Regarding this study, the urea treatments did not have any significant effect on the 

degradation of apple leaves (positive control).  As there was no significantly greater 

degradation of the apple leaves treated with urea compared with those treated with 

water, it is not possible to draw a robust conclusion on the effect of urea on ash 

leaves.  Urea treatment did not increase the degradation of ash leaves in the  
Mac an tSaoir et al. (2010) study which was also carried out in N. Ireland.  It is possible 

that urea was not effective on either the ash or apple leaves due to the N. Irish 

weather.  N. Ireland has its highest levels of rainfall from November to January 

(Statistica, 2020) which is when this study was taking place.  This could have had an 

effect on the urea treatments as the rain could have washed off or diluted the 

treatments.  However, Japanese researchers, He & Suzuki (2004) carried out studies 

to determine if urea aided in the decomposition of forest litter (on a forest floor).  Their 

study demonstrated that the urea treated plots had a higher rate of decomposition 

than the control plots.  This is a contradiction to what was observed in this study; 

Makino, Japan has higher annual rates of rainfall (1470 mm) than N. Ireland (1109 

mm for 2013; UK Gov, 2020).  This indicates that rainfall did not affect the urea 

treatment on forest litter in Japan.  If rainfall was not a factor in preventing the urea 
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treatments from accelerating leaf degradation, it could be a possibility that the soil 

nitrogen level was low. If this study was to be repeated, soil sampling would be carried 

out to determine the soil quality.  Urea does not break down the leaf itself but 

stimulates the microbial activity on the forest floor which in turn should accelerate the 

natural breakdown of the leaf material.  If the soil nitrogen levels were low, the rate of 

decomposition would be slow as the applied nitrogen (urea) would be taken up by the 

surrounding soil.  

Increased supplies of nitrogen have been shown to enhance leaf decomposition in 

both laboratory and field trials (Rai & Srivastava, 1982; Prescott et al., 1992; Chandini 

et al., 2000); it was expected that urea would have accelerated the degradation of the 

apple leaves (positive control) in this study.  There is a possibility that the method of 

placing the leaves in the plastic netting did not allow for maximum surface contact 

with the ground; only some leaves may have been touching the floor and others were 

‘trapped’ on top of other leaves.  The net bags were a necessity to prevent the leaves 

from blowing away or samples becoming mixed.  Both the ash and apple leaf material 

did indeed degrade over time; leaves of any tree species that are touching the forest 

floor will have contact with the natural saprotrophs.  These will aid in leaf 

decomposition regardless of any urea (or water control) applications.   

High amounts of urea were reported to suppress pseudothecial formation (and 

therefore ascospore production) by Ross (1961) on apple scab.  Pre-leaf fall urea 

treatment therefore reduces the risk of apple scab but how it inhibits pseudothecial 

development is not completely understood (Ross & Burchill, 1968; Burchill & Cook, 

1970; Burchill & Hutton, 1965; Gupta & Lele, 1980; Sutton et al., 2000).  Mitre at al. 

(2012) also investigated the effect of urea (5%) applications on apple leaves post-

harvest to determine if they reduced the primary inoculum (reduced perithecial 

production) of apple scab.  They found that one application of urea (5%) in autumn 

reduced primary infection by 60% (compared to the untreated control) and a urea 

(5%) application followed by a pre bud burst application (urea 2%) resulted in a 71% 

reduction of primary infection.  For Mitre at al. (2012), urea had a significant effect on 

reducing the apple scab inoculum.  Vincent et al. (2004) carried out urea trials (in 

Frelighsburg, Canada) on apple leaves to prevent the spread of V. inaequalis and 

hence reduce apple scab.  Urea treatments gave a 92.1 % reduction in ascospore 

production the following spring.  Vincent et al. (2004) reported that leaf shredding 

aided in degradation of leaves as it increased the surface area contact to the ground 

so that the microbes could reach the leaves (and therefore degrade them) and as the 
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leaves were smaller, this made it easier for the earthworms and other 

macroorganisms to eat the leaves.  With V. inaequalis the life cycle takes place on 

the lamina as opposed to the ash petiole with H. fraxineus, so even if the petioles 

were left behind with the apple leaves, the disease cycle would still be interrupted.   

With regards to any of the urea treatments and frequencies, there was one significant 

difference between the control and full rate urea, in the amount of force it takes to 

break a petiole in ash leaves that have had two urea applications. That said, full rate 

urea (applied twice) does not result in the total breakdown of ash leaf litter and would 

not disrupt the H. fraxineus life cycle. 

Another reason that the urea may not have aided in the decomposition of ash leaves 

(whereas it did with apple leaves in the Burchill (1968) study) is that apple and ash 

leaves are structurally different.  Each single, apple leaf (Figure 6.10B) has a larger 

green surface area than a single ash leaflet (Figure 6.10A) does.  Ash leaves have a 

hard, woody petiole whereas an apple leaf has a softer petiole.  Apple was used as a 

control as urea has been shown to aid in its decomposition; a significant difference in 

leaf breakdown compared to ash was expected. 

 

 

 

 

 

 

Figure 6.10 An ash leaf showing the petioles of the leaflets attached to the rachis 

(A) and apple leaves cv Bramley’s Seedling (B) (Woodland Trust, 

2020).  

 

With regards to the present experiment, the use of urea in the prevention of spread 

of ash dieback was not beneficial.  It is worth noting that at the end of the experiment, 

there were significant amounts of ash rachises (on which the apothecia form) present 

which would survive into the following summer (the life cycle of H. fraxineus would 

A B 
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not be broken).  He & Suzuki (2004) did multiple experiments on using urea on forest 

litter (the forest contained Japanese stone oak, Pasania edulis).  It was noted that 

within the controls, the woody tissue present took significantly longer to break down 

than the leafy material.  Woody tissue contains higher amounts of lignin, terpenoids 

and tannic acid compared to that of the leaf tissue this significantly affects the 

decomposition rate (Berg, 1984; Tripathi & Singhi, 1992).  In contrast, the urea treated 

plots had higher decomposition rates on the branches compared to that of the leaves.  

He & Suzuki (2004) concluded that this was due to the suppression of microbial 

activity from the urea treatment and the change if the soil pH.  The small leaves were 

largely affected by the urea treatment compared to the branches.  It was also noted 

that the number of cellulose decomposing bacteria declined after the urea treatment.  

Had this experiment have been successful in fully degrading the leaf petioles and 

breaking the H. fraxineus lifecycle, there would be environmental considerations with 

the use of urea.  Northern Ireland has a maritime climate and high rainfall.  If urea 

applications were to be used, the high rainfall could wash off the treatment and lower 

the potency.  Moreover, there are environmental considerations for using urea during 

the winter months. The Nitrates Directive (91/676/EEC) bans any applications of 

nitrogen during the winter months. 

Due to the fact that ash is widespread through Northern Ireland (and that H. fraxineus 

has a high infection potential), there are very few chemical controls that would be 

practically effective.  The fungicides carbendazim, prochloraz, captan, thiram and 

chlorothalonil have been shown to successfully inhibit the formation of H. fraxineus 

apothecia (Hauptman et al., 2014) and should therefore be an effective treatment.  

Fungicides, however, can have a negative effect on the environment as well as it is 

not physically possible to treat every inch of forest floor in Northern Ireland.  It was 

hoped that this study would demonstrate that urea would stimulate the activity of soil 

microorganisms and accelerate the degradation of the ash leaves, but this was not 

the case.  Hauptman et al. (2014) also used urea treatments on F. excelsior petioles 

that were collected from a forest in Ljubljana (Slovenia), that was infested with 

H. fraxineus.  The petioles were treated with urea (at concentrations of 5, 10 and 20 

g/l) and all concentrations were fully effective in preventing apothecia forming.  This 

experiment could not have been carried out in N. Ireland at the time of this study as 

H. fraxineus was not then present in the wider environment and naturally infected 

petioles were could not have been obtained.  
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Hrabětová et al. (2016) tested five fungicides and their control of H. fraxineus in a 

naturally infected forest nursery in the Czech Republic.  Kresoxim-methyl 

(commercial name, Discus), tebuconazole (Horizon 250 EW), azoxystrobin (Ortiva), 

difenoconazole (Score 250 EC) and trifloxystrobin (Zato 50 WG) were sprayed on 

two-year-old saplings that were infected with H. fraxineus.  After two applications of 

fungicide (two weeks apart) in July 2013, the experiment was evaluated in the March 

2014.  The saplings that were treated with difenoconazole had a higher percentage 

of diseased trees than the water control.  The other four fungicides reduced the 

number of diseased trees but only tebuconazole was significantly effective.  Since 

2015, H. fraxineus has now been found in the wider environment (DAERA, 2016); 

fungicide use could be a control measure for any nurseries that have a high economic 

value.  Fungicide use would be too expensive to use widespread (hedgerows, public 

forests etc).  More environmentally friendly and less financially costly methods of 

reducing ascospore production would be to clean the forest floor.  Ash is the third 

most frequent deciduous tree species in Northern Ireland, following European Beech 

(Fagus sylvatica) (Kirisits & Cech, 2010; Speich & Brandli, 2011).  As ash is so 

widespread, physically and logically, this would not be a realistic approach.  Ash is 

also located in hedgerows; passing transport would likely disturb fallen leaves, 

causing them to travel into other areas.  

With regards to other leaf types, Bellotte et al. (2009) tested a range of chemicals to 

aid in the decomposition of Sicilian lemon leaves as a control measure for citrus black 

spot (Guignardia citricarpa).  They tested urea, calcium nitrate, dolomitic limestone 

and the commercial composting accelerators, Embiotic®, Soil-Set® and 

Compostaid®.  Their research showed that urea was the most efficient in reducing 

leaf weight.  Lemon leaves are structurally different to both apple and ash leaves 

which means that the urea treatments used in the Bellotte et al. (2009) study cannot 

directly be compared to the present study. The Bellotte et al. (2009) study took place 

in Rio Claro (Brazil), which has a comparable annual rain fall (1294 mm) to N. Ireland 

but higher annual temperature (20.3oC vs 8.9oC) than N. Ireland, Belfast (Climate-

Data, 2020, based on reports from 1985 to 2020).  The higher annual temperature in 

Rio Claro may have been an advantage regarding the ground/soil microbial activity.  

Soil microbial activity has an optimum growth rate at a temperature of 25 – 30oC 

(Pietikäinen et al., 2005).  This could explain why urea was particularly beneficial in 

the breakdown of lemon leaves whereas it was not in either apple and ash leaves in 

N. Ireland with a lower annual temperature.  
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Bartha et al. (2017) conducted an ash leaf treatment experiment in Ismaning, 

Germany to determine if they could accelerate its decomposition.  The aim was to 

deprive the H. fraxineus of its substrate which would then prevent apothecia growth 

and its sporulation the next year.  They investigated the decomposition rate of ash 

petioles when covered with the leaf litter from Small Leaved Lime (Tilia cordata), 

European Hornbeam (Carpinus betulus) and Black Walnut (Juglans nigra).  Ash 

leaves which showed signs of H. fraxineus infection were collected from the forest 

floor and their petioles removed.  These petioles were oven-dried at 60 °C for 48 

hours.  Ten grams of ash petioles were placed in litter bags and placed on an 

ash/maple mixed forest.  The litter bags were placed in the middle of a plot (12 plots, 

3 for each tree species and a control with three replicates) and covered with the litter 

from the three different tree species.  One bag was taken destructively at month three, 

six, nine and 12 and oven dried for weight determination.  After the 12 months, the 

petiole biomass was 35-40% for the control, 30% for the Carpinus betulus, 18% for 

the Juglans nigra and 13% for the Tilia cordata.  After six months, all the samples 

were significantly degraded compared to the control (with the Tilia cover being 

significantly lower from the first sampling).  This could be an area for further research 

in N. Ireland using leaves from common broadleaf trees such as Alder (Alnus 

glutinosa), Downy Birch (Betula pubescens), Hazel (Corylus avellana) and Rowan 

(Sorbus aucuparia).  Many N. Ireland forests are mixed species, and it would be 

interesting to investigate if other tree species leaf fall accelerates the decomposition 

of ash leaf material.  

A practice for reducing leaf rubbish on apple orchard floors, has been to use plastic 

foil to cover the orchard floor.  Studies by Holb (2007), reported a reduction of the 

apple scab pathogen ascospore count by 16-27%.  Again, due to the wide distribution 

of ash, this would not be a likely preventative measure across Northern Ireland, 

although it might be feasible to implement some of these strategies to reduce the 

infection pressure in specific areas such as private forests.  Realistically, it is 

impossible to remove the entire amount of infected ash leaves from the forest floor.  

If just a few infected petioles were left behind, the following spring, they could produce 

apothecia.  If both mating types are present, infection will occur.  

A practical measure of control in the future would be to evaluate the viability and 

feasibility of an ash breeding programme, either in Northern Ireland or the UK.  A 

programme to produce ash trees that are either resistant to H. fraxineus or live 

alongside it would help save our ash populations (and therefore any biodiversity that 



131 
 

are dependent on ash).  Studies from Harper et al. (2016) have shown a low 

frequency of heritable resistance in F. excelsior populations.  A breeding programme 

may be viable or using a natural selection to determine resistance could be a way 

forward.  

Had this experiment have been a success with accelerating the degradation of ash 

leaves, it would have been repeated the following year. 
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Chapter 7 

Randalstown Case Study 

7.1 Introduction  

Ireland is an island.  This offers a level of protection to its ecosystem.  Ireland has a 

high plant health status; many plant diseases that are present on mainland Europe 

are not present here (DEFRA, 2020).  Ireland’s favourable plant health status is 

threatened due to the open trade in plants (and their related plant pathogens/pests) 

within Europe.  

The island of Ireland is made up of two political jurisdictions (Figure 7.1), Northern 

Ireland, which is part of the United Kingdom, and the Republic of Ireland, which is a 

full member state of the European Union.  

 
 

Figure 7.1 The island of Ireland (Clker, 2020). 

Regarding plant health legislation and practice, both jurisdictions function under EU 

regulations. Whilst similar in most practices, there are some differences in the 

regional legislation.  
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7.1.1 Plant Health Legislation 

7.1.1.1 The World Trade Organisation (WTO) 

The WTO and the International Plant Protection Convention (IPPC) agreed on a set 

of international plant health standards regarding plant trade. The agreement outlines 

measures that are to be taken by governments, allowing them to protect their plants 

from harmful pathogens that could be introduced into a country through international 

trade. This agreement was first adopted in 1951 and has been amended twice (last 

amendment in 1997).  

WTO states that member states have the right to take phytosanitary measures to 

protect their plant health however these measures should only be applied if there is 

sufficient scientific evidence. These measures should not discriminate between 

member states and should not be applied in a manner that causes a disguised 

restriction on international trade (WTO, 2020).  

7.1.1.2 European Union (EU) Plant Health Regulations  

The EU Plant Health regulations are set in place to regulate the movement of plants 

into and within the EU. The Directive (2000/29/EC) lists a set of specific control 

measures that should be taken if certain harmful organisms (listed in Annexes I and 

II) are found in the EU for the first time, or their presence was previously unknown.  

Specific control measures may also be used for other harmful organisms which were 

previously unknown to occur in the EU and that are not listed in the Annexes of 

Directive (2000/29/EC) but are of potential economic importance (Europa, 2020).  

7.1.1.3 UK (Department of Environment, Food and Rural Affairs (DEFRA)) Plant 

Health Legislation  

Plant health legislation set out by DEFRA, governs the whole of the UK.  The 

legislation covers plant health controls, imports and exports, certification schemes, 

plant passports, and quarantine plant pests.  While this legislation is specific for the 

UK but it falls under the relevant EU Directives.  As with The Directive (2000/29/EC), 

member states cannot ban the import of certain commodities unless there are plant 

health reasons.  Plant health cannot be used to manipulate trade within member 

states (DEFRA, 2020). 
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7.1.1.4 The Northern Ireland Plant Health Order 1996 (updated 2019) 

Regarding Northern Ireland, whose jurisdiction lies within the UK, the Plant Health 

Order directly applies here.  This legislation follows that of the UK but has regional 

differences as some instances of plant diseases may be different in N. Ireland than 

in the rest of the UK.  N. Ireland generally follows the response of the UK government 

(Legislation.gov.uk, 2020).  
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7.1.2 Plant Disease Surveying for ash dieback on the island of Ireland  

Chapter 1.4 outlines how ash dieback moved through Europe.  Forest decline was 

observed in Northern Europe in the early 1990s (Juodvalkis & Vasiliauskas, 2002) 

and the first case of ash dieback in the UK (GB) was reported in February 2012 

(Anon., 2012).  Plant health surveys for ash plantings were carried out in N. Ireland 

and ROI as a response to the positive GB finding. 

The first confirmed case of ash dieback in the island of Ireland was in County Leitrim 

(ROI) in October 2012 (DAFM, 2020).  This was in a forestry plantation planted in 

2009 with trees obtained from a nursery in continental Europe (the trees were 

subsequently destroyed to prevent spread of ash dieback into the wider environment).  

Due to the finding in ROI, N. Ireland increased the level of surveying.  In line with the 

Plant Health Order’s policy of “Eradication and Containment”, the survey’s objective 

was to identify where the pathogen was present and record it on a map. Once 

identified, it could be eradicated and measures put in place to prevent spread. The 

Plant Health Order provided DAERA with the power to survey all plantings, belonging 

to both public (Forestry Service) and private landowners. Once the pathogen was 

confirmed, DAERA had the power to order the “Eradication and Containment” of the 

pathogen through the removal of the ash trees by the landowner at their own expense.  

In the majority of cases, the trees were young (under seven years) and had little 

economic value. Small trees were uprooted, and larger trees were cut at the base, 

the stump being treated with glyphosate to prevent it sprouting.  Infected trees were 

burnt on site or buried if possible, otherwise, they were transported to a landfill. 

DAERA then put in place hygiene regulations for that area such as the forest floor 

being cleaned to prevent apothecia production and the site would be visited the 

following year to ensure all trees were dead.   

The surveys were based on information held by the Forest Service N. Ireland (who 

had details of recent grant-aided ash plantings) and also on plant health inspectors’ 

local knowledge.  In the majority of cases, the trees in sites that were recently planted 

could be traced back to their sources in nurseries outside the island of Ireland.  From 

tracing back and finding those nurseries, plant health inspectors were able to co-

operate with them and trace forward to find the other plantations that used ash trees 

from these suppliers. The intensive trace-forward / trace-back investigation allowed 

for the identification of the infected sites (any ash trees that showed dieback 



136 
 

symptoms would have samples taken to be tested by AFBI in Belfast, Northern 

Ireland), which would then be destroyed.  From these intensive plant health surveys, 

the first confirmed case of ash dieback in N. Ireland was detected in November 2012 

on a recently planted site (Anon., 2012). 

Wylder et al (2018) investigated six English sites on which ash had been planted 

within the past 20 years and where the presence of H. fraxineus had been confirmed.  

Tree mortality was low on these sites but some of the dead trees (which died between 

2001 to 2011) showed typical H. fraxineus stem cankers, before the first noted 

(February 2012) incidence of ash dieback in England (Anon., 2012).  Counting the 

rings of the infected trees and using RT-PCR to detect H. fraxineus, the pathogen 

presence was confirmed as early as 2004.  Ash dieback was identified in N. Ireland 

in November 2012 (Anon., 2012).  It is possible that ash dieback could have been 

also present in N. Ireland earlier than previously thought.  If ash trees were dying from 

H. fraxineus from as early as 2004, they would have been planted in the 1990s.  

Following on from the initial survey, a positive finding would result in a 500 m buffer 

survey being carried out. In particular, intensive buffer surveys were carried out on all 

surrounding hedgerows on both road and field sides within a 250 m radius.  Initially, 

no wider environment cases were identified.  It was not until December 2015 that 

DAERA identified three cases of ash dieback in hedgerows; these were located near 

recently planted ash trees that were also infected. Due to this finding of the pathogen 

in the wider environment, further removal of infected ash was stopped and the 

eradication policy dropped. DAERA plant health inspectors carried out a total of 8,805 

inspections for ash dieback (Table 7.1) since 2012. Surveys were done on a 10 km 

square grid (Figure 7.2). 
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Table 7.1  Positive cases of ash dieback in Northern Ireland, 2012-2016 

(DAERA, 2020) 

Year Number of 

Inspections 

Positive (premises) Positive (nursery) 

2012 1,028 76 3 

2013 1,895 12 0 

2014 1,306 2 0 

2015 1,896 18 0 

2016 2,680 68 0 

 

Figure 7.2 Northern Ireland plant health inspections of ash plantings. These 

include the buffer surveys of areas related to previous outbreaks. Red 

dots show sites which were positive for ash dieback and green dots 

where no dieback was observed.   
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7.1.2.1 Disease Incidence in the Republic of Ireland  

Regarding the ROI, disease incidence generally followed a similar pattern to that in 

N. Ireland (Figure 7.3).   

Figure 7.3 The Republic of Ireland, divided into squares using the OSI 10 km x 

10 km national grid, with each square coloured according to the time 

period in which a confirmed finding of the disease was made (DAFM, 

2020) 
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7.1.2.2 All-Ireland Chalara Disease Control Strategy  

The island of Ireland has two separate jurisdictions, but pathogens do not suddenly 

stop at borders.  Since the Good Friday agreement in 1998, Stormont (in N. Ireland) 

and Dublin (ROI) have had good relations and have taken a unified approach to plant 

diseases in the past (e.g. fireblight).  

Both parties agreed that ash dieback would affect Ireland as an island, and they would 

need to come together to agree a course of action. Through close co-operation 

between plant health authorities and scientists from N. Ireland and ROI, discussions 

were held on the best course of action to deal with ash dieback on the island.  The 

All-Ireland Chalara Control Strategy was implemented in 2013 and was an inter-

departmental, cross-border document (not legislation) launched in July of that year.   

The All-Ireland Chalara Control Strategy provided a framework of policy for both 

jurisdictions on the identification, control and eradication of H. fraxineus in Ireland. 

The two broad aims were to ensure: 

• “All incidents of ash dieback disease found on the island of Ireland are 

managed consistently and promptly in order to contain and eradicate the 

disease, and to minimise the risk of the disease spreading and becoming 

established.  

• A programme of work and development of an evidence base in the context of 

the International Plant Protection Convention’s International Standard for 

Phytosanitary Measure ISPM No 4 in order to make a case for the 

establishment of a Pest Free Area by the end of 2013 and seek consideration 

by the EU Standing Committee on Plant Health to recognise pest free status 

in EU legislation, through designation as a Protected Zone.” 

(DAFM, 2020) 

The Strategy aimed to prevent ash dieback from becoming established on the island 

of Ireland.  All ash trees could potentially be infected by the spread of H. fraxineus 

spores in the environment.  For an ash tree to be infected ‘in the wider environment’, 

this is from ascospores in the air, rather than from a diseased tree introduced to a 

recently planted site. Timmermann (2011) stated that once H. fraxineus becomes 

established in the wider environment, it is impossible to control its spread.    

Amendments were made to the Plant Health (Wood and Bark) Order (Northern 
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Ireland) 2006 governing the import of ash wood and all imports of ash trees, seed and 

wood were restricted. 

As all the positive sites in Ireland were recently planted, the introduction of 

H. fraxineus was assumed to have been from the import of infected material.  The 

disease cycle outlined in Chapter 1.2.2 indicates that H. fraxineus infects ash trees 

through leaves and sporulates only on fallen leaves infected the previous season. 

When ash trees are imported, they are leafless whips, so even if infected with 

H. fraxineus, they should not themselves be a source of new infections.  On this basis, 

if all plantings of imported, infected ash could be identified and destroyed, the disease 

would not become established on the island of Ireland.  

The site that was used in this Case Study provided an example of the implementation 

of this Strategy and allowed for the study of the course of disease development. 

7.1.2.3 Communication and Involvement of the General Public 

Objectives were set in place to increase public awareness of ash dieback through 

press conferences, radio and local television advertisements, leaflets and agricultural 

shows.  This publicity campaign highlighted the work that DAERA and AFBI were 

undertaking to try and eradicate the disease. DAERA and DAFM developed the “Tree 

Check App” (Figure 7.4) so that the public could report trees which showed symptoms 

compatible with ash dieback. 

Figure 7.4 Tree Check app developed by DAERA and DAFM in 

2013 

 
 

 

DAFM, DAERA, AFBI and the Society of Irish Plant Pathologists (SIPP) held an All-

Ireland Chalara Control Strategy conference in May 2014 to discuss current scientific 

information and have input from local stakeholders.  
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7.1.3 The Randalstown Case Study Site  

From ongoing plant health survey using the trace-forward / trace-back approach, the 

Randalstown site was identified in August 2015.  The mixed woodland site was 

planted in 2008 using imported ash saplings (obtained from Great Britain) and when 

first surveyed the site had a high level of H. fraxineus infection.  

This site was chosen for a case study as there was information available about the 

site and the source of the trees, and different levels of infection were observed among 

them.   

The case study had four main objectives: 

1. To provide evidence for how the pathogen was first introduced to the island 

of Ireland  

2. To identify if, or how the pathogen can develop from an infected ash whip 

with no leaves at the time of planting  

3. To propose a disease timeline within a specific plantation which could be 

applied to other sites in the region 

4. To assess the effectiveness of DAERA’s eradication and containment policy 

in the light of the findings.  

  



142 
 

7.2. Materials and Methods 
7.2.1 Location and Description of the Case Study Site 

As part of routine plant health inspections carried out by DAERA, young ash in a 

plantation near Randalstown, Co. Antrim (Northern Ireland) (Figure 7.5), was 

inspected to determine if the trees displayed symptoms of ash dieback.  Molecular 

diagnostics confirmed the presence of Hymenoscyphus fraxineus (November, 2015).  

 

Figure 7.5 Location of Randalstown within Northern Ireland  

This site was the focus of an intensive study during October and November 2015 after 

which the site was cleared of all ash trees.  

The approximately 300m2 site was a mixed woodland, containing European ash 

(Fraxinus excelsior), European beech (Fagus sylvatica) and common hazel (Corylus 

avellana). The site (Figure 7.6). was planted in 2008 with the ash plants being 

obtained from a nursery in Scotland.  The site was one of several similar patches of 

land in the immediate vicinity which had been planted around the same time with ash 

trees from the same source.   
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Figure 7.6 Satellite image of the Randalstown site, Co. Antrim  

The soil was heavy clay with restricted drainage.  The annual average rainfall was 

941 mm (Figure 7.7) leading to some waterlogging and surface water during heavy 

rain. The average annual temperature was 8.6°C ranging from 0.8° to 18.3°C (Figure 

7.7). 
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Figure 7.7 A) Average monthly rainfall (mm) and B) average monthly maximum, 

mean and minimum temperature (°C) for Randalstown, Co. Antrim, 

2015 (Met Office Data, 2015) 
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7.2.2 Disease assessment  

There were in excess of 1,000 ash trees on the site.  Of these 180 were selected in 

one section of the site for the Case Study survey, of which 11 were studied intensively.  

A mixture of healthy, symptomatic and dead trees was chosen at random for the Case 

Study survey.  The trees were numbered (1 to 180) and their stem diameters (at 50 

cm from the ground) measured.  The leaf, shoot and stem symptoms were noted and 

graded (Table 7.2).  The presence of any stem and/or basal lesions was recorded. 

These observations made it possible to estimate when a tree had become infected 

with the pathogen. 

Table 7.2 Scales used to assess the level of disease of a single ash tree 

Leaf Symptoms Viewing the tree canopy (standing on the ground) from 
all angles, the percentage of leaves showing symptoms 
(spotting, wilting or discoloration) was estimated using a 
percentage scale (0, 1, 5, 10, 15, 20, 25, continuing in 
5% increments to 100%).. 

Shoot Symptoms As for leaf symptoms, the percentage of shoots showing 
symptoms (lack of leaves and/or discolouration) was 
estimated, using a percentage scale (0, 1, 5, 10, 15, 20, 
25, continuing in 5% increments to 100%).  

Stem Symptoms Stem symptoms were counted (the lesions on the trunk 
of the tree).  The number of lesions or discolouration 
were noted.  

Basal Lesions A yes/no value was given to trees that had a basal lesion.   

Multiple Stems A yes/no value was given to trees that had multiple stems 
and the number of stems recorded. 

Tree alive or dead A dead/alive value was given to each tree. 

 

7.2.2.1 Assessing leaf symptoms  

Ash dieback leaf symptoms are normally observed in late summer starting with black, 

necrotic spots forming on the leaflets, shown in Figure 7.10 (A).  Over time, the 

infected leaves wilt, die and abscise as the lesion spreads in a proximal direction 

(Bakys et al., 2009a). 
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Figure 7.8 A) Ash tree 120 with 75% leaf symptoms compared to B) tree 106 with 

20% leaf spotting  

The tree canopy was examined from all sides and the percentage of leaves that had 

dieback symptoms estimated (Table 7.2).  

7.2.2.2 Assessing shoot symptoms 

Leaf symptoms are followed by shoot symptoms.  As the pathogen grows through the 

tissue, the lesion in the leaf spreads along the rachis and into the shoot (Kowalski & 

Holdenrieder, 2009; Timmermann et al., 2011; Gross et al., 2012; Kirisits et al., 2012).  

An infected tree may have some shoots that fail to flush and others may show ill-

health (brown, curling leaves) or dieback.  Figure 7.9 shows entire dieback of the tree 

crown which is due to a large, single lesion on the main stem.  The canopy of each 

tree was inspected for the presence of shoot symptoms and the percentage estimated 

(Table 7.2). 

 



147 
 

 

Figure 7.9:   Ash tree 159 with 75% shoot symptoms  

 

7.2.2.3 Assessing stem symptoms 

The pathogen grows from the petiole and into the shoots (Schumacher et al., 2010).  

The infection within the xylem spreads mainly in an axial direction typically forming a 

diamond-shaped lesion on the stem (Kowalski & Holdenrieder, 2009; Figure 7.10).  

The stem of each tree was examined and the number of stem lesions recorded.   
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Figure 7.10. Tree 11 (A) with multiple stem symptoms and an ash tree with a stem 

lesion (B), split open to show the internal staining of the fungus   

 

7.2.2.4 Basal Lesions 

From the 180 trees surveyed, 16 which had basal lesions were removed from the site 

for further investigation.  Basal lesions were large lesions that occurred at soil level 

and which did not appear to be directly associated with infections higher up the stem. 

The ground around the base of the tree was cleared and the tree stem was cut by 

chainsaw just above the basal lesion. The roots of the tree were dug up and as much 

soil removed as possible.  Aerial roots (Figure 7.11) were present on many of the ash 

trees that had a basal lesion. 
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Figure 7.11 Basal lesion on an ash tree with aerial roots present  

 

The stem was split using a saw so that the depth of staining within the tissue could 

be measured.  The length, depth and width of the basal lesion was measured with 

callipers and the approximate volume of the lesion calculated using the equation for 

the volume for a cylinder.  

Samples were taken from lesions using a scalpel to remove a 10 mm length of wood 

at a depth of 1 mm and the presence or absence of H. fraxineus determined using 

real time PCR (section 2.3).   

Using a saw, the stem was cut through the mid-point of the lesion and again 25 mm 

above to give a slice (Figure 7.12).  This was repeated until no staining was seen 

within the tissue.  The age of the tree was determined using the growth rings and the 

date of infection estimated.  
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Figure 7.12  Tree 169 with a basal lesion. A sample slice showing lesion staining 

within the stem  

 

7.2.2.5 Development of Apothecia on Roots 

Pseudosclerotia were observed on the roots of 18 dead young trees which had been 

dug up and washed to remove soil.  H. fraxineus can colonise the root system and 

has been isolated from dead roots (Kowalski & Łukomska 2005; Schumacher, 2011), 

but apothecial development on infected roots was thought to be a rare occurrence.  

The roots were not dried after washing and they were placed in a sealed, clear plastic 

box with damp towelling to maintain humidity (Figure 7.13). The boxes were placed 

near a window so they were exposed to natural sunlight.  
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Any pseudosclerotia on the roots were recorded as the percentage cover.  The roots 

were checked twice weekly for the presence of apothecia for two months.  Apothecia 

production was recorded and photographed.  Three apothecia chosen at random from 

each of the roots were tested by real-time PCR (section 2.2) to confirm that they were 

H. fraxineus. 

 

 

Figure 7.13  Apothecial development on infected ash roots with pseudosclerotia 

 

7.2.2.6 Assessing and noting other symptoms 

An overall assessment of tree health and vigour was made for each of the 180 trees 

under investigation.  Trees which had a narrow stem diameter, multiple stems, 

epicormic shoots and showed signs of stress were considered to have been infected 

during planting.  Epicormic shoots (which emerge from dormant buds along the 

branches or stem of the tree) are produced by the tree as a stress response to 

infection.  The tree grows these epicormic shoots to compensate for the loss of leaf 

area.   

Some infected trees showed girdling where the fungus had grown within the stem and 

girdled the tree, preventing the flow of water and nutrients to the shoots and leaves.  

Basal lesions were also present in some trees and were recorded.  On examination 

some parts of infected trees had papery epidermis (Figure 7.14) on dead shoots.  

Pseudosclerotia 

Apothecia 
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When this was peeled back, the wood had a pseudosclerotial plate with apothecia 

present. This was recorded.  

 

Figure 7.14 Papery epidermis on a dead shoot covering a pseudosclerotial plate 

 

 

A tree that was dead from the disease (and had visible stem or basal lesions) was 

considered to be infected at the time of planting.  Ash trees which showed high levels 

of disease and had stems that were thinner and shorter than other ash trees, were 

also considered to have been infected at the time of planting. 

 

7.2.3 Intensive tree study 

Eleven trees were chosen for more detailed study to determine how the pathogen 

moved within the tree and how the tree responded to infection.  This enabled the 

development of a timeline of disease development within the site.  

As with the 180 tree study, tree height, leaf symptoms, dieback, stem symptoms and 

basal lesions were recorded and described using the assessment scale described in 

Table 7.2.  External symptoms (such as papery epidermis, stem cankers, multiple 

stems) were measured and described. Photographs were taken to document the 

appearance of each tree.  Simple, schematic drawings were made to show the extent 

of ash dieback symptoms for each tree.  

The trees were removed from the site; they were cut at the base as close to the 

ground as possible using a chainsaw.  The trees were transported to Newforge Lane, 

Belfast, BT9 5PX where they were kept in an enclosed glasshouse to prevent the 

escape of the pathogen into the wider environment.  
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To observe how the pathogen moved within the tree, each tree was sliced using a 

saw above and below the lesion site.  A woody tissue sample was taken as described 

in 7.3 and the presence of H. fraxineus confirmed using real-time PCR (Section 2.2).  

Compiling all the disease symptom records and descriptions, a disease timeline was 

constructed for the case study site. 
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7.3 Results 

7.3.1 Study of 180 trees 

7.3.1.1 Tree symptom summary 

The size, disease symptoms and assessment of tree health tree of 180 ash trees are 

presented in Table 7.3.  In summary: 

• 177 (98%) showed symptoms of ash dieback.   

• 8 (4%) were dead.    

• 129 (72%) had leaf symptoms.  

• 120 (67%) had shoot symptoms.   

• 38 (21%) had stem symptoms.  

• 24 (13%) had basal lesions.  

• 44 (24%) were infected when planted.  136 (76%) were not infected on 

planting. 
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Table 7.3 Stem, shoot and basal lesion symptoms for the 180 ash trees chosen at random from the Randalstown case study site 

Tree No 
Stem 
Diameter 
(cm) 

Leaf Symptoms 
Percentage (%) 

Shoot 
Symptoms 
(%) 

Stem 
Symptoms  

Lesions 
Present? 

Was Tree 
infected at 
Planting? 

Alive or 
Dead 

Basal 
Lesion Multiple Stem 

1 64.5 90 75 0 - - Alive - - 

2 134 25 5 0 - - Alive - - 

3 80 90 30 0 - - Alive - - 

4 130 75 10 0 - - Alive - - 

5 75 90 5 0 - - Alive + - 

6 118 75 25 0 - - Alive - - 

7 112 10 10 0 - - Alive - - 

8 91 80 35 0 - - Alive - - 

9 51 95 95 1 + + Alive + - 

10 88 50 75 6 - + Alive - - 

11 50 90 10 3 - + Alive - - 

12 26 90 10 1 - + Alive - - 

13 29 95 25 0 - + Alive - - 

14 42 95 0 0 - - Alive - - 

15 75 90 90 9 + + Alive - - 

16 64 100 25 0 - - Alive - - 
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Table 7.3 cont’d Stem, shoot and basal lesion symptoms for the 180 ash trees chosen at random from the Randalstown case study site 

Tree No 
Stem 
Diameter 
(cm) 

Leaf Symptom 
Percentage (%) 

Shoot 
Symptoms 
(%) 

Stem 
Symptom  

Lesions 
Present? 

Was Tree 
infected at 
Planting? 

Alive or 
Dead 

Basal 
Lesion Multiple Stem 

17 62 100 100 3 - - Alive - - 

18 113 75 25 0 - - Alive - - 

19 93 80 15 0 - - Alive - - 

20 91 10 5 0 - - Alive - - 

21 90 90 5 0 - - Alive - - 

22 116 50 30 0 - - Alive - - 

23 95 50 30 1 - - Alive - - 

24 77 100 100 1 - - Alive - - 

25 62 95 75 1 - - Alive - - 

26 51 100 100 1 + + Alive - - 

27 96 75 50 0 - - Alive - - 

28 58 50 30 0 - - Alive - - 

29 114 30 1 0 - - Alive - - 

30 91 90 10 0 + - Alive + - 

31 76 100 100 1 - + Alive - - 

32 49 100 100 1 - + Dead - - 
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Table 7.3 cont’d Stem, shoot and basal lesion symptoms for the 180 ash trees chosen at random from the Randalstown case study site 

Tree No 
Stem 
Diameter 
(cm) 

Leaf Symptom 
Percentage (%) 

Shoot 
Symptoms 
(%) 

Stem 
Symptom  

Lesions 
Present? 

Was Tree 
infected at 
Planting? 

Alive or 
Dead 

Basal 
Lesion Multiple Stem 

33 107 5 0 0 - - Alive - - 

34 51 30 10 0 - - Alive - - 

35 31 50 25 0 + + Alive - - 

36 20 95 100 1 + + Alive + - 

37 52 80 25 0 - - Alive - - 

38 41 95 95 1 + + Alive - - 

39 69 80 30 0 - - Alive - + 

40 51 5 5 0 - - Alive - - 

41 80 75 50 0 - - Alive - - 

42 30 95 95 1 - + Alive - - 

43 80 100 75 0 - - Alive - - 

44 79 40 10 0 - - Alive - - 

45 45 50 0 0 - - Alive - - 

46 91 75 10 0 - - Alive - - 

47 83 25 50 0 - - Alive - - 

48 111 10 5 0 - - Alive - - 

49 107 80 30 0 - - Alive - - 
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Table 7.3 cont’d Stem, shoot and basal lesion symptoms for the 180 ash trees chosen at random from the Randalstown case study site 

Tree No 
Stem 
Diameter 
(cm) 

Leaf Symptom 
Percentage (%) 

Shoot 
Symptoms 
(%) 

Stem 
Symptom  

Lesions 
Present? 

Was Tree 
infected at 
Planting? 

Alive or 
Dead 

Basal 
Lesion Multiple Stem 

50 113 20 5 0 - - Alive - - 

51 29 75 0 0 - - Alive - - 

52 44 10 50 2 - - Alive - - 

53 49 75 50 1 - - Alive - - 

54 26 95 80 3 - + Alive - - 

55 37 90 75 1 - + Alive - + 

56 78 5 25 2 - + Alive - - 

57 65 90 90 2 + - Alive + - 

58 54 90 75 0 - - Alive - - 

59 81 90 25 0 - - Alive - - 

60 99 10 0 0 - - Alive - - 

61 47 5 75 3 - - Alive - - 

62 40 40 50 2 + - Alive + - 

63 43 100 100 1 + + Dead - - 

64 38 95 95 0 - + Alive - - 

65 34 100 100 0 + + Dead + + 

66 52 100 100 8 + + Alive + - 
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Table 7.3 cont’d Stem, shoot and basal lesion symptoms for the 180 ash trees chosen at random from the Randalstown case study site 

Tree No 
Stem 
Diameter 
(cm) 

Leaf Symptom 
Percentage (%) 

Shoot 
Symptoms 
(%) 

Stem 
Symptom  

Lesions 
Present? 

Was Tree 
infected at 
Planting? 

Alive or 
Dead 

Basal 
Lesion Multiple Stem 

67 71 90 75 0 - - Alive - - 

68 95 50 5 0 - - Alive + + 

69 48 95 95 4 - + Alive - - 

70 56 50 25 1 - - Alive - - 

71 50 90 75 0 - - Alive - - 

72 88 90 100 2 - - Alive - - 

73 80 75 25 0 + - Alive + + 

74 87 75 50 0 - - Alive - - 

75 86 90 100 2 - - Alive - - 

76 58 75 90 5 - - Alive - - 

77 81 100 30 0 - - Alive - - 

78 66 80 25 0 - - Alive - + 

79 81 50 50 0 - - Alive - - 

80 81 75 50 0 - - Alive - - 

81 83 85 85 1 - - Alive - - 

82 65 75 75 1 - - Alive - + 

83 72 75 60 0 - - Alive - - 
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Table 7.3 cont’d Stem, shoot and basal lesion symptoms for the 180 ash trees chosen at random from the Randalstown case study site 

Tree No 
Stem 
Diameter 
(cm) 

Leaf Symptom 
Percentage (%) 

Shoot 
Symptoms 
(%) 

Stem 
Symptom  

Lesions 
Present? 

Was Tree 
infected at 
Planting? 

Alive or 
Dead 

Basal 
Lesion Multiple Stem 

84 69 95 95 5 - + Alive - - 

85 70 100 100 8 - - Dead - - 

86 72 75 35 0 - - Alive - + 

87 144 95 10 0 - - Alive - + 

88 55 80 95 1 + + Alive - - 

89 51 95 100 1 + + Alive - - 

90 71 80 90 1 + + Alive - - 

91 26 100 100 1 - + Dead - - 

92 59 95 5 1 - - Alive - - 

93 49 100 100 1 + + Dead - - 

94 63 5 5 0 - - Alive - - 

95 28 80 90 1 - + Alive - - 

96 76 5 0 0 - - Alive - - 

97 60 60 30 5 - + Alive - - 

98 57 5 10 0 - - Alive - - 

99 43 75 15 1 - - Alive - - 

100 53 10 60 5 - - Alive - + 

  



161 
 

Table 7.3 cont’d Stem, shoot and basal lesion symptoms for the 180 ash trees chosen at random from the Randalstown case study site 

Tree No 
Stem 
Diameter 
(cm) 

Leaf Symptom 
Percentage (%) 

Shoot 
Symptoms 
(%) 

Stem 
Symptom  

Lesions 
Present? 

Was Tree 
infected at 
Planting? 

Alive or 
Dead 

Basal 
Lesion Multiple Stem 

101 114 50 1 0 - - Alive - - 

102 98 50 50 1 - - Alive - + 

103 130 90 5 0 - - Alive - - 

104 50 5 10 0 - - Alive + - 

105 100 75 0 0 - - Alive - - 

106 84 20 5 0 - - Alive - - 

107 101 15 0 0 - - Alive - - 

108 96 15 5 0 - - Alive - - 

109 112 30 5 0 - - Alive - - 

110 55 5 75 0 - - Alive - - 

111 32 5 70 1 - + Alive - - 

112 143 5 70 1 - - Alive - + 

113 82 30 50 3 - - Alive - - 

114 107 40 0 0 - - Alive - - 

115 107 70 5 0 - - Alive - - 

116 105 50 5 0 - - Alive - - 

117 111 40 5 0 - - Alive - - 
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Table 7.3 cont’d Stem, shoot and basal lesion symptoms for the 180 ash trees chosen at random from the Randalstown case study site 

Tree No 
Stem 
Diameter 
(cm) 

Leaf Symptom 
Percentage (%) 

Shoot 
Symptoms 
(%) 

Stem 
Symptom  

Lesions 
Present? 

Was Tree 
infected at 
Planting? 

Alive or 
Dead 

Basal 
Lesion Multiple Stem 

118 58 70 50 1 - + Alive - - 

119 101 20 0 0 - - Alive - - 

120 111 75 5 0 - - Alive - - 

121 99 60 0 0 - - Alive - - 

122 72 70 10 0 - - Alive - - 

123 120 40 5 0 - - Alive - - 

124 76 20 70 2 - - Alive - - 

125 105 70 1 0 - - Alive - - 

126 97 70 1 0 - - Alive - - 

127 105 70 5 0 + - Alive + - 

128 24 90 50 2 - + Alive + + 

129 60 30 50 6 - + Alive - - 

130 59 10 1 1 + + Alive - - 

131 64 50 5 0 - - Alive - - 

132 81 0 0 0 - - Alive - - 

133 107 5 50 2 - - Alive - - 

134 62 40 30 3 - - Alive - - 
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Table 7.3 cont’d Stem, shoot and basal lesion symptoms for the 180 ash trees chosen at random from the Randalstown case study site 

Tree No 
Stem 
Diameter 
(cm) 

Leaf Symptom 
Percentage (%) 

Shoot 
Symptoms 
(%) 

Stem 
Symptom  

Lesions 
Present? 

Was Tree 
infected at 
Planting? 

Alive or 
Dead 

Basal 
Lesion Multiple Stem 

135 87 10 1 1 + - Alive - - 

136 84 20 1 0 - - Alive - - 

137 37 100 100 3 - + Alive - - 

138 81 5 1 0 - - Alive - - 

139 49 5 0 0 - - Alive - - 

140 94 10 0 0 - - Alive - - 

141 101 1 1 0 - - Alive - - 

142 86 0 1 1 - + Alive - - 

143 99 0 10 0 - - Alive - - 

144 121 10 10 1 - - Alive - - 

145 90 1 1 0 - - Alive - - 

146 79 5 1 0 - - Alive - - 

147 75 15 5 1 - - Alive - - 

148 99 5 5 1 - - Alive - - 

149 69 0 30 0 - - Alive - - 

150 49 5 1 0 - - Alive - - 

151 87 5 5 5 - - Alive - - 

  



164 
 

Table 7.3 cont’d Stem, shoot and basal lesion symptoms for the 180 ash trees chosen at random from the Randalstown case study site 

Tree No 
Stem 
Diameter 
(cm) 

Leaf Symptom 
Percentage (%) 

Shoot 
Symptoms 
(%) 

Stem 
Symptom  

Lesions 
Present? 

Was Tree 
infected at 
Planting? 

Alive or 
Dead 

Basal 
Lesion Multiple Stem 

152 124 20 5 0 - - Alive - - 

153 57 1 1 0 - - Alive - - 

154 86 50 5 0 - - Alive - - 

155 76 15 5 2 - - Alive - - 

156 81 5 1 0 - - Alive - - 

157 51 1 1 5 - - Alive - - 

158 65 0 1 0 - - Alive - - 

159 49 0 75 1 - + Alive - - 

160 13 0 0 1 - + Dead - - 

161 41 50 40 1 - + Alive - - 

162 84 0 0 0 - - Alive - - 

163 70 10 25 5 - - Alive - - 

164 83 0 0 0 - - Alive - - 

165 43 0 100 1 - + Dead - - 

166 106 20 15 1 - - Alive - - 

167 86 5 20 2 - - Alive - - 

168 46 1 1 0 + - Alive + - 
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Table 7.3 cont’d Stem, shoot and basal lesion symptoms for the 180 ash trees chosen at random from the Randalstown case study site 

Tree No 
Stem 
Diameter 
(cm) 

Leaf Symptom 
Percentage (%) 

Shoot 
Symptoms 
(%) 

Stem 
Symptom  

Lesions 
Present? 

Was Tree 
infected at 
Planting? 

Alive or 
Dead 

Basal 
Lesion Multiple Stem 

169 45 5 50 1 + + Alive + + 

170 92 5 25 1 + + Alive + - 

171 76 1 10 2 - - Alive - - 

172 54 1 1 1 - - Alive - - 

173 62 1 1 0 - - Alive - - 

174 46 0 50 10 - - Alive - - 

175 77 0 60 1 - + Alive - - 

176 70 1 5 0 - - Alive - - 

177 77 0 5 0 - - Alive - - 

178 105 5 5 0 - - Alive - - 

179 38 5 0 0 - - Alive - - 

180 60 0 90 2 + + Alive - - 
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7.3.1.2 Trees with Basal Lesions 

Out of the 24 trees that had basal lesions, 16 were examined further.   

 
Figure 7.15  A comparison of a healthy ash tree (left) and ash trees infected with 

H. fraxineus. Sections were taken at the same height and all trees are 

the same age. 

Ash trees displaying no symptoms showed regularly spaced growth rings.  The 

healthy section in Figure 7.15 (left) is of wood eight years old with a circumference of 

12 cm.  Infected trees (Figure 7.15; four sections to the right) have smaller 

circumferences and are misshapen and distorted (base cuttings were taken at the 

same height for each tree at a height of 30 cm).  They often have aerial roots (which 

is a stress response to the disease). 

Of the 16 trees (Table 7.4) 

• 10 (63%) were considered to have been infected at the time of planting  

• In the growing season of 2012, ash dieback affected the growth of one (6%) 

of the trees 

• In the growing season of 2013, ash dieback affected the growth of 12 (75%) 

of the trees 

• In the growing season of 2014, ash dieback affected the growth of one (6%) 

of the trees 

• Tree 65 was the only tree of the 16 that was dead (6%) 

• In all the samples (100%) the internal staining of the lesion was larger than 

the external length 
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Table 7. Basal lesion measurements  

Tree 
Number 

Lesion 
length 
(mm) 

Lesion 
width 
(mm) 

Lesion 
depth 
(mm)  

Staining length 
(mm) 

Lesion volume 
calculated as a 
cylinder (cm3) 

Infected at 
planting? Notes 

5 202 96 18 293 14.62 Yes 2013 summer- stopped growing one side 
9 112 57 47 134 2.86 Yes  

30 120 83 37 Longer than 
sample 6.49 No 2013 summer- stopped growing one side 

36 300 26 26 300 1.59 Yes  
57 42 43 23 46 0.61 No 2014 summer- stopped growing one side 
62 138 53 22 162 3.04 Yes 2012 summer- stopped growing one side 
65 102 67 36 132 3.6 Yes 2013 summer- stopped growing one side 

66 213 86 76 Throughout 
sample 12.37 Yes 2013 summer- stopped growing one side 

- Aerial roots present 

68 295 75 44 Throughout 
sample 13.03 Yes 2013 summer- stopped growing one side 

73 277 44 26 300 4.21 No 2013 summer- stopped growing one side 
73(2) 47 13 10 n/a 0.062   

88 260 39 42 Throughout 
sample 3.11 No 2013 summer- stopped growing one side 

90 242 47 34 Throughout 
sample 4.2 No 2013 summer- stopped growing one side 

127 127 64 103 Longer than 
sample 4.09 Yes 2013 summer- stopped growing one side 

168 114 57 24 142 2.91 Yes 2013 summer- stopped growing one side 
169 84 65 33 111 2.79 Yes 2013 summer- stopped growing one side 
170 54 75 30 73 2.39 No 2013 summer- stopped growing one side 
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7.3.1.3 Root Apothecia  

There were 18 dead trees which had basal lesions; they were chosen to have their 

roots removed to observe any development of apothecia on the roots when placed in 

incubation boxes (method outlined in 7.4; Figure 7.14, A,B,C,D).  

 

Figure 7.16 H. fraxineus apothecia on the roots of dead ash trees that had basal 

lesions (A, B, C, D) and H. fraxineus apothecia growing on the stem of 

a dead ash tree (E) that had a basal lesion, both in the field and in an 

incubation box. 
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Table 7.5 H. fraxineus apothecia production on the roots and stems of dead ash 

trees that had basal lesions 

Tree 

Number 

Pseudosclerotia 

coverage (%) 
Apothecia  

Apothecia 

per cm 

26 25 -  0 

63 <10 -  0 

91 25 -  0 

93 75 -  0 

95 50 + 2 

187 20 + 6 

188 100 -  0 

189 50 + 3 

196 >10 -  0 

198 25 -  0 

208 100 + 16 

218 80 -  0 

230 >10 -  0 

232 80 + 1 

234 100 -  0 

3 100 + 1 

25 50 -  0 

33 50 -  0 

 

• 6 (33%) out of the 18 roots produced apothecia 

• 18 (100%) of the roots had some coverage of pseudosclerotia  
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7.3.2 Intensive tree study 

From the site, eleven infected trees were chosen for a detailed study.  Tree height, 

leaf symptoms (the leafy tissue that was present on the tree, separated into leaf 

spotting and wilting), shoot dieback (the shoot consists of the wood from that year’s 

growth which holds the leaves and the flowers/buds if applicable), branch symptoms 

(the wooden, structure that is connected but not part of the main stem (trunk) of the 

tree), stem symptoms (a characteristic diamond-shaped lesion on the main stem/trunk 

of the tree) and basal lesions (a lesion on the base of the main stem of the tree) were 

recorded and described. The trees were cut so that the symptoms within the tree 

could be assessed.  Samples were taken from all lesions and the presence of 

H. fraxineus confirmed using real-time PCR.  The height of the tree (measured with a 

metre stick) was regarded as a general indicator of growth over seven years.  From 

observing the symptoms of the disease within the tree, viz. staining of growth rings, 

the year of infection could be determined.  Using all of these data a possible disease 

timeline was constructed for the study site.  The results of these observations and 

measurements are summarised in Table 7.6. The leaf symptoms were measured by 

a leaf spotting/wilting percentage (Table 7.2). The percentage was given on the basis 

of the leaves that were present on the tree; some trees had less leaves than others 

and this is described in the individual tree photos. Note that Tree One has <10% leaf 

spotting but this does not necessarily suggest that it was healthier than Tree Four with 

25% leaf spotting; Tree One had less than 10% leafy material present to access. 

Trees that had less than 10% green material present were classified as dead. 
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Table 7.6  Characteristics and disease symptoms of 11 intensively studied ash trees from the Randalstown Case study Site, October 2015 

 
Tree 
number 

Tree 
height (m) 

Leaf spotting 
(%) 

Leaf 
wilting (%) 

Shoot symptom 
(%) 

Stem 
lesions Basal lesion Tree infected at 

planting 
Estimated year of 

infection 
One 3.5 <10 75 75 3 - + 2008 
Two 2.5 <10 25 50 2 - - 2011 
Three 3.5 <10 25 75 1 - + 2008 
Four 6.0 25 <10 25 0 - - 2015 
Five 5.0 <10 25 25 0 - - 2013 
Six 2.5 <10 0 10 2 - - 2013 
Seven 4.0 25 <10 50 2 - - 2012 
Eight 3.5 <10 0 10 3 - - 2012 
Nine 3.5 75 <10 75 1 + - 2013 
Ten 4.0 <10 <10 10 2 - - 2013 
Eleven  2.5 <10 <10 10 2 - + 2008 
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From the 11 trees studied: 

• 11 (100%) had leaf symptoms.  

• 10 (91%) had shoot symptoms.   

• 10 (91%) had stem symptoms.  

• 1 (9%) had basal lesions.  

• 3 (27%) were infected when planted.   

• 1 tree (9%) had a 2015 infection (showed only leaf symptoms) 

Ten out of the 11 trees had one or more stem lesions.  The characteristics of these 

lesions are summarised in Table 7.7 

Table 7.7 Stem lesion information from the eleven ash trees infected with 

H. fraxineus on the Randalstown case study site 

Tree 

Numbe

r 

Stem 

Lesion 

Number 

Length 

(mm) 

Width 

(mm) 
Volume (cm3)1 

One One 242 36 246 3 

 Two 140 22 53 2 

 Three 201 40 252.6 

Two One 103 24 46.6 

 Two 150 24 67.9 

Three One 64 42 88.7  

Four2 - - - - 

Five2 - - - - 

Six One 157 42 217.5 

 Two 139 34 126.2 

Seven One  302 57 770.6 

 Two    

Eight One  239 30 168.9 

 Two  126 45 200.4 

 Three 270 32 217.2 

Nine One 270 32 217.2 

Ten One 210 22 79.8 

 Two 226 19 64.1 

Eleven  One  71 37 76.3 

  Two  152 37 163.4 

1Approximate volume of a lesion was calculated assuming it was a perfect cylinder  

 (V =π r2 h) 
2Lesion could not be measured as it combined with another lesion and the outline 

could not be determined  
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Each tree is individually described, and a simple schematic diagram presented to 

illustrate symptoms.  The descriptions are ordered from the least affected tree (Tree 

4) to trees most severely impacted by the pathogen (Trees 3, 7 & 11).  Trees which 

had leaf symptoms such as spotting and wilting, were thought to have been infected 

with inoculum that was produced in the current (2015) season. The fungus grows 

through the leaf (causing the black spotting), into the rachis and into the shoot. The 

leaf then falls off. Infected shoots that had no leaves present (but have shown necrotic 

staining from the fungus) were also thought to have been infected during that summer.  

Trees which had branch symptoms (such as staining and or leaves no longer being 

produced from that branch) were thought to have been infected by inoculum produced 

the previous season (2014). It was thought that it took a year after infection for the 

staining to reach the main stem/trunk of the tree (before it had produced the classic 

diamond-shaped lesion), so that the initial infection had occurred in 2013. Trees that 

had the classic diamond-shaped lesion were thought to have been infected by 

inoculum that was present in 2012 or later. This is how an estimate of the year of 

infection was given.  Trees that were particularly short in height, had a narrow girth or 

were dead, were examined in detail to determine if they were brought in infected at 

the time of planting (2008).  
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7.3.2.1 Tree Four

 

  Comments 

Height 6.5 m One single stem with multiple 

branches 

Leaf symptoms 25% Mainly towards crown of tree 

Shoot symptoms 25% Mainly towards crown of tree 

Main stem lesions 0  

Date of tree infection Summer 2015 From inoculum formed in 2014/15 

 

Figure 7.17 Photograph (A) and schematic (B) of Tree Four 

 

From the eleven trees chosen for the intensive study, Tree Four was the least affected 

by ash dieback.  The main indication of disease was leaf spotting (Figure 7.17, 

highlighted area by red arrow) at the crown. Leaf infection is a result from ascospores 

(produced by the apothecia that same season) indicating that the tree has been 

infected that year, 2015.  

The leaf spotting was mainly on the crown of the tree.  Inoculum is produced on the 

forest floor from apothecia formed on leaf rachises.  Ascospores are shot out of the 

apothecia becoming windborne and are deposited initially on the upper leaves.  The 

canopy of the tree and neighbouring trees may offer some level of protection to the 

lower leaves from the ascospores.  Ash trees have apical emergence when flushing 

so it may be that these leaves are more exposed to inoculum than leaves further 

down.  Shoots (25%) mainly in the crown of the tree were discoloured (Figure 7.18).  



175 

 

The discolouration is caused by the pathogen growing into the shoot from infected 

leaves.  As the leaves had already abscised, it is probable that the shoot infection 

would have been as a result of leaf infection earlier in summer 2015.  

This was the tallest tree from the study (6.5 m in height).  Trees that have been 

infected by ash dieback (either at planting or early after planting) were stressed from 

the disease and this affects the tree’s ability to grow, therefore resulting in a shorter 

tree.  

 

Figure 7.18 Infected leaves on Tree Four (A) and discolouration in the shoot that 

was taken from the circled branch (B) 

The tree did not have any symptoms on branches, any distinctive diamond lesions, 

any staining on the main stem/trunk or any basal lesions.   

Tree four was infected for the first time in the summer 2015.  
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7.3.2.2 Tree Five 

 

  Comments 

Height 5 m One main stem with multiple 

branches 

Leaf symptoms < 10% Mainly towards crown of tree 

Shoot symptoms 25% Mainly towards crown of tree 

Main stem lesions 0 Staining in trunk but no typical 

diamond-shaped lesion 

First date of infection Summer 2013  

 

Figure 7.19 Photograph (A) and schematic (B) of Tree Five 

 

Tree Five was 5 m tall and had less than 10% leaf spotting.  However, 25% of leaves 

were wilting (Figure 7.19, A and B).  Leaf symptoms were caused by ascospore 

infections in the summer of 2015.  As with Tree Four, leaf symptoms were near the 

crown of the tree, with lower leaves showing less symptoms. Shoot dieback was also 

observed (Figure 7.20, C) where the leaves had already abscised. There was no leafy 

material at the very tip of the crown, suggesting that these leaves were likely infected 

first in the 2015 season.  

 

Tree Five branched at 50 cm height (Figure 7. 20, A, B) and this branch (along with 

the main stem/trunk) was healthy (green woody tissue when the epidermis was cut 

and peeled back using a scalpel) at this point. This branch (highlighted and labelled 

A B 

1 



177 

 

with a ‘1’ in Figure 7.19, B) had staining towards the tip (Figure 7.20, B) and when the 

epidermis was cut with a scalpel, the branch was seen to be girdled by the fungus.  

This is the reason that there was no leafy material beyond this point. The fungus was 

likely moving towards the mainstem and as outlined in 7.11, the branch was initially 

infected in the summer of 2014.  

 

The top of the crown of the tree had 100% shoot dieback (Figure 7.20, C) and the 

leaves had already fallen off.  This was due to a 2014 leaf infection which prevented 

the shoots from flushing in 2015.  When Tree Five was brought back to the laboratory 

to be dissected, the tip of the crown was removed (Figure 7.21) to determine if the 

necrotic staining from the fungus could be observed moving into the top of the main 

stem/trunk. There were no typical diamond lesions on the mainstem but when cut, 

staining could be observed in the woody tissue of the stem.  From this observation, it 

was probable that the initial infection occurred in the summer of 2013 (as outlined in 

7.11).  

 

Figure 7.20 Branching on Tree Five at 50 cm (A), necrotic staining on a branch (B) 

A 

B 

C 
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Figure 7.21 Crown dieback on Tree Five 
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7.3.2.3 Tree Ten 

 

  Comments 

Height 4 m Main stem with one large side branch 

Leaf symptoms < 10% Crown death 

Shoot symptoms 10% Crown death 

Main stem lesions 2 At 2 m and 3 m 

Date of tree infection Summer 2013  

 

Figure 7.22 Photograph (A) and schematic (B) of Tree Ten 

 

Tree Ten was one of the taller trees in the study at 4 m height indicating that it had 

suffered less from disease and the resultant stress.  Less than 10% of leaves had 

symptoms/spotting due to an ascospore infection in the summer of 2015.  

 

There was dieback in the crown of the tree (circled in Figure 7.22 and shown in close-

up in Figure 7.23), and the top of the stem was dead. The fungus entered the tree 

through the leaves (year one of infection) and evidence from the necrotic staining 

showed that it grew through the shoots, into and through the branch (year two of the 

infection) but not into the main stem (discolouration shown in Figure 7.23) indicating 

that this was an initial 2014 infection (as it had not reached the main stem yet).  

There were two typical diamond-shaped stem/trunk lesions on the stem, lesion one 

(21 cm in length) at a height of 2 m and lesion two at an angle to lesion one, with a 
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length of 22.6 cm.  Both lesions were almost girdling the stem, preventing the 

transport of nutrients and water.  On detailed examination in the laboratory and by 

observing the cut lesions, it was hypothesised that the initial infection of the tree 

occurred in 2013.  Ascospores were deposited on the leaves in the summer of 2013, 

from inoculum produced in 2012/13.  Following infection, the fungus grew through the 

shoots, entering the branch (year two of the infection, 2014) and then moving into the 

mainstem/trunk (year three of the infection, 2015) with stem lesions developing.  

 

 

Figure 7.23 Discolouration on the stem in Tree Ten and how the fungus has girdled 

the stem  
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7.3.2.4 Tree Six

 

  Comments 

Height 2.5 m One main stem with multiple side branches 

Epicormic growth near base 

Leaf symptoms < 10% Crown death 

Shoot symptoms 10% Crown death 

Main stem lesions 2 At 70 cm height 

Date of tree infection Summer 

2013 

 

 

Figure 7.24 Photograph (A) and schematic (B) of Tree Six 

From a distance, this tree looked relatively healthy and unaffected by ash dieback as 

there were limited leaf symptoms (2015 infection evidenced through leaf 

spotting/wilting).  The leaves that did have spotting (circled in Figure 7.24, B) were in 

the lower part of the tree.  

An indicator that the tree was infected, however, was the presence of epicormic 

shoots (See section 7.5) near the base (at 20 cm height), suggesting that the tree was 

stressed/damaged by infection further up the mainstem. There were two stem lesions, 

the first one at 70 cm height (Figure 7.25) and the second 5 cm above this on the 

opposite side of the stem.  The lesion at 70 cm was associated with a side branch 

(circled in Figure 7.25) and the likely initial entry point for the pathogen in the summer 

of 2013 (year one leaf infection 2013, year two with branch infection in 2014 and year 

three of infection with stem lesion developing in 2015). When the tree was dissected 



182 

 

in the laboratory the lesions were nearly girdling the stem which probably stimulated 

the epicormic growth below the lesions.  

 

Figure 7.25  Stem lesion on one side of Tree Six at 70 cm height 

 

Due to the location and nature of the lesions girdling the tree, it was predicted that the 

tree would have died within the next growing season.  
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7.3.2.5 Tree Nine 

 

  Comments 

Height 3.5 m Spotting at crown 

Leaf symptoms 75% Shoot discolouration mainly 

at crown 

Shoot symptoms 75% At 1 m height 

 

Main stem lesions 

Basal lesion 

1 

1 

Not yet girdling main stem 

Date of tree infection Summer 2013  

Figure 7.26 Photograph (A) and schematic (B) of Tree Nine 

Tree Nine showed 75% leaf spotting and 75% shoot discolouration due to an 

ascospore infection in summer 2015. The spotting was present mainly on the crown 

of the tree. 

On the main stem at 20 cm height, Tree Nine has a large side branch (circled in both 

Figure 7.26, B and Figure 7.27, B). The smaller stem (circled in Figure 7.27, B) was 

50 cm in length and was girdled by the fungus at the base where it joined the other 

stem. The smaller stem was likely killed by the fungus from the basal lesion (see 

section 7.3) that was present on the main stem starting at 10 cm height (labelled on 

Figure 7.26, B and photographed Figure 7.27, B).  
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There was one 27 cm long stem lesion at a height of 1 m (Figure 7.27, A) that was 

associated with a side branch, which was dead.  This indicates that this tree was 

initially infected in the summer of 2013 through the leaves (or possibly through the 

basal lesion), the pathogen then grew through the shoots and into the branch (year 

two of infection, 2014) and then into the stem (year three of infection, 2015) with the 

stem lesion developing. When dissecting the basal lesion on this tree in the laboratory 

and studying the necrotic staining from the basal lesion, the growth rings showed that 

the basal lesion started to develop in 2013 (see Section 7.8) which could have been 

the initial infection source for the tree.  It is possible that the inoculum source for the 

basal lesion was apothecia on infected rachises trapped in the grass near the base of 

the tree.  Alternatively, infection may have occurred through roots in the soil or aerial 

roots. It is possible that the tree was initially infected in 2013 by both the basal lesion 

and leaf infection.  

 

Figure 7.27 Stem lesion on Tree Nine (A) and Basal lesion (B) 

 

Tree Nine therefore had multiple infections in 2013 with an initial leaf infection which 

then resulted in the stem lesion in 2015, and the basal infection which occurred in 

2013 (noted in the growth rings).  
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7.3.2.6 Tree Eight 

 

  Comments 

Height 3.5 m Main stem branched at 1.3 m 

 

Leaf symptoms < 10% Spotting mainly at crown  

Shoot symptoms 10% Side branch dead with papery epidermis and 

pseudosclerotia 

Main stem lesions 3 At 1 m and 1.3 m 

Date of tree infection Summer 2012  

 

Figure 7.28 Photograph (A) and schematic (B) of Tree Eight 

 

Tree Eight had few leaves present but the material that was left, was on a single living 

branch (Figure 7.28). Those leaves present had less than 10% leaf spotting and shoot 

staining (a 2015 summer ascospore infection).  

At 60 cm height, the branch (labelled ‘1’ in Figure 7.28, B) was dead (no leafy material 

present).  This branch was girdled by a lesion near the stem.  Several shoots on this 

branch had pseudosclerotia present under papery epidermis (see Section 1.2).  

Tree Eight had three stem lesions (Figure 7.28, B). The first lesion was 23.9 cm in 

length (Figure 7.29) and was associated with a side branch.  

1 
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Figure 7.29 Stem lesions (circled in red, lesion 1, 2 and 3) at an angle to each other 

on Tree Eight  

 

The second (12.6 cm in length) and third (27 cm in length) lesions were at a height of 

130 cm and at an angle to each other, totally girdling the tree (Figure 7.29).  On cutting 

vertically through lesions (during laboratory examination), growth rings on the tree 

showed that the initial infection, evidenced by the necrosis and prevention of growth 

(see Section 7.8) was initiated by leaf infection in 2012.   

 

  

1 

2 

3 
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7.3.2.7 Tree Two 

 

  Comments 

Height 2.5 m Epicormic growth 

Leaf symptoms <10% Spotting near bottom of canopy  

Shoot symptoms 50% Crown death and branch death 

Main stem lesions 1 At 45 cm height 

Date of tree infection Summer 2011  

 

Figure 7.30 Photograph (A) and schematic (B) of Tree Two 

 

While Tree Two looked healthy from a distance with large numbers of green leaves, 

these were only present on the epicormic shoots which had developed probably in 

response to severe disease on the stem and branches.  Epicormic shoots had formed 

at approximately 15 cm height on the main stem, suggesting the tree was stressed. 

The tree had 50% shoot dieback. There was leaf spotting present on the leaves near 

the bottom of the tree, indicating a 2015 summer leaf infection (circled in Figure 7.26, 

B).  

The branch at 30 cm height was discoloured and dead from the previous year’s 

infection (initial leaf infection in 2014, then branch discolouration present in 2015).  

The discolouration had not yet affected the stem (which would have indicated a 2013 

infection).  
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Branches at 50 and 75 cm had pseudosclerotia present underneath papery epidermis 

(Figure 7.31, see Section 1.2). At least six branches had pseudosclerotia present at 

this height. The dead branch associated with the second lesion had pseudosclerotia 

(highlighted in Figure 7.30, B).  

 

Figure 7.31 Papery epidermis present on Tree Two with pseudosclerotia (circled)  

 

There was a 10.3 cm length stem lesion at 75 cm height and a second 15 cm lesion 

at 80 cm, which were both associated with side branches.  The lesions were at angles 

to each other and contributed to girdling the stem, killing the woody tissue above this.  

When the tree was dissected in the laboratory (outlined in Section 7.8), the growth 

rings of the dead stem showed that the tree stopped growing at four years old, 

indicating an initial 2011 leaf infection.   
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7.3.2.8 Tree Seven 

 

  Comments 

Height 4 m Branch at 40 cm producing two 

main stems 

Leaf symptoms 25% Spotting on leaves 

Shoot symptoms 50% Dead on one branch  

Main stem lesions 2 At 1 m and 1.2 m 

Date of tree infection Summer 2012  

 

Figure 7.32 Photograph (A) and schematic (B) of Tree Seven 

 

Tree Seven split into two branches at 40 cm height (Figure 7.29), one had leaves and 

the other was leafless and dead (Figure 7.28, B).  Leaves on the live branch had 25% 

spotting and wilting, indicating a summer 2015 infection. The infected leaves were 

mainly at the crown of the tree. 
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Figure 7.33 Double stem from Tree Seven 

 

The dead stem had a 30 cm long lesion at 1 m height.  The second lesion at height 

of 1.20 m.  The combination of the two lesions girdled the stem.  On dissecting the 

dead stem in the laboratory (see Section 7.8), it was observed that the tree had 

stopped growing after five years old, indicating an initial 2012 leaf infection. 

  



191 

 

7.3.2.9 Tree Three 

 

  Comments 

Height 3.5 m Epicormic Growth 

Leaf symptoms 25% Few leaves left on tree 

Shoot symptoms 75% Crown death 

Main stem lesions 1 75 cm 

Date of tree infection 2008 (planting)  

 

Figure 7.34 Photograph (A) and schematic (B) of Tree Three 

 

Tree Three had 75% shoot symptoms which meant that there was little leafy material 

left.  The remaining leaves had 25% leaf spotting and wilting indicating a 2015 

summer ascospore infection. The majority of the leaf material that was present was 

due to epicormic shoots (see Section 7.5) that began at 30 cm height, (circled in 

Figure 7.34, B).   

 

The tree had several branches (circled in Figure 7.34, A), but only one was alive.  The 

first branch at 50 cm height was dead, displaying papery epidermis and 

pseudosclerotia from which apothecia had developed (Figure 7.35).  As apothecia 

were present at this height and on the actual tree, this could be an indicator for how 

the disease spread when these trees entered the country as leafless whips (explained 

further in the discussion).   The second branch at 60 cm was also dead.  
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Figure 7.35 Papery epidermis and pseudosclerotia on Tree Three, evidence of 

apothecia present (circled) 

 

Branches protruding from the dead stems at 150 cm also had papery epidermis and 

pseudosclerotia.  There was one lesion on the live branch at 75 cm at which a canker 

(discoloured and depressed area on the mainstem) had formed.  The woody tissue 

was beginning to die above this point.  

The tree was multi-branched from 50 cm, probably because it was stressed at or 

shortly after planting.  The dead branches were girdled by the fungus, giving evidence 

that this tree was infected when planted. 
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7.3.2.10 Tree Eleven 

 

  Comments 

Height 2.5 m Multi-stemmed (3) 

Leaf symptoms < 10%  

Shoot symptoms 10% Many stems dead 

Main stem lesions 2 (typical diamond) At 70 cm height 

Date of tree infection 2008 (at planting)  

Figure 7.36 Photograph (A) and schematic (B) of Tree Eleven 

Tree eleven was multi-stemmed (circled in Figure 7.36, A); it had three stems and 

some roots were exposed. Only one stem was alive with no lesions.  The few leaves 

and shoots that were on this stem were wilting and spotted indicating 2015 infection.   

The middle stem had a lesion at 70 cm height, 7.1 cm long that was associated with 

a side branch and had a canker (Figure 7.37).  Directly 5 cm above this lesion was a 

second lesion 15.2 cm in length.  These lesions had girdled the stem above this.  

The last stem was girdled by the pathogen at 10 cm (circled in red in Fig 7.36, B). 

This tree was considered to have been infected at time of planting. 
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Figure 7.37 Stem lesion with a canker on Tree Eleven 
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7.3.2.11 Tree One 

 

  Comments 

Height 3.5 m Epicormic growth 

Leaf symptoms 75% Crown death 

Shoot symptoms 75% Crown death 

Main stem lesions 3 At 40 cm, 90 cm and 1m 

Date of tree infection 2008 (planting)  

 

Figure 7.38 Photograph (A) and schematic (B) of Tree One 

 

Tree one was the only tree from the intensive study that was classified as dead 

because it had less than 10% green leafy tissue left (Figure 7.38, A).  The leaves from 

the shoots that were present had spotting and were wilted from a 2015 summer 

infection.  Epicormic shoots (see Section 7.5) and multi-branching from the stem at 

5 cm height suggested that the tree was stressed shortly after planting.  The epicormic 

shoots provided the only living, green tissue on this tree.   

 

The tree had suffered multiple infections, there were three typical diamond-shaped 

lesions on the stem/trunk.  Each lesion was associated with a side branch.  Lesion 

one at 40 cm height (Figure 7.40, A) was 24.2 cm in length and callused which 

indicated that the tree overcame the initial infection in 2011 (observed from slicing 
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through the lesion in the laboratory and observing the staining through the growth 

rings, Figure 7. 39 and section 7.8).   

 

Figure 7.39 Slicing through a lesion to examine the staining caused by the growth 

of the pathogen through the woody tissue 

The second lesion was at 90 cm height on the main stem and was 14 cm in length.  

A third lesion was present at 100 cm height.  The combination of these lesions beside 

each other girdled the main stem; the growth above these lesions was minimal. 

The side branch at 60 cm height was dead and had papery epidermis (Figure 7.40, 

B: see Section 1.2). On removing this epidermis, there were pseudosclerotia 

underneath.  
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Figure 7.40 Stem lesion on Tree one (A) and shoot showing papery epidermis (B) 

Due to the limited woody tissue growth (the tree was only 3.5 m in height), multi-

branching and epicormic shoots, the tree was stressed.  This gave evidence that the 

tree was brought in infected at the time of planting in 2008. 
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7.3.2.12 Disease Timeline for the Randalstown Case Study Site 

Table 7.8 Hymenoscyphus fraxineus disease timeline for the intensively studied trees at the Randalstown case study site 
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7.4 Discussion  

This case study of a mixed ash planting at Randalstown in Co. Antrim, Northern 

Ireland has provided important evidence about the mechanisms whereby H. fraxineus 

was introduced and became established in the previously ash dieback-free island of 

Ireland. 

Introduction of Hymenoscyphus fraxineus to Ireland  

Following the first discovery of ash-dieback symptoms, and confirmation that they 

were associated with the pathogen H. fraxineus in Ireland / Northern Ireland in late 

2012, all subsequent outbreaks up to 2015, were found only on recently planted 

(within the previous 6 years) trees.  Circumstantial evidence strongly suggested that 

disease symptoms had developed as a result of the pathogen being present in the 

ash whips at time of planting.  As with other sites throughout the island, at the time of 

this case study at Randalstown in 2015, there was no evidence of spread to the wider 

environment.  At the Randalstown site there was a high proportion of infected ash 

trees.  Many trees were small (with high levels of infection) or were already dead 

within two to three years of planting.  These smaller trees had epicormic shoots, 

indicating that they were stressed, supporting the conclusion that they were brought 

in infected at the time of planting.  There was therefore strong evidence that the 

introduction of H. fraxineus into Ireland / N. Ireland, was through the importation of 

infected planting material.  Further support for this proposition was provided from the 

information gained from the trace-back / trace forward exercise carried out by 

DARD/DAERA, which clearly demonstrated that infected sites were frequently 

associated with the same source of trees for planting. 

This mechanism of spread into the island of Ireland would seem to be different from 

that experienced by other European countries.  Ash dieback has spread within Europe 

in a distinctive spatial pattern (Timmermann et al., 2011) which is typical of an aerial-

spread, alien invasive plant pathogen.  Hence the mechanism of spread from country 

to country within continental Europe has thought to have been primarily through aerial 

ingress of ascospores.  The first records of ash-dieback in Great Britain were in Kent 

in the South-East of England.  A partnership between The University of Cambridge 

and Rothamsted Research, developed mathematical models to predict the spread of 

the pathogen from continental Europe and within the UK (Rothamsted Research, 

2020).  
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An additional collaborative project also involved scientists and the Forest Services in 

Ireland and Northern Ireland.  A report from a project funded by CoFord, ‘Assessing 

Ireland’s risk to airborne spread of ash dieback disease with Lagrangian stochastic 

models (MASAD)’ was published (UCD, 2016).  Based on meteorological and 

geographical data, the areas within Northern Ireland where the highest deposition of 

spores would been likely to occur were shown to be on the eastern side of the 

Province and in particular the Mourne Mountains and the Antrim Plateau (Figure 

7.41).  A Burkard™ Spore Sampler was situated at Glenwherry Hill Farm (marked 

with a black dot in Figure 7.41), NW 397 567 on the Antrim Plateau throughout the 

late summer and early autumn in both 2014 and 2015 in order to ascertain if 

H. fraxineus ascospore deposition occurred.  Spore samplers were also deployed at 

sites where the presence of ash dieback had been confirmed in Co. Tyrone (NV 564 

142, marked with a red dot in Figure 7.41); Co. Londonderry (NW 101 702, marked 

with a blue dot on Figure 7.41).  At none of these sites during any of the sampling 

periods were ascospores detected (A. R. McCracken, AFBI/QUB, personal 

communication). 

Figure 7.41  Possible deposition of Hymenoscyphus fraxineus ascospores in 

Ireland as calculated by epidemiological models (UCD, 2016). 

Coloured dots indicate the location of spore samplers  
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There was no evidence of ascospore ingress from GB.  If this had happened there 

would have been incidences of disease within the wider environment and this was not 

the case (at the time of this study in late 2015).  This contrasts with how the disease 

spread in continental Europe (Timmermann et al., 2011) where the disease was 

‘blown in’ through airborne ascospores.     

We were therefore confident in concluding that the initial introduction of the ash 

dieback pathogen into the island of Ireland including Northern Ireland was through 

infected planting material.  As this situation was strongly suspected at an early stage 

of the disease epidemic, the importation of ash trees, seeds and wood into N. Ireland 

was banned by the Government in October 2013 through amending the Wood and 

Bark Order (Anon., 2012).  This was in line with the DARD policy of containment and 

eradication  

Mechanism of inoculum development: Ash trees for planting in N. Ireland were 

imported during the winter as two-year-old saplings, often from nurseries in Great 

Britain or Northern Europe.  When imported, these saplings would have been leafless 

and have shown no physical signs damage or disease, otherwise they would have 

been rejected on arrival.  

The disease cycle for ash dieback proposed by Gross et al. (2012) would imply that 

the leaves and rachises fulfil a critical role in the cycle and that without the presence 

of leaves and rachises, the pathogen could not produce apothecia, and therefore 

ascospores.  It was thought that the asexually formed conidia did not play any role in 

initiating fresh infections (as described in Section 1.2.2).  Fones et al. (2016) proposed 

that conidia did indeed play a role in the infection cycle of H. fraxineus, albeit a limited 

one; conidia germinated on ash leaves in vitro and also infected ash seedlings through 

their leaves and in soil, forming structures that looked like apothecia.  Before this 

discovery, it was thought that without the production of ascospores, it could be 

assumed that infected trees would eventually die, but would not act as foci for new 

infections.  It was on this assumption that DARD and DAFM attempted to eradicate 

the disease by removal and destruction of all ash trees at infected sites.  At the first 

site on the island of Ireland where ash dieback was recorded (in Co. Leitrim), this 

involved a scorched earth approach with removal of hedgerows, plant debris and soil 

(Fig. 7.42).  Subsequent eradication was less draconian but still severe.   
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Figure 7.42 ‘Scorched earth’ clearance of site in Co. Leitrim in November 2012, 

following detection of H. fraxineus on young ash trees. A – forestry 

machinery used to remove trees; B – removal of all woody plants on 

site and in hedgerows; C – clearance of ditches to collect and remove 

leaves and other debris; D & E – site following clearance; F – larger 

trees collected for subsequent destruction. 
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Despite this approach, apothecia were consistently observed on rachises on forest 

floors as early as 2014.  While this was not initially accompanied by disease in the 

wider environment, it was confirmation that the pathogen was able to move from 

lesions on infected shoots to apothecial production on leaves and rachises.  This 

process was also clearly occurring in the Randalstown site, so raising the important 

question “If the leaves and rachises play such a critical role in the disease life cycle, 

how did leafless saplings spread ash dieback?” 

A suggestion to explain disease establishment and spread without leaf infection, was 

that the pathogen was present in the main stem of saplings and that it had grown 

‘outwards’, from the stem, to the branches, to the shoots and into the rachises of 

uninfected leaves.  This was considered unlikely as there would have been evidence 

of discoloured branches (discolouration from the fungal necrosis) with uninfected 

shoots and leaves.  No ash trees on the site showed evidence of this. 

Another hypothesis for the mechanism for introduction of the disease to N. Ireland 

was that when the saplings were picked and packaged in GB, infected leaf petioles 

and rachises (with pseudosclerotia) could be trapped along with the trees.  Any soil 

that was present on the saplings could also possibly have contained pathogen 

inoculum.  If this had been the case, one or two infected petioles or rachises could 

have produced a low level of inoculum although the disease timeline (Table 7.8) would 

probably have been much longer, requiring many years to build up sufficiently high 

levels of inoculum to cause large numbers of fresh infections.  

Rarely previously observed, apothecia were noted growing on dead, woody tissue on 

tree main stems and larger shoots in the Case Study site.  Several trees, including 

Trees One, Two, Three and Eight from the intensive tree study, had dead branches 

with pale, papery epidermis.  On removal of the epidermis, pseudosclerotia were seen 

on the woody tissue and frequently fully formed apothecia were present (Figure 7.30).  

This was observed at a height of 1.5 m from the ground on Tree Three and higher on 

many other trees on the site.  The papery epidermis could easily be removed by wind, 

rain or animals, exposing the apothecia underneath and allowing them to release their 

spores.  At the study site, 24% of the 180 case study trees sampled were estimated 

to have been infected at time of planting (2008) and 4% were dead.  It was considered 

that this would have provided ample opportunity for large numbers of apothecia to 

develop in this way, so initiating the in-site and eventually wider environment spread 

of the pathogen. 
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Another unique feature of the Case Study site that has not been previously recorded 

in literature (to the author’s knowledge), was the development of apothecia from 

pseudosclerotia present on infected roots. Previous studies had noted that the 

pathogen could colonise on parts of the root system, but had no mention of apothecia 

production on the roots (Kowalski, 2006; Kowalski and Lukomska, 2005; Schumacher 

et al., 2010, Schumacher, 2011).  At least 33% of root samples taken from trees which 

had basal lesions, produced apothecia following incubation in the laboratory.  It is 

possible that even more could have gone on to produce apothecia the following 

seasons when the conditions were favourable.  This could suggest that the wet 

ground/soil conditions found at the Randalstown site could have provided ideal 

conditions to encourage apothecial formation.   

Disease symptom development stages:  When managing a plant disease, it is often 

useful to assess how far the disease has progressed (development) and to quantify 

this (this is usually achieved by estimating the area of plant tissue displaying 

symptoms).  Standardised ‘Disease Assessment Keys’ are used for assessing 

diseases of major UK crops and have been available for many years (Anon., 1976).  

These keys have been successful in assessing diseases of perennial plants such as 

apple scab (Venturia inaequalis) (Croxall et al., 1952), and other crop diseases such 

as potato late blight (Phytophthora infestans) (Large, 1952), potato tuber diseases 

(Stewart & Wastie, 1989) and rust diseases of willow (McCracken & Dawson, 1992).  

There are also newer digital and imaging technologies for assessing plant diseases 

(Bock et al., 2010; Lindow & Andersen, 2017) but the principle is still the same as an 

individual observing the plant. These Disease Assessment Keys are an essential tool 

in informing crop management decisions such as when to apply fungicides or other 

control strategies, optimum harvest time or how long produce can be stored.  

When describing perennial crops, and in particular woody crops, it is often difficult to 

quantify disease progression because this is influenced by host size, host resistance, 

host age, environment, and the fact that infection may occur at multiple points and 

times.  The pathogen may also be present in the host without visual symptoms; 

symptoms may only become visible later due to changes in the host, the pathogen or 

the environment. 

In many situations, especially in mammalian diseases, staging can be an important 

tool used to describe the size, location and progression of a disease (for example, 

cancer in mammals) in its host.  In the case of cancer, the staging tool describes how 

large the cancer is and if it is spreading to neighbouring tissues.  This staging is 
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important as it determines the treatment that an individual needs and, if the disease 

is terminal, can give an indication to life expectancy.  The stages are numbered from 

0 - cancer is in situ and has not spread, to stage IV - cancer has spread to at least 

one other organ in the body (NHS, 2021).   

While not entirely analogous the following stages of disease symptom development 

are proposed for ash dieback caused by H. fraxineus following ascospore infections 

of leaves. 

 

Stage 0A Infected rachises on the forest floor form apothecia (July – September) 

from which infective ascospores are released.  

Stage 0 –  No symptoms (note the pathogen may be present on or in a leaf 

without visual symptoms). 

Stage I –   Leaf spotting and/or wilting evident.  Symptom development is due to 

infections which have occurred in the current growing season on the 

leaves formed that year.  Towards the end of the growing season, the 

pathogen may have grown into the rachises.  It may continue to grow 

into the shoots, or the leaf and rachis may fall to the ground where 

apothecia and ascospores develop the following year, 10 – 12 months 

later (e.g. Figure 7.18). 

Stage II –  Shoots are discoloured and leaves fail to flush.  This may be due to an 

early season leaf infection or may not be obvious until the year after 

leaf infection (Figure 7.21).  

Stage III –  Branches of varying sizes are discoloured, and leaves fail to flush.  

This discolouration spreads towards the mainstem.  Depending on the 

age, size, vigour and position on the branch this may take place in a 

single season or over several seasons (Figure 7.23).  

Stage IV -  A diamond-shaped lesion develops on the mainstem of the tree 

(Figure 7. 25).  
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A number of symptoms were observed during the study which did not fit the four 

stages described above: 

 

Stage B -  Basal lesion is present.  This can occur at any stage or be present 

without Stages I to IV being present (Figure 7.27, B).  

Stage R -  Root infection which may or may not be associated with a basal lesion 

(Figure 7.16).  

 

This disease symptom development staging could be a useful tool for growers to 

access the level of ash dieback that they have in their plantation (and give an 

approximate tree mortality timescale), although this is not as straightforward as the 

cancer staging assessment because ash is caused by a microorganism, unlike cancer 

which is not infectious (also the tree may be subjected to multiple infections 

simultaneously or over several weeks).   There are many host factors that can affect 

how the pathogen affects the tree and how quickly that tree may die from ash dieback.  

There has been no evidence of systemic movement of the fungus within the tree.  

The age of the tree and its size will have an impact on how quickly that tree may 

succumb to ash dieback.  A younger tree with a narrow stem will be girdled quickly by 

the fungus compared to a mature, 40-year-old ash with a large stem diameter.   

Younger trees may take only two seasons to die whereas the older tree could take 

10+ years.  Coker et al. (2019) investigated ash mortality due to ash dieback in 

woodland.  Observing a total of 17,825 ash trees aged between four and 20 years 

that had been exposed to H. fraxineus inoculum in England, Ukraine, Scandinavia 

and the Baltic States, the maximum level of mortality (69%) was recorded in a 

woodland in Latvia after 15 years of disease exposure. Coker et al., (2019) used 

bootstrapping to predict ash mortality for the first 30 years after disease exposure 

(95% confidence interval) and suggested a tree mortality rate of between 53.8% and 

65.9% after 30 years. Trees infected with H. fraxineus are often subject to secondary 

infections by opportunistic fungi such as honey fungus (Armillaria spp.).  These may 

also affect the rate of tree mortality (Bakys et al., 2009). 

Pressure of infection is also a factor.  If there is a high level of inoculum present, the 

tree could have multiple infections at the same time.  That would result in every tree 
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branch losing its leaves and the fungus entering the mainstem from all angles; the 

stem would quickly become girdled, and the tree die soon after.  Basal lesions (Stage 

B) may bypass Stages I to IV and quickly result in tree death.   

Nemesio-Gorriz et al. (2019) demonstrated that H. fraxineus was able to infect 

F. excelsior via lenticels (natural openings in the bark, allowing gaseous exchange).  

Lenticels are a method of entry for some forest pathogens such as those causing 

phytophthora root and collar rot of common (Alnus glutinosa) and grey alder (A. incana) 

(Jung & Blaschke, 2014).  Nemesio-Gorriz et al. (2019) attempted fungal isolation from 

86 lenticels; 39 were successfully isolated and sequenced.  A single isolate out of the 

39 was confirmed H. fraxineus.  The low frequency of H. fraxineus was due to the low 

disease pressure on the site.  It was noted that basal lesions were the major cause of 

tree mortality on the site; stem lenticels are thought to be the main entry point for the 

pathogen causing collar necrosis (Enderle et al., 2014; Chandelier et al., 2016).   

There are often moisture holding mosses, thatched grasses and leaf litter around the 

tree collar.  When the apothecia of H. fraxineus form on the infected ash petioles on 

the forest floor and disease pressure is high, there is an accumulation of spores 

washed towards the tree collar and lenticels can be entry point for the fungus.  The 

ash tree can die quickly from a basal lesion as the stem is girdled by the fungus at 

ground level and the tree can no longer receive nutrients and water; the tree may 

have no signs of leaf infection and still die from Stage B.  Many of the trees in the 

case study that had Stage B, also showed pseudosclerotia or fungal necrosis on the 

roots (Stage R), which may play a role in the spread of ash dieback.  

Disease development timeline: Table 7.8 shows the proposed disease 

development timeline for the Randalstown site, which was typical of many of the 

places where ash dieback was found within Northern Ireland.  The first positive report 

of ash dieback within N. Ireland was in November 2012 but it was likely introduced at 

the time of planting (2008).  Within continental Europe, dieback of ash was observed 

in the mid-1990s (Juodvalkis & Vasiliauskas, 2002) but the causal pathogen was not 

identified until 2006 (Kowalski, 2006).  

From the Case Study site timeline and observations described within the intensive 

tree study, the evidence was that the pathogen was introduced along with infected 

trees in their planting in 2008.  The study confirms that the disease was present in 

N. Ireland by 2008.   There may have been earlier infected plantings throughout 
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N. Ireland, although information from DAERA surveys would suggest that it may only 

have been two years earlier at the most (DAERA, 2016).  

At the study site diseased trees planted in 2008 produced sufficient inoculum to infect 

trees that were healthy at the time of planting by summer 2011 (the apothecia being 

formed in the autumn/winter of 2010/11).  The transition from infected saplings to 

apothecia production and then disease spread would therefore appear to be relatively 

short.   

From summer 2012 until December 2016 DARD/DAERA carried out over 8,800 

inspections (Table 7.1).  The number of inspections increased year on year (except 

in 2014), but the highest number of positive samples was identified in the first year of 

inspection (2012), this is due to the fact it was the first round of inspections.  For the 

next three years, the number of new positives was relatively low, and the numbers did 

not rise again until 2016; the higher number of positive cases in 2016 was due to the 

rise in inspections and it is also likely that the disease was now found in the wider 

environment.  From the case study disease timeline and Table 7.9, it can be 

suggested that the disease lag phase is between two and three years before it enters 

the exponential phase of the disease curve.  From the initial infection, it therefore 

takes two to three years for enough inoculum to build up to infect neighbouring trees.  

It is apparent that in Northern Ireland ash dieback has followed the classical disease 

curve. 

The first reported case of ash dieback in the wider environment in N. Ireland was in 

2015 (DAERA, 2016).  As the disease is spread by airborne ascospores, and due to 

the density of the ash population in N. Ireland, this was not unexpected.  During the 

disease surveys in 2012/13, symptoms were only observed in young plantings.  At 

none of these sites was active sporulation observed on the forest floor.  However, 

some of these sites had been planted as early as 2008 suggesting that there was six 

to seven years from planting infected saplings to spread to neighbouring trees.  A 

working hypothesis is that apothecia on leaves and rachises are formed three to four 

years after planting and that a further three seasons of inoculum production to 

increase the inoculum density are required before symptoms are observed in 

neighbouring trees and in the wider environment. 

From 2015 DARD/DAERA recorded positive cases, not on the basis of individual 

premises, as previously, but on the basis a positive case within 10 km squares.  In 

other words, any 10 km square in which ash dieback was confirmed was considered 
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positive (Figure. 7.42).  In the vast majority of cases from 2016 onwards positive 

findings were on trees growing in the wider environment and not in planted 

plantations.  The widespread nature of the disease meant that any attempt to 

eradicate the disease would have been futile and that future action would be advisory 

rather than statutory, in an attempt to try to contain its spread.   

 

Figure 7.43  N. Ireland map of positive ash dieback infections in the wider 

environment (DAERA, 2018) 

 

  

DAERA eradication and containment policy: To eradicate ash dieback, would be 

to ensure that all instances of the disease are removed and there no longer is a threat.  

Future management of the disease would not be needed.  The quarantine of ash 

dieback would be to restrict the movement of ash trees and therefore reduce/prevent 

the spread of the disease on infected trees. To contain ash dieback would be to keep 

any instances of the disease within an area and prevent spread. Before ash dieback 

was recorded in Ireland its threat to the ash population here was clear.  Reports from 

mainland Europe had described the devastating impact of ash dieback on ash tree 

populations in many different countries.  Extrapolating from these experiences, it was 
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predicted that the ash tree population in N. Ireland would suffer greatly (Gaston & 

Fuller, 2008; Gaston, 2011; Pautasso et al., 2013).  Ash is common in the N. Ireland 

environment, particularly as an important component of hedgerows.  Loss of ash due 

to H. fraxineus would have significant negative impacts on the landscape, biodiversity 

and ecosystems, as well as economic and cultural aspects (Liebhold et al., 1995; 

Orwig, 2002; Lovett et al., 2006).   

Dutch Elm Disease, caused by the fungus species Ophiostoma novo-ulmi (Brasier, 

1988), devastated the N Ireland elm populations (Ulmus spp.) in the 1970s.  It is 

possible to predict how ash dieback may devastate N. Ireland forests using the 

epidemiological research on Dutch Elm Disease, affecting elm species, in Britain 

(Gibbs & Clifford 1974: Harwood et al., 2011).  The research from this time showed 

that there were immediate impacts of the disease on the environment/economy and 

also long-term effects.  The elm tree population was depleted greatly; the landscape 

was changed as there were few surviving mature elm trees (Thomas et al., 2018).  

Dutch Elm Disease was identified in Great Britain in 1972 (Brasier & Gibbs, 1973) and 

within 13 years, over 65% of the trees were dead (Peterken & Mountford, 1998).  

Table 7.9 lists and explains the short (within 10 years, extrapolation from the Peterken 

& Mountford, 1998 research on Wych elm) and long term (over 10 year) 

consequences that ash dieback may have on the N. Ireland environment.  

Ash is suited to the Irish climate as it can adapt to a range of environmental conditions 

which Ireland experiences (Dobrowolska et al., 2008).  Ash is mesophilic but can 

withstand cold winters, late spring frosts and maritime climates; ash can withstand 

seasonal waterlogging (Pratt., 2017).  Ash seedlings and saplings are shade-tolerant 

(Tapper, 1996), an ideal feature in forests which have dense canopies reducing the 

amount of light available to the forest floor.  These qualities allow ash to regenerate 

effectively in Ireland’s natural conditions.   F. excelsior is undemanding in terms of soil 

fertility (Pliūra & Heuertz, 2003).  Ash favours a soil pH level of 5.5 but can endure 

levels as low as 4.5 pH.   
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Table 7.9 List of ecological impacts to Northern Irish hedgerows from ash dieback (caused by Hymenoscyphus fraxineus), and the short-

term and long-term impact on the environment.  

Impact on: Importance of ash trees Short term impact (less than 10 
years) 

Long term impact (more than 10 
years) 

Biodiversity  At least 1,058 species are associated with 
ash including 12 birds, 55 mammals, 78 
vascular plants, 58 bryophytes, 68 fungi, 239  
invertebrates, and 548 lichens (Mitchell et 
al., 2004) 

The death of an ash tree would still 
allow for many species to use the 
deadwood.  Some species such as 
the birds and mammals may 
relocate to other tree species.  

Some species that are dependent on ash 
may die.  Others may be able to utilise 
alternative tree species.  

 
Food 

 
Ash is the sole food source for very few 
species.  Bullfinches eat ash seeds, 
caterpillars of many species of moth (inc. 
brick centre-barred sallow, coronet and 
privet hawk moth) will eat ash leaves, and 
the lesser stag beetle eats ash deadwood. 

 
Species will continue to use the ash 
as a food source until the tree dies. 
As ash is not their sole food source, 
the impact will be small. 

 
Species will use similar wood tree 
species for their food source.  

 
Furniture/traditional 
Hurley sticks 

 
Ash wood is an elastic, pale hardwood, 
making it ideal for furniture production. 
Hurley (national sport) sticks are made from 
ash wood.   

 
Flood of ash trees in the market 
due to owners selling ash trees 
before dieback discolours the 
wood. May be an abundance of ash 
wood available for furniture 
production and manufacture of 
Hurley sticks.  

 
No longer any manufacture of ash 
furniture or Hurley sticks from locally 
grown ash.  Current Hurley sticks may 
increase in price; end of a tradition with 
ash being associated with Hurley sport.  

    
Fuel  Ash has a high calorific value and burns 

well.  
Landowners may cut their ash 
wood before it is heavily infected 
leading to an oversupply and 
subsequent depressed prices. 

There will no longer be any ash firewood 
available.  
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Table 7.9 cont’d  List of ecological impacts to Northern Irish hedgerows from ash dieback (caused by Hymenoscyphus fraxineus), and the 

short-term and long-term impact on the environment.  

Impact on: Importance of ash trees Short term impact (less than 10 
years) 

Long term impact (more than 10 
years) 

 
Climate 

 
Ash has a high carbon dioxide assimilation 
rate (Le Goff et al., 2004).  

 
There may be a small increase in 
carbon dioxide levels. 

 
If the ash trees have not been replaced 
by another tree species, there may be a 
slight increase in carbon sequestration.  

 
Suitability to 
growing 
conditions in 
Ireland 

 
Ash is suited to the Irish climate as it can 
adapt to a range of environmental conditions 
(Dobrowolska et al., 2008).  Ash is 
mesophilic but can withstand cold winters, 
late spring frosts and maritime climates; ash 
can withstand seasonal waterlogging, ideal 
for the heavy rainfall N. Ireland experiences 
(Anon., 2005).    

 
Little impact as there are many 
other tree species suited to the Irish 
climate. 

 
Little long-term impact.  

 
Soil quality 

 
Ash is undemanding in terms of soil fertility 
(Pliūra & Heuertz, 2003). Ash leaf litter 
rapidly decomposes and contributes to soil 
nutrients and organic matter.    

 
Reduction in ash leaf production 
could have an effect of soil 
nutrients/ organic matter.  

 
Ash trees are likely to be replaced by 
another tree species which will contribute 
to the soil quality.  

 
Shelter 

 
The abundance of ash in NI and its large 
canopy offer shelter to flowers (such as 
bluebells) on the forest floor and provide a 
windbreak for many animals. The fallen ash 
leaves provide an ideal environment for 
decomposers (Streda et al., 2008).  

 
Reduction in shelter available for 
associated species and reduction in 
wind break. 

 
Unless replaced by another tree species, 
a permanent reduction in shelter for 
associated species and wind break. 

 



213 

Table 7.9 cont’d  List of ecological impacts to Northern Irish hedgerows from ash dieback (caused by Hymenoscyphus fraxineus), and the 

short-term and long-term impact on the environment.  

 
Impact on: Importance of ash trees Short term impact (less than 10 

years) 
Long term impact (more than 10 
years) 

 
Cultural heritage 

 
The ash tree has its emotional place within 
Ireland, it can be seen throughout the 
landscape and it is interwoven within Irish 
history and culture. 

 
Immediate impact as people see 
the damage to the iconic 
landscape. 

 
The landscape changes and ash is part 
of history.   
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Hedgerows require regular management to maintain their health and shape.  

Replanting commonly occurs in hedgerows due to damage and death of trees.  In 

anticipation of high ash tree death in hedgerows due to dieback, a replanting scheme 

(with alternative tree species) would need to be implemented.  This would allow for 

plant diversification and provide some resilience to the species that are dependent on 

ash, if they can utilise the alternative tree species (Michell et al., 2014).  

The All-Ireland Chalara Control Strategy provided a framework for the policy of 

eradication and containment (Section 7.5) which was similar in both jurisdictions.  

Under specific legislation in Belfast and Dublin, the statutory requirement for 

landowners was the removal and destruction of infected ash trees.  Other trees from 

the same planting batch or in close proximity to infected trees were also required to 

be removed in line with guidance from the DAERA Plant Health Inspectorate.  An 

immediate inspection was made of a 500 m buffer zone around an infected site to 

identify any further diseased trees.  This approach was aimed at eradicating the 

pathogen before it became established and started to spread in the wider 

environment.  The approach was determined based on the best available scientific 

knowledge at the time, while working within the policy frameworks.  

FRAXBACK was an Action Group (COST Action no. FP1103) formed in 2012 – 2016, 

funded by the European Cooperation in Science & Technology (COST) programme 

comprising scientists from 35 European countries including Great Britain, Northern 

Ireland and the Republic of Ireland and headed up by Dr Rimvydas Vasaitis.  The 

objective of the project was “To generate comprehensive understanding of Fraxinus 

dieback phenomenon, and to elaborate state of the art practical guidelines for 

sustainable management of Fraxinus in Europe.”  The combined experience from 

scientists and researchers from the 35 European countries was that once ash dieback 

is established, the disease spread is rapid and devastating.  GB and N. Ireland were 

the only locations that ash dieback was introduced through infected plants - not 

through ingress of airborne spores from neighbouring countries which is why GB and 

N. Ireland had an eradication approach rather than a control strategy (McCracken et 

al., 2017).  

A comprehensive summary of the findings and recommendations of FRAXBACK 

have been reported in a book published by the group, “Dieback of European Ash 

(Fraxinus spp.)” (Vasaitis & Enderle, 2017).  The project provided a platform for 

scientists from a range of disciplines within the EU to come together to share their 
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experiences.  Particular attention was given to the biology and epidemiology of the 

pathogen with a view to developing sustainable control / containment strategies.   

The intergovernmental organisation, European and Mediterranean Plant Protection 

Organisation (EPPO), was founded in 1951 and is responsible for plant health of its 

52 member states (EPPO, 2020).  The objectives of the organisation are to protect 

the plant health status of the member states and prevent the spread of invasive pests 

that are a threat to agriculture, forestry and the environment.  EPPO follows the terms 

set by the International Plant Protection Convention (IPPC) and participates in global 

discussions on plant health.  EPPO sets standards regarding plant protection and 

quarantine.  EPPO promotes the exchange of information between the member states 

and encourages the use of conferences, information services and databases on plant 

pests.  

Early identification of the risks associated with a plant pest allow phytosanitary 

measures to be implemented.  EPPO produces an ‘Alert List’ to warn member 

countries early that there is a risk of an invasive plant pest/pathogen; this list is not a 

quarantine list.  The EPPO has two lists; A1 and A2.  Pests that are on the A1 list are 

absent in the EPPO regions and pests on the A2 list are pests that are not widely 

distributed.  Additions of pests to these lists are on the recommendation of a Pest 

Risk Analysis (PRA).  Ash dieback was placed on the EPPO A2 Alert List in 2007 

(PRA for Hymenoscyphus pseudoalbidus, Stansford, 2013).  The PRA does allow 

regulation and quarantine of plant pests and gives an outline on how they should be 

managed.  PRAs also note the pathways of entry for a pest (such as seeds, 

ascospores, plants, wood, soil).  The standards for the PRA are in line with IPPC 

framework.  A PRA for ash dieback was published in August 2013; the PRA area 

covered the UK and ROI (Stansford, 2013).  PRAs are a necessary tool for providing 

member countries on information on how to contain/prevent/eradicate a pathogen but 

are often implemented too late to prevent them from escaping their country of origin.  

This was the case for Phytophthora ramorum; by the time a PRA was implemented, 

the disease had already spread into the neighbouring environment (Brasier, 2008).  

The PRA therefore tends identify measures which slow the spread of a pathogen 

rather than prevent it entering a country.  

FRAXBACK tied in with EPPO through placing importance on dissemination of 

information on the pest.  Both organisations collected information from the current 

scientific literature and official pest reports sent from member countries.  Both 

organisations produced literature and leaflets for communication campaigns.  
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H. fraxineus was placed on the EPPO list during 2007 but was not listed in the EC 

Plant Health Directive (2000/29/EC).  Emergency legislation was therefore needed at 

a national level to manage the disease.  A PRA was requested by the Forestry 

Commission (FC) in January 2013.  A Rapid Assessment (RA) was produced by 

Forest Research in August 2012 (Webber & Hendry, 2012) which stated that 

surveillance results showed that ash dieback was present in the environment.  The 

movement of ash trees was only prohibited once the disease was found on the island 

of Ireland.  Before the ban, the movement of ash plants into N. Ireland was covered 

by a plant passport which allowed the country of origin to state that there were no 

legal issues to prevent transport of the plants and that they were free from plant pests.  

The issue with this process was that the inspection for plant pathogens/pests was a 

quick, visual inspection.  Plants are usually transported in large quantities and it is 

easy to overlook disease symptoms.  This has likely been how diseased ash trees 

have entered N. Ireland.  Viburnum that was evidently infected with P. ramorum was 

introduced to the UK from EU stock, even though it had a plant passport stating it was 

pest free (Brasier, 2008).  Plant passports are ineffective for many oomycetes such 

as Phytophthora spp. because these would require a microscopic investigation to 

identify the mycelium and/or spores.  

Scientists and policy makers from N. Ireland and Ireland felt that they were in a unique 

situation.  On continental Europe ingress of the disease to new countries or regions 

was primarily through aerial spread of ascospores.  In Ireland ingress was thought to 

be by the importation of infected plants and therefore a comprehensive detection and 

destruction approach had the potential to eradicate the pathogen before it became 

established and spread to the wider environment.  As the import of ash had ceased, 

no new inoculum of H. fraxineus should have been being introduced into N. Ireland 

and the only source of H. fraxineus would have been what was already present.  

Removing infected plants and any surrounding ash plants, the disease would not be 

able to spread into the wider environment.  In 2013, DARD considered that ash 

dieback would be an isolated occurrence and that it would not become established 

(Personal communication, S. Mayne, DARD 2013).  

The initial intensive ash dieback health surveys allowed for the early detection of the 

infected sites in N. Ireland.  Accompanied by rapid, accurate laboratory confirmation, 

the infected trees and all the trees in a planting were removed and a survey in a 500 

m radius buffer was conducted.  Hygiene biosecurity measures were put in place and 
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a Statutory Plant Health Notice was issued on site prohibiting movement of any ash 

plant debris.  

Unfortunately, these measures failed to eradicate the pathogen and H. fraxineus was 

found in the wider environment in December 2015 (DAERA, 2020).  However, the 

quick removal of the infected ash trees most likely did slow the spread of the disease.  

If it had been possible to remove ash leaf debris, so reducing apothecial formation, 

the disease spread may have been further slowed.  This, however, is practically 

impossible.  The work described in Chapter 6 of this thesis describes an attempt to 

reduce leaf and rachises survival chemically.  This also did not prove practical or 

successful.  

These strict policy measures did not result in the eradication of the pathogen from 

N. Ireland.  The removal of many ash trees from the landscape all at once likely had 

a negative effect on the environment and biodiversity.  If trees were infected, they 

were predicted to die regardless.  Letting the trees remain and die ‘naturally’ with the 

disease would have resulted in the ash dieback becoming established in the wider 

environment more rapidly.  However, letting the diseased trees remain could have 

provided an ecological benefit to the environment by allowing any associated species 

to utilise the ash until it decomposed.  The dead ash would then have provided 

nutrients for any associated decomposers (although the trees that were removed in 

2012 through 2015 were small and would not have provided the amount that a large 

tree would for the habitat) (Regnery et al., 2013; Venier et al., 2015).  The immediate 

removal of the ash trees would likely have had a negative effect on the environment 

as they would not have been replaced with another tree species; any ash-dependent 

species would have had to either find another host or die. 

A recommendation for policy change could be that if the ash was to be removed from 

both hedgerows and forests, that it immediately be replaced with another tree 

species.  This would promote the diversity of species in the hedgerows and enhance 

the current ecosystem.  An increased diversity of wood species would also result in 

less impact to the environment when a targeted tree disease such as ash dieback 

damages a population.   The species that utilise the ash would have another tree 

species to move to.  As ash is so widespread, there is no one tree that could replace 

it.  Using a mixture of aspen, sycamore, disease resistant elm, oak, hazel, alder, birch 

and rowan would fit the local landscape and fill the ecological void of ash (Devon Ash 

Dieback Resilience Forum, 2018).  A larger range of tree species would help ensure 

a resilient landscape improve biodiversity and would help spread the risk of future 



218 

disease and threats.  It is important to choose local tree species that can establish 

well (e.g. wild pear, crab apple, willow) and this also helps reduce the risk of 

introducing new diseases. Replacing ash with other species will have a large upfront 

financial cost.  To help reduce this cost, growers should allow the existing saplings 

among the hedgerows and forests to grow instead of coppicing or clearing these 

areas.  

The quick removal of early infected trees removed the potential for identification of 

any ash that may have been resistant to dieback or could tolerate the disease.  

However, research by Thomasset et al. (2011; 2013) showed there was little 

population structuring of Irish ash (96% of the variation was within the population) and 

it was therefore unlikely that distinct populations of dieback resistant ash trees would 

have been identified.  This mirrors that from other European countries (Heuertz et al., 

2001). 

There were financial costs involved to ash growers due to the policy of eradication 

and containment.  Growers had to destroy their ash trees at their own expense and 

they received no financial compensation.  The removal of their ash would have had a 

negative environmental impact (outlined in Table 7.10) as they would not have been 

able to replace their trees straight away (it is unlikely that they would be able to 

replace mature trees with mature trees; replanting would have been saplings).  The 

financial cost of cutting down the infected trees and the buffer zone trees would have 

been significant, along with the disposal of the wood.  Growers who wished to sell 

their mature ash wood before it succumbed to infection would likely have flooded the 

market, reducing the demand of ash wood and lowering the sale price.  

In retrospect, the containment and eradication policy was the best plan of action at 

that time, based on the understanding of the pathogen’s biology, intensive disease 

surveys and projections of potential disease spread.   

A positive from the outbreak was how effective targeted, systematic surveys were.  

The targeted surveys (trace forward- trace back explained in Section 7.3) allowed for 

the identification of the disease.  The continual monitoring allowed for the 

identification of the disease in the wider environment (which also resulted in the 

relaxation of the eradication policy as it demonstrated that ash dieback had become 

established in N. Ireland).  The continuous monitoring through the surveys enabled 

policy makers to work with scientists to develop management plans in attempt to 

control the disease.   Although the attempt to eradicate ash dieback in N. Ireland 
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failed, the research gathered may be of use to control other forest threats, such as 

the emerald ash borer (Valenta et al., 2017).  

The problem with the plant trade: The commercial forestry/nursery trade has more 

than doubled within the last 30 years (Brasier, 2008).  A high volume of UK plants is 

directly imported, many of these coming from countries such as China, Japan, Africa 

and America.  This increases the risk of introducing an exotic (and possibly unknown) 

plant pest/pathogen into the UK (Perrings et al. 2005; Brasier 2008; Waage and 

Mumford, 2008; Pautasso et al. 2013).  With the case of ash dieback, this was likely 

introduced to the UK (and then N. Ireland) by ‘ex-importing’ (exporting ash 

seeds/young trees to mainland Europe so that the trees could be grown there and 

then re-imported to the UK).  This practice should be re-evaluated to determine how 

ash can be economically grown fully in a Northern Irish nursery.  Given the increasing 

prevalence of ash dieback within the environment, producing and re-planting ash 

trees would result in the risk of the stock becoming infected.  It would be advisable to 

either save seeds or plant where possible in an enclosed area (glasshouse).  

Replanting could take place at a time when ash dieback is no longer a threat to the 

wider environment.  The issue is that N. Ireland is relatively small and much of the 

landscape is dedicated to livestock.  Parts of mainland Europe can intensively 

cultivate trees at a high volume and low cost.  Ash dieback has had an environmental 

cost but also a high financial cost to the government.  It would be ideal if the 

government offered subsidies to forestry nurseries so that they could cultivate their 

own stock, in turn reducing the risk of introduction of exotic plant pathogens.  

DAERA’s use of quarantine legislation might have been successful in preventing the 

introduction of the disease had ash dieback not already been introduced to N. Ireland 

on infected plant material.  Xylella fastidiosa (discovered in Italy, 2013) is not currently 

present in the UK but is a notifiable pathogen, infected imports have been 

intercepted).  It is quarantined in the EU (Saponari et al., 2019).  X. fastidiosa is a 

bacterium which affects broadleaved trees that can be found in the UK (such as oak, 

Quercus spp. and elm Ulmus spp.), causing leaf scorch, browning and dieback.  The 

disease stunts tree growth and eventually results in tree death.  This disease is 

problematic in mainland Europe (where it has been found in the wider environment of 

France, Spain and Italy) as it affects commercially grown trees such as grape 

(Vitis spp), citrus spp., coffee (Coffea spp), olive (Olea europaea), almond (Prunus 

dulcis) and blueberry (Cyanococcus spp).  Like H. fraxineus, if X. fastidiosa were to 
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become established in the UK, it would cause significant damage to the local trees 

and therefore local biodiversity/environment.  

After X. fastidiosa was discovered in olive trees, intensive tree surveys were carried 

out (like the tracing surveys carried out with ash dieback in N. Ireland).  This survey 

however was not subject to just one tree species, but to surrounding plant species 

and vegetation.  X. fastidiosa has now been found in more than 30 hosts (Saponari 

et al., 2018).  Phytosanitary measures and a surveillance programme were set in 

place in 2014 in the Apulia region of Italy.  Italy also had a policy of eradication and 

containment.  Large field inspections and sampling was carried out by Phytosanitary 

Authorities and these were based on a regional pest risk assessment.  The initial hope 

of this policy was to eradicate X. fastidiosa from Italy, but due to finding several 

different affected tree species, the eradication measures were changed to 

containment measures (FAO, 2016: ISPM 5: Glossary of phytosanitary terms).  As 

with ash dieback, once a pathogen becomes established, it is nearly impossible to 

eradicate it.   

As with ash dieback, the prevention strategies relying on EU legislative provisions 

and inspections during import, failed to identify the plants infected with X. fastidiosa.  

Italy’s landscape is dominated with olive trees (as N. Ireland’s is dominated with ash); 

the pathogen was easily able to spread from host to host.  Like H. fraxineus, there 

are no control measures for X. fastidiosa; the only available strategies to eliminate 

the infection was through eradication and containment policies (through removing the 

host).  

Ash dieback has been an enormously successful pathogen in N. Ireland.  In general, 

invasive, alien plant species may be successful in their new environment because 

they are not in competition with other pathogens and if there is an abundance of their 

host.  With H. fraxineus, it entered the N. Ireland environment and the host (the ash 

tree) is one of our most abundant, native trees.  The pathogen was able to quickly 

find a host and establish itself.  Ash is rarely planted by itself but either in a hedgerow 

or in a forest with many ash neighbours.  Ash is also planted alongside out motorways; 

if there were any airborne ascospores, they could be swept along with the traffic and 

land on neighbouring trees.  The maritime N. Ireland climate is also suited for the 

production of ascospores; the lack of frost and lack of dry, hot summers ensures that 

the apothecia have an ideal environment to disperse their ascospores, therefore 

spreading ash dieback.  
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Chapter 8 

Conclusions 

This project was focused on the epidemiology of H. fraxineus.  The aims of the study 

were to:  

• Assess the phenotypic and genotypic variation of H. fraxineus in N. Ireland 

compared to other European populations 

H. fraxineus isolates from N. Ireland (six) and mainland Europe (30) were compared 

in terms of their growth on APDA and PDA media and their growth on APDA at 

different temperatures. 

Media type had a highly significant effect on the H. fraxineus average colony 

diameter; H. fraxineus on average, had a larger colony diameter on APDA.  The 

difference in colony diameters between individual isolates was highly significant, but 

there were no significant differences in overall growth on APDA (as measured by the 

AUCGC values) comparing the N. Irish H. fraxineus isolates to those from mainland 

Europe or comparing the two mating types (HMG and MAT).  There were no 

significant differences between isolates from N. Ireland and those from elsewhere in 

Europe in terms of their growth on APDA at any of the five temperatures (5° - 25°C) 

studied nor did mating type have a significant effect at any temperature.  

The morphological characteristics of the isolates on the media were also recorded.  

There were no distinct groupings between countries: isolates from each country 

displayed a range of characteristics, no one country displaying a uniform isolate 

appearance.  

A total of 151 H. fraxineus DNA samples (121 from N. Ireland) were investigated for 

their genetic diversity.  Seven SSR markers were used to determine the population 

structure and investigate any genetic differences between the Irish and European 

populations.  

The samples from Northern Ireland were plotted onto a grid map.  The samples 

geographical distances were calculated between the groupings of samples that fell 

into the 20 km grid locations on the N. Ireland map.  A pairwise population genetic 

distance table was then generated.  A Mantel test was used to determine if there were 
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any correlations between the FST distances for the N. Ireland samples and their 

locations.  There was very little genetic diversity between the groups.  The minimum 

spanning network (MSN) confirmed this as it did not show any distinct groupings.  

Testing the European and Irish H. fraxineus populations using Fst as a distance 

method showed that the two populations showed a low-level genetic difference.  This 

apparent low-level significance may be due to the fact that Irish H. fraxineus samples 

are a subset of the European population and therefore differences may have arisen 

as a result of founder effects.  The MSN analysis also showed a lack of spatial pattern 

of SSR diversity (no groupings were related to a location).   

• Compare the aggressiveness of a range of H. fraxineus isolates from Northern 

Ireland and mainland European  

N. Irish (six) H. fraxineus isolates were compared to European (18) H. fraxineus 

isolates to determine if there were any differences in aggressiveness (assessed by 

lesion length) when they were inoculated onto young N. Irish ash trees.  Necrosis was 

observed on all the trees, apart from those inoculated with two H. fraxineus isolates.  

From the 22 successful H. fraxineus isolate inoculations, there was a significant 

difference in lesion length between individual isolates, but this was not related to their 

countries of origin.  The H. fraxineus isolates from N. Ireland produced the longest 

lesion lengths but this was not statistically significant. 

• Study the effect of urea on the degradation of ash leaf and rachis debris and 

assess its potential as a disease control measure 

Ash leaves (and a control of apple leaves) were treated with one of two urea 

concentrations or a water control (either one or two applications of the treatment) to 

investigate if urea aided in the decomposition of ash leaves.  The force required to 

break the leaves (along with the reduction in dry matter) decreased over the 16 weeks 

of the trial, regardless of treatment type, evidence that leaves will degrade over time, 

but that in this experiment, the process was not aided by urea.  At the end of the trial 

the leaf rachises were still intact indicating that apothecial formation would not have 

been prevented had they been infected. 

• Conduct a case study of a specific ash planting site following the introduction 

of H. fraxineus.  It was hoped that the case study would: 

o Identify the original source of infection  
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Through the investigation of infected ash trees on the site, trees that were brought in 

infected before planting were identified.  From the 180 trees that were studied on the 

site, 44 (24%) were determined to have been infected when planted in 2008.  

o Provide evidence for the mechanism of inoculum build up 

The ash trees were imported into N. Ireland for planting in winter 2008 as two-year-

old saplings from GB.  These would have had no leaves and showed no signs of 

disease.  The Gross et al. (2012) life cycle suggested that infected rachises were 

needed in order for the disease to spread.  Apothecia were observed on the forest 

floor on the site in May, 2016 and disease cycling was evident.  If the trees were 

brought in leafless, how did they also bring in ash dieback?  One theory was that an 

infected tree could be planted, and the pathogen grow “outwards” to the stem, 

branches, shoots and then rachises of uninfected leaves.  This was unlikely as there 

would have been evidence of discoloured branches on trees; this was not the case.  

Another slightly more likely theory was that ash leaf material might have been trapped 

and transported along with the trees.  Apothecial development on roots is a rare 

occurrence; from observation of the site, apothecia were observed on tree stems, 

branches and roots.  This could suggest that the wet ground and high humidity at the 

site was favourable for apothecial development on these parts of the trees and these 

were a possible source of inoculum.  

o Enable a timeline of inoculum spread and disease development to be 

proposed 

Table 7.8 shows the proposed disease timeline for the Case Study site.  The 

pathogen was introduced to the site during planting in 2008.  By 2010/11 there was 

sufficient build-up of inoculum for healthy trees to be infected.  The disease lag was 

between two to three years (Table 7.9).  

o Give sufficient information about the introduction of the pathogen and 

subsequent disease development to critique the effectiveness of the 

DAERA eradication and containment policy. 

N. Ireland and ROI were in a unique situation; ash dieback was spread in continental 

Europe primarily through aerial movement of ascospores, whereas it was introduced 

to the island of Ireland through imported plant material.  It was important to contain 

ash dieback and keep any instances of the disease within an area and prevent 

spread.  The DAERA eradication and containment policy was the correct decision 
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based on the understanding of the pathogen’s biology, intensive disease surveys and 

projections of potential disease spread at that time.  Although the policy measures 

failed to eradicate the pathogen, the quick removal of the infected ash trees most 

likely did slow the spread of the disease.  This reduction in the spread of spread 

allowed scientists to investigate the disease movement and spread while working with 

policy makers to determine the next step to take regarding disease management.  

The N. Irish H. fraxineus population, in both the isolates and DNA samples, could not 

be distinguished from the European H. fraxineus populations regarding their 

phenotype, genotype (apart from the indication from one Fst genotypic analysis), and 

aggressiveness.  The use of urea as a control measure for ash dieback was 

investigated and found to be ineffective.  Urea did not accelerate the degradation of 

the ash leaf material and there were sufficient rachises left behind.  From the case 

study, apothecia were observed on ash stems, branches and roots (in addition to the 

leaf rachises), therefore urea would not be an effective control measure for ash 

dieback in the case study setting.  Apothecia were found on branches, stems and 

roots on the imported ash trees and these may have initiated the environmental 

spread of ash dieback in N. Ireland.   
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Chapter 9 

General Discussion 

Ash dieback was first identified in Northern Ireland in November 2012; at that time, it 

was found only found on recently planted ash trees.  At the close of 2012, there were 

a total of 79 positive cases on local premises.  From the continued buffer surveillance, 

ash dieback was detected in a mature hedgerow (which was not related to a recent 

planting, but close nearby to an infected site) in three different locations in 2015; these 

locations were near recent ash plantings that were infected, suggesting localised 

spread.  At the close of 2016, a total of 176 premises tested positive (these were 

associated with recently planted ash) and three nursery findings were confirmed. At 

that time the method of surveillance changed as ash dieback was now considered 

established and could be found throughout N. Ireland.  Instead of individual 

recordings, positive cases were recorded on the basis of 10 km grid squares on a 

N. Ireland map (Figure. 7.42).  

As of 2020, the symptoms of ash dieback had become increasingly apparent 

throughout the country.  Discolouration of wood (Figure 8.1 A) and leaf spotting 

(Figure 8.1 B) were seen by the author on ash trees in local parks, woodlands, 

hedgerows and gardens.  From personal observation, the symptoms of ash dieback 

were spotted in the majority of ash trees of all ages.  Owners of trees showing 

symptoms of ash dieback are no longer required to report and / or remove trees.  

Some of those ash trees have exhibited the signs of crown dieback. At this stage, this 

does not pose a public health concern from falling trees but could in the future.  Once 

50% of the canopy is infected, the tree will not recover as water and nutrient uptake 

is inhibited.  Dead branches become brittle and there is a potential for structural 

failure, causing the tree to collapse; this could be a public safety concern.  Large ash 

trees in public parks, hedgerows along roads, in community areas or near buildings 

with ash dieback symptoms should be monitored and a felling management plan set 

in place.  Once their decline poses a fall risk, they should be removed (landowners 

are responsible for the health and safety of those on their land).  
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Figure 8.1 An ash tree at Portmore Lough Nature Reserve showing wood 

discolouration (A) and a mature ash tree with leaf spotting symptoms 

(B) in late 2020, observed by the author.  

For the young or small ash trees located in the hedgerows that make up field 

boundaries or are planted in areas that have no public access, these should be left to 

die naturally.  These ash trees, living or dead, will ultimately make a contribution to 

the local biodiversity.  Living, those trees continue to support the local ecosystem 

(birds, mammals, vascular plants, bryophytes, invertebrates, fungi and lichens) and 

dead, the deadwood may still offer shelter to those species associated with ash.  The 

deadwood then contributes to the soil fertility when it has decomposed.  

Ash dieback had a direct impact in the amendments of both N. Ireland and UK 

legislation.  N. Ireland’s jurisdiction lies within the UK (the UK derives its legislation 

and policies from the EU Plant Health Directive, the International Plant Protection 

Convention (IPPC) 1997 and the Sanitary and Phytosanitary Agreement of the World 

Trade Organisation (legislation is explained in detail in Chapter 7.1.1).  The Plant 

Health Order (Northern Ireland) 2018 came into force on 1st December.  This Order 

revoked and consolidated with amendments the Plant Health Order (Northern Ireland) 

2006 (SR 2006/82) and replaced the Plant Health (Phytophthora ramorum) Order 

(Northern Ireland) 2005 (SR. 2005/23).  It applies specifically to plant health issues in 

A B 
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N. Ireland.  It is important to note that N. Ireland has had a devolved government 

since 1998) which means that the UK government transferred many legislative 

responsibilities to the Northern Ireland Assembly (MLAs, Members of the Legislative 

Assembly, instead of Westminster MPs make the decisions on how to govern 

N. Ireland) including animal and plant health.  The UK government remains 

responsible for national policy, but it may not directly apply to N. Ireland (Government, 

2021).  

When ash dieback was identified in the UK in March 2012, the Plant Health (Forestry 

Amendment) Order 2012 was passed by Parliament in Westminster on 29th October 

2012.  While it pertains to the UK as a whole how it is applied may differ in N. Ireland.  

Further restrictions were set in place on the trade of ash plants in January 2013.  As 

a direct result of the outbreak of ash dieback, the DEFRA Secretary of State, Owen 

Paterson, set up the Tree Health and Plant Biosecurity Expert Taskforce.  Plant 

Health became one of the four principal priorities of DEFRA.   

DEFRA accepted the eight recommendations and implemented them through a Plant 

Health Strategy.  In 2014, the Chief Plant Health Officer, Professor Nicola Spence, 

was appointed. Her role was to lead the operational response, providing clear 

leadership and accountability for all Plant Health matters in the UK.  These 

recommendations were applied to N. Ireland also; N. Ireland had access to the UK 

plant health register and had its own Chief Plant Health Officer, Malcolm Beatty who 

worked closely with the UK Chief Plant Health Officer (Figure 8.2) 
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Figure 8.2 The Chief Plant Health Officer for Northern Ireland, Malcolm Beatty, 

with Nicola Spence, the Chief Plant Health Officer for DEFRA, and 

Noel Lavery, the Permanent Secretary for DAERA. 

The recommendations were: 

1. Develop a prioritised UK Plant Health Risk Register. 

2. Appoint a Chief Plant Health Officer to own the UK Plant Health Risk Register 

and to provide strategic and tactical leadership for managing those risks. 

3. Develop and implement procedures for preparedness and contingency 

planning to predict, monitor, and control the spread of pests and pathogens. 

4. Review, simplify, and strengthen governance and legislation. 

5. Improve the use of epidemiological intelligence from EU/other regions and 

work to improve the EU regulations concerned with tree health and plant 

biosecurity. 

6. Strengthen biosecurity to reduce risks at the border and within the UK. 

7. Develop a modern, user-friendly system to provide quick and intelligent 

access to information about tree health and plant biosecurity. 
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8. Address key skills shortages. 

(DEFRA, 2013) 

In 2017, N. Ireland launched its own Plant Risk Register to monitor plant health and 

disease risks in Northern Ireland (DAERA, 2021).  The Director of Plant Health, Jim 

Crummie stated, “We are the first Devolved Administration to develop a bespoke 

prioritised register based on the UK Plant Health Risk Register.”.  

The island of Ireland has two separate jurisdictions, Stormont (in NI) and Dublin (ROI).  

The quick cooperation of both parties to develop the All-Ireland Chalara Disease 

Control Strategy (see Chapter 7.1.2.2) was very effective.  This united front provided 

the framework of policy (containment and eradication) that both jurisdictions adhered 

to.  It was important to have a designated policy and the Strategy aimed to prevent 

ash dieback from becoming established on the island of Ireland. At this time, this was 

the best course of action.  This strategy was implemented in July 2013 (any infected 

ash found before this formal date of the strategy adoption was eradicated); at that 

time, ash dieback had not established itself in the island of Ireland.  Timmermann 

(2011) showed that once H. fraxineus becomes established in the wider environment, 

it is impossible to control its spread.  The idea of eradicating any outbreak of ash 

dieback at this time was that it could be contained it and that it would not become 

established.  The containment and eradication policy was effective at slowing down 

the disease (and this success was due to the intensive surveying) but did not manage 

to prevent it spreading into the wider environment.  

Looking retrospectively in 2020, was the large-scale eradication of infected ash trees 

the best course of action?  The impact of instantly removing ash trees that still offered 

a huge contribution to local biodiversity, speeded up what ash dieback may have 

potentially done by 10+ years.  What was once an aesthetically pleasing landscape 

with ash dominant in hedgerows, became a rather depressing scene (Figure 8.3).  It 

is unlikely that ash dieback would have destroyed every single ash tree in the island 

of Ireland.  After many generations, most pathogen and hosts tend to strike a balance.  

Ash dieback, thought to have originated in Asia (identified on indigenous ash species 

in Japan, Zhao et al., 2012, Korea, Han et al., 2014, China, Zheng & Zhuang, 2014 

and far eastern Russia, Drenkhan et al., 2017) co-exists with the native ash 

populations there.  Even if no such balance did occur in Ireland, ash would end up 

becoming sparsely distributed and the pathogen would spread less effectively, so that 

some ash trees would remain unaffected.  
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Figure 8.3 A Co. Leitrim hedge once adorned with ash trees that were removed 

due to the ‘Containment and Eradication’ policy in 2013 

The removal of ash trees also had a large economic cost.  Using the Covid-19 

pandemic as a comparison, if the UK Government only had to worry about public 

health and not the economy, they would have had a prolonged, complete lockdown 

where all businesses were closed, and everyone would have been on furlough until 

the pandemic had passed.  This of course could not be the case.  Lockdown is for a 

set time with restrictions in place which slacken over time to allow businesses to 

resume.  The quick production of the Covid-19 vaccine is a result of a massive amount 

of money being spent to support science research and the scientific community 

coming together.  The Government did indeed put a lot of resources into the ash 

dieback fight (but obviously not on a Covid-19 scale).  Scientific communities came 

together to discuss the best course of action and how to fight this together.   

When spending public funds, the Government has to justify that expense.  Financially, 

a price can be put on a tree, an ash seedling costs less than a pound.  Biologically, it 

is difficult for economists to value how that ash tree contributes to the local ecosystem 

and landscape.  Due to a lack of biological data, many economic assessments fail to 

take into consideration the loss of ecosystems and biodiversity. It is difficult to 

calculate a figure for services which aid in the implementation of ecosystem 

regeneration.  If it was a case of just looking at the financial cost, the policy and 

approach would just be to do nothing and let the ash trees die.  There would be no 

removal and labour costs and scientific research would not be needed.  As the UK 
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and Ireland have a very high plant health status and value the local biodiversity, 

actions had to be taken to protect this.   

The economic cost of ash dieback in Britain is estimated to be as least £14.8 billion 

(Hill et al., 2019).  This estimated figure includes a 100-year outlook, but the majority 

of that cost (£7.6 billion) is expected to be incurred in the next 10 years.  A breakdown 

of this costs is shown in Figure 8.4.  

 

 Figure 8.4 A breakdown of total tangible costs of ash dieback in Britain (Hill et al., 

2019).  Hashed black shows clean-up costs, black shows replacement 

costs and grey are lost value.  

Ash dieback has resulted in a massive economic loss, but the greatest impact has 

been to the ecosystem.  Northern Ireland needs to increase its tree species diversity 

throughout the forests, parks and hedgerows.  Ash being one of the dominant 

broadleaves resulted in a more apparent devastation when ash dieback took hold.  

The natural regeneration of some broadleaf tree species is poor (Hill et al., 2019), it 

takes a long time, and the local ecosystem service levels will deplete.   

The Government is aware that there is a severe lack of trees in N. Ireland and that 

there needs to be greater species diversification.  Maybe not as a direct response to 

the ash dieback outbreak (but as a consequence of the huge loss of ash trees) 

DAERA announced its “Forests For Our Future” programme in 2020.  The DAERA 

Minister, Edwin Poots MLA planted one of the first of 18 million mainly broadleaf trees 

to be planted in N. Ireland by 2030 (Figure 8.5).  A range of native, broadleaf species 
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and some conifer species are being planted to create a sustainable economy, 

improve community wellbeing, combat climate change/carbon capture, improve the 

local commercial forestry and increase tourism.  The project is using a range of native, 

broadleaf tree species and some conifers, which will have a huge contribution to the 

local biodiversity.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.5 DAERA Minister, Edwin Poots MLA planting the first of 18 million 

broadleaf trees for the “Forests For Our Future” programme (Northern 

Ireland Government, 2020). 

The import and ex-importing practices used by the commercial forestry/nursery trade 

are to blame for the introduction of ash dieback in N. Ireland.  Exporting ash 

seeds/young trees to mainland Europe so that the trees could be grown there and 

then re-imported to the UK was seen as a practical and less expensive option than 

growing our own ash trees locally (this is an economy of scale issue; European 

nurseries produce millions of trees).  Now that the Government has addressed the 

need for more native, broadleaf tree species with the “Forests For Our Future” 

programme, they could also look into offering support to forestry nurseries so that 
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trees for planting could be produced within N. Ireland.  This would boost the local 

economy, allowing N. Ireland to be self-sufficient in producing their own native tree 

stock, in turn reducing the risk of introduction of further exotic plant pests or 

pathogens.  Having a local forestry rich in species diversity would help reduce the 

impact if another forest tree disease were to be introduced in the future.  N. Ireland 

needs a resilient forestry industry.  

Within the island of Ireland, a very small number of ash trees have shown a natural 

tolerance to H. fraxineus (Teagasc, 2020).  DAFM and Teagasc are developing a 

gene bank in the hope of developing resistant or tolerant ash seed (Stocks et al., 

2019).  The hope is that in the future, ash trees can be planted in forests and 

hedgerows again to restore their populations.  To date, Teagasc has identified 200 

tolerant genotypes and multiples are being produced from each by grafting.  There 

are currently 1,000 Irish ash genotypes planted in Lithuania (where disease pressure 

is high) to observe if there are any disease symptoms over a period of three years.  If 

no symptoms develop, these trees would be labelled as tolerant.  Work is also being 

carried out with the hybridisation of Irish ash tree species and Asiatic ash species.  

Artificial pollinations were carried out, 157 hybrids were produced, 14 were confirmed 

using genetic barcodes (Teagasc, 2020).  These will be tested for their susceptibility 

to ash dieback.  This is a massive advance in research for genetically resistant ash 

trees in Ireland, but it will be years before these can be used to restore depleted 

numbers of ash trees.  There will also be the concern that certain genotypes of 

H. fraxineus could adapt and infect these new trees.  

The PRA (Pest Risk Analysis for Hymenoscyphus pseudoalbidus for the UK and the 

Republic of Ireland) for ash dieback was published in May of 2013 (DEFRA, 2021), 

after ash dieback was already identified the UK and N. Ireland.  PRAs are important 

as they identify the risks that a specific pathogen may pose for a particular country or 

region (the information that they provide, and subsequent actions taken from this are 

key in slowing the progression of the disease).  It would be ideal if N. Ireland could 

have their own, specialised PRA as the information provided would be specific for the 

local area, instead of coming under the umbrella of the UK (trade routes for forestry 

differ between ROI, N. Ireland and GB).  DAFM have employed a specialist member 

of staff in 2020 to develop PRAs for the ROI (Public Appointments Service, 2019).  

This is a great step for ROI.  PRAs are normally in the public domain so N. Ireland 

could also access relevant information.  As with the All-Ireland Chalara Disease 

Control Strategy, plant diseases will need to be managed with an all-Ireland 
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approach.  There is a need for a N. Ireland PRA expert to provide a tailored disease 

report for the local ecosystem and they could co-operate with the ROI to develop an 

all-Ireland approach.  

The arrival of ash dieback in the UK (including N. Ireland) was anticipated.  This 

allowed for an effective, structured, intensive survey to be put in place.  The 

Containment and Eradication policy would only be successful if there was a good 

surveying mechanism behind it.  The DEFRA risk register allows the UK to identify 

which pests are a potential risk for entering that country and evaluate any needed 

management strategies.  

As of 18th January 2021, there are currently 146 pests that have a PRA for the UK 

(DEFRA, 2021). This includes a PRA for Aproceros leucopoda, a highly invasive 

Asian sawfly that is a pest of elm.  It has been spreading through Europe and could 

affect the whole of the UK and Ireland. Although it has not been found here yet, its 

introduction is anticipated. The PRA explains how Aproceros leucopoda completes 

its lifecycle and where it may be found in the environment.  The potential mode of 

entry and risk of establishment are outlined.  It is highly likely that this pest could be 

introduced to the UK and cause severe defoliation of native elms.  Tree death has not 

yet been reported but it affects the aesthetic value of the tree.  The worry with this 

pest entering the UK is that local elm trees have suffered loss due to Dutch elm 

disease and it may continue to weaken those that have been affected.  Risk 

management options have been set in place (the pest hitchhikes on vehicles and can 

also be brought in on plants) and suggest limiting the movement of elm plants, 

inspecting elm and any soil on them before moving, cleaning and disinfecting any 

machinery and vehicles used in the movement of elm and destroying any elm material 

arising from tree surgery (Forest Research, 2021)  Another emerging threat to trees 

in the UK is the fungal pathogen Heterobasidion occidentale which affects all conifers, 

excluding pines (Pinus spp.).  This pathogen is native to North America.  This disease 

would be devasting if it were to enter the UK.  Explained in the PRA (DEFRA, 2021), 

the likely mode of entry would be the import of conifers (Christmas trees, timber, wood 

packaging).  This pathogen causes root rot and may result in death of younger trees.   

In order to be better prepared to prevent the introduction and / or establishment of 

other damaging plant pests into N. Ireland it is important to ask, what has been learnt 

from the ash dieback scenario?  The importance of structured and intensive surveys 

is clear. There was huge value to the initial intensive ash dieback health surveys as 

they allowed for the early detection of infected sites.  This was important in 
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understanding where the disease was and how it was moving/progressing.  It was 

possible to monitor the spread and then pinpoint the time and location of when ash 

dieback was found in the wider environment enabling an assessment to be made of 

the effectiveness of the eradication policy and to make changes in management 

practices.  Again, there are parallels with Covid-19.  There has been a massive effort 

into rolling out an accessible mass testing throughout the country.  This information 

allows scientists to determine where exactly the disease is and how quickly it is 

spreading. 

As well as a structured survey, the management and policy would depend on the type 

of pathogen and the crop that is affected.  A quarantine plant pest is the legal 

enforcement of measures that are aimed to prevent a pest from entering a country or 

spreading if it has already gained entry (Karuppuchamy & Venugopal, 2016).  The 

pathogen Tilletia indica (Karnal bunt of wheat) is a quarantine pest in Europe.  

Managing an agricultural pest will differ to that of a forestry pest.  T.  indica is difficult 

to eradicate from the soil as its teliospores can remain viable for five years (CABI, 

2021).  T.  indica affects the quality of the seed which results in economic losses.  The 

PRA for T.  indica states that if the pathogen were to be detected in the UK, equipment 

would need to be decontaminated, all infected seed destroyed, infected land put into 

long-term fallow, growing any susceptible crops prohibited and (like the ash dieback 

management) emphasises the importance of a trace-back and trace forward survey 

(DEFRA, 2021).  The horticultural crop pathogen Xylella fastidiosa, (which is 

currently on the DEFRA risk register), affects grape (Vitis spp), citrus spp., coffee 

(Coffea spp), olive (Olea europaea), almond (Prunus dulcis) and blueberry 

(Cyanococcus spp).  As X. fastidiosa affects such a large range of hosts, the disease 

may result in a large scale economic and biodiversity loss.  It has a management 

strategy of eradication and containment (parallel to the management of ash dieback), 

but another strategy being implemented (as outlined in the PRA) is the isolation and 

quarantine of new batches of plants that are susceptible to X. fastidiosa, to monitor 

them for signs of the disease (NFU, 2021).  A plant disease affecting an ornamental 

crop (which are high value plants but dispersed) may be appropriately managed by a 

total eradication management policy.  Ornamental plants are usually grown for 

commercial use in glasshouses or enclosed environments.  Infected plants could be 

destroyed and grown from seed, the hope of eradication of the disease more likely a 

success.  
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Unfortunately, the measures implemented to deal with ash dieback failed to eradicate 

the pathogen and H. fraxineus was eventually found in the wider environment.  

However, the quick removal of the infected ash trees did slow the spread of the 

disease.  This reduction in the speed of the spread allowed scientists more 

opportunity to study the movement of the disease, allowing for reassessing the 

current management strategies.  Ireland was in the unique situation that ash dieback 

was introduced on imported, infected plants and not as an ascospore cloud (Chapter 

7.4).  Plant pathologists were able to visit sites where there was a positive case, 

observe the symptoms on the tree and how the disease was progressing in that tree, 

and monitor the surrounding area.  Through discovering the case study site, disease 

cycling (the interconnected stages of plant disease development including the 

dormancy, reproduction, dispersal and pathogenesis of a plant pathogen; Wolf & 

Isard, 2007) could be observed, offering a wealth of information on how ash dieback 

establishes itself and develops.  

Ireland, as an island, has many geographical benefits to aid it to attempt to remain 

relatively free of plant pests and pathogens which are present in mainland Europe.  

Australia and New Zealand are large land masses but are distant from other 

countries.  They are free from many damaging plant pests that occur in other 

countries.  It would be potentially devasting for their local ecosystem, wildlife, 

food/plant industry and economy if an invasive plant pathogen were to be introduced 

into either country.  The soil borne plant pathogen Phytophthora cinnamomi was 

introduced into south-western Australia and led to the local extinction of numerous 

plant species, resulting in devasted plant communities (Barrett et al. 2008; Bishop et 

al., 2010).  Both Australia and New Zealand take their biosecurity very seriously (Plant 

Health Australia, 2021; Ministry for Primary Industries, New Zealand, 2021).  All 

incoming parcels in the post office are scanned for plant matter, even looking for grass 

and plant debris that may have attached itself to a parcel during transport.  These 

packages are usually cleaned and treated to ensure no pathogens/pests can pass 

the border.  Shoes are also checked at entry to the airport and suitcases checked for 

food and organic matter.  Fines are issued to anyone trying to bring food into these 

countries.  Both countries also invest huge funds into their plant health surveillance 

and diagnostics.  Not only do they protect themselves, but they also export two thirds 

of their produce to other countries, producing export inspection and certification 

declaring their goods free from pests. Australia has an emergency preparedness and 

response management strategy set in place for any potential emerging threats.  Both 

countries work closely with industry, governments and the community to identify any 
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possible plant diseases.  Should an exotic pest be identified, well established 

response arrangements are in place.  To date, Australia and New Zealand have 

managed to keep out many plant pests that have affected many other countries such 

as, Karnal bunt (Tilletia indica) of wheat (Triticum spp.), Xylella (Xylella fastidiosa) and 

insect pests that can spread it, (the meadow spittlebug, Philaenus spumarius and 

Glassy-winged sharpshooter, Homalodisca vitripennis), Sudden Oak death 

(Phytophthora ramorum) affecting many forest species and ornamentals, Citrus fruit 

borers (Citripestis sagittiferella and Prays endocarpa) affecting plants of the family 

Rutaceae, Pine pitch canker (Fusarium circinatum) affecting Douglas fir 

(Pseudotsuga menziesii) and the Lesser auger beetle (Heterobostrychus aequalis) 

which affects a range of horticultural and tree crops (Australian Government 

Department of Agriculture, Water and the Environment, 2021; Ministry for Primary 

Industries, New Zealand, 2021).  

In late 2012, ash dieback was well publicised in the national and local media.  Within 

the UK, the public were shown a picture of an ash tree with the typical diamond 

shaped lesion and possibly an ash tree with crown dieback (Figure 8.6).  Information 

was given about ash dieback and its symptoms.  More could have been done to 

educate the public on the importance of plant health, their local environment and 

looking after biodiversity.  Instances of ash dieback in the news quickly declined.  The 

public need to be aware of the devasting impact of ash dieback and keep up to date 

with how the disease is progressing.  When public funds are being spent managing 

this disease, the public are interested in the start and willing for tax paper money to 

be diverted to the cause.  Interest soon dwindles and the public would rather their 

money be spent on a different cause.  In the past, the Forestry Services 

communication department would have visited local schools and colleges to educate 

students on the importance of plant health and the environment (Personal 

Communication, A. R. McCracken, 2021).  It would be beneficial if the 

communications department could issue television segments that explain the 

importance of ash, the role it plays in the local environment and the concern if ash 

trees disappeared from the N. Irish countryside.   
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Figure 8.6 A press article from The Guardian in 2012 showing a young ash tree 

with a diamond shaped lesion (The Guardian, 2012).  

Wylder et al (2018) identified the presence of H. fraxineus in English ash trees that 

died between 2001 to 2011.  Through counting the rings and using RT-PCR to detect 

H. fraxineus, the pathogen presence was confirmed as early as 2004.  This evidence 

could mean that ash dieback has been present in the UK (including N. Ireland) earlier 

than was previously thought.  Kowalski (2006) first described ash dieback in 2006; for 

a tree to die from ash dieback in 2004, it would have been planted in the 1990s.  It 

may be that because scientists were not aware of H. fraxineus before 2006, they 

overlooked any ash dieback symptoms on the trees at this time, or there could be a 

several year lag period from the time of introduction on infected plants to symptom 

development.   

Ash dieback has now established itself in N. Ireland and is widespread throughout.  

One of the most surprising finds from the Case Study was the production of apothecia 

on roots and stems (Chapter 7.3.1.3) which is thought to have been a rare 

occurrence.  Could N. Ireland’s maritime climate be responsible for this?  It is possible 

that the greater dampness in our soils encourages this development of apothecia on 

the roots and lower stem (Figure 7.16).  Another unique observation was the 

production of apothecia on a branch still attached to the tree.  It is likely that the 

maritime climate offers humidity that is favourable to ascospore spread and 

development; an ascospore that lands on an ash leaf is less likely to dry out before it 

penetrates the cuticle.  
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The finding of apothecia on roots, stems and higher branches was unexpected.  This 

would not have been discovered had it have not been for the role of the specialist 

plant pathologist.  A laboratory-based molecular biologist may not have had the 

opportunity to observe the whole tree including digging it up to observe the roots.  

There is an urgent need for more plant pathology personnel in the UK, including 

N. Ireland so that critical information is not missed.  The president of the British 

Society of Plant Pathology (BSPP), Professor James Brown, said “Britain is not 

producing graduates with the expertise needed to identify and control plant diseases 

in our farms and woodlands.  One of the most worrying findings is the decline in 

practical training in plant pathology.” (BSPP, 2012). The Vice President of the BSPP, 

Professor Gary Foster said, “The appearance of ash dieback in the British woodlands 

should be a wakeup call to the government and industry.  Plant pathology education 

in Britain needs to be revived, to reverse the decline in expertise and to give farmers 

and foresters better ways of controlling these diseases.” (BSPP, 2012).  Specialised 

plant pathologists who know how to culture, examine and test a pathogen isolate in 

the laboratory and also observe its movement within the host species in the field are 

needed.  Without field work, assumptions cannot be made of how a pathogen enters 

its host, how it interacts and moves within the host, how it spreads to neighbouring 

trees and how it is affecting the local landscape/environment (the case study could 

not have been carried out without field work).  There is also a shortage of skilled 

laboratory staff in N. Ireland who are able to develop and conduct the rapid, accurate 

diagnosis that was so critical to determining where ash dieback was present and how 

it was moving (RHS, 2019).  There is also a lack of botanists and mycologists who 

have the specialist education and skills to deal with fungal plant pathogens.  These 

practical workers and scientists are the ones who advise Government ministers and 

officials who develop the legislative framework and policy and the operational staff 

who implement these policies.   

The UK left the European Union on 31st January 2020 in a transition called Brexit.  

After Brexit, current UK plant health legislation might change (and as N. Ireland has 

its jurisdiction within the UK, it could follow those changes).  If policy and border 

surveillance regarding plant pests were to mirror that of Australia and New Zealand, 

this would be a great step towards securing a high plant health status on the UK 

mainland.  The issue is that N. Ireland shares a border with the ROI that has a 

different jurisdiction.  Regarding plant health policies and legislation, Ireland needs to 

approach any policy changes as an island and have a unified approach.   
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The Action Group (COST Action no. FP1103) FRAXBACK was funded by the 

European Cooperation in Science & Technology (COST) programme and was a 

platform for scientists to share their expertise and research.  Now that N. Ireland is 

not in the EU, scientists from N. Ireland may have reduced access to this exchange 

of information and European funding.  Without the information that was learnt from 

European scientists, we would not have been as prepared for the disease entering 

N. Ireland.  It is important to maintain these links for sharing information and to keep 

our strong network of national and international scientists.  If this becomes more 

difficult, Brexit will have a negative effect of scientific research. 

A number of positive steps and future lessons have come about from the ash dieback 

outbreak.  Ash is a high-profile species and there has been an increased awareness 

regarding tree health within the UK including N. Ireland.  There was rapid response 

to the epidemic from government bodies; DEFRA set up the Tree Health and Plant 

Biosecurity Expert Taskforce, implementing a Chief Plant Health Officer.  The 

“Forests For Our Future” programme is an acknowledgment from the local 

Government (DAERA) on the shortage of forestry in N. Ireland (it may not be a direct 

result from the ash dieback outbreak), but a response that something needs to be 

done to improve local forestry (both for commercial and biodiversity gain) and for 

carbon capture.  The ash dieback epidemic has shown that the UK including 

N. Ireland needs to build resilience in the woodlands in the event of another 

introduction of an exotic plant pathogen.  Having woodlands and hedgerows that are 

species rich in range of broadleaves and conifers will lessen the impact of a pathogen 

dependent on the one host; other tree species will offer a home to local wildlife and 

preserve the local biodiversity.  

The epidemic has highlighted the dangers of ex-importing and that the trade of 

disease-free plants failed.  If N. Ireland was to produce its own seed, propagate and 

grow the seedlings fully within the island, the chance of ash dieback being introduced 

to the island would have been low.  The “Forests For Our Future” programme should 

allow for the sustainable production of local tree species, support the local commercial 

forestry and protect N. Irelands plant health status.  

The disease was featured heavily in local and national media outlets, resulting in 

increased awareness among both the public and industry on plant health.  The public 

had the chance to contribute to fight against ash dieback with using the Tree Check 

app (Chapter 7.1.2.3) which contributed to plant health monitoring.  The increase in 

the movement of plant products over the years has increased the risk of introducing 
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exotic pests.  Industry has been made aware of the importance of trading disease 

free plants and in the future, should quarantine plants to ensure they show no signs 

of disease.   

A direct result from the ash dieback outbreak was the coming together of N. Ireland 

(DAERA) and ROI (DAFM) to have an all-island approach regarding phytosanitary 

measures.  The All-Ireland Chalara Control Strategy provided the opportunity for 

scientists and researchers, politicians, policy makers, stake holders and industry to 

come together, share and discuss the latest scientific information to fight the disease 

as a whole island approach.  When the all-Ireland policy was announced in 2013, 

both N. Ireland and ROI were still EU members.  The Action Group (COST Action no. 

FP1103) FRAXBACK provided an opportunity for scientists to freely share their 

expertise and research throughout the member states.  The ash dieback outbreak 

allowed for an European collaboration of scientific knowledge and many scientists 

liaised to fight the disease together.  

Ash dieback has provided N. Irish scientists with the challenge of producing ash trees 

that have a genetic tolerance to ash dieback.  The future task is for Ireland to build up 

a gene bank of ash that has a tolerance to ash dieback so that it can be used to 

replace the lost ash within the hedgerows and forests.  The challenge is that this will 

take years for genetically tolerant trees to be identified and included in the Irish gene 

bank.  Propagating, growing and restoring the ash trees that have been lost due to 

ash dieback will also take years but in time, it is hoped that the Irish landscape will 

return to how it looked before the epidemic.  Local ash, alongside an improved, 

species rich forestry should greatly enhance the Irish environment and biodiversity. 

The results reported in this thesis have provided important information in the 

understanding of the spread and development of ash dieback with specific application 

to disease management in N. Ireland.  Consequently, a meeting was held with 

DAERA, the project funders, so that information regarding pathogen spread, disease 

development from apothecia found on branches and stems and the potential role of 

roots, could be delivered to policy makers, plant health inspectors and stakeholders.  

This information was important in ongoing considerations of the management of ash 

dieback in N. Ireland.  

The observation that apothecia could be formed on the roots of ash trees and could 

therefore be a factor in the spread of ash dieback, resulted in discussions about 

whether the removal of ash tree roots was needed in addition to the recommended 
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measures that were currently in place.  Infected trees had previously been removed 

by cutting close to ground level, the residual stump being treated with the herbicide 

glyphosate. Roots can be removed by digging them up, but this is labour intensive 

and the removal of 100% of the roots in unlikely, potentially leaving some infected 

roots in the ground.  Nevertheless, this information on the role of root infection 

provided valuable information to DAERA policy makers that was included in decisions 

regarding the practical measure required for the implementation of the Eradication 

and Containment Policy.  This information has also been used to inform DAERA’s 

overall Eradication and Containment Policy discussions on any new plant diseases 

that may enter N. Ireland where infections can occur below ground. 

When the results from this study were considered by DAERA in the light of the 

developing overall ash dieback situation in Northern Ireland and changes to disease 

management approaches in ROI it was decided to end the requirement for growers 

to remove infected plants.  DAERA Plant Health Inspectors started giving advice to 

growers on how best to contain the disease and reduce its spread.  Importing ash 

was not recommended which impacted the decisions made regarding which tree 

species to plant in the “Forests for our Future” programme promoted by DAERA in 

which ash would have otherwise been a featuring tree species.  Advice was also given 

to ash growers in the ROI where ash is the only wood that can be used for Hurley 

Sticks (the ash tree needs to reach 25 – 30 years of age to be mature enough to be 

used for Hurleys).  

  



243 

References 

Adaskaveg, J., Förster, H., Gubler, W., Teviotdale, B. & Thompson, D. 2005. 

Reduced-risk fungicides help manage brown rot and other fungal diseases of 

stone fruit. California agriculture, 59, 109-114. 

Agrios, G. N. 2005. Plant pathology. Elsevier academic press Amsterdam. 

Alexopoulos, C. J. 1996. Introductory mycology. i-xi. 1-482. New York. John Wiley & 

Sons. 

Anon 1994. Water Pollution Incidents in England and Wales -1993. In: AUTHORITY, 

 N. R. (ed.). London: HMSO. 

Anon 2010. Skogsdata 2010, Umeå. 

Anon. 2012. Fortress Ireland approach to prevent spread of ash disease essential [

 Online]. DARD. Available: 

http://www.northernireland.gov.uk/index/media-centre/news-

departments/news-dard/news-dard-october- 2012/news-dard-261012-

fortress-ireland-approach.htm [Accessed 23rd November 2015 2012]. 

Anon. 2013. Ash Dieback [Online]. DAERA. Available: https://www.daera-

ni.gov.uk/articles/ash-dieback [Accessed 23 November 2015 2015]. 

Anon. 2019. Apple Malus [Online]. Woodland Trust. Available: 

https://www.woodlandtrust.org.uk/trees-woods-and-wildlife/british-trees/a-z-

of-british-trees/apple/ [Accessed 30 September 2019]. 

Anon. 2020. Monthly mean temperature in Northern Ireland from 2015 to 2020 

[Online]. Statista. Available: 

https://www.statista.com/statistics/609826/monthly-mean-temperature-in-

northern-ireland-uk/ [Accessed 11 November 2020 2020]. 

Australia, P. H. 2021. Plant Health [Online]. Available: 

https://www.agriculture.gov.au/plant/health [Accessed 10 January 2021]. 

Australian Government Department of Agriculture, W. a. T. E. 2021. Partnering and 

regulating to enhance Australia’s agriculture, unique environment and 



244 

heritage, and water resources [Online]. Available: https://www.awe.gov.au 

[Accessed 10 January 2021]. 

Aylor, D. E. 1998. The aerobiology of apple scab. Plant Disease, 82, 838-849. 

Bakys, R., Vasaitis, R., Barklund, P., Ihrmark, K. & Stenlid, J. 2009a. Investigations 

concerning the role of Chalara fraxinea in declining Fraxinus excelsior. Plant 

Pathology, 58, 284-292. 

Bakys, R., Vasaitis, R., Barklund, P., Thomsen, I. M. & Stenlid, J. 2009b. Occurrence 

and pathogenicity of fungi in necrotic and non-symptomatic shoots of declining 

common ash (Fraxinus excelsior) in Sweden. European Journal of Forest 

Research, 128, 51-60. 

Bakys, R., Vasiliauskas, A., Ihrmark, K., Stenlid, J., Menkis, A. & Vasaitis, R. 2011. 

Root rot, associated fungi and their impact on health condition of declining 

Fraxinus excelsior stands in Lithuania. Scandinavian Journal of Forest 

Research, 26, 128-135. 

Baral, H.-O., Queloz, V. & Hosoya, T. 2014. Hymenoscyphus fraxineus, the correct 

scientific name for the fungus causing ash dieback in Europe. IMA fungus, 5, 
79-80. 

Barić, L. & Diminić, D. 2010. First report of the pathogenic fungus Chalara fraxinea 

Kowalski on common ash (Fraxinus excelsior L.) in Gorski Kotar. Glasilo biljne 

zaštite, 10. 

Barklund, P. 2005. Askdöd grasserar över Syd-och Mellansverige. SkogsEko, 3, 11-

13. 

Barklund, P. 2006. okänd svamp bakom askskottsjukan-värsta farsoten som drabbat 

en enskild trädart. Skogseko, 3, 10-11. 

Barrett, S. C., Colautti, R. I. & Eckert, C. G. 2008. Plant reproductive systems and 

evolution during biological invasion. Molecular Ecology, 17, 373-383. 

Bartha, B., Mayer, A. & Lenz, H. D. 2017. Acceleration of ash petiole decomposition 

to reduce Hymenoscyphus fraxineus apothecia growth–a feasible method for 

the deprivation of fungal substrate. Baltic Forestry, 23, 82-88. 



245 

Bell, S., Mcloughlin, J., Reeg, T., Gavaland, A., Muehlthaler, U., Mäkinen, K., Castro, 

J., Carvalho, A. M., Cziesewzka, A. & Borowski, J. 2008. Cultural aspects of 

the trees in selected European countries: COST E42: Valuable broadleaved 

trees in Europe. 

Bellotte, J. A., Kupper, K. C., Rinaldo, D., Souza, A. D., Pereira, F. D. & Goes, A. D. 

2009. Acceleration of the decomposition of Sicilian lemon leaves as an 

auxiliary measure in the control of citrus black spot. Tropical Plant Pathology, 

34, 71-76. 

Bengtsson, S. B., Vasaitis, R., Kirisits, T., Solheim, H. & Stenlid, J. 2012. Population 

structure of Hymenoscyphus pseudoalbidus and its genetic relationship to 

Hymenoscyphus albidus. Fungal Ecology, 5, 147-153. 
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Appendix Media Recipes 

 

1.  Malt Extract Agar (MEA) 

 

Ingredients: 

• Malt Extract (Oxoid L39) 16 g 

• Oxoid agar No 3 12 g 

• Deionised water 800 ml  

 

Method: 

• Measure the malt extract into a glass bottle (with lid) and dissolve in the 

deionised water (pH 6.5). 

• Add in the Oxoid agar No 3 and shake. 

• Autoclave the mixture (ensuring that the lid is loose to allow steam to 

escape) at 121 ºC for 10 minutes. 

• Cool until able to handle and decant the mixture (in a laminar flow 

cabinet to prevent contamination) into Petri dishes.  
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2. Ash Malt Extract Agar (AMEA) 

 

Ingredients: 

• Malt Extract (Oxoid L39) 16 g 

• Oxoid agar No 3 12 g 

• Deionised water 800 ml  

• Fresh or frozen ash leaflets 50 g 

 

Method: 

• Measure the malt extract into a glass bottle (with lid) and dissolve in the 

deionised water (pH 6.5). 

• Add in the Oxoid agar No 3 and shake. 

• Add in the ash leaflets into the mixture and shake. 

• Autoclave the mixture (ensuring that the lid is loose to allow steam to 

escape) at 121 ºC for 10 minutes. 

• Cool until able to handle and decant the mixture into Petri dishes (in a 

laminar flow cabinet to prevent contamination), leaving the ash leaflets 

behind in the bottle.   
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3. Potato Dextrose Agar (PDA) 

 

Ingredients: 

• Potato Dextrose Agar (Oxoid) 31.2 g 

• Deionised water 800 ml  

 

Method: 

• Measure the potato dextrose agar into a glass bottle (with lid) and 

dissolve in the deionised water (pH 6.5). 

• Add in the ash leaflets into the mixture and shake the mixture well. 

• Autoclave the mixture (ensuring that the lid is loose to allow steam to 

escape) at 121 ºC for 10 minutes. 

• Cool until able to handle and decant the mixture into Petri dishes (in a 

laminar flow cabinet to prevent contamination).  
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4. Ash Potato Dextrose Agar (APDA) 

 

Ingredients: 

• Potato Dextrose Agar (Oxoid) 31.2 g 

• Deionised water 800 ml  

• Fresh or frozen ash leaflets 50 g  

 

Method: 

• Measure the potato dextrose agar into a glass bottle (with lid) and 

dissolve in the deionised water (pH 6.5). 

• Shake the mixture well.  

• Autoclave the mixture (ensuring that the lid is loose to allow steam to 

escape) at 121 ºC for 10 minutes. 

• Cool until able to handle and decant the mixture into Petri dishes (in a 

laminar flow cabinet to prevent contamination), leaving the ash leaflets 

behind in the bottle.   
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Appendix Raw Data 

Supplementary Table 1. Distance matrix (km) of Northern Irish Hymenoscyphus fraxineus samples in 20 km map groupings (Chapter 4) 

DIST 

KM 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

1 0 16.63 65.07 31.27 29.12 83.59 61.28 78.37 73.65 109.8 105.6 100.3 104.7 104.1 115.7 103 127.2 94.55 133.4 134.3 

2 16.63 0 77.52 36.21 22.1 92.46 57.81 80.38 67.42 114.7 108 99.26 94.77 101.6 112.2 102.3 121.7 92.8 127 126.1 

3 65.07 77.52 0 46.12 68.87 27.95 66.65 53.87 81.8 63.16 69.77 79.22 117.6 87.42 100.2 80 117.8 78.1 126.9 134.8 

4 31.27 36.21 46.12 0 22.79 56.6 34.67 47.13 49.65 79.19 74.33 69.9 84.81 74.52 86.75 72.44 100.1 64.69 107.3 110.4 

5 29.12 22.1 68.87 22.79 0 77.81 35.74 59.98 45.74 95.74 87.39 77.41 75.59 79.57 90.16 80.48 99.95 70.83 105.6 105.6 

6 83.59 92.46 27.95 56.6 77.81 0 61.58 37.55 73.92 35.4 44.48 58.7 106.6 67.66 79.63 58.57 98.08 59.76 107.6 152.906 

7 61.28 57.81 66.65 34.67 35.74 61.58 0 30.21 15.79 67.25 55.15 42.04 52.05 43.83 54.69 45.23 66.11 35.22 72.86 75.77 

8 78.37 80.38 53.87 47.13 59.98 37.55 30.21 0 38.45 37.16 27.6 26.15 69.17 33.72 46.68 27.69 63.95 24.23 72.99 81.49 

9 73.65 67.42 81.8 49.65 45.74 73.92 15.79 38.45 0 73.08 58.06 39.84 36.28 38.22 46.35 43.23 54.28 32.4 59.88 61.11 

10 109.8 114.7 63.16 79.19 95.74 35.4 67.25 37.16 73.08 0 18.24 40.31 96.86 48.74 57.15 38.21 75.35 45.52 84.91 97.76 

11 105.6 108 69.77 74.33 87.39 44.48 55.15 27.6 58.06 18.24 0 22.26 79.07 30.51 39.24 19.99 57.68 28.08 67.31 79.75 

12 100.3 99.26 79.22 69.9 77.41 58.7 42.04 26.15 39.84 40.31 22.26 0 56.85 9.12 21.13 3.393 39.39 7.434 48.88 59.61 

13 104.7 94.77 117.6 84.81 75.59 106.6 52.05 69.17 36.28 96.86 79.07 56.85 0 49.55 47.82 59.47 41.69 51.39 41.05 33.62 

14 104.1 101.6 87.42 74.52 79.57 67.66 43.83 33.72 38.22 48.74 30.51 9.12 49.55 0 13 10.54 61.16 10.05 39.97 50.49 

15 115.7 112.2 100.2 86.75 90.16 79.63 54.69 46.68 46.35 57.15 39.24 21.13 47.82 13 0 21.09 18.64 22.96 28.27 40.62 

16 103 102.3 80 72.44 80.48 58.57 45.23 27.69 43.23 38.21 19.99 3.393 59.47 10.54 21.09 0 39.66 10.83 49.25 60.62 

17 127.2 121.7 117.8 100.1 99.95 98.08 66.11 63.95 54.28 75.35 57.68 39.39 41.69 61.16 18.64 39.66 0 39.72 9.647 23.29 

18 94.55 92.8 78.1 64.69 70.83 59.76 35.22 24.23 32.4 45.52 28.08 7.434 51.39 10.05 22.96 10.83 39.72 0 48.79 57.94 

19 133.4 127 126.9 107.3 103.6 107.6 72.86 72.99 59.88 84.91 67.31 48.88 41.05 39.97 28.27 49.25 9.647 48.79 0 15.21 

20 134.3 126.1 134.8 110.4 105.6 152.906 75.77 81.49 61.11 97.76 79.75 59.61 33.62 50.49 40.62 60.62 23.29 57.94 15.21 0 
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Supplementary Table 2. Length of lesions on ash stems (stem width included) 8 weeks after inoculation with isolates of Hymenoscyphus 

fraxineus, comparing countries of origin of isolates (Chapter 5) 

Isolate Location Mating Type Rep Lesion length 
(mm) 

Lesion width 
(mm) 

Lesion area 
(mm2) 

Tree stem 
width (mm) 

CF 28/13 N. Ireland MAT 1 318.84 9.23 2942.89 14.82 
CF 28/13 N. Ireland MAT 2 216.37 8.09 1750.43 13.90 
CF 28/13 N. Ireland MAT 3 0.00 0.00 0.00 14.02 
CF 28/13 N. Ireland MAT 4 256.27 11.55 2959.92 13.63 
FN 4/1 Denmark HMG 1 29.02 8.63 250.44 15.01 
FN 4/1 Denmark HMG 2 26.26 8.69 228.20 14.92 
FN 4/1 Denmark HMG 3 0.00 0.00 0.00 14.12 
FN 4/1 Denmark HMG 4 33.05 9.90 327.20 15.32 
NOR 2/5 Norway HMG 1 111.15 11.36 1262.66 14.27 
NOR 2/5 Norway HMG 2 31.45 9.65 303.49 15.21 
NOR 2/5 Norway HMG 3 34.12 8.01 273.30 14.95 
NOR 2/5 Norway HMG 4 58.09 9.48 550.69 15.62 
STP/1/TR/1 Russia HMG 1 17.03 6.77 115.29 13.80 
STP/1/TR/1 Russia HMG 2 38.22 8.47 323.72 14.26 
STP/1/TR/1 Russia HMG 3 18.70 7.26 135.76 14.82 
STP/1/TR/1 Russia HMG 4 94.12 9.15 861.20 13.66 
HO/11/6/1 Austria HMG 1 19.66 7.09 139.39 14.09 
HO/11/6/1 Austria HMG 2 123.14 9.35 1151.36 15.20 
HO/11/6/1 Austria HMG 3 0.00 0.00 0.00 14.88 
HO/11/6/1 Austria HMG 4 0.00 0.00 0.00 14.02 
CF 3/2-B N. Ireland MAT 1 103.47 13.84 1432.02 13.84 
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Supplementary Table 2. cont. Length of lesions on ash stems (stem width included) 8 weeks after inoculation with isolates of Hymenoscyphus 

fraxineus, comparing countries of origin of isolates (Chapter 5) 

Isolate Location Mating Type Rep Lesion length 
(mm) 

Lesion width 
(mm) 

Lesion area 
(mm2) 

Tree stem 
width (mm) 

CF 3/2-B N. Ireland MAT 2 31.12 9.17 285.37 13.98 
CF 3/2-B N. Ireland MAT 3 29.74 8.84 262.90 14.72 
CF 3/2-B N. Ireland MAT 4 0.00 0.00 0.00 14.99 
NOR 1/6 Norway MAT 1 20.06 10.15 203.61 13.82 
NOR 1/6 Norway MAT 2 41.55 10.98 456.22 14.09 
NOR 1/6 Norway MAT 3 60.29 9.67 583.00 13.89 
NOR 1/6 Norway MAT 4 73.86 11.59 856.04 14.55 
IDRO/AMEA/15 Italy HMG 1 32.33 9.38 303.26 15.04 
IDRO/AMEA/15 Italy HMG 2 27.48 9.44 259.41 14.29 
IDRO/AMEA/15 Italy HMG 3 21.16 8.29 175.42 15.51 
IDRO/AMEA/15 Italy HMG 4 22.05 9.80 216.09 13.47 
RANT 2 N. Ireland MAT 1 131.70 12.28 1617.28 13.07 
RANT 2 N. Ireland MAT 2 54.43 10.04 546.48 14.32 
RANT 2 N. Ireland MAT 3 147.24 10.29 1515.10 14.69 
RANT 2 N. Ireland MAT 4 0.00 0.00 0.00 15.03 
RANT 1 N. Ireland MAT 1 168.99 14.66 2477.39 14.66 
RANT 1 N. Ireland MAT 2 103.13 10.19 1050.89 13.79 
RANT 1 N. Ireland MAT 3 39.66 11.37 450.93 13.88 
RANT 1 N. Ireland MAT 4 91.71 9.20 843.73 14.09 
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Supplementary Table 2. cont. Length of lesions on ash stems (stem width included) 8 weeks after inoculation with isolates of Hymenoscyphus 

fraxineus, comparing countries of origin of isolates (Chapter 5) 

Isolate Location Mating Type Rep Lesion length 
(mm) 

Lesion width 
(mm) 

Lesion area 
mm2) 

Tree stem 
width (mm) 

CF 221/13 N. Ireland MAT 1 340.46 8.01 2727.08 15.35 
CF 221/13 N. Ireland MAT 2 35.12 8.17 286.93 13.94 
CF 221/13 N. Ireland MAT 3 19.17 7.46 143.01 14.68 
CF 221/13 N. Ireland MAT 4 41.09 10.76 442.13 14.99 
IDRO/AMEA/11 Italy HMG 1 18.57 9.02 167.50 13.88 
IDRO/AMEA/11 Italy HMG 2 0.00 0.00 0.00 14.69 
IDRO/AMEA/11 Italy HMG 3 24.16 8.57 207.05 14.99 
IDRO/AMEA/11 Italy HMG 4 25.94 8.18 212.19 15.36 
FN 2/2 Denmark HMG 1 19.39 8.58 166.37 13.66 
FN 2/2 Denmark HMG 2 21.44 8.92 191.24 13.84 
FN 2/2 Denmark HMG 3 23.31 7.55 175.99 14.03 
FN 2/2 Denmark HMG 4 16.96 8.17 138.56 14.95 
ROM 1/4 Romania HMG 1 36.94 11.92 440.32 13.89 
ROM 1/4 Romania HMG 2 0.00 0.00 0.00 15.32 
ROM 1/4 Romania HMG 3 21.83 10.28 224.41 14.03 
ROM 1/4 Romania HMG 4 22.33 11.30 252.33 14.22 
NOR 1/37 Norway MAT 1 0.00 0.00 0.00 14.50 
NOR 1/37 Norway MAT 2 0.00 0.00 0.00 14.76 
NOR 1/37 Norway MAT 3 0.00 0.00 0.00 15.31 
NOR 1/37 Norway MAT 4 0.00 0.00 0.00 15.66 
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Supplementary Table 2. cont. Length of lesions on ash stems (stem width included) 8 weeks after inoculation with isolates of Hymenoscyphus 

fraxineus, comparing countries of origin of isolates (Chapter 5) 

Isolate Location Mating Type Rep Lesion length 
(mm) 

Lesion width 
(mm) 

Lesion area 
(mm2) 

Tree stem 
width (mm) 

IDRO/AMEA/1 Italy HMG 1 84.17 12.49 1051.28 13.02 
IDRO/AMEA/1 Italy HMG 2 171.28 11.27 1930.33 15.21 
IDRO/AMEA/1 Italy HMG 3 241.11 9.94 2396.63 14.22 
IDRO/AMEA/1 Italy HMG 4 44.95 8.94 401.85 14.96 
STP 5/ST/5/1 Russia HMG 1 57.28 8.69 497.76 15.20 
STP 5/ST/5/1 Russia HMG 2 80.91 9.58 775.12 14.84 
STP 5/ST/5/1 Russia HMG 3 53.20 9.05 481.46 14.28 
STP 5/ST/5/1 Russia HMG 4 224.11 11.50 2577.27 15.62 
PAL 1/1/1 Lithuania HMG 1 0.00 0.00 0.00 13.67 
PAL 1/1/1 Lithuania HMG 2 215.01 12.99 2792.98 13.04 
PAL 1/1/1 Lithuania HMG 3 0.00 0.00 0.00 14.85 
PAL 1/1/1 Lithuania HMG 4 45.14 9.60 433.34 14.70 
TK N. Ireland HMG 1 290.29 11.16 3239.64 15.48 
TK N. Ireland HMG 2 79.09 11.57 915.07 14.52 
TK N. Ireland HMG 3 227.16 9.69 2201.18 14.02 
TK N. Ireland HMG 4 115.11 10.60 1220.17 14.90 
FN 3/1 Denmark HMG 1 31.44 9.38 294.91 13.48 
FN 3/1 Denmark HMG 2 41.58 10.18 423.28 14.38 
FN 3/1 Denmark HMG 3 291.07 11.66 3393.88 14.56 
FN 3/1 Denmark HMG 4 104.17 10.06 1047.95 15.62 
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Supplementary Table 2. cont. Length of lesions on ash stems (stem width included) 8 weeks after inoculation with isolates of Hymenoscyphus 

fraxineus, comparing countries of origin of isolates (Chapter 5) 

Isolate Location Mating Type Rep Lesion length 
(mm) 

Lesion width 
(mm) 

Lesion area 
(mm2) 

Tree stem 
width (mm) 

ROM 1/1 Romania MAT 1 85.54 9.07 775.85 14.22 
ROM 1/1 Romania MAT 2 41.62 8.07 335.87 14.84 
ROM 1/1 Romania MAT 3 131.27 14.48 1900.79 14.48 
ROM 1/1 Romania MAT 4 31.47 9.58 301.48 13.49 
LIE 1/1/2 Latvia HMG 1 28.98 12.27 355.58 14.59 
LIE 1/1/2 Latvia HMG 2 16.06 9.91 159.15 15.30 
LIE 1/1/2 Latvia HMG 3 26.50 7.18 190.27 14.92 
LIE 1/1/2 Latvia HMG 4 33.59 8.27 277.79 14.55 
T/8/1/H3 Austria HMG 1 0.00 0.00 0.00 14.06 
T/8/1/H3 Austria HMG 2 0.00 0.00 0.00 13.66 
T/8/1/H3 Austria HMG 3 0.00 0.00 0.00 14.62 
T/8/1/H3 Austria HMG 4 0.00 0.00 0.00 14.20 
VER2 Austria HMG 1 192.18 10.05 1931.41 13.98 
VER2 Austria HMG 2 181.17 9.04 1637.78 14.57 
VER2 Austria HMG 3 18.10 8.05 145.71 14.99 
VER2 Austria HMG 4 144.47 11.18 1615.17 13.85 

 
 


