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Fraxinus dieback in Europe: understanding disease phenomenon and
elaborating guidelines for sustainable management (FRAXBACK)

(Abstract of FRAXBACK Action Proposal: July 28", 2011)

Currently, severe dieback of Fraxinus spp. is observed in most European countries. This is an emerging disease,
which results in massive tree mortality, threatening the existence of Fraxinus over the continent. It is caused by
Hymenoscyphus pseudoalbidus (currently known as Hymenoscyphus fraxineus), alien and invasive fungus,
origin of which remains unknown (nowadays known: Far East Asia). Currently, many European countries have
national research programs on Fraxinus dieback, focusing on humerous aspects of the biology and ecology of the
disease, but the activities are scattered. Aim of the FRAXBACK is, through sharing and synthesis of available
knowledge, generate comprehensive understanding of Fraxinus dieback phenomenon, and to elaborate state of
the art practical guidelines for sustainable management of Fraxinus in Europe. The Action will be implemented
through innovative interdisciplinary approach, and will include forest pathologists, tree breeders and
silviculturists. Its deliverables: i) guidelines for sustainable management of Fraxinus in Europe; ii) European
database for dieback-resistant Fraxinus genotypes/families/populations and established/planned progeny trials;
iii) illustrated digests/leaflets/brochures on Fraxinus dieback; iv) disease distribution maps; v) website; vi) book
(de facto two books). FRAXBACK is comprised of four Working Groups: WG1 Pathogen; WG2 Host; WG3
Silviculture; WG4 Dissemination and knowledge gaps. Its duration is 4 years, including two MC/WG meetings
and four STSMs per year (de facto a total of 37), and one international conference (de facto 10).

Dr Rimvys Vasaitis

Action Chair & GrantHolder



Foreword

European Cooperation in Science & Technology (COST) Actions provide excellent fora for promoting
interactions between scientists involved in specialised research areas, mainly within the EU, but also including
colleagues from all over the world. The FRAXBACK Action arose in response to the spread of ash dieback
caused by an invasive fungal pathogen Hymenoscyphus fraxineus, which was probably accidentally introduced
into northern Europe in the 1980s. The first outbreaks occurred in Northeastern Poland and in Lithuania in the
1990s, although the cause was unknown until several years later, following which the problem spread inexorably
through much of northern Europe where common ash, Fraxinus excelsior, occurs and also into stands of narrow-
leaved ash (F. angustifolia) further south in Europe.

With a disease threatening the future of yet another much loved native European tree, a number of research
projects were initiated in northern Europe. The chapters in this book represent the majority of the work
conducted within the COST Action and in the many associated projects carried out by partners in the
consortium. Its publication is very timely, given the massive effort that has gone into determining the spread of
the disease, alongside technological breakthroughs in genomics and metabolomics of the hosts and pathogen
which have occurred in the last 3-4 years. Moreover, the book gives scientists new to the field a foundation on
which to build new research into the problem of ash dieback and to the dynamics of invasion of alien fungal
pathogens impacting on forest ecosystems.

Much of this research is summarized here; some is available in scientific journals, but the book itself represents
the culmination of the huge effort made to understand ash dieback in Europe since the 1990s. The first three
chapters focus on the implications of ash dieback disease in terms of the historical uses made of ash, and the
impacts of this disease on society. The following chapter present overviews of the spread of ash dieback in
Europe, along with other chapters addressing how we might address the issues arising from loss of ash.

The sister volume to this work, a special issue of Baltic Forestry on ash dieback, provides further detail on the
work carried out within the framework of the COST Action, and should be read alongside this book.

Professor Steve Woodward

University of Aberdeen
Editor-in-chief, Forest Pathology
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Management and use of Ash in Britain from the prehistoric to the present:
some implications for its preservation

J. PRATT

Cross House, Mountain Cross, West Linton, Peeblesshire, Scotland. EH46 7DF.
k.m.pratt@btinternet.com

Summary

The properties that make the wood of fast-grown Ash pliable, strong and resilient have been exploited by man
for thousands of years, and are illustrated by reference to the probable use of Ash timber for tools, arms and
transport by the Roman Army of occupation in Britain two thousand years ago. Militarily organised and
disciplined, the Roman Army was responsible for changing the face of Britain with huge infrastructure projects
that required significant numbers of tools, equipment and fuel, in addition to the arms it used to maintain control
over the fractious tribes of the north. The extent to which it maintained supplies of this valuable resource by
managing its woods, possibly by coppicing, is discussed and raises the question as to the degree of genetic
selection involved in coppicing.

Background

Arguably, one of the most significant of man's achievements has been to work out how to fix a handle, or haft, to
a stone and thus create an axe. This is a surprisingly difficult union to achieve using only stone tools, and early
man exhibited great ingenuity in doing so, even to the extent of using pieces of antler as intermediate links
between wood and stone (Maigrot 2011). The effect of the haft is to extend the radius of a man’s arm, thus
trebling the length of arc of travel of the axe head and thereby increasing the speed of the stroke. By doubling the
speed of travel of the axe head the force of impact is quadrupled (Mytting 2015). The provision of this
significant mechanical advantage over hand-held axes enabled man to extend his lifestyle beyond that of a
hunter-gatherer and manage his environment to provide a regular source of food and heat. Although stone axe
heads are commonplace, few hafts have survived, and there is no clear date for this crucial invention. One
exception is the Shulishader porcellanite stone axe from the Hebrides (Fig. 1 A, Fig.1 B) which has a haft
tentatively identified as Rosaceae sp. The fact that this haft seems to have been reused suggests the value placed
on a good handle. Ash, (Fraxinus excelsior L) which became the preferred timber to use in wooden hafts (Green
1978: Harding and Young 1979, Maigrot 2011), was uncommon in North Britain when this axe was made in the
Neolithic: a C'* date of 3495-2910 BC (Sheridan 1992) for the handle fits with a known period of use of
porcellanite stone axe heads imported from Northern Ireland (Cooney and Mandal 1998).

Although no wooden axe hafts have been found from the early Palaeolithic, there is clear evidence that by at
least 60,000 years ago early humans already had a long history of making wooden handles and shafts for their
stone tools, bound together with tree resins (Dinnis and Stringer 2014). These included shafts for spears made by
Neanderthals 400,000 years ago (Thieme 1997). Although these shafts were of spruce, they provide precedence
for all that followed. Later there is clear evidence (see below) that Ash had become the preferred species for
spear shafts. What are the characteristics of Ash that make it so suitable for this purpose?

Ash timber properties

Ash is a ring-porous fast-growing native hardwood. It is easy to saw and machine when dry, and is the toughest
of British grown woods (Brazier 1990). It has vasicentric axial parenchyma, i.e., a complete sheath of
parenchyma cells around one or more vessels (Fig. 1 C). Over several years’ radial growth, the thickness of early
wood remains fairly constant and any increase in ring width comes from the laying down of more late wood
vessels, with a corresponding increase in density. Strength and toughness will therefore tend to increase with
more rapid growth. Weaknesses in slow-grown Ash can be explained by the comparatively narrow layers of late
wood that are laid down where short growing seasons restrict the amount of late wood formed. Variability of
growth also depends on genetic or systematic effects: ring width tends to reduce with increasing age, so timber
derived from old trees may be less dense and not as tough as that from young vigorous trees.

© 2017 Swedish University of Agricultural Sciences. Printed in Sweden. 1
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Figure 1 See next page for descriptions.
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Figure 1 A) Neolithic Stone Axe, found at Shulishader, Lewis. The haft is probably Rosaceae spp. The head,
from Ireland, is porcellanite. The axe is in the National Museum of Scotland, Edinburgh and the photograph is
reproduced with their permission. B) Stone hand axes were man’s only large tool for hundreds of thousands of
years. C) Anatomy of Fraxinus excelsior (Ash). From left: cross (xs), radial longitudinal (rls) and radial
tangential (tls) sections. Courtesy Peter Gasson, Kew. D) Coppiced Ash split from an ancient stool in Bradfield
Woods and bent to form this chair, made by a local craftsman Dan Hussey, who kindly donated this photograph.
Ash turns well (Author). E) Replica 1911 Bristol Boxkite, built by Miles Aircraft Ltd for the film “Those
Magnificent Men in their Flying Machines” using authentic materials, which included Ash for the undercarriage
skids. 6 May 1964, pilot George Miles FRAeS. Photo courtesy Karen Miles. F) Coppiced Ash stool, Bradfield
Woods, Suffolk. Some of these stools are 800 years old and may have been cut at least 70 times. Note the high
quality and vigour of these stems. G) The northern Frontier of Roman Britain. Aerial view east over the Roman
fort of Housesteads, on Hadrian's wall. The curtain wall lies along the north wall of the fort and stretches to the
horizon. The Vallum runs almost parallel to the Wall itself and forms the southern edge of the militarised zone.
To the south (right) of the Vallum, the (later) Roman military road joining all the forts on the wall is evident in
this aerial photograph. (Photograph by kind permission of Air Images Ltd). Inset: The massive earth-moving
needed to create the 112 km length of the Vallum is evident, all the more impressive when it is realised that it
was dug by hand using dolabra, wooden shovels tipped with iron, and moved in baskets and carts. H) A
reconstructed turret at Vindolanda Roman Fort attached to a short length of the curtain wall illustrates around 30
m of the 117 km frontier that makes up Hadrian’s Wall.

Ash has an air-dry density close to that of both oak and beech (650- 700 kg/m?), and a high Modulus of
Elasticity (longitudinal: 15,800 N/mm? radial 1510 N/mm?® compared to other hardwoods (Desch and
Dinwoodie 1996). Toughness (the resistance of wood to the propagation of cracks on sudden impact) is an
essential characteristic of woods used for handles, of which Ash is a notable example. High density is a
prerequisite of this strength property, as is the fibre-composite structure where relatively weak interfaces
between cell-wall layers absorb energy by modifying (redirecting) the primary crack (Cook and Gordon 1964).
Timber of low density, the presence of compression wood and other growth imperfections can all reduce
toughness. In the case of Ash for tool handles, it is now recommended that wood having between 4 and 16 rings
per 25mm should be used to avoid serious injury that can occur from failure of slow-grown stems (Desch and
Dinwoodie 1996).

Ash is also notable for its bending properties, which depend on its structure, toughness and strength. Standard
tests in which clear specimens of constant (25.4mm) thickness were subjected to bending to failure show how
well Ash compared to other native species (Table 1). Comparison is also drawn with two commercially-
important North American species. Tests were undertaken in which the outer ‘tensile’ face was supported either
with or without a restraining strap, the latter being indicative of the bending undertaken in normal use.

Table 1 Limiting radii of curvature (mm) at which 5% of the population of test samples of home-grown species
failed in steam bending following air-drying. (m/c not given). Data from Stevens and Turner (1970).

Species mm mm
(supported) (unsupported)

Ash 64 300
Alder 360 480
Beech 38 330
Elm 38 340
Hornbeam 100 420
Oak (Q. robur) 51 330
Yew 220 420
Hickory (USA) 46 380
Sitka spruce (home-grown) 910 810

Note. American Hickory is included because it is now the preferred species for wooden tool handles throughout
much of the western world.

Ash is clearly superior in unsupported bending to all these species, albeit beech and oak are perhaps more
adaptable. In thin-section (3.2mm) laminates, Ash is superior to all except beech. It is easy to work, and produces
few splinters. It turns well and makes strong, light furniture with a pleasing honey-coloured grain (Fig. 1 D). Its
many domestic uses have been rehearsed recently (Rackham 2014: Penn 2015). Ash has long played a part in
conflict (see below) and recently in two world wars (Fig. 1 E) when it formed the undercarriage skids on the



Bristol Boxkite, used as a trainer in WW1, and in WW2 formed part of the wooden structure of the De Havilland
Mosquito, adding strength to wooden components in areas of high stress.

Ash management, Britain

Ash grows widely throughout Britain, performing best on deep, moist well-drained brown earths where Yield
Classes 10 — 12 have been recorded (Evans 1984). Form is likely to be better in mixed than in pure stands. Hiley
concentrated on growing Ash for the lucrative sports industry in south Devon (Hiley 1964), and found it
surprisingly hard to achieve consistently superior crops, noting that there is much to learn about the species.
However, he quotes correspondence in which sales of high-quality timber were sporadic until the First World
War, when the circumstances changed dramatically so that demand for the same timber from the Bristol
Aeroplane Company outstripped supply.

Management of Ash by pollarding, to provide foliage as livestock feedstuff, was commonly practised over
centuries (Rackham 2014). Of more significance is the management of Ash by coppicing. Rackham noted that in
rural communities, Ash grows faster in coppice than as planted trees, and the resultant poles are more useful than
the big tree. He suggested (Rackham 1977), from evidence collected from excavated Neolithic trackways in
Somerset that coppicing started 6000 years ago. It is now clear that this form of management began much earlier
(Milner et al 2013), since evidence similar to that found in Somerset for coppicing has been found on Mesolithic
sites in Yorkshire to date from circa 9000BC - 7000BC, and from submerged landscapes on the edge of the
English Channel (Catling 2012). By the time when farming was developing in the Neolithic in the third
millennium BC, coppicing to produce a strong, resilient timber of useful and consistent size, easily harvested
using simple stone tools (Coles 1979) and gathered from close-by, was therefore already well established. Its use
was not confined to Britain, and has been inferred from pollen and wooden artefacts from Switzerland in the
early Neolithic (Jacomet et al 2004). Direct evidence for coppicing other than that inferred from the shape of
preserved artefacts in the prehistoric period is circumstantial at best, and no diagnostic features distinctive of
coppice have been found on the ground. An added complication is that Ash is rarely common within pollen
diagrams (Dumayne-Peaty and Barber 1997). However, references of the use of coppicing per se are not
uncommon among Roman authors (McCarthy 1986). That Ash was coppiced in the Middle Ages is not in doubt
(Rackham 1986), and it is readily observable today in, for example, Bradfield Woods, Suffolk, (Fig. 1 F) where
some of the coppice stools are amongst the oldest living objects in Britain.

The Ash in antiquity

Ash was the chosen wood for one of the oldest anthropomorphic carved figures in Europe, found in the Somerset
Levels and dated to 2100 BC (Coles 1998). It may be relevant that it is considered to be hermaphrodite (Coles
and Orme 1982): apposite for a triecious species such as Ash (Thomas 2016).

In Viking mythology, Yggdrasil was a gigantic Ash that bestrode the world and heaven, with its roots in the
underworld. It joined together the lands of gods and men. Its huge size and shape was strong enough to hold
them apart yet keep them together in one place. It was a world of good and evil, of joy and sorrow, and it
suffered more than man can understand. Yet from this vast and terrifying object, the bees feed happily on its
honey dew (Brondsted 1960). Rivers that flowed from its three roots gave rise to the ancient association between
Ash trees and sources of water such as wells and springs, and is one of the reasons why Ash occurs commonly in
English place names (see below).

Ash had more mundane uses in Medieval England (Frazer 1949). to remove warts (in Cheshire), you were
advised to rub them with bacon and slip the bacon under the bark of an Ash tree. In addition, an anti-malarial
tonic was extracted from Ash bark before quinine was introduced to Europe (Lonsdale, D.L. pers. comm. 2016).
Ash also had a special function curing rickets or rupture: a longitudinal split made in a tree was opened up, and
the affected child, naked, would be passed through the fissure at sunrise at least three times. Thereafter, the split
would be closed, tightly bound and sealed with clay. If the tree should die, then so would the patient, who
(unsurprisingly) guarded the tree assiduously for the rest of his life. This personal attachment to Ash trees may
be another reason why the name occurs with unusually high frequency among English place-names (Rackham
1986): another is the utilitarian value of the species to rural communities for the provision of small-wood and
building timber, fuel, fodder and implements.

This utilitarian value of Ash is considered below in relation to the demands for wooden artefacts (particularly
weapons and tool handles) in one well-researched group from the Iron Age, namely the Imperial Roman Army



which occupied Britain for 350 years from AD 43. Within the first 80 years this highly-disciplined force built
major infrastructures within a relatively undeveloped, rural Britain, often to standard design. They included over
2000km of permanent, all-weather roads (Margary 1967), hundreds of bridges, 300 military forts, 6 major
fortresses (Webster 1969), and the 118 km (72 mile) frontier system, Hadrian’s Wall (Figs. 1 G, 1 H). 20 major
urban towns were constructed during that period (Wacher 1974). For a discussion on the post-conquest surveying
of road alignments, see Current Archaeology (Issue 314) May 2016.

The Army that invaded Britain in 43 AD was composed of four legions each of 5,000 heavily-armed infantrymen
with a roughly equivalent number of Auxiliary troops, the latter raised in European countries that had been
absorbed into the empire. This Army crossed the English Channel in around 900 ships (Peddie 1987) and was a
self-contained expeditionary force with horses, wagons and carts, tents, weapons, building tools and enough food
and fodder for several days campaigning. It established a defended base near London from which it fanned out
into the country probably using existing trackways (Bishop 2014), each legion and its auxiliary vexilations
subduing its allotted zone. Although Britain was a land without permanent roads or bridges, in which most of the
inhabitants were involved in agriculture, it was a sophisticated tribal culture with a population estimated to be
between two and four million people (Cunliffe 1995), of which the majority (>90%) were rural agriculturalists
(Millett 2016). Close ties with Europe gave the south-east of the country easy access to the Roman Empire, and
the tribes that lived in that area were, for the most part, sympathetic to Rome and indeed some may have
welcomed and aided the invasion. Further north and west, away from the continental influence, the native
peoples were not compliant and a large, permanent Roman garrison was required to contain them. Thus, three
legions (15,000 men), along with 35,000 Auxiliaries remained in Britain throughout the occupation (Breeze
1982): Spain, by contrast, took 100 years to subjugate but was thereafter controlled by one legion.

The tools and equipment of the legions have survived in sufficient numbers to show their diversity. Their
techniques of working are well illustrated in relief carving in stone (Trajan’s Column in Rome, dedicated stone
slabs and altars, etc.), and are clearly evident as solid remains in many archaeological excavations in Britain.
Indeed, more is probably known of the Roman Army than of other military units in Britain up to the 18" century.
One of the sources of that information comes from a significant assemblage of finely-preserved military artefacts
which was found in an abandoned second-century fort, Trimontium, at Newstead in the Scottish Borders when it
was excavated 100 years ago. The photographs from the excavation report (Curle 1911) show how self-reliant
the occupants of this (and of other) forts must have been, capable of manufacturing, repairing and refitting tools,
weapons and equipment in wood, metal, leather and fabric in dedicated workshops (fabricae), (Bishop and
Coulston 2013) within the forts, and illustrate the advantages of Roman military self-sufficiency admired by
contemporary writers (Vegetius, 4" Century AD).

The legions were self-sufficient partly because each man carried all the tools and equipment needed to march,
fight, sleep, feed and build; clearly illustrated in Fig. 2 A, showing the members of a ‘section’ of eight men who
operated as a unit (contubernium), sharing a tent carried by a pack animal. In addition to his arms and armour,
each man is recorded as carrying a saw, basket, pickaxe, a thong of leather, a hook, and three days ration: a
bronze mess-tin and a kettle completed the kit, hung on a staff carried on the left shoulder (Webster 1956). The
arms consisted of a pair of javelin (pila) and a short-sword. Attached to the staff was a wooden stake, sharpened
at each end with a hand-grip in the centre, known as a palisade stake (pilum murale), thought to provide a
temporary defensive rampart on the march.

The auxiliaries were less encumbered than the legionaries, and were armed and protected according to the
custom of the area from which they came. In general, each man carried a sword and also a spear, the latter a
weapon distinct in form and function from the pila of the legions. The spear was a weapon for close-order
fighting, and not for throwing. Ash has been the preferred haft for spears for thousands of years (Coles, Heal and
Orme 1978: Travis and Travis 2014): in ancient Greece, (and indeed also in Wales) the words for spear and Ash
are collocations: Homer has spears as always “ashen”. Many hundreds of thousands of spear hafts would have
been in use within the Roman Army of occupation, the hafts being the disposable part of the weapon. Evidence
that the spear heads were valued and recycled comes from a chest of metal Roman military equipment excavated
at the Roman military supply base at Corbridge, on Hadrian’s Wall (Bishop and Coulston 2013). Along with
armour needing repair were a number of spearheads with broken shafts, supposedly of Ash (Bishop 2016). Spear
shafts could quickly be made from slender stems of coppiced Ash.
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Figure 2 A) An eight-man “section” (contubernium) in a Roman legion prepare to move, in a drawing by Peter
Connolly. Each man will carry his own equipment slung on a pole over his left shoulder. Note the two pila in his
right hand. The equipment of the second man in line is lying on the ground. The leather 8-man tent will be
carried by the donkey. Note the bundle of palisade stakes on the donkey. This picture is taken from The Roman
Army by Peter Connolly (Macdonald 1967) Image courtesy akg-images / Peter Connolly 2016. B) Examples of
dolabra, axes, a reaping hook and a turf cutter found during the 1910 excavation of the Roman fort at
Trimontium in South Scotland. C) A Roman army axe from Trimontium fort, south Scotland. This axe was made
by a skilled artisan. It is 250 mm long and weighs 2.7 kg. The eye is approx. 40 mm long: in a modern axe of this
weight it would be at least 70 mm. The axe is in the National Museum of Scotland, Edinburgh and the
photograph is reproduced with their kind permission. D) Table-top model of typical Roman Army fort, probably
2nd century and built of stone. Similar in size and layout to the earlier wooden fort at Pen Llystyn, with a
perimeter of around 500 m, an area of 1.6 ha and accommodation for up to 1000 troops. E) A scene from
Trajan’s Column (Rome) celebrating the victory of Rome over the Dacians in AD 105. A legionnaire is felling
trees with a dolabra, to clear forest and deny its sanctuary to enemy forces, for the building of a fortress, or for
fuel etc. Trajan’s Column, Rome. 2nd Century AD. F) Roman Army single-felloe cart-wheel excavated from a
pit in the fort at Trimontium. The felloe is a single 3.1 m length of Ash, steam-bent into a circle of approx.
diameter 1.0 m, encircled by an iron rim. The felloe came from a relatively slow-growing tree, and at some
stage it failed at the junction with one of the spokes (inset). Both the hub and the spokes were nicely turned on a
lathe, the hub of elm, and the spokes of willow. Trimontium, Scottish Borders, circa 150 AD. The wheel is in the
National Museum of Scotland, Edinburgh and the photographs (taken through glass) are reproduced with their
kind permission. G) The use of carts by the Roman Army is well attested on Trajan’s Column, in Rome. In this
case, carts are pictured carrying carrobalista artillery. Trajan’s Column, Rome. 2nd Century AD.

In contrast to the auxiliaries’ spears, the primary weapon of the legionaries was the pilum, of which each man
carried two. This was a close-range javelin that used weight to provide its penetrative power, especially against
armour (Bishop and Coulston 2013). A sharpened four-sided steel bodkin head was made at the end of a soft-
metal shank, perhaps 500mm long, which in turn was riveted to the end of a weighted haft 1500mm long. At the
base of the haft was a pointed metal shoe or butt, so that the weapon could be stood on end when not carried.
This was a subtle weapon, particular to the Romans and well suited for use against barbarians whose natural
defence to it was to raise the shield and intercept its flight. Herein lay its inherent effectiveness, since the pilum
would readily pierce most shields, and its soft-metal shank would bend under the weight of the haft, rendering
the shield useless and exposing barbarian flesh to the brutal Roman stabbing short-sword (gladius). As with the
spear, it is probable that Ash was the preferred material for the haft, but unlike the spear the haft was a complex
engineered component of value in itself. Many hundreds of thousands of these weapons would have been
brought over in the invasion of 43 AD, and the weapon remained standard issue throughout the occupation. It
seems likely that coppiced Ash would have been an efficient local source of supply for this weapon as well as for
the spear. Key to its effectiveness was the accuracy with which it could be thrown, and the straightness of the
haft was crucial. Access to a constant supply of straight stems from which the hafts could be fashioned would be
a distinct advantage, and coppiced Ash the ideal choice.

Other weapons made from wood included bows and arrows, and artillery. Most formations included some
bowmen, mostly from the Middle East. They used composite bows, made from horn and a variety of woods
which did not seem to include Ash. Few bows survive entire. Arrows were made from many woods, of which
Ash and pine are specifically mentioned (Bishop and Coulston 2013). The mobile artillery (ballista and
catapulta), carried or mounted on carts, consisted of frames, mostly oak, with tensionable arms that could have
been made from Ash. They shot sturdy wooden-shafted bolts, often of Ash, or stones. They are relevant because
of the use of carts (see below). Each legion was equipped with 60 cart-mounted ballista and ten catapulta, each
with a supporting cart carrying the ammunition (Peddie 1987), making 140 carts for the artillery alone.

Among the many tools with which legionaries would have been familiar are two that relied on strong hafts: axes
and pickaxes (dolabra). Axes (Fig. 2 C) indicate the reliance the Roman military placed on the working of
timber. Their commitment and skill working in wood is exemplified in the speed with which the navy was
capable of building large (>40 m long) sea-going wooden ships. The Roman author Livy noted that in 205 BC
they built 30 of these ships, capable of carrying 10,000 men, from cutting timber to launching in 45 days (Pitassi
2012). On land, the use of timber was equally impressive. An “average” fort for 1000 troops, built during the
pacification of Wales in the first century (Nash-Williams 1969), Pen Llystyn covered an area of 1.6 ha with a
rampart length of 520 m. The external gates and watch towers along with ten barrack blocks, headquarters,



workshops and hospital buildings and two granaries within the rampart were built and roofed of timber, the
majority probably of oak (Hanson 1978). Assuming sizes of timber squared from logs 30 cm in diameter for the
structural uprights, along with an allowance for roofing material, it is estimated that around 1000 tonnes of logs
would be needed, obtained from some 2000 medium-sized trees. The harvesting, transport and preparation of
these timbers was done with hand-held tools, of which the axe would have been predominant. However, the axe
(Fig. 2 C) has some curious features. It is large by modern standards (250 mm long, 2.7 kg), of sophisticated
construction and yet the eye (to contain the handle) is very small, presupposing a very narrow, round haft.
Clearly, a very strong timber would be needed to counteract the considerable force exerted on the haft at its
junction with the eye unless the haft was strengthened with a metal collar of some kind, and there is no evidence
for that. The fort at Pen Llystyn is one of some 300 built in Britain (Fig. 2 D): some are smaller and a few are
very much larger. A 22 ha legionary fortress for 5000 troops of about the same date, at Inchtuthil in north
Scotland is estimated to have required some 16,200 cu m of timber, derived from at least 60,000 trees for its
construction (Shirley 2001).

So far, | have considered the need for high-quality wooden hafts on the tools used for working timber into shapes
suitable for building. It is appropriate at this point to consider also the source of the building timber itself. The
sheer volumes would contradict the views of earlier archaeologists that many of these buildings were
prefabricated out of stockpiled seasoned timber (Richmond 1961), and there is general agreement that structural
timber was sourced locally. Additionally, great use was made in these buildings and their associated defences of
wood of small diameter for the construction of woven panels to support clay or plaster walls or turf revetments.
It has been estimated that in the 1.6 ha wooden fort at Carlisle, in northern England, some 50,000 poles or rods
would have been needed for the six barrack blocks, let alone all the other structures and the ramparts (McCarthy
1986). This material would probably have been sourced from pre-existing managed coppice woodland, created
by local people to supply building materials and fuel. The large quantities of timber required for this and all the
other forts that were constructed of wood along the northern frontier might indicate that the local timber resource
was unlimited. In practice, this seems not to have been the case, as is shown by the inappropriate use of Alder
timber in structural components of an early Roman fort (Hanson 2007). Analysis of tree pollen from around the
line of Hadrian’s Wall during the early part of the Roman occupation is equivocal, and shows that the vegetation
was variable (Dumayne-Peaty and Barber 1998: Tipping 1997). One interpretation would suggest that the area
was not clothed in dense ancient forest and wildwood: instead, it was probably quite open countryside with
woodland, arable and grazing interspersed. This is relevant if it means that obtaining the timber and smallwood
for the building of the large number of forts along the frontier involved long transport distances for the material,
probably in carts.

Harvesting and working timber for the building of the early forts required a large and constant supply of hand
tools along with their handles or hafts. There is good archaeological evidence that iron scrap was collected and
reworked (see e.g. the Corbridge hoard above), and doubtless the fabricae would have provided new handles as
well. The question as yet unanswered is where the new handles came from. Given the organisational zeal of the
Roman Army, it would be surprising if local fort commanders relied on some distant depot to supply a product
like a tool handle that could equally be made in the fort’s workshops, from material from the Army’s woodland
or some other local source. There was a long tradition of coppicing within Europe, and it would not be far-
fetched to suggest that the Army managed its own woodlands.

Building forts out of timber was expedient during the invasion phase, and was a tactic later employed by the
Norman king William 1% following the AD 1066 invasion of England. More permanent structures would be
needed thereafter, and away from the clay deposits of the south, the only alternative materials available were turf
and stone. Winning and working these required equally sophisticated tools to those used for timber, and
sufficient examples have survived on military sites to indicate the techniques used by the Army when creating
permanent garrisons or defences. Nowhere better illustrates this work than along the Hadrianic frontier across
the narrowest part of northern England, between Carlisle and Newcastle. This was a frontier with depth, made up
of a number of components, some linear and others intermittent along its length. The relationships between ditch,
wall, forts, Vallum and road show up well in the aerial view looking east from above Housesteads Fort (Figs. 1
G, 1 H). It was probably constructed in 10-15 years (Breeze and Dobson 1976).

In essence, the frontier controlled movement from Pax Romana in the south into the lands of the barbarians to
the north, and vice-versa: it was not a defensive line like the trenches in France in WW1. Journeying from north
to south a traveller would first have to negotiate a linear “V’-shaped ditch 8 m wide, nearly 3 m deep with all its
crossings opposite gates in the wall itself. The ditch ran for some 96 km, and required the digging of over 1



million cu m of soil and rock (Hill 2006). Behind the ditch, and running the full length of the frontier was the
curtain wall itself. Constructed of squared rubble, the outer faces of the shaped stones were more or less roughly
squared with wide joints between them. These facing stones, 25 x 30 x 25 cm, weighed about 29 kg each (Hill
2006) and 20 were needed for each square metre of wall. The wall itself varied in thickness, but averaged around
3 m and a height of 5 m. It is estimated that 24 million facing stones were required for the wall and the forts
along its length Fig. 1 H). The stones were won from quarries opened as close to the wall as possible, and were
worked using techniques and tools recognisable today such as bursting, splitting and dressing hammers and
wedges to break the rock, and scrappling hammers, mallets, and chisels to square them. The shaped stones and
the in-fill rubble probably weighed around 4 million tonnes and needed to be transported to the wall line: an
operation requiring many thousands of vehicles of one kind or another (Moffat 2009). The rubble core was set in
clay or in lime mortar, the latter made from limestone quarried, crushed and burnt in Kilns near the wall.
Scaffolding, probably of alder (Alnus) and Ash, gave access to the walls for building at height. It is estimated
that 150,000 linear metres (1,500 cu m) of scaffold poles would have been required, and the sourcing of such
large quantities of timber of adequate quality in the area of the frontier would have presented significant
problems, given that fuel for the lime kilns would need to be found at the same time. The wall, and the forts,
milecastles and turrets along its length, were set upon sound foundations and the areas to accommodate them
levelled. The mass of earth to be dug and shifted has not been estimated. But the primary tool for the job was the
dolabra, the standard, multi-purpose pick-axe/mattock digging tool carried by each soldier as routine (Fig. 2 E).
Many hundreds of thousands of these beautifully designed, ergonomic tools would have been needed. Fine
examples exist (Fig. 2 B), and they show the same puzzling characteristic as the axe head, having a very small
eye for the haft compared to the modern pick-axe handle. These tools were used for levelling, for felling trees
and probably also for cutting turfs. In extremis they were very effective close-quarter weapons.

Set some distance behind the wall, and creating a further impediment to accessing the wall itself and its
buildings, a complex linear feature was constructed. Known as the Vallum (Fig.1 G inset), it demarcated the
southern boundary of the military zone that was the frontier. It consisted of a ditch some 3 m deep and 6 m wide,
the upcast spread as 1.5 m high mounds along both sides to form an obstacle over 40 m wide to all traffic, only
crossed at 10km intervals. Over its entire length of 112 km, the volume of earth and rock excavated and spread
was around 1.5 million cubic metres.

At a later date, running roughly parallel to the Vallum and south of it, a road was constructed to link all the parts
of the frontier together, and it serves to illustrate in general the efforts made by the Romans to create a network
of all-weather routes linking the occupied areas of Britain. Roads varied in width, but most contained the same
elements, namely a well-tamped foundation of coarse rubble, boulders or, in wet areas, log corduroy set in a
shallow ditch the width of the metalled surface. This ran down the centre of an area cleared of obstructions such
as trees, rocks and stumps, along which the roadside drains were cut. Depending on the nature of the subsoil,
material from the drains was used to form the running surface or agger which was well compacted and cambered
to provide water run-off into the drains.

Using 18™ century data on the building of military roads in Scotland, Bishop (2014) estimated a rate of
construction of about 2 man-years per km of road. As with the construction of the ditch and Vallum on Hadrian’s
Wall, this work depended on the use of hand-held tools, and on waggons or carts to transport the building
materials as required. By the end of the Roman occupation, it is estimated that some 12,000 km of roads had
been built in Britain.

In each of the cases described above, where large masses of the building materials timber, wood, rock, limestone,
sand and gravel had to be moved, it seems likely that wooden carts or waggons would have been employed.
Three types of cart and their maximum loads were defined in the 4™ century (Hill 2006): Angaria (490 kg),
Raeda (328 kg) and Carus (164 kg), but there are no data on the waggons used by the Roman military in Britain.
The use of carts for the transport of a wide variety of goods and equipment is well documented on Trajan’s
Column (Fig. 2 G), and a pair of wheels remarkably well preserved (Fig. 2 F) was excavated at Trimontium
(Curle 1911). These were iron-shod, roughly 1 m in diameter, with 10 spokes of willow fitted to the turned elm
hub with square mortises. The spokes were fitted by means of round mortises into the felloe. Usually made from
a number of curved lengths of wood, the felloe of this wheel is of a single 3 m length of Ash, steam-bent into a
circle with the ends joined by an iron plate. This is a well-attested technique of wheel making, reaching back into
the Iron Age (Crouwel 2012) in Europe and, using Ash, to the 5™ Century BC in Scotland (Carter, Hunter and
Smith 2010). While the techniques associated with the making of spoked wheels with several lengths of felloe
“represents one of the masterpieces of prehistoric woodworking, combining extreme lightness with strength and



durability, blending the different properties of different woods ...to achieve the best possible combination...”
(Coles, Heal and Orme 1978), bending a single 3 m length of Ash into a perfect circle and then fixing it
accurately to the hub by means of mortised spokes requires a technique that few today can aspire to. In the
Trimontium wheels, the Ash was sufficiently well preserved to permit some observations to be made on it. The
felloe was split from a clear length of Ash, with about 19 annual rings set within its 10 cm width (i.e. an annual
growth rate of around 5 mm). Because the wheel is encased in a glass cabinet, it was not possible to make
observations on the profile of the felloe, but from the photograph it looks roughly rectangular. The distortion of
the annual rings around some branch initials would suggest that the bend was radial, with the sapwood on the
outer edge, next to the iron tyre. The felloe shows clear evidence of failure, where one of the spokes has sprung
out of its mortise (Fig. 2 F inset). This distortion shows signs both of compressive and tensile failure. Such
failure might occur if the wheel was over-loaded and hit an obstacle. Once broken, the wheel along with another
was discarded.

This technique of making single-felloe wheels lasted into the Middle Ages in Britain, when the tradition was lost
(Jenkins 1966). However, it had lasted for nearly 1000 years, and presupposes that the mysteries of the
technique were handed down from father to son and that an adequate supply of high-quality fast-grown Ash
suitable for this severe bending was readily available locally. Given that such material would be available from
coppiced woodlands, but only if the coppice was regularly cut and managed (Anon 1956) raises the question of
its disappearance from the countryside. As an example of the decline in coppicing as a means of managing
woodland, it is instructive to see that in 1952, of a total of 47,500 ha of hazel coppice in England, 42,500 ha
(89%) was classed as unworked. A system that had been successfully used for hundreds if not thousands of years
up until a century ago has virtually disappeared, along with most of the skills and knowledge that underpinned it.

We have no evidence that the Roman Army created and managed any woodland in Britain to provide it with the
timber resource that, in its expansion phase, it so clearly needed. But the Army’s attention to detail, its ability to
plan ahead and its pragmatic organisation would make it seem unlikely that it did nothing to safeguard an
essential commodity as important as timber. That a system of coppice woodland management developed in
England after the Norman invasion that has, in tiny parts (eg Bradfield Woods, Suffolk Fig. 3 C) survived to
today probably has nothing to do with the Roman Army.

For most of the 1600 years that have passed since the Roman occupation of Britain came to an end, the
population of these islands has been dependent on Ash to provide it with the tools needed to work the land. By
the time of the Doomsday census of 1086, around 90% of the population (of 2 million) did not live in towns but
were involved in agriculture. By 1850, only half the population depended on agriculture but, since it had risen to
27 million, this left perhaps five million and their dependants working in farms and forests with hand-held tools
(Fig. 3 B) whose handles and hafts, if made from Ash, were strong, flexible, resilient, free from splinters and
locally available. Ash met those requirements better than any other species commonly available in Britain.

Ash today

The industrialisation of farming and the reliance on coal, oil and electricity instead of wood for fuel has reduced
the demand for Ash in the last century or so. The species is now valued more for its conservation attributes than
for the properties of its timber. However, there remains a small market for sports and domestic goods which has
been recently described by Rackham (2014) and Penn (2015). Notably, good quality Ash is used today in
bespoke Morgan Cars, hand-made in Malvern, using Ash for the frame on which the aluminium bodies are fitted.
This work (Fig. 3 A) requires standard components accurately machined and bent to accommodate the tight
tolerances needed in a light sports vehicle capable of 155 mph (255 kph). Itis a direct descendent of earlier carts
(Fig. 3 A). The finest of bent-wood furniture uses Ash: Dan Hussey’s complex furniture (Fig. 1 D) is constructed
from planks split from coppiced Ash from Bradfield Woods (see above). Both these industries continue the
tradition of matching the product to the appropriate material.
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Figure 3 A) Each of these images is separated by about 1000 years, yet each involved Ash in some form of
transport. First, the Emperor Trajan’s troops use a mule-drawn cart to move what looks like a tent in the
campaign against the Dacians, 2nd Century AD. From Medieval England a family is transported in a dog cart.
From modern England, a Morgan sports car is created using Ash for the framework at the Malvern factory, 2013.
B) Medieval husbandry relied on hand-held implements for almost all the work needed to keep body and soul
alive. C) Bradfield Woods, in Suffolk, England has been a source of supply of coppiced Ash for at least 1000
years, the long, clear stems being used locally to make hay rakes, scythe handles and fine bent furniture. The
woods are divided into at least ten sections, to ensure a range of ages for continuous coppicing. Map courtesy
Suffolk Wildlife Trust.

The utility of Ash is summed up in a recent poem (Rawling 2009) which celebrates a crucial agricultural
practice, commonplace up to the 1950’s, of stacking harvested wheat sheaves (bundles) in a barn for later
threshing:
Bright prongs pierced and unpicked, ash handles
bent, they launched the bundles we embraced,
laid in a level course, crammed into corners,
trod tight. Crispness, countless swathes
of kizzened grass pricked our skin,
there was wildflower scent in our nostrils.
When our heads bumped the slates
We came down the ladder in triumph.

What relevance does past use have on the survival of the species now?

In any project to preserve the gene pool of our native Ash against the possible extinction of the species from the
combined onslaught of Ash Dieback (Hymenoscyphus fraxineus Queloz et al.) and of the Emerald Ash Borer
(Agrilus planipennis Fairmarie), it is perhaps necessary to consider to what extent the past use of Ash may have
affected the genetics of the present population.

There seems to be wide consensus that Ash has been managed by coppicing in the past, to provide easily-
harvested wood of appropriate size and strength to meet the local demands for tool handles, weapons, building
materials and fuel. The extent to which coppicing involves selection of desirable traits is perhaps not clear. But
given the relationship between growth rates, strength and flexibility described above, it would be surprising if
the Ash population in Britain has not been subject to structural “improvement” over the past few thousands of
years, making it better suited to the needs of a pre-industrial agrarian society which would have valued rapid
growth and relatively short rotations. In addition, it can be argued that the immense age of some of the coppice
stools will have tended to influence genetic variation among the existing population. And because Ash is
dioecious, it is also possible that selection may have been biased towards either predominantly male or female
trees if there are differences in growth patterns between the sexes. Whatever the truth, it is worth bearing in mind
that for several thousands of years, Ash had a special place in our history and it will be a tragedy if it has come to
an end.
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Abstract

Stakeholder engagement is increasingly recognised as an essential component of environmental management.
But what does it mean to have a ‘stake’ in tree health? In this chapter we use case-study analysis to explore the
stakeholder concept in relation to tree health. We develop a framework to underpin better understanding of the
stakeholder landscape in tree health and through which to categorise individuals and groups within it. This
chapter highlights how the framework can facilitate more effective engagement and communication that is
sensitive to the particular needs of different stakeholder groups, with a specific focus on the case of ash dieback
(Hymenoscyphus fraxineus) in Great Britain. We use it both to improve understanding of how the outbreak
developed over time, and to identify the roles of a diverse range of stakeholders as they became involved at
different points in the outbreak. Critical reflection enables lessons to be learned for future stakeholder
engagement, such as recognition of how stakeholder engagement changes over the course of an outbreak,
identification of potential key stakeholder groups that may be overlooked or difficult to access, and which
stakeholders are likely to be most influential in driving or facilitating behaviour change.

Keywords: Tree health; biosecurity; stakeholder analysis; forest governance; Hymenoscyphus fraxineus; ash
dieback.

1. Introduction

Stakeholder analysis has become firmly established as a core component of environmental and natural resource
management (Reed et al 2009). Various methods have been applied in sectors such as forestry (Sandstrom et al
2016), fisheries (e.g. Maguire et al 2012), climate change (e.g. Van de Kerkhof 2004), and water management
(e.g. Lienert et al 2013), with the aim of improving managers’ knowledge and understanding of who has a
‘stake’, how, and why. Some biosecurity research has sought to improve understanding of stakeholders and
made use of stakeholder analysis tools, primarily in relation to animal health (e.g. Gilmour et al 2011;
Hernandez-Jovera et al 2012), but also occasionally plant health (Mills et al 2011; Marzano et al 2015).

Originating with Freeman (1984), we define a stakeholder as any individual or organised group (i.e. business;
organisation; association) who can affect or be affected by a decision, action or policy. The two dimensions of
stake are conceptualised as relationships of influence (can affect) and interest (can be affected by). In recent
years, seeking engagement with stakeholders has become a prominent feature of tree health policy in the UK and
beyond (e.g. Defra and FC 2011; Defra 2014). However, to date the stakeholder label has been applied in a
relatively narrow sense, to organisations (and some individuals) with a relatively strong and direct link to the
issues (e.g. forestry and horticultural industries; landowning actors). Tree health ‘stakeholders’ are is often
explicitly juxtaposed with ‘the public’, to denote this more direct relationship (e.g. Defra and FC 2011).
Although these actors are clearly important within tree health, even the most cursory examination of the sector
will reveal many others who are also bound up in this arena and that many actions taken by those beyond this
narrowly defined group can have a critical impact on the outcomes of tree health policy and management. Recent
experience of outbreak events ash dieback (Heuch 2014), oak processionary moth (Thaumetopoea processionea)
(Tomlinson et al 2015) and Asian longhorn beetle (Anoplophora glabripennis) (Porth et al 2015), has
demonstrated the limits of these traditional models of tree health governance and management, and identified the
need for approaches which integrate efforts across governmental, third sector and private stakeholders. Current
UK policy emphasises a primarily instrumental (Reed et al 2009) approach to non-governmental stakeholders
focused on enabling them to play an increased role in tree health and biosecurity. This consists of, for example,
providing more and improved opportunities for pest surveillance and monitoring (including citizen science
approaches), along with clearer guidance on ensuring biosecure practices in such as plant procurement.
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This chapter critically reflects on ‘stakeholder landscape’ of ash dieback in the UK. This comprises a wide-
ranging set of stakeholders, as well as their associated interests and influences. Through a case-study analysis,
we provide a novel conceptual framework to address the question ‘Who has a stake in tree health?’.
Environmental decision-makers can use this framework to improve stakeholder engagement by identifying and
categorising the many actors connected to tree health: clarifying their current and potential roles, exploring how
stakes can change through the phases of an outbreak, and better understanding the range and type of social
impacts that tree pests and diseases can have.

The framework presented in this chapter was developed through case-study analysis of five forest pests or
diseases drawing on a number of data gathering exercises that included interviews with key individuals;
documentary reviews including scientific papers, policy documents, and grey literature; and a detailed analysis
of the supply chains and pathways involved in the spread of tree pests and diseases that focused on both the case
study pests and diseases and on the primary means of spread associated with them — namely, wood packaging
used within international trade, woodfuel, and the live plant trade.

2. Tree Health Stakeholdership: A Conceptual Framework
2.1 Categorising Tree Health Stakeholders

In tree health a stakeholder may be defined as an individual or organisation that can either affect or be affected
by a forest pest or disease outbreak. A stakeholder’s ‘influence’ can be defined as its capacity to affect an
outbreak’s occurrence, trajectory or outcomes. A stakeholder’s ‘interest’ can be defined as its susceptibility to
losses or capacity for gains resulting from an outbreak’s occurrence or outcomes, or associated activities (e.g.
trade). The categories described in this framework are not mutually exclusive and single stakeholders can have
both influence on and an interest in an outbreak, as well as various forms of influence and/or interest..

2.1.1 Categories of Influence — Capabilities, behaviours and practices

We have identified five categories of capability, behaviour and practice through which individuals and
organisations can affect the occurrence, trajectory and outcomes of forest pest outbreaks. These are vectors,
governors, managers, monitors and networkers.

Vectors are perhaps one of the most obvious groups of tree health stakeholders as they consist of people whose
activities, either intentionally or otherwise, physically spread a pest or disease from one area to another. They
include businesses or individuals who satisfy customer requests by moving commodities from infested areas to
un-infested areas through key supply chains such as woodfuel, timber, live plants or trade using wood
packaging. It also includes those who can transfer a pest directly between trees or forests on contaminated
equipment or footwear (e.g. arboriculture workers, foresters, tourists or outdoor recreationists). This category of
stake can also include many individuals, businesses or organisations involved in supply chains that have no
substantive connection to trees or other plants, including transport companies and others.

Governors are those with the capacity to set formal and informal rules and regulations which impinge on the
behaviour and practices of others in the tree-health arena. Such rules can originate from trade agreements,
legislation, institutional/organisational arrangements, or industry best practice initiatives and codes. They define,
to varying degrees of exactness, the actions of intrinsic relevance to tree health such as inspection, phytosanitary
practices, purchasing, forest management, and the allocation of resources. It is not only the form of these
behaviours and practices that can be set, but their presence or absence (e.g. where trade rules prevent inspection
of commodities at certain points in their movement, or direct inspections towards certain commodities and not
others).

Managers are individuals or groups that possess the specific technical skills and capabilities required to deal
with a tree pest or disease outbreak. Those with resources to manage pests at border points (e.g. treatment of
infestation or infection) also fall into this category. The stakeholdership in this category is particularly sensitive
to the pest or disease and the form of management or control required. For example, where a management
response requires public information provision, this may bring actors such as local authorities into the
stakeholder landscape. However, if a programme of sanitation felling is deemed necessary, forestry and / or
arboricultural contractors would be key ‘managers’. Forest planners and business managers responsible for
adapting timber harvesting strategies in response to outbreaks are a further group of stakeholders in this
category.
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Monitors are those with the knowledge required to predict, detect, identify, or otherwise understand pests and
pest outbreaks. This includes many actors in the science sector such as plant pathologists, entomologists,
epidemiologists and modellers working in universities and government institutions, but can extend beyond this
to include ‘lay’ expertise held by non-governmental organisations and tree professionals, as well as those
mobilised by ‘citizen science’ initiatives. These stakeholders design and undertake surveillance work, establish
routines and tests to identify pests, and conduct research. They also often work closely with ‘managers’ in
implementing responses to outbreaks through, for example, offering advice about the biology, movement and
ecology of the pest.

Networkers are key to communication amongst stakeholders. They are actors with the capacity to disseminate
information and key messages to and from other actors relevant to tree health. This stake is created in part by the
abilities of particular individuals or groups, but also, critically, by virtue of their position, role and level of trust
within established social networks. ‘Networkers’ are, therefore, similar to some ‘governors’, in that they do not
necessarily have a strong direct link to trees or pests, but they can play an important role in raising awareness
and exchanging knowledge . Trade bodies and associations are an example of this.

2.1.2 Categories of Interest

We have identified five categories of susceptibility to loss, or capacity for gain, resulting from a tree pest or
disease outbreak, its management, outcomes, or its associated / contributory activities. Within the framework
there are three core categories that describe how stakeholders can have a ‘losing’ stake: they can be ‘value’,
‘cost’ and ‘collateral’ losers. Conversely, pest and disease outbreaks may present significant opportunities for
gain for some stakeholders in what we term ‘outcome winners’ and ‘contributors’.

Value losers are stakeholders for whom the value of relevant trees and forests is reduced by pest or disease
outbreaks. Trees can provide considerable economic, social and environmental values to those who own, use,
view or otherwise engage with them and the spaces around them. Pests and diseases may negatively affect, for
example, the value of timber, the aesthetic appearance of forest landscapes, or the biodiversity value of
woodlands. This category can, therefore, conceivably consist of a very wide range of individuals and
organisations. Outbreaks may in some cases not only act to reduce value, but also release the value of forests at
unexpected times. This is particularly the case in relation to economic value through, for example, the need to
conduct harvesting operations earlier than planned.

Cost losers are those who bear the economic costs of responding to tree pests, which are incurred in addition to
the loss of existing value (e.g. paying for labour and materials required for felling, financial compensation for
damage caused by outbreak management, and cost of information dissemination). This category is most likely to
include landowners and public bodies who are legally responsible for the management of pests or diseases
affecting their property. Forest and tree owners will often be both value and cost losers.

Collateral losers are individuals or groups who lose indirect, non-tree related value, as a result of outbreaks and
their management. This category represents a type of social cost that can include reputational loss amongst the
contractors, consultant specialists, public bodies and others resulting from poor outbreak management. The
impacts can cascade well beyond the immediate location of the particular outbreak and affect the incomes and
livelihoods of many individuals and groups. For example, they might reduce the attractiveness of forest locations
for recreation, consequently affecting livelihoods dependent on local tourism.

Outcome winners are those for whom outbreaks have benefits or are perceived positively. For example,
arboricultural and forestry businesses can obtain income for control work (surveys, sanitation felling, pesticide
application), along with the manufacturers of management materials and equipment. Some businesses may be
created (or are able to adapt) to exploit the specific economic niches or opportunities created by outbreaks. This
would include those offering legal or technical advice, or diagnostic services, along with those marketing
particular types of wood products generated by outbreaks. Further to this, scientists obtain research contracts to
investigate pests and diseases, and agri-chemical businesses generate revenue from the development and use of
pesticides.

Contributors are individuals and groups engaged in activities that are beneficial to them, but which are

implicated in the occurrence of pest outbreaks. ‘Contributory’ activities include trade and consumption, and
occur consistently. Perhaps the clearest examples of stakeholders in this category are those engaged in trade of
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particularly high-risk commaodities transported in wood packaging materials and/or live plants (producers;
suppliers; transporters; traders; sellers; customers). Some, but not all, of these actors may also be implicated as
‘vectors’. Also, given that production-oriented forestry has created and benefitted from specific types of forest
(often even-aged, non-native monocultures) that may be a host for pests and/or more vulnerable to pest
outbreaks, it may also be possible to conceptualise some forest managers as falling into this category.

2.2 How stakes change

The tree health stakeholder landscape is dynamic and continually changing. The capacity of individuals and
groups to affect pests and diseases, as well as their vulnerabilities to them, alter with time as stakeholder
influences and interests shift, and as the outbreak progresses. The main driver of this dynamism is the
development of outbreaks over time, from mobilisation of the pest or disease from its native range, through its
introduction to a new environment, to societal adaptation to its presence. Stakeholdership also changes with
levels of awareness and activism: individual and group perceptions and understandings shift as they are brought
into, or choose to become more active in, the outbreak.

Outbreak stage

Our framework features a novel eight-stage model to reflect how outbreaks evolve over time (Table 1). This
builds on the foundation provided by biological models of invasion (e.g. Heger and Trepl 2003; Williamson
2006), but expands their scope to encompass human actions relevant to tree health. Within biological models the
number of pests on a pathway reduces at each stage prior to introduction, subsequently increasing again once in
their new environment. To some extent the breadth and depth of the stakeholder landscape mirrors this, with the
least number of stakeholders and most concentrated suite of relevant human behaviours occurring at the point of
introduction. The model presented as part of our conceptual framework not only considers the human
dimensions of these biologically oriented phases of pest invasion, but adds further human oriented stages. It is
critical to recognise that numerous human activities are relevant to pest invasions both before and after the initial
mobilisation of the pest or disease.

Table 1 Stages of Tree Health Stakeholdership

Stage Name Description
Pest exists in its native range. Activities are taking place that form a
Pre-pathway ;
potential pathway.
o N Pest is mobilised from its native location and is attached to a mobile
S > | Mobilisation .
g g medium.
3 £ Introduction Pest is moved and introduced to a new location where it was previously not
g S present and potential host species exist.
= Release Pest escapes containment or is released from attachment to mobile medium.
Establishment Pest establishes a self-sustaining population in the new environment.
Spread Pest spreads or disperses to new localities within the new environment.
Containment & Mitigation Actions taken to halt or contain pest spread and/or mitigate its impacts.
Adaptation Stakeholders adapt to (learn to live with) a pest’s presence and impacts.

A number of stakeholders are engaged in pre-pathway activities that affect the context for outbreaks by
establishing or mitigating pathways and/or potential host forests. This stage does not feature in biological models
of invasion. Forestry and other commercial enterprises (e.g. quarrying of stone for export utilising wood
packaging) form the beginning of supply-chains, whilst everyday economic practices such as purchasing and
consumption provide an end-point. A very broad range of activities undertaken in the pre-pathway stage set the
context in which a pest or disease will be managed. Research, policy formulation, the establishment of
biosecurity practices, and the marketing of commodities are just a few of the critical activities undertaken prior
to specific outbreak events. Also important at this early stage are relatively generic and disparate processes such
as problem definition, the formation of attitudes towards outbreaks, and the structuring of related political
debate. Given the above, stakeholdership at this stage is very broad and can be both general (i.e. related to tree
health broadly) and specific (i.e. associated with individual pests or diseases). Identification of the stakeholder
landscapes of specific pests is possible either subsequent to an outbreak (by reconstructing the chain of events
leading to a pest introduction) or in advance (through dedicated stakeholder analysis associated with a pest risk
analysis). The identification of stakeholders in this stage is critical to the success of preventative measures.
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The initial step in a pest’s movement is its physical attachment to a carrier within its native range and
mobilisation onto an introduction pathway. Again, this stage is rarely included in biological models that
typically start at the point of introduction, however Colautti and Maclsaac (2004: 137) note that an organism is
‘taken into the transport vector ... usually by humans’. This human involvement in mobilisation may be
relatively direct and intentional (e.g. via plant collection and movement) or indirect and unintentional (e.g.
carrying the pest on vehicles, clothing or packaging). Alternatively, mobilisation may have no human
involvement and be due to ‘natural’ spread (e.g. by wind dispersal). Phytosanitary actions (e.g. heat treatment of
wood packaging through ISPN15 regulation) are particularly relevant during this stage. The next stage sees
introduction (movement) to a new location where potential host species exist and can be reached by the pest or
disease. Human involvement at this stage is potentially substantial, with various international trades and other
movements (e.g. tourism) playing a central role. Border security is critical at this stage, with stakeholders
implementing numerous security and surveillance practices designed to prevent pest introduction. Movement
alone, however, is not sufficient to create an outbreak. At least one organism needs to ‘escape’ or otherwise be
‘released’ from its transporting medium and reach a viable host species. Human actions, albeit of a very much
reduced set of stakeholders, are once again likely to be of significance during this release stage, including, for
example, logistics companies handling the transporting medium. The release of a pest or disease can occur on
borders and at ports of entry, although with contemporary modes of containerised transport, release or escape
may potentially occur anywhere a container is opened and infested or infected commaodities are exposed to the
environment.

Following the establishment of a self-sustaining population, a pest species may spread in order to colonise
further new localities. The boundary between the release and spread stages are not, however, always clear. The
dispersal of a pest from a single introductory point may involve either further movement within a territory on the
pest’s original medium and pathway, or movement (‘natural’ or human-mediated) from an established
population, or both. In the case of the former (onward movement on the original medium), this could
conceivably result in two widely separated ‘outbreaks’ — albeit affecting a similar and overlapping set of
stakeholders. Although ecological, climatic, topographical or other environmental factors may well limit pest
spread, human factors can once again be causal during this stage. These may include plant buying and selling,
forest recreation activities, and inspection and surveillance. As individuals and organisations (such as woodland
owners, gardeners, and countryside visitors) begin to experience the consequences (impacts) of a new outbreak
during this stage, new stakes are activated.

The successful spread of a pest species from an established population is generally the final stage in biological
models of invasion. However, moving beyond the analysis of purely biological factors leads to the identification
of outbreak stages wherein biological factors may not alter substantively, but human dimensions - and therefore
stakeholder constellations - may change significantly. The first such stage can be conceptualised as containment
and mitigation and focuses on actions to eradicate the pest, halt its spread and reduce its impacts. For many
actors this stage forms the core of what is commonly perceived as ‘outbreak management’ and includes a great
deal of the focused action undertaken by governmental bodies and others. Clearly, the boundary between this
and the preceding stage is highly contingent and will vary substantially between outbreaks. Indeed, to a certain
extent the two stages necessarily run contemporaneously, with perhaps the primary distinction being that
relevant human activities are mainly unintentional during the spread stage, and more directed and active in the
containment and mitigation stage. Given its complexity and significance in terms of active management of pests,
it may be useful in some cases to sub-divide this stage into different phases. There are potentially a number of
sub-phases including eradication, local containment, landscape scale management, and then mitigation. Decision
to move between these phases may have profound consequences for the resources that can be mobilised and the
range of stakeholders engaged in outbreak management.

When and where management has failed to contain the spread of a pest, or has succeeded only in reducing its
impacts, a final adaptation stage can be identified wherein stakeholders have to learn to live with a pest’s
presence and impacts. During this stage some profound changes to problem definitions and significant changes
to management practices are highly likely as adaption to living with the pest or disease entails different levels of
engagement in tree health by a number of stakeholders with the aim of coming to terms with loss and promoting
future resilience.

This stage-based model of stakeholdership does not necessarily develop in a linear fashion. Whilst biological

models of invasion can to some extent be represented chronologically, boundaries between the socially defined
stages in this framework can be relatively fluid. It is possible for some stages to occur or reoccur at different
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points of an outbreak, depending on the social factors involved. For example, a tree pest or disease could be
defined as a problem prior to introduction (i.e. at the pre-pathway stage) via a pest risk analysis, or it may not be
defined as a problem until the post-introduction stage, once impacts begin to be recognised. Furthermore,
different stakeholders can be located within different stages of the same outbreak at the same moment in time,
depending on how they engage with it; for example, some stakeholders may be working on adaptive strategies,
whilst others may still be focused on mitigation or containment?. This highlights the intrinsic dynamism, or
‘messiness’, of outbreaks.

Active, passive or latent stakeholders

Alongside the development of an outbreak over time, changes in stakeholdership brought about by varying levels
of knowledge, awareness and certainty relating to tree pests and diseases can also have a major influence on the
make-up of the tree health stakeholder landscape. In essence, whilst a de facto stake may exist for particular
individuals and groups, a lack of awareness, knowledge or certainty as to the character and extent of that stake
deeply influences those stakeholders’ participation in tree health management. Differences in awareness can be
the result of numerous factors or events such as direct encounters with the pests or pest management activities,
media coverage, or informational campaigns. This generates a particular stake for some — especially media and
other actors who have a stake as networkers. These actors have the capacity to make people aware of their stakes
and thus enrol them into prevention, containment or adaptation efforts.

At a basic level, a divide can be made between stakeholders who have recognised a stake (even if not necessarily
fully or correctly) and those who have not. Those who have recognised their stake in tree health can be classed as
either active or passive stakeholders. Active stakeholders have realised their stake and are actively engaged in
the outbreak - at least in terms of knowledge gathering or monitoring events. Passive stakeholders have also
realised their stake, but have made a choice not to engage, perhaps on the basis of judgements about
vulnerability, responsibility, or a lack of resources. This might include householders and businesses who stand to
bear significant, uncompensated costs for eradication or containment measures such as felling and chemical
treatments, or woodland owners who may be aware of the threat to their trees, but who judge the investment of
time and resources in good biosecurity not to be worthwhile. Those who have not recognised their stake in tree
health can be labelled as unrealised (or latent) stakeholders and are very unlikely to be engaged with the
outbreak. Local residents, who may be vulnerable to an outbreak but have no knowledge of it fall into this
category. Others may include those with a potential networking stake but are not engaged because their stake is
less direct and not immediately connected to tree health.

3. Case-study: Who has a stake in ash dieback?

In this case-study we focus on the ash dieback outbreak in the UK, drawing on the conceptual framework to
categorise the stakeholders involved. We trace when different stakeholders became engaged in the outbreak and
identify their role as influencers and stakeholders of interest. We then reflect on the usefulness of our framework
as a critical tool for stakeholder engagement.

3.1. Outbreak timeline

Pre-pathway and mobilisation: Early warning signs and emergence in the UK

Ash dieback was first identified in Europe in Poland in 1992 (Kowalski 2006). Once established there, it was
mobilised onto the pathway and subsequently spread to about 25 European countries over the following decades.
Prior to 2012, there was no systematic surveillance in the UK for ash dieback beyond general monitoring for
general tree health, assessments for the disease during the National Forest Inventory (NFI), and the UK Plant
Health Service’s general pest and disease surveillance programme (Sansford, 2013). Although the FC had
discussed whether an import ban might be appropriate with the European Commission’s Plant Health Standing
Committee (PHSC), confusion about the identification of the pathogen made this problematic.

Ash dieback was first identified at a nursery in Buckinghamshire amongst 600 trees from the Netherlands during
a routine inspection in February 2012 by the Food and Environment Research Agency (FERA) By August of the
same year, ash dieback had been confirmed at four other nursery sites in England. A Rapid Pest Risk Analysis

1 Scale can be particularly influential here as adaptation may, for example, be the goal of national stakeholders
and directly affected stakeholders, whilst those at local levels and (as yet) unaffected by the pest or disease may
be focused on avoiding spread.
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by Forest Research (Webber and Hendry, 2012) in August 2012 found a range of sites of infection, including
newly planted amenity woods and nursery stock, but also extending into the wider environment, especially in
eastern and south-eastern England and Scotland.

Introduction, establishment and spread: The ash dieback ‘crisis’

In October 2012 the situation escalated with intense media coverage and public concern over the disease.
Concern focused on the potential loss of a beloved British tree and the impact on wider biodiversity. At the same
time, the disease was attracting political attention and was seen as a ‘national crisis’ (HCDeb, 2012). A Plant
Health Order was issued in October 2012, placing restrictions on importing ash trees into Britain (FC, 2012)
which effectively meant a ban on all movements of ash plants or seeds within Britain. Few in the wider forest
sector were aware of the extent of the plant trade, including the high number of UK ash seedlings that were being
sent to the continent for growing, which is otherwise known as ‘ex-importing’ (Brasier 2008) A survey by the
Horticultural Trades Association (HTA) estimated that around 4 million ash trees had been imported between
2009-2012.

The week after a Plant Health Order was issued, the UK Government’s emergency ‘Cobra’ committee met to
discuss how to deal with the outbreak. A rapid survey over the following weekend of a thousand sites that had
been planted with ash saplings from infected nurseries was undertaken. Alongside this, a Tree Health and Plant
Biosecurity Expert Taskforce was set up to provide independent multi-disciplinary academic expertise, develop
strategy and assess the current disease threats to plant health more broadly.

In December 2012, the UK Government published an ‘Interim Chalara Control Plan’ that outlined a strategy for
reducing the spread of ash dieback, developing tolerance in the UK’s native ash tree population, and encouraging
public and industry action to tackle the problem. Part of the plan involved providing funding for the continued
development of citizen science programmes and several ash dieback-specific research projects.

Kent and East Anglia were the first areas in England to be badly affected by ash dieback. In East Kent there have
been hot spots of severe infection since 2012, with both young and mature ash being killed. This has led to
extensive landscape change in some areas. Kent County Council and other partners declared the outbreak a
‘major incident’ in November 2012 under the Civil Contingencies Act (2004). As a result, the council set up a
multi-agency Strategic Co-ordinating Group (SCG). Partners included county and borough councils, Department
of Communities and Local Government, Environment Agency, Kent Tree Officers Group, the Highways
Agency, Kent Police, Forest Research and the UK Power Networks. A key concern was the potential financial
costs of the outbreak in terms of effective monitoring and timely outbreak management actions (SCG, 2012).

A Pest Risk Analysis published in 2013 identified four main pathways of entry for ash dieback into the UK: the
live plant trade, wood, seeds, and contaminated soil (both as a commodity, or with host or non-host plants)
(Sansford, 2013). It is believed that the importation of infected plants is the main route of entry into the UK
(Sansford, 2013). In addition, meteorological modelling by the University of Cambridge suggested that airborne
incursion from the continent was also likely and explained the appearance of ash dieback in natural woodland
sites (Defra, 2013), although these findings are contested (Chandelier et al., 2014, Mabbett, 2014).

Containment and mitigation: ‘Slowing the spread’

The enrolment of stakeholders in this stage is largely contingent on the geographical spread of the disease. For
those dealing with ash dieback in Kent or East Anglia, where the impacts have been the most acute to date, the
focus is on containing the disease to slow the spread into uninfected areas, as well as mitigation activities such as
removing or pruning diseased trees where there is a public safety risk, and building resilience in existing
woodlands. Some stakeholders in these areas, such as public stakeholders, landowners and local authorities, may
be moving into the ‘adaptation’ stage where they recognise that ash dieback cannot be eradicated and there is a
need to ‘learn to live with it’. Indeed, the government’s early recognition that it would not be possible to
eradicate ash dieback led to strategies that focused on containment and mitigation, while adaptation measures
(such as identifying tolerant strains of ash and building resilience in woodlands) were developed. This is
reflected in documents such as the Tree Health Management Plan published by Defra (Defra, 2014).

3.2 Applying the conceptual framework to ash dieback

Through an analysis of the ash dieback case, we have identified a broad range of government, private, civil
society and other actors with a stake in ash dieback (Table 2).
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Table 2: Stakeholder categories for the ash dieback case study

| Private Sector ‘ Governmental Civil Society
INFLUENCE
Forestry Commission
EPPO
EU PHSC
%) ConFor DEFRA
g WTO
g UK Border Agency
3 Chief Plant Health Officer
Plant nurseries . -
. . Land managing organisations
o~ Private land managers Forest Enterp_r IS€ (National Trust; Wildlife Trust;
= Outdoor recreationists Local Authorities Woodland Trust)
S Forestry & Arb. Contractors
>
Forestry Commission
Forest Research .
» Forestry & Arb. Contractors Local Authorities w}m?g ;rrrllj:tts
() Forest owners & managers UKBA
D
% FERA Woodland Trust
S SCG in Kent
Forest Research
Forestry Commission
Forestry / Arb. Contractors EEIiFf/ﬁrsi ties & research
Environmental consultants institutes
Forest owners European plant patholodists Woodland Trust
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Table 2 (continuation)

S

S DEFRA

= . Forestry Commission Woodland Trust
[

5 Plant nurseries High Weald AONB National Trust
‘=; MPs & political parties

o
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5 Outdoor recreationists Forest Enterprise Woodland Trust
g Landscape planners Forestry Commission National Trust
é Forest managers/owners

(@}

o

Categories of influence

Government bodies that include national government departments, EPPO and the World Trade Organisation are
the main governors in the ash dieback case study. During the pre-pathway stage, UK government bodies such as
Defra, the Forestry Commission and the UK Border Agency were responsible for ensuring biosecurity of the live
plant trade and undertaking surveillance for pests and diseases not yet present in the UK. However, there were
particular difficulties faced by these stakeholders, including the early confusion over the identification and
nomenclature of the pathogen which made it especially difficult for the government to regulate. Eventually, once
ash dieback was introduced to the UK and received the associated public and media attention, Defra was able to
issue a Plant Health Order to ban imports and movement of ash in the UK, to commission the Tree Health and
Plant Biosecurity Taskforce, and to undertake the national survey of the disease and provide funding for
scientific research. Strong links between governors and monitors are evident here.

The largest group of vectors were private businesses, such as tree nurseries, involved in the importation of ash
saplings. This trade also involved government bodies such as Forest Enterprise and civil society organisations,
such as the Woodland Trust and National Trust. As the outbreak developed, further vectors for spread included
forestry and arboricultural contractors dealing with infected trees. Outdoor recreationists were also potential
vectors, although this pathway is less likely.

Government agencies and local authorities also had a lead role as ‘managers’ of the outbreak , through
surveillance and by engaging in control and treatment of infected trees. Organisations such as the Highways
Agency and Network Rail were also important managers, as ash is a common tree on roadside verges and
railway embankments and these organisations had the skills and responsibility to both monitor and care for
them. In addition, the UK Border Agency is responsible for managing infected plants at the border. Private
forestry and arboricultural contractors, as well as forest managers, were also engaged in directly undertaking
works on infected trees, or, in the early phases of the outbreak, removing newly planted infected ash saplings.

Key monitors during the pre-pathway stage were plant pathologists across Europe who were trying to identify
the pathogen responsible for the disease. During the early phase of the outbreak, the Tree Health and Plant
Biosecurity Taskforce had an important monitor stake through its assessment of the government’s approach and
recommendations for a future management strategy. As the outbreak unfolded further, scientists, universities and
research institutions were enrolled in the outbreak in order to: identify pathways of introduction (including
potential for natural windborne spread), improve detection methods, identify tolerant strains of ash, and explore
the potential societal impacts and public risk perceptions associated with the disease. Community and public
groups were also engaged with, first by early calls from the Forestry Commission urging them to be on the
lookout for signs of disease, and then through a number of citizen science programmes aimed at enrolling the
public in wider early detection, monitoring, and networking.

The ‘networkers’ group of stakeholders is particularly interesting in the ash dieback case. The national media has
played a significant role in communicating about the emergence and spread of the disease, with many of the
stories calling into question the government’s competence to deal with breaches in biosecurity. The intense
media focus in late 2012 catapulted ash dieback into the public spotlight and as a result spurred government
action. Some civil society organisations, such as the CLA and the Woodland Trust, were vocal in expressing
their concerns about the disease, and one of the early ‘networkers’ was the HTA, who wrote to the FC in 2009
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expressing concern about a disease of ash that their members had witnessed in Denmark. Private nursery
businesses also express their concern about the disease through the Nursery Group of ConFor. Kent County
Council’s action to bring together a wide range of government, private and civil society stakeholders in order to
coordinate management of the disease in the county is a rare example of a networker playing a more positive
role.

Categories of interest

Value losers included residents affected by landscape change, biodiversity loss and recreational impacts (either
through degraded recreational space or closed sites). Other value losers include private, public and NGO
woodland and tree owners, both in terms of negative impacts on stock, and to ecosystem services (e.g. timber,
woodfuel). However, perhaps the most numerous value losers in this were members of the public who saw
significant potential to lose a much loved and valued British tree.

Cost losers in the outbreak were plant nurseries that had to destroy large quantities of infected ash sapling stock,
as well as woodland owners who have been and will be financially affected by the costs of undesired or early
felling, and of restocking woodland. Local authorities in affected areas undertake the cost of funding public
safety arboriculture work on diseased or dead trees in their areas, which is likely to increase over time as the
disease spreads and further local authority stakeholders become enrolled. Another major cost loser is central
government through funding management of the disease and funding scientific research: although some of this
resource went to other government bodies increasing their resources

Perhaps the most prominent collateral loser is the UK government, specifically in regard to their loss of
reputation. Much of the early public and media scrutiny criticised the government’s handling of the outbreak,
and it could be argued that many subsequent government actions have been blame avoidance strategies to reduce
risks to reputation. Further, private plant nursery businesses also face risks to their reputation, due to their role as
‘vectors’ of the disease.

The ash dieback case highlights a wide-range of contributors across government, private and civil society
domains. This reveals the difficulty of managing a plant disease that is embedded in the global trade in live
plants. Public, private and NGO forest managers seeking stock at the best price created a market for the trade in
live ash trees. Growers, suppliers, traders and customers all benefit from this demand, but their activities are
complicit in the introduction and spread of the disease.

Arboricultural and forestry contractors are clear outcome winners, at least in the short term, as the emergence of
the disease provided increased sources of income in dealing with affected ash trees. Further financial benefits
accrue for environmental consultants, scientists, universities and research institutions who have also benefited
from increased funding for work on ash dieback and tree health more broadly.

4. Conclusion and Policy Implications

This brief analysis of the ash dieback case study has enabled us to sort and classify the stakeholders currently
involved in tree health. It also provides insight into how stakeholdership changes over the course of an outbreak.
Very few outcome winners were identified, but there were a large number of government, private and civil
society losers. The ‘vectors’ and ‘contributors’ were largely those businesses associated with the live plant trade,
along with their customers. However, those implicated in the introduction and spread of ash dieback have also
often been ‘cost’ and ‘collateral’ losers. A broad range of governmental bodies have been identified, including
several (such as transport bodies) that have seemingly limited involvement with tree health. The media and some
private and civil society institutions also emerge as networkers.

We are also able to reflect more critically on tree stakeholder engagement through the framework’s lens, and
learn lessons for the future. For instance, it is useful to make explicit links between the strong behaviours
exhibited by monitors and governors. In the ash dieback case, scientific uncertainty fed inertia amongst policy-
makers who did not act on less formal observational ‘evidence’ of the threat. There are, however, some
encouraging signs understanding amongst monitors is improving in the wake of ash dieback, as this category has
proactively expanded through engagement initiatives like citizen science. However, governors need to ensure
that appropriate processes are in place to effectively take advantage of information that originates from these
new sources.
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Various arms of the UK government are identified in the ash dieback case, each with their own priorities and
stakes in a tree health outbreak situation, but criticism was often directed at ‘government’ as a whole. Arguably,
this case illustrates the political power of public opinion because much action was instigated by the widespread
anger at the thought of losing an iconic British tree species. This is similar to what happened with the occurrence
of Dutch EIm disease in the UK in the 1970s and “80s.

Due to the nature and evolution of the ash dieback case in the UK, stakeholder engagement has been primarily
focused on managing the outbreak itself — that is, on the spread and containment stages. Critically, there is little
evidence in this case of pre-pathway engagement, despite knowledge that the threat of ash dieback existed.
Furthermore, positive engagement with networkers was virtually absent throughout the outbreak. An
understanding of the role these networker stakeholders can play should incite their early engagement. In the case
of ash dieback, networkers focussed on a reactive critique of the situation, without acknowledging that they
could have taken a more productive role in raising awareness. In the case of ash dieback, plant nurseries are
‘contributors’ and ‘vectors’, but also ‘cost’ and ‘collateral’ losers. Improving understanding about the balance
between potential costs and benefits amongst this group seems particularly important. Networker stakeholders
have a key role in facilitating such learning and might employ a range of regulatory and market mechanisms,
along with strategic communication and education activities.

The retrospective application of our conceptual framework has allowed us to categorise who has which stake in
tree health. It has also helped us to reflect on the tree health stakeholder landscape more broadly and critically to
identify possible interactions between different categories of stakeholders. Acknowledging these dynamics can
lead to improved interventions to better prevent or control future tree disease outbreaks. The tree health sector,
and forestry sector more widely, has begun to take stakeholder analysis and engagement seriously: but this has
brought significant challenges. Particularly challenging is identifying which actors have important stakes, when
and, critically, who should engage them and how? The tree health stakeholder landscape is broad and complex.
If stakeholder analysis is too narrow, subsequent engagement will have only limited impact on the outcomes of
pests and diseases. If it is too broad, engagement will be too difficult and costly a job for whichever
organisations take it on. The framework described here should allow those charged with responding to the threats
of tree pests and diseases to rationalise and manage their engagement: targeting it towards the right stakeholders
at the right times. It can also facilitate a more holistic and efficient view which takes in multiple pest and disease
threats, instead of continuously focusing efforts on individual organisms.
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Abstract

Ash dieback is a complex and challenging issue most of European countries have to cope with. In addition to the
technical and biological aspects of the problem the socio-economic impact is another important subject, given that
common Ash (Fraxinus excelsior) is an important component of broad-leaved mixed forests event though its share at
national scale is very small. Its status stems from the quality of the wood which, in spite of its low availability, has
been used in rural communities for centuries and nowadays is sought by veneer producers and high-quality wood-
based sport equipment. Because neither the forest managers, nor the forest planners and the environmentalists have
got the adequate knowledge to cope with the ash dieback and the current state-of-the-art has failed to find out a
certain course of preventive actions, a field study was carried out in order to figure out the needed changes of
foresters’ behavior and attitudes with respect to rapid die-off of rare but valuable forest species, like the common
ash. The study was based on the theory of planned behavior and its main goal was to design an awareness campaign
among foresters considering that protective measures needed to slow down the ash dieback as long as they have to
come up with a completely different set of protective measures, stemmed on new attitudes.

Therefore, a socio-economic survey was carried out among foresters and other important stakeholders in order to
find out 1) to which extent the ash dieback is perceived as important and for what reasons, in wood industry and rural
areas, 2) whether or not the current management practices may contribute to preventing the propagation of ash
dieback and 3) which set of actions must be urgently undertaken in order to prevent disease propagation according to
the general perception shared by lay people and foresters with respect to the ash dieback. The results are summarized
as follows: 1) most of the forest professional do not fully realize the potential risk of having the ash trees harvested
as salvage wood when it comes to the commercial and economic impact of ash dieback 2) most of respondents
consider that more seedlings produced in nurseries is a reliable solution for having the problem solved on long-term,
3) an important share of foresters pinpoint the logging damages as the main causes of ash dieback, and 4) an
insignificant number of respondents are fully aware of the new challenges raised by ash dieback when it comes to the
new procedures deployed to thin the younger stands where bunches of ash tree are to be found, in broadleaved mixed
forests.

In addition to these main conclusions, it was found that the expected ecological value of common ash is not fully
recognized by a great deal of forest-related stakeholders, mainly because the amount of valuable wood is very small
at the national scale and the rate of marginal substitution of ash wood with other species is quite high. This
conclusion does not apply when it comes to the common utilizations of ash wood in rural areas, where traditional
woodcraft activities are seriously jeopardized by ash die-off.

Introduction

Although ash is not one of the most prevailing forest species in Romania, its ecological and economic importance
cannot be overlooked. After elm die-off, which has occurred by late nineties, another important pillar of broadleaved
forest ecosystem is being threatened to extinction and makes room for a series of debates on the technical
possibilities to replace common ash with another species of ash, likely to be shortlisted as an invasive species, or to
change the forest management in order to cope with this new challenge.

The symptoms of ash die-off develop rapidly and the perspective of having harvested all ash trees is more and more
evident if we contemplate similar processes that took place in Belgium (Chandelier, Delhaye et al. 2011), Austria
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(Kirisits, Matlakova et al. 2009), Estonia (LShmus and Runnel 2014), Great Britain (Mitchell, Beaton et al. 2014), or
Italy (Ogris, Hauptman et al. 2010).

The technical challenges raised by the ash dieback are complex and involve a series of actions to be undertaken at
stand level by different stakeholders, like forest planners, professionals responsible with timber cruising and pest
control. Equally important are harvesting procedures, deployed now according to the technical standards. Because
dead trees are spread out on large areas, the break-even point from harvester’s stand point is reached only hauling a
few valuable trees and, in spite of high economic value of ash wood a great deal of dead trees may have remained
unharvested in due time into the forests, and the risk of die-off may be even higher. Therefore, the specific
management of ash dieback has a quite challenging statute, being somewhere between the crises management
(Jaques, 2004) and the change management (Todnem By 2005). For forestry such situations were quite unusual a
decade ago, when most of all aspects of forestry were highly predictable and pursuing the provisions of the
management planning system was not a problem.

As (Ajzen, 2011) has noted, the TPB list of reference has grown exponentially in the last 20 year, according to
Google scholar reference system. The decomposed version of theory of planned behavior was used to study the
intention to pay for different services available in the virtual community (Horng, Shwu-Min, Yih-Yuh Lee, 2012)

Material and method

The die-off a tree species like common ash, which is not representative for the main types of forest ecosystems but
still is valuable from the economic point of view, might be unimportant for a logging companies, alarming for wood
crafting and critical for a biologist. Forest managers, forest planners, plain people are facing an over-supply of ash
wood and this issue might have a social dimension, rendered by beliefs and attitudes. Therefore we have tried to
adapt the theory of planned behavior to our problem in order to evaluate to which extent different stakeholders might
be focused on finding a new technological solution to ash die-back or, on the contrary, people will be interested in
taking advantage of this situation by harvesting more and more ash trees, without any concern for the future.

Theory of Perceived Behavior (TPB) allows predicting individual behaviors and it is widely used to explore the
determinants of professional behavior. The theoretical main assumption the TPB relies on is that an individual’s
intention to pursue an expected course of actions (i.e. behavior) is predicted by her or his attitude, assuming that
attitude itself is an overall evaluation of the behavior

Attitude

Subjective
norm

Intention Behavior

A 4

Perceived A
behavioral
control

Figure 1 Theory of perceived behavior (a person’s overall evaluation of the behavior), subjective norm (a person’s
own estimate of the social pressure to perform or not perform the target behavior), and perceived behavioral control.

The PBC refers to individuals’ perception of the ease or difficulty of performing the behavior of interest (Ajzen
1991). In case of ash dieback, the individuals who have been questioned have been facing a new situation in which
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they lack complete volitional control over the behavior of interest, meaning that they had to choose a series of
answers to a series of closed questions they were not familiar with, simply because the main topic of the survey is a
widespread die-off process, they never have encountered so far. Molding the die-off perception into the PBC shape
we have assumed, according to the theory of planned behavior, that the biodiversity value of common ash should
influence behavior indirectly by guiding a person’s beliefs and attitudes in order to apply in situ conservation
techniques, if that person would be a professional forester dealing with timber sales. Another type of action would
be ex-situ conservation, which covers a larger spectrum of actions, from producing more seedlings of common ash to
ash interbreeding. One objective of the investigation, therefore, was to examine the extent to which the theory
affords prediction of appropriate conservation measures, and whether the effect of values on behavior is indeed
mediated by the theory’s more immediate determinants (attitudes, subjective norms, perceptions of control, and
intentions) will produce a certain outcome.

The study is based on a survey delivered to a series of stakeholders involved in different levels of forest
management, more or less directly affected by ash die-off, in order to find out some relevant information about: 1)
the public perception about the biodiversity loss produced by ash die-back; 2) the economic loss on long run,
assuming that all ash trees would have disappeared from Romanian forests; 3) the possible management scenarios
that might slow down the dieback process; 4) foresters’ perception on possible scenarios meant to stop the dieback
and 5) foresters’ opinion about a new breading programs involving different ash species.

The survey was structured as follows:
Section A. General information about the surveyed person and s/his professional profile with respect to the forest
species die-off in general (forest manager, conservationist, forest planner, logger or whatever timber end-user).

Section B. How to manage the die-off of European ash? How often the interviewee encountered ash die-off, personal
evaluation ash trees life expectations on different. An intriguing closed question refers to the possible management
alternatives worth being considered in order to save the European ash from dying-off. This section is important
because all feasible actions were considered and it aims at assessing the technical acceptability of some complex
measures foreseen by foresters, based on the ecology of Chalara sp.

Section C is focused on highlighting the commercial value common ash. It is based on a Likert scale and the
following issues have been addressed: the use value of ash timber, the expectations for having a much higher value
on the future, the marginal rate of technical substitution for ash wood, as well as the technical possibilities to replace
the common ash with more resistant hybrids, having in mind that a serious die-off might increase the demand for
different hybrids between ash and manna or might encourage new breeding programs.

Section D addresses the social impact and economic impact of having this species lost, having in mind the common
utilization of ash wood, which is sought after for lumber, furniture, parquet, interior paneling, woodcraft and even
traditional rural utilization, including carriages.

Section E addresses the perspective on the ecological roles played by common ash at landscape level, habitat
conservation and biodiversity.

The survey was structured in order to allow apprising 1) the degree to which each main group of stakeholders makes
use of the information at hand about Chalara in a rational way and 2) how people are aware of the outcomes of their
actions and, according to those outcomes, they get involved in a given course of action or behavior. The salient
assumption we have made is that most of the stakeholders are not fully aware of connection between their endeavors
and the health of the forest they harvest the timber from.
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Results

The survey was distributed to 350 foresters, forest loggers and specialists from GNOs in printed copies and over the
Internet. The ecological impact, as shown in Figure 2 is quite unexpected because a lot of respondents did not see a
serious problem from the ecological point of view because they did not consider that a high commercial value may
be a threat for the remnant ash trees, which somehow makes sense. More significant agreements have been found at
rural level, because people are expecting to have access to lesser amounts of durable wood for wood-crafting and
hafts, which are important utilizations of common ash wood.

Ecological impact of Ash dieback
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Figure 2 Ecological impact of ash dieback
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Figure 3 Social impact of ash dieback

The survey tried to figure out to which extent foresters and plain people as well are aware of the connection between
climate change and ash dieback. High frequency of ash dieback has been brought about by lack of adaptive
management, which could be seen also as a sort of red herring, because all bad things happening in the forest might
be caused by lack of adaptive management. When it comes to the degree to which fungi or insects’ occurrence is
connected to climate change, most of the respondents considered that insects are more threatening, as shown in
Figure 4, where the y axis represent the intensity of the connection (importance) between climate change, insect
attack and fungi propagation.
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Figure 4 Connection between ash dieback and climate change
Actions foreseen to eradicate or reduce ash dieback

The survey has offered eleven options to control the die-off process, as follows:

more seedlings produced in nurseries, in order to replace dead trees with the new ones after cuttings
to avoid plantations with ash in affected areas

to replace common ash with hybrids

to adopt special conservation measure for the ash trees that survived, in order to reproduce them in nurseries
e to avoid logging damages to remnant trees

to adopt special conservation measures during harvesting operations

to let more light reaching the soil in order to dry out ash litter

to remove the dead trees as soon as possible

fertilization measures in new plantations

better control against insects

better control against fungi by chemical means, where available and affordable

The contingency table of these options is presented in Table 1. Because more options were allowed, the sum of the
occurrences is greater than 350, which is the total number of respondents.

Table 1 Contingency table of the combinations of preventive measures chosen by interviewees.
1 2 3 4 5 6 7 8 9 10 11

1 40 10 10 30 40 60 3 30 5
2 30 78 40 30

3 39 35 34 6 34 10
4 56 30 1

5 45
6 45 3

7 23 12
8 3

9 3
10

11
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One may notice that most of the people who replied to the survey are prone to seek the solution into a narrow area,
implying more caution during harvesting operations, greater amounts of seedlings produced in nurseries in order to
replace the affected trees and better control against insects, combined with new ash hybrids replacing the common
ash. An important outcome, reflecting a better knowledge of the way in which Chalara propagate is the high rate of
respondents who had seen a possible solution in heavy thinnings nearby the ash trees, in order to deter the fungi
propagation through the ash litter. Nevertheless, this option is challenging and provocative for the technical
standards applied now in Romania, because it implies a completely new approach of forest management at stand
level.

Discussion and conclusions

Because the study was localized in the north of Romania, just in two counties (Suceava, and Botosani), the result are
not conclusive at national level but they reflect the fact that excepting the professional foresters quite a few other
stakeholders are aware of and concerned about the ash dieback consequences and severity. Nevertheless, plain
people from rural areas are more concerned compared to other stakeholders because they associate the ash wood with
a large variety of tools they have been using in their households. Apparently the less concerned are the forest
professional who are working in harvesting operations, because the ash wood is being sold at an advertised price
which actually do not reflect now the real economic value of the ash, compared with other valuable broadleaved
species, highly appreciated for veneer, which get higher prices.
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Abstract

In this contribution, we aim to summarize the current knowledge on the main ash (Fraxinus) species in Austria
and on the situation of ash dieback, caused by Hymenoscyphus fraxineus. F. excelsior is of considerable
importance as a timber species. It occurs on a wide variety of sites, in different ecological contexts. Planting of
ash used to be encouraged until about ten years ago, as it seemed very suitable to replace conifer stands in
lowland areas. The species is severely affected by ash dieback, just as the more marginal species, F. angustifolia,
while F. ornus, the third ash species native to Austria, is not endangered. The progress of the disease has been
very fast, affecting practically the whole territory of Austria within very few years from approximately 2005
onwards. It now questions the continuity of timber production in forest enterprises where ash is the main species,
impairs other ecosystem services and has numerous negative ecological consequences. Likewise, it has affected
nursery plant production heavily. Landscape level effects of the impact of ash dieback are possibly reflected in
declining pollen loads in the air. In the forest, variations in disease intensity are observed from year to year, and
between moister and drier regions; yet, the disease seems to progress in most individual trees. Solitary trees in
cities and in the cultural landscape are generally less affected by ash dieback. Clones of F. excelsior in three seed
orchards have been assessed for crown damage levels over three years. These observations indicate that some
clones are more resistant or tolerant to ash dieback than others. Consequently, a resistance breeding project for
common ash has recently been initiated. There is little evidence for important genetic differentiation among
population or seed stands within Austria. Options for adapting silvicultural strategies and for conserving F.
excelsior are discussed.

Keywords: Fraxinus excelsior, Fraxinus angustifolia, Fraxinus ornus, Hymenoscyphus fraxineus, Chalara
fraxinea, noble hardwoods, silviculture, disease management, resistance, genetic differentiation, conservation

Introduction

Austria is situated at the crossroads of major climate regions in Europe, with the Alps acting as a central barrier,
as an eco-region of its own, but also as a fusion and transition zone. This is reflected in the flora and fauna, and
in the diseases associated with plants and animals. In this contribution, we aim to summarize the present local
situation (as of September 2016) of ash (Fraxinus spp.) dieback caused by the invasive alien ascomycete
pathogen, Hymenoscyphus fraxineus. The ecological and socio-economic importance of ash species, particularly
of F. excelsior, is described, followed by a description of the successive emergence, the hosts and the impact of
the disease, as well as a brief review of studies on the aetiology of ash dieback in Austria. The baseline for intra-
specific (genetic) effects on F. excelsior is given by recent molecular marker studies. Indications for possible
genetic resistance in F. excelsior to H. fraxineus based on research studies and observations in forest practice are
reviewed and weighted. Current management (silvicultural) options and conservation strategies for ash are
presented and discussed, together with an outlook to the immediate future, regarding both the further
development of the disease and ongoing research initiatives.

Importance of ash

Common or European ash (Fraxinus excelsior) is widely distributed in Austria, together with F. angustifolia
(narrow-leaved ash; only along rivers in the eastern border regions) and F. ornus (flowering or manna ash; rare,
mainly along the southern borders to Slovenia and Italy). F. excelsior occurs in many forest types, from the
lowlands up into the mountains. It prefers nutrient-rich, deep soils with higher moisture levels, which typically

T Our colleague Rudolf Litschauer (retired from BFW) passed away in August 2016. This contribution is
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occur in floodplain forests, along streams, ravines and gorges, and on lower slopes. In the mountains, it is found
at elevations up to approximately 1200 m (exceptionally 1600 m). However, the spectrum of site conditions
suitable or tolerable to ash is much wider and includes also drier sites, and some of its preferences are only
matched by early-successional tree species of low importance for timber production (e.g., by silver birch —
Betula pendula — or aspen — Populus tremula).

According to the website www.flora-austria.at, up to 32 vegetation associations have a characteristic F. excelsior
component. The most important ones are hardwood floodplain forests along big rivers (originally with elm,
Ulmus spp., and oak, Quercus robur), ash-black alder (Alnus glutinosa) communities along smaller streams, and
the ravine and gorge associations with typically Ulmus glabra, Acer pseudoplatanus and Tilia platyphyllos. In
floodplain forests that are flooded for longer average times, in the warmer climates of the east, F. excelsior is
replaced gradually by F. angustifolia (Zukrigl 1997). Typically, this is the case for the lower March, Leitha and
Fischa rivers in the Pannonian region of Eastern Austria, and along the easternmost stretches of the Danube.
Here, the Danube gradually loses its character of a mountain stream, flooding episodes of the Danube block the
water of the tributaries (March and Leitha) for longer time periods, resulting in prolonged flooding of forests in
spring and summer. The two ash species also hybridize where their distribution ranges overlap (Zukrigl 1997,
Lexer et al. 2004). Ash-black alder forest strips along smaller rivers and streams are as extensive in surface area
as are floodplain forests (50,000 hectares each, Gschwantner et al. 2010), and the ravine and gorge associations
are found all over the country in hills and mountains. Apart from all these forest types, F. excelsior is also often
interspersed in other, related forest communities. A specific type of forest are “hilltop ash forests” (in German,
“Gipfeleschenwilder”; Willner 1996), where ash outcompetes European beach (Fagus sylvatica) and often forms
pure stands. These often occupy atypical sites, considering what is written above: hilltops west of Vienna with
shallow soils, and probably less advantageous water conditions. Willner (1996) could show, however, that
moisture there is not only received regularly (and particularly, in spring) in the form of rain, but also often as
fog, and that the plant associations generally resemble those of moister sites.

A forestry tradition is the distinction between “limestone” and “water” ash (in German “Kalkesche” and
“Wasseresche”, respectively). The two main types of sites for F. excelsior differ remarkably in soil moisture.
This distinction of typical sites along rivers, streams and in gorges (“water ash”) and sites with rendzina soil
(“limestone ash”) has led to speculation that these have led to the evolution of ecotypes with different
characteristics. Trees from drier (limestone) hillsides are also thought to yield timber of lower quality. Yet,
Weiser (1995) could show with reciprocal transplants that there are no such ecotypes or “races”. Ash needs
sufficient amounts of water especially in May and June, but it can tolerate lower amounts in other months. More
water is needed in order to sustain vigorous growth because of high transpiration rates, but the species can
survive and is competitive with less water as well, as under the conditions at drier limestone sites in Austria.

The third ash species native to Austria, F. ornus, reaches one edge of its natural distribution range in Southern
Austria. It mainly occurs in Southern and Eastern Carinthia, on steep, rocky, warm and dry sites on limestone,
where it is usually associated with European hop-hornbeam (Ostrya carpinifolia; Zukrigl 1997). F. ornus is not
important for timber production, but sometimes planted as an ornamental tree. Among non-native ash species,
green or red ash (Fraxinus pennsylvanica) was planted experimentally along the lower reaches of the Danube
and March. This was discontinued because of lack of yield and quality timber, but the species became
naturalized and is now viewed critically as an invasive alien tree species. White ash (Fraxinus americana) is
rarely planted as shade tree or in arboreta. Manchurian ash (Fraxinus mandshurica) and Korean ash (Fraxinus
rhynchophylla), the natural hosts of H. fraxineus in Asia, are not known to be cultivated, and there are no
historical records either.

The importance of ash, mainly F. excelsior, in forests and for forestry in Austria is quite high. The Austrian
Forest Inventory (www.waldinventur.at; Gschwantner et al. 2010) calculated 23,705,000 (+1,439,000) cubic
metres of growing stock of wood in managed forests (covering a total of 3.367 million hectares) for ash in the
period 2007-2009 (the latest available data). It thus has a share of 2.1 % among all tree species and holds the
third position among hardwoods: European beech, Fagus sylvatica, with 9.6 %, and — narrowly so — the oak
species, Quercus spp., with 2.4 %, have more growing stock; the maple species, Acer spp., with 1.3 % have
considerably less). Ash trees thus represent about 10 % of the hardwood growing stock. Based on number of
stems, it even comes second, with a share of 3.1 % among all tree species. In the latest inventory period reported
(compared to the previous one, 2000-2002), ash was still increasing its growing stock (by a calculated 4,295,000
+ 542,000 m3) — a trend that was already seen in previous inventory periods. Total increment per year was
estimated at 833,000 m3, and utilization at 309,000 m3. The latter figure represents already a steep increase
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compared to the previous periods (i.e., 184,000 m3 in 2000-2002, and 190,000 in 1992-1996), and this may
already reflect the onset of the ash dieback epidemic (apart from market demand fluctuations and many other
factors). The total number of ash stems was continuously increasing in the last three reporting periods
(74,021,000 in 1992-1996; 89,145,000 in 2000-2002; and 105,969,000 in 2007-2009). In relation, this means
that there has been a trend for an increase in growing stock per individual stem in the three periods (from 0.204
to 0.218 to 0.224 m3 per stem), though with a large error margin. This situation — more ash planted/regenerating
(increasing stem number), together with increasing utilization, and increasing volume per individual stem — is
difficult to interpret, though.

The share of ash is particularly high in the provinces of Upper Austria, Lower Austria, VVorarlberg and Vienna,
and lowest in Tyrol (Figure 1A, data of the 1992-1996 inventory period). Regionally, the distribution data for
ash in the Austrian Forest Inventory indicates a higher frequency of pure stands or stands with a significant share
of ash in the flat areas surrounding the big rivers (Danube, Mur, Leitha and March) in the north, east and south
of the country. An even larger overall number of stands with ash is found at lower elevations in the mountains,
especially in the Northern and Southern Limestone Alps. In these areas, mixed stands are more typical. The inner
Alps (large parts of Tyrol, Carinthia, Styria and Salzburg) rarely host stands with a high share of ash, but in the
very west, in Vorarlberg near Lake Constance and along the Rhine and its tributaries, the species is again
common. The ecological amplitude of the species is thus quite wide in Austria. The relative rareness of F.
excelsior in inner Alpine valleys is most likely due to its sensitivity to late frosts (and its demand for higher
temperatures in general).

Locally, the importance of ash for ecosystems and forest owners is immense. Several sizable forest holdings are
situated in the floodplains along the Danube and Rhine, and their major tributaries. They depend on ash to a
large degree. Apart from the “softwood” stands very close to the river (with willows — Salix spp., and poplars —
Populus spp.), the more mature soils of the “hard” floodplain forests traditionally hosted oak, elm and ash as the
main timber species. With the vanishing of elm (mainly field elm, Ulmus minor) due to Dutch elm disease
caused by Ophiostoma novo-ulmi (Kirisits and Konrad 2004) and the dieback of ash, the owners of these forests
find themselves in a very difficult economic situation, because of the lack of choice of suitable timber species.
For instance, in the area of the Grafenegg forest estate (Lower Austria), a privately-owned enterprise of 4,466 ha
forests, a growing stock of 200,000 m3 ash is endangered and to a large degree already affected. Similarly, in
floodplain forests along the March (Lower Austria), for example in those managed by the Foundation Prince
Liechtenstein in Hohenau an der March, F. angustifolia, which is also susceptible to ash dieback (Kirisits et al.
2010a), is the most important timber species (Damm 1997).

Ash is of some importance for many forest owners, for timber production, but also for other reasons (e.g.,
stabilization of riverbanks and slopes, source of fodder for wildlife, increasing habitat quality), even if it is
usually not the major species in their forests. During the last decades, it was one of the most frequent tree species
used in afforestations. This was in order to replace Norway spruce (Picea abies) in areas where this conifer is not
native, following concepts of “close-to nature silviculture”. Ash has been regenerated naturally in most other
situations. Farmers often utilize the ash-black alder forests for valuable timber and for fuelwood. During the
recent “boom years” of biomass heating systems and combined heat-power plants, many farmers have installed
such systems, and may now, with ash dieback, face irregularities in fuelwood supplies.

Ash species are of considerable importance for nature conservation, as components of rare forest ecosystems and
as hosts of or habitats for numerous organisms. For example, F. excelsior is the mandatory fodder plant of the
red listed and threatened butterfly Euphydryas maturna, the scarce fritillary. Common ash is also an important
element of the cultural landscape in many parts of Austria, including areas such as the inner Alps where it is rare
in forests. It is planted in hedgerows or as a solitary tree, or e.g., near the farmhouse. Because of its nutrient-rich
foliage, it provided fresh or dry fodder for domestic animals (lopping or pollarding). European ash, its varieties
and occasionally other ash species are commonly used as ornamental trees in the urban green and for plantings
along roads and in the landscape.
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Figure 1A Distribution data of ash species (mainly F. excelsior) from the Austrian National Forest Inventory,
1992-1996 period. Figure 1B Relative increase of ash logging at Grafenegg forests from 2008/2009 to
2014/2015, compared to the original level (2008/2009 = 100 %). Figure 1C-E Pollen intensity (density as
counted from pollen traps) in three regions of Austria, 1995-2015. C, Eastern Austria (stations Vienna and
Rosalia hills); D, Stations in the Northern Alps (Salzburg and Innsbruck); E, Stations in the Southern Alps
(Klagenfurt and Lienz). ‘Linear’: linear trend line. Data source: European Aeroallergen Network (EAN) database
(https://ean.polleninfo.eu/Ean/en/start), K. Bastl, U Gartner, S. Bortenschlager, H. Zwander, compiled by R.
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Litschauer. Figure 1F Seed harvest amounts and plant production of ash in Austria, 2000-2015. Red columns,
thousands of plants produced in nurseries; blue columns, amounts of seed harvested in kg. Data source: T.
Baschny, Austrian Federal Ministry of Agriculture, Forestry, Environment and Water Management, personal
communication. Figure 1G Distribution of F. excelsior clones in each of the three Austrian seed orchards (in
Feldkirchen, Bad Gleichenberg and Trafél) among 10 %-damage classes (mean crown dieback intensity
according to assessments in May 2011). Bars represent the number of clones in each damage class per seed
orchard. The figure was originally shown in Freinschlag (2013) and Freinschlag and Kirisits (2014). Figure 1H
Mean ash dieback intensity (+ standard deviation) in the crown (as percentage) by F. excelsior clone on 3-4 June
2015 in the seed orchard in Feldkirchen an der Donau (Upper Austria, 2-4 ramets per clone, 184 trees in total).
The photos show a ramet of one of the least damaged clones (no. 14) and one of the most severely damaged
clone (no. 8). Green bars mark clones which produced seed in 2015 and were harvested to initiate a progeny trial
as part of the project “Esche in Not” (“ash in distress”, see http://www.esche-in-not.at/). The figure was adapted
from Kirisits et al. (2016).

Successive emergence, aetiology and hosts of ash dieback

The first unambiguous observations of symptoms of ash dieback caused by H. fraxineus (shoot dieback, necrotic
lesions in the bark, wood discoloration) were made in 2005, at a few sites in the provinces of Lower Austria,
Upper Austria and Salzburg, on young F. excelsior trees in afforestations (Cech 20064, b). Also in 2005, massive
premature leaf shedding of ash, occurring already in late August and early September, was observed in parts of
the provinces of Lower and Upper Austria; the same happened 2006 in parts of Styria (Cech 2005, Kirisits et al.
2009). Originally, this phenomenon was thought to be caused by powdery mildews (Cech 2005), but as H.
fraxineus also causes leaf symptoms (Krautler and Kirisits 2012, Schwanda and Kirisits 2016), this was likely
the first widespread indication of ash dieback (Kirisits et al. 2009, 2010b, 2011). In subsequent years, obvious
early leaf shedding occurred regularly in various parts of the country, particularly in the Alps (Kirisits et al.
2010b, Kirisits and Freinschlag 2012). Intensive dieback of shoots, twigs and branches of ash trees of all ages
occurred for the first time in 2006 over wide areas in the provinces of Lower and Upper Austria (Cech 2006b),
and in 2007 in Styria (Kirisits et al. 2009). In subsequent years the disease occurred steadily at new places and
gradually increased in incidence and severity (Kirisits 2008, 2011, Kirisits et al. 2008, 2011, Cech et al. 2012).
Although the spread of the ash dieback epidemic was not followed in every detail, observations and
investigations suggest that the disease emerged later in western, southern and south-eastern parts of the country,
compared to Eastern and Northern Austria (Table 1; Kirisits 2011, Kirisits et al. 2011). By 2008 symptoms were
observed in all Austrian provinces (Table 1; see Figure 1A for the location of the provinces), and at least by 2010
the disease was likely present in all political districts of the country. A survey in July 2010 in parts of Carinthia
and Eastern Tyrol indicated that some localized areas in these provinces were still free of ash dieback (Kirisits
2011, Kirisits et al. 2011). A re-visit of some of these areas in Eastern Tyrol in summer 2014 confirmed the
presence of H. fraxineus there, up to the upper elevation range of common ash at 1600 m asl. in the Virgental (T.
Kirisits, unpublished observations). The pathogen is now distributed in the entire ranges of F. excelsior and
F. angustifolia (on which it was first recorded in 2008; Kirisits et al. 2010a) in Austria.

The observations in Austria fit with the data from surrounding countries (Kirisits at al. 2016), where written and
informal reports suggest the presence of the disease in the Czech Republic in 2002, in Slovakia in 2004, in
Slovenia and Southwestern Germany in 2006, in Hungary and Switzerland in 2007, in Bavaria (Southeastern
Germany) in 2008, and in Croatia and Northern Italy in 2009. Symptoms of ash dieback were, however, first
observed as early as in 1992 in Northeastern Poland and in 1995 in Lithuania, thus suggesting the possibility of
an undiscovered lag phase, at least in some countries, before symptoms became widely apparent. This may have
happened within Austria as well.

As in other countries, the aetiology of ash dieback was initially poorly understood and its causes were debated
(Cech 2006b, Cech and Hoyer-Tomiczek 2007), but soon, H.fraxineus was confirmed as causal agent
(Halmschlager and Kirisits 2008, Kirisits et al. 2008, 2009, Matlakova 2009). H. fraxineus (at that time referred
to as Chalara fraxinea) was for the first time isolated in Austria in June 2007, at one locality in Upper Austria
and one in Styria (Table 1; Halmschlager and Kirisits 2008, Kirisits et al. 2009). Subsequent surveys showed that
the pathogen was already widespread in the country (Halmschlager and Kirisits 2008, Kirisits et al. 2008, 2009,
2011). From June 2007 until June 2011, it was detected in all Austrian provinces, at 144 localities in total (Table
1), including also forest nurseries (Kirisits et al. 2012). Initially, in 2007, H. fraxineus was rarely recovered (due
to using quite old material with late symptoms for fungal isolation), but from 2008 onwards, when isolations
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were made from shoots, twigs and stems showing early symptoms of disease, it was the most consistently
and most frequently isolated fungus (Kirisits et al. 2009, 2012).

The pathogenicity of H. fraxineus to F. excelsior was confirmed in wound inoculation experiments, thus
fulfilling Koch’s postulates for H. fraxineus as causal agent of ash dieback (Kirisits et al. 2008, 20009,
Matlakova 2009). In one inoculation experiment the fungus even proved to be able to infect unwounded
current-year shoots and artificially exposed leaf scars (Krautler et al. 2015). The association of H. fraxineus
with symptoms on woody parts of F. angustifolia, F. pennsylvanica and F. americana, as well as with leaf
symptoms on F. excelsior, F. angustifolia, F.pennsylvanica and F. ornus was also proven by fungal
isolations from naturally infected plants and wound inoculation experiments (Kirisits et al. 2009, Matlakova
2009, Krautler and Kirisits 2012, Piribauer 2013, Treitler 2014, Kirisits and Schwanda 2015, Kirisits 2016,
Kirisits and Cech 2016, Schwanda and Kirisits 2016, T. Kirisits and K. Schwanda, unpublished data).
Likewise, the fungus was occasionally isolated from seedlings of Fraxinus cf. latifolia (Oregon ash) and
Fraxinus cf. velutina (velvet ash) showing shoot dieback and necrotic lesions in the bark (Kirisits and Cech
2016, T. Kirisits, unpublished data), but the identity of the ash species requires confirmation. Moreover, in
September 2016 leaf symptoms on two-year-old F. mandshurica seedlings resembling those described by
Drenkhan et al. (2016) in the species’ natural range were observed, but it is as yet not clear whether this
damage is linked to H. fraxineus (T. Kirisits, unpublished observations). Following wound inoculation,
H. fraxineus did not cause necrotic lesions on shoots of Forsythia x intermedia (forsythia), Ligustrum
vulgare (privet) and Syringa vulgaris (lilac) (Kirisits and Cech 2016, R. Bzdyk and T. Kirisits, unpublished
data), indicating that its host range may be restricted to species in the genus Fraxinus. These results are in
agreement with inoculation experiments on oleaceous species in other countries (Gross et al. 2014; Madigan
et al. 2015).

Records of disease incidence and severity due to natural infections and inoculation experiments conducted in
Austria suggest that F. excelsior and F. angustifolia are highly and nearly equally susceptible to H. fraxineus
or that F. angustifolia is perhaps slightly less susceptible (Kirisits et al. 2009, 2010a, Matlakova 2009,
Kréutler and Kirisits 2012, Piribauer 2013, Treitler 2014, Schwanda and Kirisits 2016). Afforestations of
F. angustifolia in floodplain areas along the March have been severely affected since at least 2007 (Kirisits et
al. 2010a, Piribauer 2013); however, damage levels have remained relatively low on mature trees (Cech et al.
2012 [site Hohenau 2], H.J. Damm, Foundation Prince Liechtenstein, personal communication). Although F.
ornus was to some degree susceptible to H. fraxineus in stem and leaf inoculation experiments (Kirisits et al.
2009, Matlakova 2009, Schwanda and Kirisits 2016), symptoms due to natural infections have only been
observed occasionally on leaves and never on woody parts; therefore, this ash species is most likely not
threatened by the disease (Kirisits and Schwanda 2015, Kirisits 2016). On F. pennsylvanica, ash dieback was
confirmed only occasionally on seedlings and young trees, and this species appears to be much more resistant
than F. excelsior and F. angustifolia; however, inoculation experiments have clearly confirmed its
susceptibility to H. fraxineus (Piribauer 2013, Treitler 2014). The susceptibility of the remaining ash taxa (F.
americana, F. cf. latifolia and F. cf. velutina) to ash dieback in Austria cannot be assessed precisely at the
moment, because H. fraxineus was isolated only occasionally from very young seedlings.

Research regarding the progression and consequences of ash dieback
Development and impact of ash dieback — Disease monitoring data and observational evidence

The temporal development and impact of ash dieback over time is mainly documented by observational
evidence, experience and reports by practitioners, and to some degree by monitoring data. In 2007, shortly
after the onset of ash dieback, a survey on 50 plots in mature ash stands in Lower Austria confirmed the wide
extension of the disease; mean crown dieback intensity was below 25 % in most stands, tree mortality was
recorded in eight stands, and there were still three stands without any dieback symptoms (Cech 2008, Cech et
al. 2012). In 2008, on 14 of the 50 plots, representing the major ecoregions of Lower Austria, 20 trees each
were permanently marked, and the development of crown dieback has been monitored since then, initially
annually but later at irregular intervals (Cech et al. 2012, Kefiler et al. 2012, T.L. Cech, BFW, personal
communication). A slow progress of the disease was documented from 2008 (mean crown dieback intensity:
11 %, range per plot: 1-34 %) to 2010 (mean crown dieback intensity: 16 %, range per plot: 2-38 %) on these
permanent monitoring plots; on three of the 14 plots one tree had died (Kirisits et al. 2011, KeRler et al.
2012). Stands in the eastern, dry regions of Lower Austria were less severely affected than stands in the
moister western parts of the province; this trend was already observed in the survey in 2007 (Cech 2008,
Cech et al. 2012, Kirisits et al. 2011, KeRler et al. 2012). Sporulation of and infections by H. fraxineus are
generally facilitated by moist soils and high air humidity, which likely explains this pattern (Kirisits et al.
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2011, KeRler et al. 2012). Monitoring results from these plots in subsequent years have not yet been
published.

Interestingly, during these years of emergence, expansion and intensification of ash dieback, there were many
summer months with high precipitation, which may have accelerated disease development (see also Cech
2005). As an example, in St. Pélten in central Lower Austria, among the six months from April to September,
there were four months with more than average precipitation in 2005, four also in 2006, three in 2007, four in
2008, three in 2009, five in 2010 (a very wet year, in which premature leaf shedding was very intensive;
Kirisits et al. 2010b), only one in 2011, four in 2012 and in 2013, five in 2014, and only one in 2015 (a
record hot year, in which premature leaf shedding was inconspicuous); the values were on some occasions
several-fold above the 1981-2000 averages (data from www.zamg.ac.at).

As on the monitoring plots in Lower Austria, slow development of ash dieback was observed in three clonal
seed orchards of F. excelsior from 2009 to 2011 (Kirisits and Freinschlag 2012, Freinschlag 2013,
Freinschlag and Kirisits 2014; see also section “Genetic resistance to ash dieback” below). These surveys
indicated partial recovery of many ash trees due to the formation of epicormic shoots in the crown in
response to infection. However, a more recent damage assessment in the orchard in Feldkirchen an der
Donau (Upper Austria) documented a doubling of mean crown dieback intensity from 11.3 % in July 2011
(Freinschlag 2013, Freinschlag and Kirisits 2014) to 22.5 % and for the first time mortality of ramets (three
of 187) in June 2015 (T. Kirisits, unpublished data).

The development of ash dieback in Austria during the last five years is not well documented by monitoring
data. Generally, a gradual rise in disease intensity was observed in forests; in some regions and years, disease
progression was accelerated. Apart from a possible correlation with wetter summers, this is likely due to the
increasing prevalence and severity of necrotic lesions and wood discoloration at the stem base and root
collar. These symptoms were initially linked to species of Armillaria (honey fungus), but are now considered
to be also primarily caused by H. fraxineus (Husson et al. 2012, Kirisits 2013a, Chandelier et al. 2016).
Armillaria species usually also occur in connection with these collar symptoms, cause butt and root rot,
destabilize trees rapidly and make them prone to fall over (Husson et al. 2012, Chandelier et al. 2016, Kirisits
et al. 2016, Lenz et al. 2016). Although no research on the aetiology of root collar symptoms has been
conducted in Austria and their occurrence has not been systematically surveyed, observations and reports by
practitioners show that they are widespread. As in other countries (Chandelier et al. 2016), collar infections,
and not crown damage, are now thought to be the main drivers of decline and mortality of ash trees. In
contrast, ash bark beetles (Hylesinus varius, H. crenatus, H. taranio and H. wachtli orni; valid species names
according to M. Knizek, personal communication) appear to be only secondary damaging factors (as shown
by Lenz et al. [2016] in Germany), colonizing mainly recently died trees, though Pfister (2012) claims that
they can also infest living trees for breeding.

Ash dieback generally impacts younger trees more severely and more rapidly than older ones (McKinney et
al. 2014, Lenz et al. 2016). Particularly, natural regeneration, seedlings and saplings are severely damaged
within short time. For example, in a progeny trial that had been established in March 2014 with 400 two-
year-old F. excelsior seedlings at a forest site in Upper Austria (Stadl-Paura), 81 % of the plants showed
symptoms and 13 % were dead in August 2015 (T. Kirisits, unpublished data). Mortality is also common in
trees up to 40 years, but even old ash trees are observed to die off at increasing rates (Kirisits et al. 2016).
Even if infected ash trees survive, their growth and timber quality can be severely impaired, due to forking
and wood discoloration (originating from infections of epicormic shoots from which H. fraxineus grows into
the stem), and collar infections decrease the quality of the lowermost part of the butt log (Kirisits 2013a). All
in all, ash dieback has become the most important forest disease of hardwood trees in Austria in recent years,
and it seriously questions the future use of F. excelsior as an economically and ecologically valuable noble
hardwood species.

In the monitoring plots in Lower Austria, it was found that ash dieback intensity is influenced by moisture
(Cech 2008, Kirisits et al. 2011, Cech et al. 2012, KeRler et al. 2012). Equally, it is observed that the disease
is usually more intense on sites with moist soil (“water ash”) and climate than on sites with dry soil
(“limestone ash”) and climate (Kirisits et al. 2016). As mentioned, high moisture levels are likely favouring
sporulation of H. fraxineus and conditions for infections. Particularly, root collar lesions (which accelerate
mortality) occur much more frequently on moist or wet sites than on dry sites (Kirisits et al. 2016).

As in other countries (Thomsen 2014), ash dieback is a less severe problem on trees in the open landscape
and in the urban green (Kirisits and Cech 2016, Kirisits et al. 2016), specifically on large specimens, which
are sometimes not at all, or only negligibly, affected by the disease. Some of such trees showing higher levels
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of dieback frequently regenerate their crowns by developing epicormic shoots, and they can survive for
longer time. In these conditions, the pathogen infection pressure is likely reduced, due to mowing, mulching,
plowing, or the removal of autumn leaves in cities, or due to wind exposure of the trees (Thomsen 2014,
Kirisits and Cech 2016). Collar infections of H. fraxineus occur more rarely, and the honey fungus, important
as a secondary damaging agent, is less common than in forests (Thomsen 2014, Kirisits and Cech 2016). This
“disease escape” may provide some perspectives for long-term survival and thus conservation of ash.

Data from the Grafenegg forest estate

The onset and intensification ash dieback is also documented by local forest data and observations, for
example from the forests of Grafenegg. These forests had already suffered heavily at the time of Dutch elm
disease, when particularly U. minor was decimated (Kirisits and Konrad 2004). EIm (currently, there is more
U. laevis than U. minor; opposite to the situation prior to the disease), has nowadays decreased to less than
one percent, compared to the situation 50 years ago when it was more numerous than ash. Ash has taken its
place. Due to ash dieback, a clear decrease in increment (volume gain) was observed in Grafenegg over the
last approximately 10 years. Ash logging is currently done there predominantly in response to the disease,
and it has increased six-fold within a few years (from 2008/2009 to 2014/2015; Figure 1B). An inventory of
defoliation on 6,000 trees in Grafenegg in August 2014 has revealed that most trees (about 60 %) show some,
but less than 20 % defoliation. Less than ten percent of the trees seem to be unaffected. Dead trees can be
found in every stand. Defoliation is more severe in younger stands, where also mortality hits hardest. This,
the lack of natural regeneration and the lack of new plantings of ash have already led to a shift in age class
distribution.

The loss of ash as an economically viable tree species would mean a severe problem for Grafenegg forest
estate and forest owners in similar situations. Ash timber prices have already declined by approximately 50
% in the last 15 years.

Analysis of pollen intensity data

The European Aeroallergen Network database (https://ean.polleninfo.eu/Ean/en/start) collects pollen
intensity data for a number of tree species. An attempt is made here to compare the pollen intensities over
periods of years before and after the emergence of ash dieback. In theory, if many shoots of an adult
(flowering) tree are affected by the disease, there should be fewer flowers overall and less pollen released
into the air. Flowers are born on the shoots of the previous year. F. excelsior trees tend to have functionally
incomplete flowers; individual trees either produce male or female types preferentially, but hermaphroditic
flowers exist as well. Data for three regions of Austria are presented in Figure 1C-E. In Eastern Austria
(Figure 1C), stronger flowering was observed approximately every second or third year. Both stations show
such variations in the same phasing. An overall increasing trend is visible. Yet, this trend is much stronger
until 2005. Interestingly, the first year of some confirmed disease cases in Eastern Austria (2005) was
followed by a year of high pollen intensity, which is absent elsewhere in this 20-year period. Since 2005,
pollen intensities in “mast years” have remained at a lower, but still high, level.

A different pattern is observed just north of the main chain of the Alps, in Salzburg and Innsbruck (Figure
1D), which receive more Atlantic precipitation, and where average temperatures are much lower than in the
east. In Innsbruck, only four intensive pollen years stand out (1999, 2006, 2011 and 2013), and due to the
exceptionally strong year 1999, the general trend is a declining one. In Salzburg, differences in pollen
production are evident and in phase with Innsbruck, but many of the peaks in pollen quantities are not as
strong or not present at all.

South of the main chain of the Alps in Austria, in Klagenfurt (Carinthia) and Lienz (Eastern Tyrol), again a
different pattern emerges (Figure 1E). Pollen production has been peaking since 2011 (in four out of five
years) at both locations. While for Klagenfurt, the general trend is slightly declining, Lienz sees an overall
increase. There is an overall tendency of lower pollen quantities in Klagenfurt than in Lienz from 1995 to
2005, while in the second decade (2005-2015) amounts of pollen were about equal or higher in Klagenfurt.
Pollen intensities are not always in phase for the two cities.

Many factors may have contributed to the patterns of pollen intensities. Apart from weather conditions
(temperature and precipitation), changes in the number of flowering trees present (planting and regeneration,
as well as maturing of young trees, versus removal and timber harvest) will have the highest influence. Local
circumstances (trees in the vicinity) will be most important in this regard. On top of that, overall tree health
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conditions may also contribute to flowering patterns. In the areas of Eastern and Northern Austria, the trend
towards planting more ash and towards more natural regeneration, visible from inventory data (see section
“Importance of ash” above) may have led to more and more young ash trees reaching flowering age. The
discontinuation of the steady upwards trend after 2005 may indicate the gradual emergence and
intensification of ash dieback during this time span in these regions. The increasing intensity of ash dieback
in Western Austria may be reflected already in the pollen data from Innsbruck (where ash dieback was
confirmed in 2010) and Salzburg (where the disease may have already been present in 2005, but the first
unambiguous record was made in 2009). Pollen intensities are declining there; especially the minima are
lower in the second 10-year period (2005-2015) than in the first one (1995-2015). The two examples from
south of the main chain of the Alps (Klagenfurt and Lienz, where ash dieback was confirmed in 2008 and in
2010, respectively) are more difficult to interpret. This may have to do with the overall rarity of ash in these
areas (although overall pollen intensities are not much lower). This rarity may lead to more chance effects.
Local effects in Klagenfurt (more trees reaching maturity in the local surroundings?) may be an explanation
for the pollen intensity patterns there. The three regions also differ in the onset of flowering in each year; the
necessary temperature sums are reached between the 50 and 100" day of the year in the east, between the
65™M and 110" day in the north, and only between the (65™) 75™ and 110" day in the more alpine climates in
the south (data not shown).

Seed harvest and plant production data

The impact of ash dieback is visible from diminishing numbers of ash seed harvested and plants produced in
nurseries (data provided by T. Baschny, Austrian Federal Ministry of Agriculture, Forestry, Environment and
Water Management, personal communication; see also Baschny and Strohschneider 2012). In 2006, the
highest number of (commercial) seed harvests was reached in Austria (19 lots); before 2006, “good” ash seed
years resulted in 11-16 harvests (the average 1997-2006 was 7.9). Since 2007, however, the number of seed
harvests has dropped to one or two per year, with only one exception (2008: six harvests). The amount of
seed harvested is given in Figure 1F. It is also evident from this data that there is less and less diversity in
seed stands used. Whereas there used to be “preferred” stands for certain provenance regions (where harvests
were done multiple times) even before 2006, only very few stands have been harvested, but repeatedly, since
that year.

The initially high demand for ash seed, as visible at the start of the millennium in the data presented, was
connected to the increasing demand for plants. This increase in demand for noble hardwoods (ash, sycamore
maple — Acer pseudoplatanus, wild cherry — Prunus avium and other species) was a trend that started around
1990. Before that time, planting of conifers (mainly Norway spruce) in lowland areas was a common practice
in Austria. Heavy windthrows (e.g., due to storms “Vivian” and “Wiebke” in 1990) and bark beetle
catastrophes  that  followed (H. Krehan, BFW, personal communication; see also
http://bfw.ac.at/rz/bfwecms.web?dok=9605) led to a gradual change in attitudes, but more importantly, to
changes in subsidy schemes. Coinciding with the dawn of the climate change awareness, planting hardwoods
was rewarded with subsidies in Austria from the 1990s onwards, leading to this rise in demand for plants. We
are trying here to demonstrate the “rise and fall” of ash planting before and after the emergence of ash
dieback with nursery plant production data. The “rise” is visible until 2002 (Figure 1F), when a peak was
reached at approximately 1.5 million plants produced. Expectations of the nurseries for sales of ash plants
were still high at that time, as there was a record harvest of seed in 2006. At roughly the same time, however,
severe ash dieback set in, and thus plant production has declined to about 220,000 in 2011/2012 (the last
available data). This is likely due to increased awareness of the disease, coupled with recommendations not
to plant ash any longer. The trends are very much reminiscent of Dutch elm disease on Ulmus species in
Europe in the 1970s.

The analysis of plant production data is complicated by movement of seeds and plants among EU member
states, which includes, for example, movement of Austrian seeds for plant production into other countries and
re-transfer of plants, and vice versa. For F. excelsior, the by far most important flow of trade into Austria
concerns Northern Germany (forest reproductive material only): from 2003 to 2010, 854,515 plants of
German provenance and 237,100 grown from Austrian seed sources were brought from Schleswig-Holstein
into Austria (I. Strohschneider, BFW, personal communication). Given that ash dieback occurred slightly
earlier in Northern Germany and Denmark than in Austria (Timmermann et al. 2011), a transfer of latently
infected plants (which is likely) could have played a role for the geographical pattern and timeline of
emergence of the disease in Austria (the first records were indeed made on planted seedlings; Cech 2006a,b).
In the same time period, movements of ash plants (but much lower quantities) are also documented from
Belgium, the Netherlands and Hungary into Austria (I. Strohschneider, BFW, personal communication).
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Genetics of ash: populations and possible resistance to H. fraxineus
Population structure and genetic diversity of ash in Austria

First attempts at characterizing F. excelsior for its genetic diversity were made during the European Union-
funded research project, “RAP — Realising Ash’s Potential”, 2001-2005 (Heinze 2001). Research conducted
included analysis of chloroplast DNA for overall differentiation in Europe, a paternity study in a small
isolated stand in the vicinity of Vienna, an investigation into genetic diversity among and within seed lots,
and an analysis of clones selected for two seed orchards.

Results of the chloroplast DNA study suggest that eastern parts of Austria, where ash used to be a valued
timber-producing species, share a common haplotype, H02, while there may be some variation in the Alpine
region of the country, with two more, closely related haplotypes occurring in parts of the Eastern (HO5) and
Central/Western Alps (HO3; Heuertz et al. 2004, 2006, Heinze 2007). The common haplotype HO02 is
distributed from Croatia to the Netherlands, while the others may be more restricted to Italy, Switzerland and
France (HO03), and to Northern Italy, Central Austria and Southeastern Bavaria (H05), respectively. The
latter, more restricted haplotype HO5 is common in F. angustifolia in Southern Italy, though, while for the
two other haplotypes, there is complete sharing and a common geographical distribution among F. excelsior
and F. angustifolia.

A small stand of rather young F. excelsior trees was investigated with a view to studying eventual pollen
inflow. The approximately 20 trees of the stand were separated by 200 m from the next adult ash trees. This
is a distance previously considered as an effective maximum for seed dispersal, and beyond the usual pollen
dispersal distance for the genus Fraxinus (Richards 1997). Paternity analysis with microsatellite markers in
seed collected from a single seed-producing female tree indicated that all pollen contributions to the seed
came from trees outside of the stand, despite the rather high local density of male-flowering trees (Heinze et
al. 2005).

The investigation of six seed stands is presented in detail elsewhere (Heinze and Fussi 2016). Briefly,
samples of six commercial lots of 95-96 seeds each were obtained across Eastern Austria. According to the
legal regulations, at least ten different trees have to be used in such commercial seed harvests in Austria. The
seeds were kept separated according to their mother trees and sent to the BFW laboratory. Microsatellite
analyses was done in order to check the family structures (whether all seeds allegedly originating from a
single mother tree really showed compatible genetic patterns, and whether the 10-13 trees in the individual
lots were likely to be genetically different from each other). Results indicated that not in all cases, the seeds
in a single tree lot shared compatible marker patterns, and that not in all cases, the number of different trees
allegedly used for seed harvest was correct (Heinze and Fussi 2016).

The analysis of the clones in the two seed orchards, in Feldkirchen (Upper Austria) and Bad Gleichenberg
(Styria) with the same microsatellite markers indicated high overall genetic diversities in both orchards (Fussi
et al. 2008). The allelic profiles of the markers in both seed orchards were very similar to local seed lots, thus
suggesting that the clones in both orchards are highly representative for the regions where they were
collected. Furthermore, the data also suggested that seed orchards can provide seed with enhanced genetic
diversity, at least if all clones contribute genetically to the seeds (Fussi et al. 2008).

Use of local material for afforestations

To the knowledge of the authors, no provenance trials have ever been planted for ash in Austria. Seed is / was
harvested separately for regions of provenance and altitude zones in Austria, and theoretically, plants should
be used within the matching regions of provenance. However, in practice, the high number of regions of
provenance and altitude zones deters nurseries from growing all seed sources. Importation of German
provenances in high quantities (see section “Seed harvest and plant production data” above) hints at a similar
issue. Certain stands in Austria are harvested preferentially, and plants produced with that seed are also used
for neighboring regions of provenance. This leads to an unwanted effect, namely a decrease in overall genetic
diversity. Of course, this does not apply to naturally regenerated ash. Unfortunately, the exact numbers of re-
or afforestations with ash versus natural regeneration are not available. It may be concluded from the increase
of ash in volume and stem number (see section “Importance of ash” above) until at least the forest inventory
period 2007-2009 that there must have been considerable planting of ash, which is in line with the plant
production data presented above (Figure 1F; see section “Seed harvest and plant production data™).
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Genetic resistance to ash dieback

Evidence for variation in genetic resistance or tolerance within F. excelsior to H. fraxineus in Austria mainly
comes from investigations in three clonal seed orchards, in Feldkirchen an der Donau (Upper Austria), Bad
Gleichberg and TrafoRR (both in Styria). Damage assessments of crown dieback and premature leaf shedding
were done from 2009 to 2011 on a total of 622 ramets belonging to 171 ash clones (Kirisits and Freinschlag
2012, Freinschlag 2013, Freinschlag and Kirisits 2014). Two of the three orchards (in Feldkirchen and in Bad
Gleichberg) were included in the genetic diversity studies mentioned above. Considering only surviving
trees, mean crown dieback in each of the orchards did not increase drastically during the observation period.
In May 2011 mean dieback intensity was 14.2 % in Feldkirchen (n = 187 ramets), 13.5 % in Bad
Gleichenberg (n = 234 ramets) and 31 % in Trafoll (n = 201 ramets). In each plantation, disease intensity
among clones ranged from almost no (< 5 %) to severe dieback. No single clone was totally unaffected
though. In the assessments in May 2011 a large portion of clones in Feldkirchen (59 %) and Bad
Gleichenberg (54 %) had a mean crown dieback intensity below 10 %, but clones with such low damage
levels occurred less frequently in the youngest plantation in TrafoR (18 %; Figure 1G). As it was observed for
crown dieback, the intensity of premature leaf shedding varied greatly among clones in each year this trait
was assessed (Kirisits and Freinschlag 2012, Freinschlag 2013, Freinschlag and Kirisits 2014). Rankings of
clones according to the intensity of leaf shedding in September of different years were strongly and
significantly correlated with each other. In none of the three orchards, root collar lesions were recorded.

The assessments indicated that F. excelsior genotypes vary greatly in resistance to H. fraxineus, which is in
agreement with studies in other European countries (e.g., McKinney et al. 2014). However, it was also noted
that overall damage levels in the seed orchards were lower than on trees of similar age in forests, for sure
because of the lower infection pressure of H. fraxineus (see also section “Development and impact of ash
dieback — Disease monitoring data and observational evidence” above). Freinschlag (2013) therefore
recommended following the development of the disease and the change in the performance of the clones in
the seed orchards in subsequent years.

In Feldkirchen, another crown dieback assessment was conducted in June 2015, which indeed showed an
increase in disease intensity overall (mean: 22.5 %) and also for most of the single clones (Figure 1H). For
the first time, mortality was observed (three of 187 ramets); however, none of the surveyed trees showed root
collar lesions. Only 13 of 51 clones (25 %) had now a mean crown dieback intensity below 10 % (Figure
1H). A few clones were still negligibly damaged, and the five least damaged clones in 2012 (nos. 48, 20, 14,
31 and 28; Kirisits and Freinschlag 2015) were also the five least damaged ones in 2015 (Figure 1H), though
their order changed slightly. The increase in crown dieback levels from 2011/12 to 2015, overall and on
individual clones, can partly be explained by the increase of the size of the trees. Some of the dieback of
woody parts, particularly in the lower crown, may thus be due to self-shading (which cannot be discriminated
in the assessments from the effects of ash dieback).

In summary, also the assessment in 2015 is in line with the view that at least a few genotypes of F. excelsior
in Feldkirchen show a fairly durable high partial (quantitative) resistance to H. fraxineus. Whether the
resistance of such clones would be high enough to sustain a more massive infection pressure of the pathogen
in a forest environment is unknown. In addition, most studies on genetic resistance of common ash focused
on damage in the crown (e.g., McKinney et al. 2014); however, heritability of resistance to root collar lesions
and a weak positive correlation between resistance to crown damage and to collar lesions has recently been
documented (Mufioz et al. 2016). Resistance to collar infections is impossible to assess in clonal seed
orchards because the scions used for grafting and the rootstocks are different genotypes.

It is still discussed whether the trait “early leaf shedding” should be considered as an indication of fungal
attack and disease susceptibility, or alternatively, as an avoidance feature because shedding of leaves occurs
before the fungus can grow into the shoots. Actually, both phenomena may be relevant, being different from
clone to clone (some clones may shed leaves because of the progress of the disease, while others may shed
them before the fungus reaches the shoots). In the seed orchards in Feldkirchen and Traf63, there was a
significant weakly positive correlation between the mean intensity of leaf shedding in September 2010 and
the mean crown dieback intensity in May 2011 (but not at other assessment dates in these seed orchards, and
not in Bad Gleichenberg; Freinschlag 2013, Freinschlag and Kirisits 2014). Thus, there was a trend that
clones with intensive leaf shedding in September 2010 showed more severe crown dieback in May 2011 than
clones with weak leaf shedding. Generally, genotypes with negligible dieback and dense foliage until late in
the growing season may be the most resistant or tolerant ones to the disease. A few clones in each of the three



seed orchards fulfilled these criteria (e.g., clone no. 14 in Feldkirchen; Figure 1H). Leaf yellowing and
senescence, reported as an indicator of resistance to ash dieback in studies in Northern Europe (e.g.,
McKinney et al. 2014), appears to be of little relevance in Central Europe where F. excelsior rarely shows
any autumn leaf colouration but leaves are mostly shed when still being green, at the time of the first autumn
frosts (Wittmann and Zwisseli 2008, Freinschlag 2013).

Many ash clones in the seed orchards (and also specimens in the field) react to severe infections with
vigorous sprouting of shoots from dormant buds, which gives the trees a green appearance despite much
shoot damage (Kirisits and Freinschlag 2012, Enderle et al. 2015). However, it is unlikely that such
genotypes can sustain the disease in the long-term, and they should thus not be regarded as resistant to H.
fraxineus (Enderle et al. 2015).

Observations in forests are less encouraging because many initially healthy or only slightly damaged ash
trees subsequently decline (Kirisits and Freinschlag 2015). Experience in Grafenegg estate does not indicate
any lasting resistance or tolerance. There is certainly variation in the health condition among ash trees, and
disease progression varies from year to year (likely influenced by annual weather fluctuations), but it appears
that less damaging years do not suffice for substantial recovery of the trees. In Grafenegg, initially more
tolerant trees were documented with photographs. However, while the disease progressed slower on these
trees, it has nevertheless in the meantime killed them as well. This indicates that the share of trees with
durable high resistance in environments where the infection pressure of H. fraxineus is intense is likely much
lower than the 1 to 3 % frequently mentioned in the literature (Husson et al. 2012, Kjaer et al. 2012,
McKinney et al. 2014, Chandelier et al. 2016), if such trees exist at all.

Evolutionary selection in natural ash regeneration

While in the 1990s, there was talk of “ashification” (“Vereschung” in German) of many forest stands in
Austria (particularly in the Northern Limestone Alps), meaning vigorous natural rejuvenation of ash being
observed frequently, this has now decreased dramatically. Data from Grafenegg indicate a decrease from 800
ha with naturally rejuvenating ash in sufficient numbers in 2004 to only 300 ha in 2012 (and the situation has
been worsening since then). Young trees rarely survive to reach tree dimensions; so at the moment there is
little evidence for evolutionary selection in ash population due to the disease. Time will tell, but presently the
situation is sobering.

Proportion of potentially resistant ash trees

Field observations in Grafenegg and elsewhere in forests as well as in the Austrian seed orchards
(Freinschlag 2013, Freinschlag and Kirisits 2014) show that practically all ash trees are to some degree
affected by the disease. Kjaer et al. (2012) reported an estimation of one percent of resistant or tolerant trees
(i.e., one tree among 101 with a high breeding value for less than 10 % crown damage) based on analyses of
progeny trials in Denmark. This cannot be verified for Austria at present, but progeny trials will be initiated
soon, which will allow estimations on the share of individuals with a high level of resistance or tolerance to
the disease (Kirisits et al. 2016, Unger et al. 2016; see section “In situ and ex situ conservation, and
complementary options” below). Further investigations will also reveal whether the observation of less than
10 % crown damage in three consecutive years (as in Kjaer et al. 2012) will suffice for assessing durable high
resistance. Our experience shows that the disease is progressing even in some initially tolerant trees over the
years, at least in forest situations.

Clones for the Austrian seed orchards have originally been selected for their growth vigour as one important
criterion (ash dieback was not yet present in the 1980s and 1990s, when selections were made).
Consequently, the proportion of clones there with low disease intensity needs to be verified in forest
situations. As mentioned, the relatively high share of weakly damaged genotypes in the seed orchards
(Figures 1G and 1H; Freinschlag 2013, Freinschlag and Kirisits 2014) is likely because of the rather
moderate infection pressure of H. fraxineus under the environmental conditions in the orchards.

Ongoing research in Austria
Recently, a conservation and resistance breeding project for F. excelsior has been initiated in Austria, “Esche
in Not” (“ash in distress”, see http://www.esche-in-not.at/; Kirisits and Cech 2016, Kirisits et al. 2016, Unger

et al 2016). It aims at locating healthy and only slightly damaged ash trees in severely affected forest stands
(indicative for a high infection pressure of the ash dieback pathogen) across Austria and testing them for
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disease resistance. Seed is being collected from female and hermaphroditic trees, and a progeny field trial
will be initiated in 2015 and 2016 where the seedlings are subjected to natural inoculum of H. fraxineus. This
shall allow determining narrow-sense heritability of resistance to ash dieback and the breeding values of the
mother trees. The mid-term goal is to establish one or several genetically diverse clonal seed orchards with a
sufficient number of highly resistant genotypes (selected among mother trees, their progenies and male trees),
with the perspective to produce seed sources with high levels of disease resistance or tolerance. In the short
term, resistant genotypes shall be propagated via cuttings, to make them available for use in practice. In
2015, seed was collected from 580 trees at 338 localities across Austria (Unger et al. 2016).

Thomas L. Cech of the Austrian Federal Research Centre for Forests (BFW) is involved in two ongoing
European projects: “RESIPATH - Responses of European Forests and Society to Invasive Pathogens”
(http://www.slu.se/resipath) is funded by BiodivERSA (http://www.biodiversa.org/), a network of funding
organisations that are promoting pan-European research, in the form of an ERANET. Ash dieback is one of
four target forest pathogens. Within the Horizon 2020 programme of the European Union, “PonTE — Pest
Organisms Threatening Europe” (http://www.ponteproject.eu/) also has several target diseases, and it strives
to gain further insight into the (molecular) biology of the causative organisms, while using, e.g., remote
sensing for surveillance. The project has started work in November 2015.

Master thesis work is currently underway at BFW (A. Wohlmuth; supervision: B. Heinze, BFW and F. Essl,
University of Vienna). The idea is to assess paternity among adult trees and saplings in fairly isolated ash
stands with molecular markers, and to compare levels of disease in parallel. If trees and saplings of varying
health status are present, a correlation test of any resistance among parents and their offspring should be
possible.

Management options to mitigate the impact of ash dieback
Silvicultural management of forest stands

Forest stand management does not provide satisfactory immediate “solutions” to mitigate the impact of ash
dieback, but aims to diminish the losses due to the disease as best as possible. Previous stand management
appears to have had little influence on the mid- to long-term development of ash dieback. For example, the
silvicultural system in the Grafenegg estate concentrated on single trees, which were released from
competitors early and thus maintained high vitality (Wilhelm et al. 1999, Wilhelm and Rieger 2013). This
may have contributed to the comparatively few losses of older trees with broad crowns up to now. However,
root collar lesions have been affecting most of these trees recently, and more and more trees fall over.

Besides mortality, growth increment and wood quality losses, the increased hazard risks of diseased trees,
due to falling branches and entire trees predisposed by root collar lesions and rot to fall over, are criteria that
need to be considered in decision-making. It is recommended that decisions on silvicultural management of
stands are based on severity of crown damage and extent of root collar lesions, but not on premature leaf fall
(Kirisits 2013, Kirisits and Freinschlag 2014). Later in the growing season, assessment of crown damage is
often difficult because of premature leaf shedding; trees for removal should therefore be marked until mid-
August at latest. Positive selection of trees with slight crown dieback and which keep their foliage until late
in the growing season can also be done later.

Losses are greatest in young, severely damaged pure ash stands where there is no chance that they reach
maturity (and thus, to achieve the original goals of forest management). Harvesting of immature trees
increases costs. Despite this, clear-cutting of such stands has been practiced as ultimate option by many forest
owners in recent years. In mixed-species forests, stand development can possibly be directed towards tree
species other than ash. In slightly damaged stands, the original silvicultural goals in terms of target diameters
and timber qualities should be followed and their condition assessed on a yearly basis; however, further
investments in thinnings and other stand treatments until they show indications of decline are not advisable.
Mature ash stands decline at slower rates; here, it is recommended to fell trees at the latest when 70 to 80 %
of the crown is dead, in order to recover timber values and avoid losses due to wood discoloration associated
with root collar lesions and stem infections via epicormic shoots (Kirisits and Freinschlag 2014). Trees with
extensive crown damage and root collar lesions posing a safety risk for forest personnel, visitors, traffic
routes and any other infrastructure need to be regularly observed and felled on time (Kirisits and Cech 2016).
In mature stands that are not immediately clear-cut, the creation of gaps and understocking are a problem. In
floodplain areas, small gaps cannot be planted with the typical light-demanding floodplain hardwood tree
species (disease-resistant elms would be much desired for this purpose). Hybrid poplars can be planted in
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order to fill the gaps in younger stands, in suitable climates. On drier sites outside floodplain areas, silver
birch is an option for re-planting gaps.

Alternative tree species

Due to their high susceptibility to ash dieback, planting of F. excelsior and F. angustifolia is no longer
recommended, except for experimental purposes such as progeny trials. In floodplain areas where it is often
the main timber species (such as in the Grafenegg estate), replacing ash by other hardwoods is a high-risk
option for forest owners that are now suddenly confronted with severely damaged, declining ash stands. It
would create a highly irregular age class distribution, and consequently, lead to decades with low yield of
valuable timber, as the rotation is typically around 70 years (strong temporal imbalances would be induced).
Planting poplars (e.g., 50 % and 50 % hardwoods), with a much shorter rotation of around 25 years, would
ease the situation and lower the risk of economic imbalances of the forestry operations. The hardwood
species that still present an option for floodplain forests in Austria are maple species, black walnut (Juglans
nigra), oak (mostly Quercus robur) and the London plane tree (Platanus x acerifolia [syn. P.x hispanica]).
Honey locust (Gleditschia triacanthos) may present another option. Non-native tree species are, however, not
welcome in Natura 2000 areas, and floodplain forests are included in these nature conservation networks.
Silvicultural know-how is also often lacking for such “newcomer” tree species. Furthermore, there may even
be presently unknown disease and insect pest problems with some of these. Other tree species such as Tilia
spp., Betula pendula, Pyrus pyraster and Prunus avium do not tolerate the frequent floods. The non-native
Robinia pseudoacacia, Acer negundo and Ailanthus altissima, whose economic value is debatable and which
are also viewed critically from the standpoint of nature conservation, are invading naturally.

Some of the above mentioned native species (particularly A. pseudoplatanus) as well as black and grey alder
(Alnus glutinosa and A. incana), Quercus petraea and European beech are of interest for replacing ash at
sites other than floodplain forests. Moreover, forest owners have now started to plant again conifers (mainly
P. abies, Larix decidua and Pinus sylvestris) outside their natural ranges.

Non-native ash species will likely be of limited use to replace F. excelsior and F. angustifolia, not even for
forest plantations. Manchurian ash, one fairly tolerant natural host of H. fraxineus from Eastern Asia (which,
however, displays also symptoms; Drenkhan and Hanso 2010, Drenkhan et al. 2016), is reported to be
sensitive to winter and spring frosts, and to grow only to a small tree in Europe (Drenkhan et al. 2014).
However, in Central Europe, experience with growing this species is lacking. F. pennsylvanica and
F. americana from North America are to some extent also susceptible to H. fraxineus, though less than F.
excelsior (Drenkhan and Hanso 2010, Gross et al. 2014, McKinney et al. 2014; see also section “Successive
emergence, aetiology and hosts of ash dieback” above). Despite of these limitations, small scale experimental
plantings of some exotic ash species (e.g., F. mandshurica and F. americana) are presently underway in
Eastern Austria, in order to assess their adaptability and growth performance as well as their susceptibility to
H. fraxineus (Kirisits and Cech 2016).

In situ and ex situ conservation, and complementary options

For many years, as in other countries, one key recommendation to practitioners in Austria was to preserve
ash trees with unusually low damage levels (putative resistant or tolerant individuals) in all phases of forest
stand development, in order to facilitate resistance and thus natural adaption of populations to H. fraxineus
(e.g., Kirisits 2013a, Kirisits and Freinschlag 2014, 2015, Kirisits and Cech 2016, Kirisits et al. 2016). As
mentioned, experience with this practice has been largely unsatisfactory, and it is in most cases no longer
justified from an economic point of view. Still, preservation of the very few exceptional trees (with minimal
crown damage and no root collar lesions), if any are present, in severely damaged stands makes good sense
(Kirisits and Freinschlag 2015, Kirisits and Cech 2016). Of particular interest are vigorous young (thicket- or
pole-sized) specimens, as ash dieback progresses more rapidly and is more severe on young trees. Removing
all ash trees including also healthy-looking ones bears the risk that potentially resistant genotypes are
eliminated forever from the populations. Besides being important for in situ conservation, preserved trees
which remain in good condition over time provide the basis for ex situ conservation measures (see below and
section “Ongoing research in Austria” above). Substantial amounts of ash forests in Austria are situated in
national parks (e.g., “Kalkalpen National Park”, “Gesduse National Park” and “Donau-Auen National Park™)
and other areas under nature conservation with minimal human intervention, where the disease “runs its
course” unhindered. It remains to be seen how many ash trees will eventually survive repeated infections by
H. fraxineus in the mid- and long-term in such areas.
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There is considerable uncertainty regarding the usefulness of resistance or tolerance in ash against H.
fraxineus, be it in forestry or amenity plantings. It is therefore worth to think about complementary and
alternative strategies for the conservation of this indispensible tree species. Experiences from Dutch elm
disease (DED) may help in this respect. EIms have not become extinct completely, mainly because of three
factors. First, in Dutch elm disease a vector is required. EIm bark beetles (Scolytus spp.) carry the pathogen
from tree to tree. When the disease had resulted in a considerable “dilution” of trees across the landscape,
occasionally healthy elm trees were found. These trees are unlikely to be resistant but presumably represent
“disease escapes”, because of decreasing sizes of bark beetle populations and large distances for the beetles
to cover to reach host trees (Kirisits 2013b). In a similar way, it may be interesting to find out in the future
whether at low densities of ash trees and less available inoculum, the disease can still strike as severely.

A second feature of the elm-DED system is that the beetles prefer older and thus taller trees for maturation
feeding, leading to disease escape of many younger specimens (Kirisits 2013b). While this prevents trees
from becoming old, some of them still have a change to produce seed before their death. EIms can also form
root suckers, and surviving roots allow regrowth. Ash can regrow from coppice, but such sprouts are quickly
attacked by H. fraxineus, enabling it to grow into and kill ash roots. Coppicing is therefore of little, if any,
value to manage ash dieback. As a third factor in elms, resistant trees have been bred in the past, mainly in
the form of interspecific hybrids between European and Asian species, but there are also resistant genotypes
within the “pure” European species, especially within U. minor (Kirisits 2013b, Martin et al. 2015). It may be
possible to hybridize the susceptible European ash species, F. excelsior and F. angustifolia, with Asian ones,
particularly with F. mandshurica (which also belongs to the section Fraxinus within the genus), in order to
obtain resistant trees. This is a strategy that has also successfully been followed in American chestnut
(Castanea dentata) in response to chestnut blight caused by Cryphonectria parasitica. It consists of crossing
the susceptible C. dentata with a resistant species (Chinese or Japanese chestnut), and subsequent
backcrossing of resulting hybrids with C. dentata; resistant genotypes are continuously selected among the
crossings (Prospero and Rigling 2013).

As trees on dry sites seem to be less affected by ash dieback, it may be worthwhile to check whether such
sites of “limestone ash” can be suitable for conserving trees, by keeping them alive over many years.
“Limestone ash” populations are unlikely to differ genetically from “water ash” (Weiser 1995), although
there is some small-scale differentiation across the country (Heinze and Fussi 2016). This means that a large
part of the original genetic diversity of the species could be conserved rather easily, without having to take
care too much about genetically separate units. The problem with conserving whole stands of ash, however,
may be that thereby also higher levels of inoculum will likely be “conserved”. The sites may also not be “dry
enough” (Willner 1996) and “unfavourable enough” to prevent H. fraxineus from killing the ash trees in the
long run.

A tradition in German-speaking countries is the planting of single “farmhouse trees” that grow to large,
symbolic specimens (Wittmann and Zwisseli 2008). Often well maintained by families over centuries, these
trees often stand isolated, next to old, traditional farmhouses, in the surrounding agricultural fields or
pastures. Their leaves are usually removed in autumn or largely destroyed during agricultural operations. Old
ash trees next to such farmhouses may have some potential for conserving the species, and the planting of
young ones could be encouraged. Their isolation may give them a chance to escape the disease, as long as it
would be accompanied by good care. Solitary trees in parks, cities, in the urban green and in cultural
landscapes may contribute to the conservation of ash in a similar way, but the idea of this suggestion is to
keep densities rather low. It could be imagined that the situation of ash may once resemble that of Ginkgo
biloba, the maidenhair tree, which has only survived in human care (as a classical Chinese and Japanese
temple tree) into our days.

Complete evacuation of the species, e.g., to southern European locations outside of the present distribution
range of F. excelsior, may also be discussed. Mountains in Southern Spain, Southern Italy including Sicily,
Southern Greece and Southern Turkey may provide suitable habitats. It is of course difficult to imagine large
quantities of ash being exported from disease-affected areas, and creating a disease-free environment for
them “in exile” would be a great challenge. A limited amount of plantations may, however, serve the purpose
of conservation. Examples of “exiled” tree populations that can be kept free of diseases do exist, e.g., with
apple trees (Malus domestica) in the mountains in Jordan (Salem et al. 2005) and with Ulmus spp. planted for
ex situ conservation and breeding purposes in areas in Spain where elms do not occur naturally (Kirisits
2013b).



In order to give ash a high chance to survive, it may be necessary to combine all of the strategies discussed
above. Resistant or tolerant genotypes should be cultivated or conserved in conditions most favourable to
their health and unfavourable for disease development, and possibly be backed up in disease-free areas.

Conclusions

As a Central European country, Austria has been hit heavily by ash dieback since the early years of the
millennium. The disease has progressed in the course of very few years to affect practically all ash tree stands
in the country. It is now jeopardizing the continued cultivation of the tree as a timber species, affects other
ecosystem services, and has numerous negative ecological consequences. Urgent conservation measures are
necessary. Hopes lie in the detection and breeding of partially resistant or tolerant genotypes, but it remains
to be seen how successful this strategy will be for ash in the forests. As a landscape and shade tree,
alternative options are possible and should be considered as well. A combination of all possible measures
may be necessary in order to conserve ash in sufficient numbers and thus, to conserve large parts of its
genetic diversity. It may well be that our generation is the last one to have known majestic old ash trees and
stands of this species in all their genetic and ecological diversity.
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1. Introduction
1.1. Importance of ash

The Walloon forest covers 556,200 ha, representing 33% of the territory of Wallonia. In terms of timber
production, common ash (Fraxinus excelsior), the only ash species present in the Walloon forest, is the third
most important hardwood species, after native oaks and beech. It is present on about 45,000 ha of the 269,900 ha
covered by the hardwood stands, in pure (8,700 ha) or mixed (36,300 ha) forests. The forests of ash trees only
belong mainly to private owners (71%) and most of the trees are non-mature (H. Lecomte 2015 — Inventaire
Permanent des Ressources Forestiéres de Wallonie). As shown in Fig. 1, ash trees are not evenly distributed in
Wallonia. They are more common in the eco-regions of ‘Condroz’, ‘Région limoneuse’ and ‘Lorraine’, where
high levels of soil nutrients and water content provide optimal growth conditions for this resource-demanding
species (Alderweireld et al. 2015; Claessens et al. 1994). Ash is also often used as a roadside tree and in
hedgerows.

1.2. Ash dieback and its spread (disease history)

Ash dieback caused by Hymenoscyphus fraxineus was first reported in Poland in 2006 (Kowalski, 2006). This
fungus is an invasive pathogen (Husson et al. 2011) that originates from Asia (Baral et al. 2014). Over the past
10 years, the pathogen has spread rapidly within Europe, causing a massive decline in the number of ash trees of
all ages (Gross et al. 2014; Timmermann et al. 2011).

1.2.1. Methodology of survey
In 2008, Walloon forest owners and nurserymen were informed of this new phytosanitary threat through the
publication of documents describing the disease symptoms (Chandelier 2008a; Chandelier 2008b).

From 2009 to 2011, a survey seeking to detect the pathogen was conducted each year in Wallonia. The survey
units were limited to 0.5 ha and each unit contained a minimum of 10 ash trees. Visits were conducted each year
from June to September, with a complete inventory being taken of each unit. The observations focused on the
presence of wilted leaves still attached to branches and of cankers on ash regeneration, on coppice shoots from
felled ash trees and on epicormic shoots on the tree trunks. All samples displaying symptoms that could be
caused by the pathogen were analyzed using real-time polymerase chain reaction (PCR), following the procedure
developed by Chandelier et al. (2010) and isolated on Malt Extract Agar (MEA) supplemented with an
antibiotic, as described by Kowalski (2006). For samples revealed as positive in the molecular test, the Internal
Transcribed Spacer Region (ITS) was sequenced on DNA extracted from mycelium of pure culture, following
EPPO protocol (2013), in order to confirm the results.

1.2.2. Results of the survey

In 2009, 65 survey units were established, 31 of which were forest stands with ash trees and 34 comprised
roadside ash trees along the borders with France, Luxembourg and Germany (Fig. 1a). Samples were collected
from branches showing lesions on the bark in 45 of the 65 units. Real-time PCR showed all these samples to be
negative. Isolation on MEA revealed the presence of other pathogenic fungi, including Diplodia sp., Phoma sp.
and Phomopsis sp.. In 2010, the survey was extended to 204 survey units comprising those set up in 2009 and
139 additional plots, located mainly in the forest area. The pathogen was isolated on ash regeneration in 12 of the
204 survey units (~6%), among which were six plots surveyed in 2009 (Fig. 1b). The identity of the pathogen
was confirmed by sequencing the ITS region (Chandelier et al. 2011). In 2011, 86 survey units were selected in
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the forest, 15 of which had already been monitored in 2009 and 2010. The pathogen was detected in 55 of the 86
survey units (~64%) (Fig. 1c). The pathogen was detected in nine of the units surveyed in 2009 and 2010. These
results show a very rapid progression of the disease in Wallonia in only 2 years (2010-2011).

In 2012, forest managers were trained to identify the symptoms of the disease and were asked to send
symptomatic samples to the Walloon Agricultural Research Centre (CRA-W) laboratory. Samples from 80 forest
stands that had not been monitored in 2009, 2010 or 2011 were analyzed. The disease was present in 100% of
the surveyed forest stands (Fig. 1d).

Figure 1 Distribution of Fraxinus excelsior (grey squares) and monitoring carried out in Wallonia in (a) 2009,
(b) 2010, (c) 2011 for ash dieback caused by Hymenoscyphus fraxineus. In 2012 (d), samples were collected by
forest owners. Survey units were set up in forests (triangles) or along roads (dots). Black symbols indicate ash
dieback-affected plots.

= 6

Figure 2 Collar lesions on trees in ash dieback-affected stnds. Photo: A. Chandelier.
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2. Research on ash dieback
2.1. Development and impact of ash dieback

In 2012, discrete lesions forming a triangle at the collar were observed on a few ash trees originating from stands
where the disease had first been reported in 2010 (Fig. 2). A study carried out in France demonstrated that this
symptom was frequent in ash dieback-affected stands and caused by H. fraxineus (Husson et al. 2012).

In order to evaluate the prevalence and progression of collar lesions in ash dieback-affected stands of various
ages, in 2013 a survey was initiated of 268 ash trees originating from 17 forest stands (pure and mixed forests)
evenly distributed in the area with ash stands in Wallonia. Observations were carried out in June each year. As
shown in Table 1, the overall proportion of trees with collar lesions greatly increased over the years, reaching
69% of the surveyed trees in June 2015. The rate of progression differed from one stand to another. The first
dead trees appeared in 2014 in the stand where collar lesions had first been detected in 2012 and the number of
sites with dead trees increased in 2015. A statistical analysis carried out on data from 2013 and 2014 did not
reveal any significant link between a tree’s diameter-at-breast height (DBH) and collar lesion occurrence
(Chandelier et al. 2016).

Table 1 Evolution of the number of ash trees with collar lesions in 17 ash stands in Wallonia over 3 years
(measurements carried out in June 2013, June 2014 and June 2015). In brackets = dead trees; DBH=diameter-at-
breast height.

forest Year of
# Location type  Mean DBH!? infection N 20132 20142 2015
1 Hainin pure 172+ 3.6 2010 18 16 (0) 16 (3) 17 (7)
2 La Calamine pure 20.2+28 2010 20 17 (0) 20 (0) 20 (1)
3 Modave pure 294+6.1 2010 20 17 (0) 18 (0) 18 (1)
4 St Lambert pure 19.2+25 2011 20 7 (0) 12 (0) 18 (1)
5 Minieres pure 45.6+9.2 2011 10 0 (0) 9 (0) 10 (0)
6 Les Halleux pure 157+2.1 2011 15 0 (0) 0 (0) 6 (0)
7 Beloeil mixed  39.8+8.0 2011 15 3(0) 4(0) 8 (0)
8 Rance pure 18.7+3.2 2011 15 2 (0) 2 (0) 9 (0)
9 Gochenée pure 340+£59 2011 15 5(0) 10 (0) 10 (0)
10 Spa pure 29.7+3.0 2011 15 3(0) 13 (0) 15 (0)
11 Gesves mixed 33.7+7.3 2011 15 1(0) 6 (0) 8 (0)
12 Devant-Les-Bois mixed  38.7 £ 14.6 2011 15 1(0) 3(0) 6 (0)
13 Seraing pure 239124 2011 15 0(0) 0(0) 0(0)
14 Senseruth mixed 22.9+22 2012 15 8 (0) 12 (0) 13 (0)
15  Buzenole pure 386178 2012 15 0 (0) 3(0) 7 (0)
16 Musson mixed 41.5+10.8 2012 15 1(0) 7 (0) 10 (0)
17  Bertrix pure 158+2.1 2012 15 3 (0) 9 (0) 9 (0)
Total 268 84 (0) 144 (3) 184 (10)

Imeasuments carried out in June 2013
2already published (Chandelier et al. 2016)

Armillaria spp. have been detected on most of the necrotic tissues at the base of ash trees (Bakys et al. 2011;
Enderle et al. 2013; Husson et al. 2012). In order to determine their role in the decline of ash trees, wood and
bark samples were collected from the collar lesions of 103 ash trees originating from the 12 ash dieback-affected
stands in 2014. Molecular tests were carried out on DNA extracted from these samples in order to detect H.
fraxineus (Chandelier et al. 2010) and/or Armillaria spp. (Lochman et al. 2004). Most of the samples (98%) were
infected by H. fraxineus. The species Armillaria gallica and A. cepistipes were also detected in 41% of the
samples, but almost systematically in combination with H. fraxineus, demonstrating their secondary role in the
deterioration of the health status of ash trees affected by H. fraxineus (Chandelier et al. 2016). These results
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suggest that the population of common ash trees will be strongly affected in the future regardless of tree age and
that the timber quality might be damaged due to the activity of Armillaria species.

From an economic point of view, the harvested volume of ash timber increased greatly in 2015 compared with
the 2009-2014 period (Fig. 3A) (Sami Ben Mena, Walloon Region, pers. comm.; ash timber sales from public
forests). This situation could result from the degradation of the health status of ash in 2014, which prompted
forest owners to cut down a lot of diseased trees. In parallel, the sales price of ash timber (standing trees in the
three categories of DBH corresponding to mature trees with a DBH of > 50 cm) fell in 2015 after a period of a
slightly rising trend (Fig. 3B) (data from La Fédération Nationale des Experts Forestiers, published in Silva
Belgica 2009-2015). All these events indicate that an economic depreciation of ash timber could occur in the
near future.
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Figure 3 Number of ash timber lots greater than 50 m® put on the market in public forests of Wallonia (A) and
minimum ash wood timber sales price for standing ash trees in three DBH categories in Belgium (B) between
2009 and 2015.

2.2. Genetics of ash / population and resistance

Studies conducted in various European countries have shown that susceptibility to ash dieback is genetically
determined (e.g., Enderle et al. 2015; Kirisits and Freinschlag 2012; Kjaer et al. 2012; Lobo et al. 2014;
McKinney et al. 2011; Pliura et al. 2011; Stener 2013). The natural genetic partial resistance in the ash
population documented in these studies provides some hope for the species’ conservation and the possibility of
breeding for resistance against H. fraxineus. In order to be effective, however, genetic control requires
maintaining high genetic diversity within and among populations of ash trees and understanding the molecular
mechanisms involved in ash tree reaction to pathogen pressure. Maintaining good diversity is essential for the
adaptation to current and unknown future local selection pressures.

There are two main projects being implemented in Wallonia aimed at gaining a better understanding of the
genetic component of ash dieback susceptibility. The first one is on the quantitative genetics of variation in
susceptibility among common ash trees over a period of years. This evaluation is based on identical progeny
trials established at various sites before the onset of the disease (1987). It will allow the level of damage due to
infection over time to be evaluated, the relevant genetic parameters to be quantified and interesting highly
tolerant genotypes to be identified. Despite the problems caused by ash dieback, the molecular mechanisms
underlying these quantitative host-pathogen relationships are still unknown. The second project is being
conducted in order to gain an insight into these mechanisms by looking at two complementary molecular
approaches based on transcriptome and methylome studies. The transcriptomic analyses will identify genes and
molecular pathways that govern susceptibility to the disease. The epigenomic approach will focus on cytosine
methylation, a heritable modification of DNA that does not involve a change in the DNA sequence. This
epigenomic approach is more innovative, especially for forest tree species in which natural variation in
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epigenetic marks and the relationship with phenotypic traits remains an under-researched area. There is now
mounting evidence that heritable variations in relevant traits can be generated through epigenetic mechanisms.
Epigenetic variation contributes to the phenotypic plasticity and adaptive capacity of plant species, and could be
particularly important for long-lived organisms such as forest trees, where changes in allele frequency are
thought to occur very slowly. All this information will be useful and relevant in identifying new sources of
adaptive traits in tree breeding for conservation/management under rapid climate change and within the context
of increasing pest pressure on forest trees.

3. Management options for mitigating the impact of ash dieback
3.1. Silvicultural management options

In order to meet the demands of forest owners, limit massive felling of ash trees in forests and avoid a drastic
decline in ash timber sales prices, guidelines on the management of the disease were proposed in 2015 (Delahaye
et al. 2015). As a first step, the health status, tree species composition and development stage of the stand should
be evaluated. Then, on the basis of this evaluation, various tree felling options are proposed depending on the
tree health status (Table 2). These management guidelines have three objectives: (1) to preserve trees potentially
tolerant of the disease and to develop, through natural regeneration, a population of ash trees less susceptible to
the disease; (2) to promote tree species diversity and (3) to help forest owners by securing viable economic
returns with high-value ash timber.

When establishing new forest stands, ash trees are no longer recommended. Notices have been sent to forest
nurseries to encourage them to stop producing ash trees.

Table 2 Decision scheme for the management of ash dieback in forest stands.

Stand characteristics Tree health status
Ash without
. Ash with symptom
g:v:lopment Tree composition | Health status Ash \Ilggtir;sollar defoliation and other
g > 50% valuable
tree species
> 33% of Thinning among | Thinning among
symptomatic | trees assoonas | trees as soon as
Pure trees* possible possible To promote
Small to medium < 33% of Felling every Felling every witf?
trees symptomatic | tree assoonas | treeassoon as crop tree
* . .
(DBH<50 cm) trees - ﬁgSSlble possible silviculture
. elling every
. Not taken into .
Mixed account tree as soon as No action
possible
Tree _
without collar - Th'S:LIJZ? %
Large trees Not taken lesion To promote
(DBH>50cm) into account Tree Felling every | Normal thinning | by stand thining
with collar trees within
lesion within 3 years 3 years

*collar lesion or defoliation > 50%

3.2. Alternative tree species

Ash is one of the most valuable species in the Belgian forest, providing high quality wood on high fertility sites.
It plays many roles in forest ecosystems (e.g., soil structuration, nutriment cycle, biodiversity support)
(Claessens et al. 1999; Dobrowolska et al. 2008). With regard to the high fertility of ash tree sites, many other
tree species can also grow on these sites, but only a few of them have the same ecological, silvicultural and
economic impact. Alternative species could include maple species (Acer pseudoplatanus and A. platanoides),
which are valuable broadleaved trees that also provide high quality wood (Claessens et al. 1999; Hein et al.
2009), and black alder (Alnus glutinosa) (Claessens et al. 2010), especially on humid soils and riverbanks strips
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(Debruxelles et al. 2008). The damage caused by the pathogen Phytophthora x alni in Belgium (De Merlier et al.
2005), however, limits the use of black alder species along rivers. Silver birch (Betula pendula) is another
species that, given its colonizing behavior, could replace ash in the recolonization of forest gaps and improved
site quality (e.g., microclimate, soil, biodiversity) (Hemery et al. 2010). This species has good development
potential within the context of global change (Hemery et al. 2010; Hynynen et al. 2010).

4. Conclusions

Common ash (Fraxinus excelsior) is the only species of ash found in the Belgian forest. Its positive impact on
forest ecosystem functioning, its capacity for natural regeneration, its high productivity level and the absence of
major health problems prior to the introduction of H. fraxineus in Europe made it an attractive species for forest
managers wanting to produce valuable wood using a species that had a positive ecological impact on the forest
ecosystem (Claessens et al. 1994).

The first ash trees suffering from ash dieback were observed in 2010 in areas far from the borders with Germany
and France, where the disease was reported in 2008 and 2009, respectively. This suggests that the pathogen did
not enter Belgium from the east, but from the north or through infected nursery plants. From 2010 onwards, the
progression rate of the disease was rapid and most forest stands with ash were infected within 2 years. This rapid
spread is probably linked to the capacity of the fungus to produce a large amount of ascospores in just 3 or 4
months (Chandelier et al. 2014).

In 2012, the first cases of collar lesions caused by H. fraxineus were observed on ash trees in stands that had
been infected a few years earlier. The proportion of trees with this symptom has increased rapidly since then in
the forest stands. The presence of Armillaria species has been confirmed in the wood of trees suffering from
collar lesions caused by H. fraxineus in several cases, suggesting an acceleration of ash degradation in a near
future and a decline in timber quality.

Silvicultural management measures have been proposed to help forest managers limit economic losses and
encourage the emergence of a population of ash trees that are more tolerant of the disease. These measures,
however, will not solve the problem completely. Other woody species have been proposed for reforestation,
among which maple (Acer pseudoplatanus, A. platanoides) and silver birch (Betula pendula) are the most
promising. In the longer term, given the importance of ash in forest management, it would be useful to promote
the development of resistant material. For this reason, various Belgian projects are being implemented that are
aimed at characterizing the ash population and identifying potentially resistant trees.
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Introduction

In the last two decades, the vitality of the European common ash, Fraxinus excelsior L., has rapidly deteriorated
in northern, eastern and central Europe. The disease is caused by the invasive pathogenic fungus Hymenoscyphus
fraxineus, which causes severe symptoms and dieback in common ash. In the Flemish region, common ash is a
species which often grows in mixed stands together with other broadleaved species. The first official records of
Hymenoscyphus fraxineus in Flanders date back to 2010. In this paper we present preliminary results of a study,
investigating the condition of ash and the distribution and the extent of ash dieback. Subsequently, ongoing
research into breeding and selection for resistance to Hymenoscyphus fraxineus is discussed. Finally
management options applied to mitigate the impact of ash dieback are reported.

Importance of ash in the Flemish region of Belgium

In the Flemish region, common ash is growing mostly in mixed stands of high forest, coppice, or coppice with
standards. Even though it is not the most common tree species, ash is well represented in many broadleaved
forests. These forests are often situated in special protected areas. Ash is also an important non-woodland tree
and it has been frequently used in urban areas. Ash disposes of a high ecologically and economically value as
well. Throughout many centuries, the tree has been used not only for timber but also for tools and firewood. It
has been planted in forests, parks, gardens, hedges and tree rows. Ash is also known as a pollard tree and in
earlier days, these trees provided fodder for livestock (Pautasso et al., 2013). Moreover, ash is well-known for its
high quality litter. The leaves are decomposing fast and generate good quality humus. Ash grows in forests with
a high biodiversity. In the UK, 953 species were identified as associated with F. excelsior (Mitchell et al., 2014).
The growth of ash reaches its optimum on loamy soils whereas it is almost absent on poor sandy soils. In
Flanders, the autochthonous provenances can be found in the Loam region (Maes et al., 2006) as well as in the
Polders region. The latter region is also an important station for ash, proving that ash is well growing on clayey
soils.

The species is present in several habitats from the European Habitats Directive (Decleer, 2007), of which the
most important one is habitat 91E0. This is a group of wet forests typically on water saturated sites and along
streams, rivers or springs. They are known as Alno-Padion, Alnion incanae and Salicion albae and are divided in
two groups: ash-alder forests (group D) and elm-ash forests (group E). The area of forest belonging to group D is
estimated 31000 ha and for group E circa 800 ha. The habitat 91FO0 is extremely rare (about 10 ha) and its
distribution in Flanders is limited to the Meuse river. It is a typically mixed forest with Quercus robur, Ulmus
laevis, Fraxinus excelsior or Fraxinus angustifolia (Ulmenion minoris). Ash is however not restricted to forest
types 91E0 and 91FOQ. It is also a characteristic species in beech and oak forest habitats like type 9130, 9150 and
9160.

The first Flemish Forest Inventory was carried out by the Agency for Nature and Forests in 1997-1999.
According to this inventory 63.6 % of the forest consists of homogeneous stands (one species > 80 % of the
basal area). Only 0.2 % of the homogeneous stands are Fraxinus excelsior forests (Waterinckx & Roelandt,
2001). Ash occurs mainly in mixture with other tree species, either individually or in small groups. The species
represents 2.5 % of the growing stock in broadleaved forest in Flanders, totalling 428000 m®. Based on the
calculated growing stock of both conifer and broadleaved forest, ash accounts for 1.4 %. As for basal area, ash is
the eighth most important broadleaved species for growing stock. Regeneration of ash is found on 3.3 % of the
inventory area.
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Ash dieback and its spread (disease history)

The first official records of Hymenoscyphus fraxineus in the Flemish Region date back to 2010, when the
infection was found in 2 stands in the provinces of Oost-Vlaanderen (municipality of Schorisse) and Vlaams-
Brabant (municipality of Liedekerke). The pathogen could be isolated on young ash trees in both locations and
its identity was confirmed by PCR (tests by A. Chandelier). However, the analysis of stem disks, taken at the
necrotic lesions on the stem of a diseased tree collected at Liedekerke, revealed that the infection was already
present on this tree in 2007. In 2011 a technical brochure with information on symptoms, ecology and
management options of ash dieback was compiled (Roskams & De Haeck, 2011) and an information campaign
on ash dieback was launched. At the same time a questionnaire was circulated among forest and green managers,
aiming at a first state-of-the-art regarding the presence of the disease in Flanders. Their reports were checked
through field visits by experts and through analyzing photographs of relevant symptoms. The presence of the
disease was confirmed in 49 locations, spread all over the Flemish Region (Roskams & De Haeck, 2011). Ash
dieback was reported mainly in young trees, in particular in new plantations (1-5 years). The intensity of the
damage was varying, with dead branches and lesions on the bark being the more common symptoms reported.
However in 40 % of the reports, also dead trees were mentioned. They all concerned young ash trees (< 20
years), but in most stands the number of dead trees was quite low (< 10 %). Only a few reports mentioned
considerable losses of > 50 % of dead trees in young plantations. Additional information on the presence of ash
dieback in Flanders was available through the yearly forest condition survey, based on a systematic 4 x 4 km
grid (Sioen et al., 2015).

Research regarding ash dieback
Condition of ash in Flanders

In 2014 a long term project on ash dieback was started, aiming at the conservation of common ash as an
important tree species in Flanders. The goal of this project is to describe the condition of ash, to investigate the
distribution and the extent of the damage due to ash dieback and the selection of autochthonous ash trees,
tolerant to ash dieback. At the start of the project ash dieback was known to be widespread mainly in young
plantations (Roskams & De Haeck, 2011). Information on the condition of older ash trees in forest stands
however was lacking. Therefore, in 2014 and 2015, the survey focused on the older trees. Field plots were
selected from the Flemish Forest Inventory, the Flemish Forest Condition Network and other projects. The
majority of these plots was situated on loam (37 %) and sandy loam (28 %) soils. In total we assessed 76 plots of
which 29 have been sampled both in 2014 and 2015 (Fig. 1). In each plot a minimum of 3 and up to 20 ash trees
were selected. We restricted the observations to dominant and co-dominant trees. In total we assessed 572 trees,
of which 252 were observed in both years. If at least one infected tree was observed in a plot, the plot was scored
positive for presence of Hymenoscyphus fraxineus. Simultaneously, site characteristics and soil type (texture and
moisture class) of the plots were described in order to investigate their impact on the extent and the development
of the disease symptoms.
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Figure 1 Monitoring plots in Flanders (2014-2015)
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Surveys were conducted between June and September. The condition of the trees was assessed focusing on
crown defoliation, crown dieback and other symptoms on the leaves, the branches and the stem, including biotic
and abiotic damage factors. Defoliation was visually assessed in 5 % classes. Special attention was paid by the
observers to the occurrence and the extent of symptoms, which may be due to Hymenoscyphus fraxineus,
including discoloration of leaves and wilting of shoots (Fig. 2), bark necrosis, elongated cankers on stem and
branches and dieback of upper parts of the crown. The presence of the characteristic, bushy appearance of tree
tops as a result of repeated or alternating dieback and regrowth was also recorded.
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Figure 2 Wilting of shoots and necrotic lesions due to Hymenoscyphus fraxineus (A. De Haeck)

Additional data collected on all trees were diameter at 1.3 m, information on fruiting and the occurrence of
epicormic shoots. For these assessments we applied the methodology described in the ICP Forests Manual on
methods and criteria for harmonized sampling, assessment, monitoring and analysis of the effects of air pollution
on forests (Eichhorn, Roskams et al., 2010). Finally in each plot the occurrence of natural regeneration and the
presence of ash dieback on these young trees was assessed.

First results show that in 2014-2015, symptoms of Hymenoscyphus fraxineus infection could be observed in 74
out of 76 plots (97 %). On tree level, symptoms of the infection were detected on 90 % of the sample trees.
Within one year, the share of the common sample trees not infected by Hymenoscyphus fraxineus, decreased
from 19.1 % in 2014 to 9.1 % in 2015. These results prove that the pathogen is now widespread in Flanders, not
only on young trees in plantations or natural regeneration, but also on older trees in forest stands.

The distribution of the sample trees over 5 % defoliation classes (Fig. 3) indicates that the crowns of many trees
are in a poor condition: 32.2 % of the trees show moderate defoliation (26-60 %), 11.0 % show severe
defoliation (61-99 %) and 1.9 % of the trees are dead (Table 1). In comparison to other tree species in the
Flemish region, common ash actually shows the highest average defoliation (34.8 %) and the highest share of
moderately and severely defoliated trees (Table 1).

The survey results confirm that crown dieback, in various stages, is one of the most commonly observed
symptoms. Only a very small portion of the trees (1.6 %) show dieback of current year shoots only, while bigger
branches are unaffected. This group of trees has low defoliation scores, indicating that these trees have been
infected only recently or — alternatively — they may show some tolerance to the disease. Trees with dieback of
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current year shoots and small branches (up to 2 cm diameter) are more numerous and represent 7 % of the
sample trees. The majority of the trees (62 %) show dieback of bigger branches (> 2 cm).
Genetics of ash / population and resistance
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Figure 3 Defoliation of the sample trees in 5 % classes in 2014-2015.
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Important evidence for the existence of a strong genetic component in resistance of F. excelsior to ash dieback
has been proved from the analysis of existing field trials in affected areas under natural infections in several
European countries. Pliura et al. (2011) and Kjear et al. (2012) also estimated the levels of additive variation and
narrow-sense heritability in the degree of resistance of F. excelsior to ash dieback. Both studies confirmed the
presence of additive genetic variation, in support of the ability of less susceptible parents to pass this trait on to
their offspring.

Table 1 Distribution over defoliation classes (% of sample trees) and average defoliation (%) of broadleaves in
the Flemish region (forest condition survey 2015; common ash: results 2014-2015).

Species Defoliation class Average defoliation
0-25% >25-60% >60-99% 100% (%)

Common ash (Fraxinus excelsior) 54,9 32,2 11,0 1,9 34,8

Common oak (Quercus robur) 76,2 22,0 0,5 1,3 24,0

Beech (Fagus sylvatica) 90,7 8,5 0,0 0,8 19,7

Broadleaves 77,2 17,6 3,5 1,7 25,2

A first research project on genetics of resistance to ash dieback was started in 2014. In 1992-1993, 39 Fraxinus
excelsior clones were phenotypically selected as plus-trees in natural mixed stands in the Flemish region, i.e.
healthy trees showing good stem form and vigour. In addition, all clones were selected for resistance to bacterial
canker by artificial infection with an aggressive strain of Pseudomonas savastanoi pv. savastanoi on 10
ramets/clone (results not yet published). Plus-trees were selected well before ash dieback was observed. Scions
of each plus-tree were grafted onto root stocks and planted in a seed-orchard in 2006. When ash dieback
symptoms became visible in the orchard in 2013, resistance to ash dieback disease was yearly analyzed by
classifying the damage sustained to the crown and the stem. In 2015, after 2 years of observation, only a very
limited number of the 39 plus-trees showed reduced susceptibility. Selection of tolerant trees will be finished in
2016. A second project is going on in Flanders to study the genetic component of resistance and to select
interesting disease tolerant genotypes in a European provenance trial installed at two sites in 2005. The trials
include 50 provenances from 10 European countries with 108 trees per provenance. Ash dieback symptoms and
phenology, among other traits, will be assessed on all trees. Seeds will then be collected on the disease tolerant
genotypes aiming at the estimation of narrow-sense heritability. Genotypes tolerant to Hymenoscyphus fraxineus
will be vegetatively propagated and screened for resistance to Pseudomonas savastanoi pv. savastanoi by
artificial infection. Only disease tolerant ash genotypes will be included in a new seed orchard.

64



Impact of ash dieback on cultivation and planting of ash

Planting ash has been promoted for a long time by means of an important subsidy from the Flemish authority.
Statistics from the Agency for Nature and Forests show that between 2003 and 2014 around 14% of the
subsidized area for afforestation or reafforestation concerned ash. Most of these plantations are now suffering
from infection by Hymenoscyphus fraxineus or died and were replanted. After 2011 the yearly afforested area
with ash decreased remarkably. In 2016 a subsidy is still granted for planting Fraxinus excelsior, but only when
ash is mixed with other species. The cultivation of planting material is an important business for several tree
nurseries in Flanders. The Flemish Department of Agriculture and Fisheries is responsible for the inspection and
certification of planting material, following the EU Forest Reproductive Materials Directive. The sales figures
for Fraxinus excelsior decreased from 879541 plants in winter 2009/2010 to 23531 in 2014/2015 (Fig. 4). About
10 nurseries in Belgium are still cultivating and exporting planting material of ash to other EU-countries.
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Figure 4 Trade of certified planting material of Fraxinus excelsior in Flanders.
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Management options to mitigate the impact of ash dieback
Silvicultural management options: Recommendations for forest management

In 2011 a report on the status of ash dieback in Flanders was published, including practical advice for forest
managers (Roskams & De Haeck, 2011). In 2013, additional recommendations for forest management were
provided at the request of the Flemish Agency for Nature and Forests (De Haeck et al., 2013). A summary of the
recommendations is given below.

Inspection of ash stands should be done preferably during summer, since this is a good time to assess foliar
discoloration, wilting shoots and dead branches. Healthy-looking ash trees should always be preserved. Foresters
don’t have to cut all the trees that are lightly or moderately damaged because some of them may be tolerant to
ash dieback. Heavily infected trees with a high risk of decreasing timber value should be cut without delay if the
wood is to be sold on the market. Declining trees may be cut as well as trees with epicormic branches after
Hymenoscyphus fraxineus -infection. Reason for this is that, when epicormic shoots die, the infection reaches the
wood and causes wood discoloration. Discoloured wood partly loses its market value.

In severely infected young stands with a high mortality and no natural regeneration, it is recommended to cut ash
and to replant with other species. (Re-)planting ash on large areas is not recommended because of the high
infection risk and as long as no disease tolerant ash is on the market. If a forest owner nevertheless wants to plant
ash, small groups are recommended, mixed with other species. On diseased trees, it makes no sense to cut
infected shoots, twigs or branches. Thinning operations however, should favour other species and reduce
competition. Suitable alternative species could be introduced after cuttings. Dead trees do not play a role in the
development of the disease and so for biodiversity reasons, dead trees and trees close to death should be left in
the forest. Open spaces with dead trees could enable natural generation.

Ash trees that have died recently may be hosting ash bark beetles (Leperisinus varius). Once the bark is peeling
off, dead trees are no longer susceptible to bark beetle infestation. However, declining trees are also susceptible
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to weakness parasites. Honey fungus (Armillaria spp.) is such a secondary pathogen, frequently associated with
ash dieback and able to kill a tree. From an economic point of view, Armillaria - infected trees may be cut. But
cutting these trees is not an essential mean to reduce the spread of Hymenoscyphus fraxineus.

People should be informed about safety risks. Dead branches and declining parts of the crown may pose a risk,
especially for forest workers. A detailed and frequent inspection of ash trees along roads is recommended. Dead
and dying trees along forest roads or footpaths should be cut.

Alternative tree species

The choice of alternative tree species depends on different factors, for instance site conditions. It is
recommended to maximise the use of species growing together with ash under natural circumstances. Besides
species like oak (Q. robur), alder (Alnus glutinosa) and sycamore (Acer pseudoplatanus) other suitable species
include Populus sp., Salix sp., Ulmus sp., Tilia sp., Prunus avium, Carpinus betulus, Castanea sativa, Fagus
sylvatica...

Conclusions

The first official records of Hymenoscyphus fraxineus -infection in Flanders date back to 2010, but first
symptoms of the disease has been shown to be present already in 2007. At that time, ash dieback was mainly
reported on young trees and in new plantations. In 2011, an information campaign on ash dieback was launched,
including a technical brochure with information on symptoms of the disease and preliminary management
guidelines. A survey in 2014 and 2015 showed that the crown condition of ash is currently also deteriorating in
older stands, but the mortality rate is still lower compared to younger plantations. Symptoms of infection by
Hymenoscyphus fraxineus have now been observed all over the Flemish region of Belgium.

Despite the spread and the intensity of the disease, some nurseries in Flanders keep on producing ash trees and
the species is still planted in and outside the forest. Afforestation or reafforestation with ash is still subsidized by
the Flemish government, but it is recommended to use the species only in mixed plantations. Since 2011,
cultivation and selling of ash planting material has decreased whereas cutting of ash will probably increase.

Preliminary results of resistance screening in a seed orchard of 39 autochthonous plus trees indicate that only a
very limited number of plus trees will be tolerant to ash dieback. Therefore, a new selection of plus-trees is
started, so that in the near future, nurseries can hopefully be provided again with seeds from disease tolerant,
autochthonous trees. Breeding and selection for tolerance of ash trees in a European provenance trial will be
continued. This is essential, as large effective population sizes will be required to avoid genetic bottlenecks.
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Abstract

Monitorings at different spatial scales were done in Switzerland to assess the spread of ash dieback throughout
the country. The disease was first observed in 2008 and completely invaded Switzerland seven years later. Most
ash trees nowadays suffer to a certain degree from ash dieback. However, the decline process is slow and some
trees show tolerance or resistance. Swiss researchers contributed to the current knowledge of ash dieback in
different topics: taxonomy and biology of the pathogen, population genetics, host-spectrum as well as biocontrol
potential of antagonistic organisms.

Importance of ash in Switzerland

Two species belonging to the genus Fraxinus are naturally present in Switzerland: common ash (Fraxinus
excelsior) and manna ash (Fraxinus ornus). Common ash is the second most important broadleaved tree species
after beech (Fagus sylvatica) in Switzerland. It represents 4.5 % of the stem count (>12 cm DBH) of forest trees
distributed over the whole country. On the contrary, manna ash has a very restricted natural distribution range. It
is mainly occurring south of the Alps, in the canton Ticino. Young trees of common ash were long considered as
weeds by forest practitioners in Switzerland. Indeed common ash has great regeneration abilities and a huge
increment growth in the youth, overgrowing other sylviculturally important tree species. Young trees of common
ash (<12 cm DBH) account for 21.4 % of the stem count in forest regeneration (Bréandli et al. 2014). Common
ash is also considered relevant for biodiversity as it provides habitat and niches for numerous organisms such as
insects, snails, fungi and lichens (Mitchell 2014). The ecological broad spectrum of ash along with its
sylvicultural abilities makes it a very important tree species in Switzerland.

Ash dieback history in Switzerland
Ash dieback monitoring by Swiss Forest Protection

The spread of the disease in Switzerland was monitored by the Swiss Forest Protection (WSL). Surveys on the
occurrence of forest pests and diseases are being organized each year with the help of the cantonal forest
services. Ash dieback was integrated 2009 in these surveys. First symptoms of ash dieback were recorded 2008
by Roland Engesser (Swiss Forest Protection) in the northwest of Switzerland (cantons Basel and Solothurn)
(Engesser et al. 2009). In 2009 the disease was already established in the cantons Jura, Solothurn, Basel and
Aargau with only few first signs of disease in canton Zurich. After that, ash dieback progressed continuously
towards south, west and east. It appeared 2011 in the inner-alpin areas of the cantons Valais and Graubuenden.
South of the Alps, ash dieback was first recorded 2013 near the main mountain range back in the main valley
suggesting the pathogen was introduced by wind-dispersed spores from the northern part of Switzerland. By
2015, ash dieback completely invaded Switzerland (Fig. 1a).

Since 2009, distinction was made in the annual surveys between affected young ash trees and crown damage
observed on older trees. This is interesting because crown dieback of older ash trees was already reported in
Switzerland some years (2004) before ash dieback was officially reported. This phenomenon can be seen in Fig.
1b where ash dieback (on young trees) is restricted to the north of Switzerland while crown damage to older ash
trees occurs far more widespread.
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Figure la) Ash dieback: invasion history in Switzerland. 1b) Survey results for 2009. Red dots represent
observed damages on young ash trees and yellow dots represent damages of crown on older ash trees. 1c)
Location of the 22 plots in northwestern Switzerland and percentage of affected trees for each observation plot in
northwest Switzerland. 1d) Progress of damages due to ash dieback from 2013 to 2015 in northwest Switzerland
(22 observation plots). 1e) Proportion of the ash trees belonging to the damage levels 0 to 5 within each observed
plot in the canton Jura. 1f) Grouping of the 712 observed ash trees into damage levels 0 to 5 for the canton Jura.
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Local scale monitoring of ash dieback in northwest Switzerland by Institute for Applied Plant Biology
Since 1984, the Institute for Applied Plant Biology (IAP) has been running the Intercantonal Forest Observation

Programme on behalf of several Swiss cantons and the Swiss Federal Office for the Environment (BAFU). The
focus is on long-term observation of tree health of beech (Fagus sylvatica), spruce (Picea abies), and oak
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(Quercus sp.). During the years 2008 to 2015 the presence or absence of ash dieback was monitored by crown
assessments in permanent forest observation plots. In 2013, the IAP started a monitoring programme to study the
development of ash dieback in Swiss ash stands, with the aim to find some partially resistant trees. By 2015, the
programme included 201 trees on 22 plots (Fig. 1c). Because the earliest disease observations were made in
2008 in the northwest of Switzerland, the monitoring program was partly restricted to this region. With the help
of local forest administrations, 22 ash stands in northwest Switzerland were chosen for observation. Selection
criteria were the following: 1) density of ash trees of >50%, 2) DBH >10 cm and presence of the disease of about
two to three years. In the selected plots between six and ten apparently fully healthy trees were labelled. Every
year in July and August, the plots were visually monitored for crown transparency, disease intensity and dead
branches (in percentage of total crown volume). Presence of bark discoloration and necrosis were also registered.
Subsequently, crown transparency and disease intensity were combined to estimate specific levels of infestation
(from level 0 = “fully healthy tree’ to level 5 = ‘dead tree’).

After the first year, already 47% of the selected trees showed first symptoms of ash dieback (level 2). In 2014,
four new plots with in total 35 still healthy ash trees were included in the monitoring programme. Without these
new trees, the portion of affected trees in 2013 would reach 57%. After the second year, the portion of affected
trees increased to 70% (141 trees). 128 of these belong to damage level 2 (Fig. 1d). Thus, it will be interesting to
observe how long these trees can maintain this low level of infection. Furthermore, six obviously affected (level
3), four heavily affected (level 4) and three dead trees (level 5) were registered. In these cases, the fungus
damaged the trees over a very short period of time (one to two years). The proportion of healthy trees (level 0
and 1) during the last assessment in 2015 was 30%. In three plots, all observed trees were affected by the disease
(red dots). The lowest percentage of affected trees ranged between 50% and 59%, and was registered in six plots.
Most of the plots had an infestation percentage between 60% and 79% (Fig. 1c).

In conclusion, ash dieback is strongly active in all our observation plots. Trees can die within only one or two
years. Since 2013, around 50% of the trees without previous symptoms were affected by the fungus every year.
On the one hand, there are plots where each tree has been affected; on the other hand, there are still some plots
where around 50% of the trees do not show any symptoms yet. There is still good hope to find partially resistant
trees in the Swiss forests, i.e. ashes that remain free of any infestation or show minor symptoms over longer
time. Therefore, for the local forest service it is important to conserve such trees when thinning and harvesting.
In heavily affected stands they will need to look for ecological compensation of ash.

Local scale monitoring of ash dieback in the canton Jura

The canton Jura is located in the northwest of Switzerland. The surface of the canton is 84’000 hectare and
43.5% of its surface is covered with forests. In Jura common ash represents 7% of the stem counts (5% of the
total wood volume). Using the canton forest inventory data 2003-2004, 36 plots (0.05 hectares each) were
selected containing a minimum of 10 ash trees (>= 20 cm diameter). Two main variables were scored: BHD and
tree health ranging from 0 to 5. All plots were visited during June and July 2015. Twenty trees were randomly
chosen and measured in each plot. A total of 712 ash trees were recorded in canton Jura.

Most of the trees were considered as diseased and belonged to the damage levels 2 (26%), 3 (42%), and 4 (21%)
(Fig. 1f). Surprisingly, less than 2% of the trees were already completely dead (level 5), this is probably due to
the ability of ash to create a new crown using epicormic shoots. Around 8% of the ash trees could be considered
as relatively healthy, whereas only 5 trees were considered fully healthy (level 0, 1%). An interesting question is
the spatial distribution of the disease severity and the differences observed among the measured plots. Records
show that some forest plots are on average more affected than others. However, no clear spatial pattern can be
detected between health status and geographical location of the plots (see Fig. 1e). Some ecological factors (for
example precipitation or geology) may contribute to the observed variation in disease severity.

Some hopeful conclusions can be drawn from the different monitorings of ash dieback in Switzerland. 1) Only
very few ash trees are completely dead although most trees are affected by the disease. This gives mature ash
trees the chance to reproduce and eventually produce offspring with higher disease tolerance. 2) Around 10% of
the ash trees seem to be tolerant / resistant towards ash dieback. This will enable forest practitioners and
scientists to develop breeding strategies for the conservation of locally adapted and disease resistant ash trees.
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Achievements in ash dieback research
Early research about ash dieback in Switzerland

Research about ash dieback in Switzerland benefited considerably from the Polish forest pathologist Prof. T.
Kowalski. Thanks to his friendship and close collaboration with Prof. O. Holdenrieder the disease came into
research focus already before the first symptoms arrived in Switzerland. When it became evident that the new
disease will have a severe impact on common ash in Europe and the epidemic will soon affect Switzerland the
two researchers prepared a first short overview article about the disease for the Swiss Forestry Journal (Kowalski
and Holdenrieder 2008). In the same year, the first typical symptoms of ash dieback were reported from
northwest of Switzerland (Engesser et al. 2009). At that time, the etiology of the disease was largely unknown.
Whereas most forest pathologists were stumbling in the dark, T. Kowalski was on the right track. He repeatedly
isolated a putative new hyphomycete fungus of the genus Chalara from symptomatic tissues (Kowalski 2001).
Later on, he formally described this species as Chalara fraxinea while already suggesting its possibly crucial
role in the etiology of ash dieback (Kowalski 2006). Subsequently, in collaboration with O. Holdenrieder,
Koch’s postulates were fulfilled and C. fraxinea identified as the main causal agent of the new disease (Kowalski
and Holdenrieder 2009a). Soon afterwards, the small discomycete Hymenoscyphus albidus, a native decomposer
of ash petioles, was identified as teleomorph of C. fraxinea (Kowalski and Holdenrieder 2009b). The exciting
new findings puzzled researchers because H. albidus was known in Europe since the late 19" century and has
never attracted the attention of forest pathologists. How could a seemingly harmless, native fungus become
suddenly so problematic? This question was addressed in a follow up study of Queloz et al. (2011, 2012). A
clever study design allowed the genetic differentiation of a new cryptic species among putative H. albidus
isolates from diseased and healthy ash stands. The new cryptic species was associated with diseased ash stands
and genetically identical to Chalara fraxinea isolates. It was named Hymenoscyphus pseudoalbidus and later
renamed to H. fraxineus (Baral et al. 2014) in order to meet the new nomenclature code for fungi (Norvell 2011).

Population genetics of H. fraxineus in Europe and Japan

After the identification of the causal agent of ash dieback the logical next question was where the new species
came from. This was addressed in the scope of the PhD thesis of A. Gross. Microsatellite markers for the
pathogen were established (Gross et al. 2012a, Burokiene et al. 2015, Hanackova et al. 2015) and populations
from different affected regions in Europe were collected. In the meantime, the putative native range of the
fungus was identified by other scientists to be East Asia (Zhao et al. 2013). Through collaboration with the
authors of this study it was possible to collect different populations of H. fraxineus on Manchurian ash Fraxinus
mandshurica in Japan. Subsequent population genetic analyses of the entire sample collection revealed a severe
genetic founder effect in Europe while the bi-allelic nature of microsatellite markers indicated that probably only
two individuals were originally introduced in Europe (Gross et al. 2014b). In contrast, the strikingly higher
genetic diversity discovered in Japan provided additional support for the hypothesis of an East Asian origin of
the fungus. In line with another microsatellite-based population genetic study (Bengtsson et al. 2012), population
differentiation within Europe was close to zero, indicating high levels of gene flow among populations. Only a
slightly lower genetic diversity was identified at the epidemic front in Switzerland. Two years later, these subtle
genetic differences were not detectable anymore. Within the framework of a Swiss-Lithuanian joint research
project, Swiss and Lithuanian populations were thoroughly investigated (see below) and again extremely high
gene flow levels of the pathogen were detected (Burokiene et al. 2015). Consequently, in the case of H.
fraxineus, isolation by distance, i.e. the reduction of genetic diversity due to recurrent bottlenecks during spread,
is only detectable for a very short time directly at the epidemic front.

Population genetics in Switzerland and Lithuania

In the frame of the Lithuanian-Swiss Cooperation programme a joint research project on ash dieback
(CONTROLDIEBACK) between the Lithuanian Nature Research Centre and the Swiss Federal Institute for
Forest, Snow and Landscape Research (WSL) was initiated. One objective of this research project was to
investigate the genetic population structure of the ash dieback pathogen H. fraxineus at the epidemic disease
front in Switzerland compared to Lithuanian populations, where the disease has been present for a longer time
(post-epidemic area). Using microsatellite markers, a total of 847 H. fraxineus isolates from five populations in
Switzerland and five populations in Lithuania were genotyped (Burokiene et al. 2015). The results of this study
showed that there is only little geographic and ecological differentiation of the European H. fraxineus
populations at the disease front and in the post-epidemic area. All H. fraxineus genotypes seem to be able to both

71



induce bark infections on living trees and to colonize leaves, as no genetic differentiation could be detected
between isolates recovered from bark lesions and fallen leaf petioles. Notwithstanding the geographic distance
between them and the very different dates of the first disease occurrence, the Swiss and Lithuanian populations
are genetically very similar. It seems that the entire genetic diversity detected in the founding populations has
been transmitted to the epidemic disease front (Switzerland). Nonetheless, gene flow in the Lithuanian
population occurs somewhat more random than in the Swiss population and the likelihood of correct assignment
of a particular genotype to its population of origin was greater in Switzerland than in Lithuania. This speaks for
weak founder effects at the disease front.

Biology of ash dieback

A necessity for a reliable interpretation of population genetic data is the detailed knowledge of the reproduction
biology of a species (McDonald 1997). Therefore, the reproduction biology was studied in parallel to the
population genetics of H. fraxineus. The mating type loci of H. fraxineus and H. albidus were partially
sequenced and described (Gross et al. 2012b, Wey et al. 2016). Interestingly, the two almost indistinguishable
species exhibited a different mating type organization — homothallic for H. albidus and heterothallic for H.
fraxineus. A multiplex PCR was developed to quickly distinguish MAT1-1 and MAT1-2 isolates. Intra and inter-
specific crosses and subsequent microsatellite analyses of progeny isolates revealed or confirmed that (i) H.
fraxineus is an obligate outbreeder while (ii) frequently more than two genotypes are involved in mating; (iii) H.
albidus is an obligate inbreeder and (iv) hybridization between the two species is unlikely in nature (could not be
forced in vitro) (Gross et al. 2012b, Wey et al. 2016). A detailed analysis of the genotype diversity found on ash
petioles and subsequent paternal analyses provided evidence that spermatia of the Chalara anamorph are
involved in fertilization of apothecia. In addition, the analyses showed that petioles are frequently colonized by
multiple genotypes whereas matings within petioles only occur between strains with compatible mating types
(Gross et al. 2012b). During the study, it became clear that different H. fraxineus genotypes are separated on
petioles by individual pseudosclerotia — visible as black demarcation- or zone lines when the outer
pseudosclerotial plate is tangentially removed. Subsequent experiments showed that the fungus can survive
inside petioles under field conditions for two sporulation seasons and withstand drought for at least three months
(Gross and Holdenrieder 2013, Gross et al. 2014a). Both findings were later confirmed by Kirisits (2015)
whereas he was able to show that the fungus can survive inside petioles under natural conditions for even five
sporulation seasons after the leaves have been shed.

The biology of H. fraxineus and various aspects of ash dieback were summarized in a review article about the
disease (Gross et al. 2014a). In addition, the impact of the disease on F. excelsior and its conservation biology
consequences were also summarized (Pautasso et al. 2013a, b).

Pathogenicity of Hymenoscyphus albidus and H. fraxineus on Fraxinus spp.

Pathogenicity tests with H. albidus and H. fraxineus strains from Europe and Japan were conducted on F.
excelsior, F. mandshurica var. japonica and F. pennsylvanica (Gross and Holdenrieder 2015, Gross and Sieber
2015, Kowalski et al. 2015). Hymenoscyphus albidus proved non-pathogenic on all ash species. In contrast, H.
fraxineus induced necrotic lesions on all Fraxinus species tested. This result was surprising especially in the case
of F. mandshurica which was considered highly resistant/tolerant (Drenkhan and Hanso 2010). Another
surprising finding was that H. fraxineus strains from Japan caused significantly longer lesions on F.
pennsylvanica and F. excelsior compared to European strains, indicating the potential occurrence of highly
virulent strains in Japan (Gross and Sieber 2015).

Searching for a mycovirus

The successful biological control of the chestnut blight fungus Cryphonectria parasitica using mycoviruses
(Heiniger and Rigling 1994) stimulated the search for mycoviruses in the ash dieback pathogen H. fraxineus.
Recently, Schoebel et al. (2014) detected a novel mycovirus in European H. fraxineus isolates using an RNA
sequencing approach. The novel virus could be classified as positive sense ssSRNA virus within the genus
Mitovirus (family: Narnaviridae). It is called Hymenoscyphus fraxineus mitovirus 1 (HfMV1) and is about 2.4
kb in length. HfMV1 is closest related to three mitoviruses of plant pathogenic fungi: Cryphonectria cubensis
mitovirus, Sclerotinia sclerotiorum mitovirus 2 and Helicobasidium mompa mitovirus 1-18. Narnaviridae are the
simplest of all RNA viruses as they do not have any capsid structure and consist of a single open reading frame,
which encodes the viral replicase (RNA dependent RNA polymerase). HfMV1 uses the mitochondrial genetic
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code suggesting that it is located in the mitochondria of the fungal host. The genus Mitovirus together with the
genus Hypovirus (family Hypoviridae) are known to harbour mycoviruses, which induce reduced virulence
(hypovirulence) in plant pathogenic fungi and therefore have the potential as biological control agent (e.g.
Cryphonectria hypovirus 1). The success of a biological control of H. fraxineus using mycoviruses will strongly
depend on the effective spread of such a virus within H. fraxineus populations. The high genotypic and
vegetative compatibility (vc) type diversity of the fungal host population (Brasier and Webber 2013, Gross et al.
2014b, Burokiene et al. 2015) may, however, hinder the spread of such viruses that could potentially induce
hypovirulence. Unfortunately, up to now a biocontrol potential of HFMV1 could not be confirmed and no further
mycoviruses were detected.

Diversity of Hymenoscyphus species

During sample collection in Japan, also other ash species were surveyed for the presence of black leaf stalks (an
indication of the presence of H. fraxineus) in the leaf litter. Petioles of Fraxinus platypoda exhibited peculiar
dark, narrow, linear pseudosclerotial structures underneath epidermal tissues. Genetic analyses of fungal strains
isolated from these pseudosclerotial structures revealed a new Hymenoscyphus species closely related to H.
fraxineus. The formation of the teleomorph could be induced in a moist chamber but subsequent morphological
analyses were unable to find morphological differences compared to H. fraxineus. Nevertheless, multi-gene
phylogenetic analyses clearly separated the fungus from other Hymenoscyphus species and the fungus was newly
described as Hymenoscyphus linearis (Gross et al. 2015). Analyses of herbarium collections of H. fraxineus on
petioles of F. mandshurica and F. chinensis from Korea revealed additional cryptic Hymenoscyphus diversity.
Besides H. fraxineus, two other closely related Hymenoscyphus species were identified. Using molecular
phylogenetics and morphological analyses, these two species were described as Hymenoscyphus koreanus and
Hymenoscyphus occultus (Gross and Han 2015).

Experimental plantation of F. mandshurica in Switzerland

An experimental plantation of Japanese proveniences of F. mandshurica and F. platypoda (syn. F. spaethiana)
was established 2013 in the Swiss National Arboretum Aubonne (approx. 1400 m? canton Vaud;
www.arboretum.ch). Before 2013 the arboretum only harbored a small stand of F. chinensis ssp. rhynchophylla
and several single mature trees of various Fraxinus species (F. angustifolia, F. americana, F. excelsior, F.
latifolia, F. mandshurica, F. ornus, F. pauciflora, F. pennsylvanica, F. velutina, F. xanthoxyloides; according to
the nomenclature of Wallander (2008).

Symptoms on the planted trees were observed and photographically documented in 2014 and 2015. In addition,
Fraxinus species were verified by sequencing the ITS region as described in Wallander (2008). On September
3rd 2014, ten F. mandshurica, ten F. platypoda and seven F. excelsior trees were randomly selected and
isolations were prepared from two petioles per tree as follows: Petioles were surface sterilized with 99% ethanol
using an aerosol can and allowed to dry on a paper tissue. Subsequently, epidermal tissues were removed
tangentially using a sterile scalpel. Five adjacent tissue samples, approximately 1 mm? in size, were aseptically
cut from the inner part of the petiole and immediately transferred to ash leaf malt-extract agar plates (see Gross
et al. 2014b). Six samples per species of the same trees (leaflets and remaining petioles) were incubated in moist
chambers (petri dish, 15 cm diameter, 3 cm height, containing a moistened paper tissue) at room temperature or
in an incubator under near UV-light as described in Gross and Holdenrieder (2013). Moist chambers were
checked regularly in order to document the development of leaf symptoms and to detect phialids of the Chalara
anamorph of H. fraxineus. The latter was done using a binocular microscope at 200x enlargement and
subsequently verified using a light microscope at 400x enlargement. From two additional F. mandshurica trees
isolations were carried out directly from symptomatic leaf tissues after 12 days of incubation in a moist chamber
using the following method: Leaflets exhibiting necrotic leaf areas were surface sterilized by soaking for 1 min
in 70% EtOH, followed by 2 min in 35% H,O, and 1 min in 70% EtOH. Leaflets were dried on a paper towel
before eight to nine small pieces of symptomatic tissue pieces, approximately 5 x 5 mm in size, were cut
aseptically from the leaflets and immediately transferred to ash leaf malt-extract agar plates (see above). Using
these three diagnostic techniques also samples of other Fraxinus species were routinely screened for the
presence of H. fraxineus.

The leaf endophytic fungal microbiome of F. excelsior, F. ornus and F. mandshurica is currently studied using a

metabarcoding approach (PhD Thesis M. Schlegel). The most frequent leaf endophyte in F. ornus was described
as a new species, Venturia orni (Ibrahim et al. 2016).
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Figure 2 (see next page for descriptions)
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Figure 2 Leaf symptoms on Fraxinus spp. and fruitbodies of H. fraxineus on a samara of F. xanthoxyloides. 2a)
Two leaves of the same F. excelsior and 2b) a single leaf of another F. excelsior tree showing strikingly different
degrees of infection by H. fraxineus both within and between tree individuals. 2¢) Leaf symptoms of a F.
mandshurica tree showing both types of symptoms described in the text. 2d-2e) Top- (d) and downside (e) of a
F. mandshurica leaflet showing necrotic leaf areas and one necrosis elongating along the vein. 2f) Single samara
of an F. xanthoxyloides tree showing apothecia of H. fraxineus after incubation in a moist chamber.

In both years, F. mandshurica trees frequently developed leaf symptoms similar to that observed on F. excelsior
trees (see Fig. 2a-b), including typical necroses elongation along the leaflet veins (Fig. 2c-d-e, 3a-b). At the time
of sampling in 2014, shedding of leaves was already in progress but the leaves of some trees were still largely
green (e.g. Fig. 3a). Leaves of most trees exhibited necrotic leaf spots. These were either light brown, of
irregular size and shape with diffuse border zones towards healthy tissue (Fig. 2c) or dark brown to blackish,
regularly round with sharply delimited borders towards healthy tissue (Fig. 3a). In spite of the frequent leaf
symptoms, only 4% of F. mandshurica trees (n=178) also developed necrotic lesions on shoots until 2015. In
two out of ten isolation attempts from shoot lesions, H. fraxineus was successfully isolated (Holdenrieder 2015).
Fraxinus platypoda trees remained largely free of disease symptoms. Hymenoscyphus fraxineus was often
isolated from petioles of F. mandshurica (17/20 isolations positive) and F. excelsior (12/14 isolations positive)
but never from petioles of F. platypoda (20/20 isolations negative). Phialids of the Chalara-anamorph were
detected frequently on incubated leafs of F. mandshurica (5/6 samples positive) and F. excelsior (6/6 samples
positive) but never on F. platypoda (6/6 samples negative). However, on leaves of F. excelsior, phialids were
much more abundant compared to leaves of F. mandshurica, whereas phialids were often restricted to the tissues
adjacent to leaflet veins or the petiole itself. Isolation of H. fraxineus from symptomatic leaflets was possible in
3 of 5 attempts, of which one example is shown in Fig. 3a-c.

Hymenoscyphus fraxineus could also be detected on the following new hosts: (i) in petioles from the leaf litter
and a single twig lesion of F. pauciflora (syn. F. tomentosa); (ii) in petioles from the leaf litter and from fresh
necrotic leaf spots of F. velutina and (iii) in petioles from the leaf litter and on seeds of F. xanthoxyloides (Fig.

2f).

Single individuals of Fraxinus species from the section Melioides (F. americana, F. latifolia, F. pennsylvanica)
remained largely symptom-free. The pathogen was also not detected in the leaf litter of F. chinensis ssp.
rhynchophylla.

Our analyses suggest that H. fraxineus is a frequent leaf blotch pathogen on F. mandshurica (planted in Europe)
and is capable (to a certain degree) of inducing necrotic lesions on twigs and stems of this species as suggested
by Drenkhan and Hanso (2010). This result questions the common believe that H. fraxineus occurs
endophytically in leaves of F. mandshurica in its native range. However, a particular predisposition of F.
mandshurica due to environmental conditions in Europe is still conceivable.

The finding of three new host species for H. fraxineus (F. pauciflora, F. velutina and F. xanthoxyloides) calls for
efficient quarantine measures in order to avoid new introductions. Thereby also seeds can serve as a vector, as
demonstrated by the fructification of H. fraxineus on samaras of F. xanthoxyloides (Fig. 2f). This confirms
previous findings from genetic analyses of Cleary et al. (2012).

Conclusions and future of ash

Monitorings at different scales helped to assess the intensity and progression of the disease in Switzerland. In
2015, ash dieback reached the whole territory. Although most trees are affected, the decline of mature ash trees
takes several years and enables mature trees to reproduce. In addition, few but some common ash trees seem to
be tolerant to ash dieback. Defining a countrywide breeding strategy will be the next step for the conservation of
common ash in Switzerland. The first test plantings of Asiatic ash species are very promising and research
should continue in this direction.
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Figure 3 Symptom development in a moist chamber and subsequent isolation of H. fraxineus. 3a) Fresh F.
mandshurica leaf showing dark brown to black leaf spots. The arrow points to the leaflet which is shown in (3b)
and from which H. fraxineus was successfully isolated. 3b) Development of leaf spots after 12 days of
incubation in a moist chamber. 3c) Isolation from necrotic leaf areas of (b). Arrows point to outgrowing mycelia
of H. fraxineus whereas fast growing mycelia are from other fungi. Also note the characteristic reddish
discoloration of the ash leaf malt-extract agar medium, indicating H. fraxineus.
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Introduction

At present, forestry often faces the misconducts of previous years. Based on principles of sustainable develop-
ment forestry has got a far-reaching problem caused by much anthropogenic interference with the natural bal-
ance, which alters the structure and species composition of forests. The most important issues include decline
and dieback of numerous tree species. Large-scale deforestation followed by forest management requiring pro-
duction of profitable wood assortments shifted tree species out of its optimal ecological habitats. This approach
keeps such forest stands under continuous abiotic stress enhancing their susceptibility to biotic agents. Together
with many aspects of global changes trees, forests, plantations and woodlands are endangered by many new
incidental factors, often acting in synergies and having significant influence in forest composition and stability of
countryside. Extinction or decline of some woody plants has many other consequences, such as dramatic changes
in ecosystems, changes in biodiversity due to disappearing of species, lack of traditional raw materials for indus-
try and crafts with a considerable impact on traditions and culture.

In the Czech Republic ash is not a strategic tree species from the point of view of forest and wood production.
However, it plays an important role in woodlands and its wood represents a very special material broadly pro-
cessed by local joineries. Two native species, the common ash (Fraxinus excelsior) and narrow-leaved ash (F.
angustifolia) form riparian vegetation and occupy significant positions in the floodplain forest ecosystem.

The main problems due to Ash dieback (ADB) can be expected in wetter sites with higher occurrence of ash,
such as floodplain forests, riparian zones and spring sites (Havrdova et al., 2014). Furthermore, in riparian zones
there is a risk of parallel attack of H. fraxineus and Phytophthora alni on ash and alder, respectively. Further
problems can be expected in the ravine forest stands and protective forests on the slopes. The most serious losses
occur to young individuals due to lethal course of infection. Also the permanent reduction of elm trees infected
by Dutch elm disease produced by Ophiostoma novo-ulmi (Dvoidk et al., 2007) reduces riparian tree composi-
tion. Alders, elms, and common ashes are the main woody plants in riparian forests with an important role stabi-
lizing river banks, however, they are seriously threated by these invasive pathogens.

Among forests ash is an important part of the cultural landscape in windbreaks, avenues and plays an important
role in park's plantings. Because of this broad range of ash ecotops we can assume that H. fraxineus may cause
significant problems. Although it mostly leads to death especially in young plantations (Rozsypélek, 2012), ash
dieback spreads without distinction of stand’s age. Natural forests, commercial plantations, forest nurseries,
riparian vegetation, alleys, game reserves and urban plantings are attacked.

Importance of ash
Forestry, countryside, urban areas

By 2003 ash (Fraxinus spp.) was the sixth most common tree species in the Czech forests covering 1.7% of the
forested area (National Forest Inventory, 2006). By 2014, the share of ash in the tree species composition of
forests decreased to 1.4% (Ministry of Agriculture of the Czech Republic 2014), which can be attributed to the
mortality caused by ash dieback. However, compared to 2004, when the disease was probably already present in
the Czech Republic (Jankovsky et Holdenrieder, 2009) ash proportion slightly increased. The stock of ash has
been gradually increasing from 1990 until 2010 (FAO FRA, 2015) from 4.6 to 6.6 million m?, what classified it
into the group of the top 10 forest tree species from the viewpoint of wood production. Before ADB ash was
even mentioned as invasive species in some forest stands and it had to be eliminated from some protected areas.
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Distribution of common ash in the Czech Republic ranges from lowlands to mountains. In lowlands it is key-
stone tree in floodplain forests and on contrary also thermophilic oak stands on limestone slopes and steppes. In
highlands ashes are common in alluvia of rivers, creeks and scree slopes, where can even reach mountain areas.
The environmental importance of ash mainly consists of fulfilling the water management forest function, stabi-
lizing the banks of streams and transpiration of large amount of water (Simiek, 1999). In urban areas, such as
alleys and parks, ash is the third most common tree followed by maples and limes. The species spectrum of ash-
es planted is wide but the common ash (F. excelsior) considerably prevails.

Tab. 1 Current composition of tree species in the Czech Republic (% of forest land area in the Czech Republic,
2004, 2009, 2014)

Woody plants Natural composition 2004 2009 2014
Spruce 11.2 53.5 52.15 50.7
Pine 3.4 17.4 16.8 16.5
Fir 19.8 0.9 1.0 1.1
Beech 40.2 6.4 7.2 8.0
Oak 19.4 6.5 6.8 7.1
Larch 0 3.8 3.9 3.9
Birch 0.8 2.9 2.8 2.8
Alder 0.6 15 1.6 1.6
Ash 0.6 1.2 1.3 1.4
Maple 0.7 1.0 1.2 14
Hornbeam 1.6 1.2 1.2 1.3
Lime 0.8 1.0 11 11
Elm 0.3 0.0 0 0.0
Other 0.6 1.7 1.9 1.9

Source: Ministry of Agriculture of the Czech Republic, Forestry sector reports for years 2004, 2009, 2014.

Tab. 2 Actual composition (2015) of tree species in urban areas in the Czech Republic (%)

Maple 15.8 Pine 4.8
Lime 14.8 Oak 3.8
Ash 7.2 Poplar 3.5
Birch 6.8 Horse chestnut 2.5
Prunus varieties 6.6 Crane 2.3
Apple tree 6.0 Acacia 15
Spruce 4.8 Other 19.5

Wood industry

More than the half of the ash timber volume is used in the wood processing industry for production of furniture,
parquet, veneer, musical instruments, tools and sporting goods, doors, stairs etc. Around 25% of the wood is
used for paper production, 7% is used as fuelwood and the rest is used for other assortments of timber produc-
tion. Use of ash timber in the Czech Republic has very long history, which persists until current times, when
traditional materials are highly appreciated for special purposes. The ash wood is for example extraordinary
resistant against vibrations because of its elasticity. Therefore, it has been used for skeletons of car bodyworks
until early 1950°s (Fig. 1 Aa), handles of tools, sport equipment (Fig. 1 Ac and Ad), short-range bows and ar-
rows have been made from ash timber (for bows with longer range yew and cedar timber are more suitable). It
was also used for the manufacture of skids in the sled, or sticks, baseball bats, boats and canoes. Many applica-
tions of ash timber are mostly forgotten and replaced by more advanced composites and technologies. The ad-
vantage of the unique appearance of ash wood has been taken by folk handicraft (Fig. 1 Ag) and furniture indus-
try (Fig. 1 Ab) - ash timber can be ground and then rubbed into an almost perfectly smooth surface and produc-
tion of resistant construction elements with exceptional design, such as doors (Fig. 1 Ae), stairs or floors. Other
desirable products are ash veneer with a contrasting sapwood and heartwood. Particular properties of ash timber
have also been used in the production of musical instruments; especially massive wood of ash, which is a com-
mon material in bass guitar bodies (Fig. 1 Af).
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Fig. 1 Aa) Brand new replica (Truhlafstvi Jifi Hemzal, Vranov, Czechia) of bodywork sceleton for restored old-
timer car Z-4 (Zbrojovka Brno, Czechoslovakia) produced in 1930's. Photo M. Dvoiak; Ab) Furniture made of
ash by Truhlafstvi Bo¢kova (Zd'arec, Czechia), Photo H. Bockova, http://www.truhlarstvi-bocek.cz/; Ac) Ski
made of ash wood by Norgeski,Nossberger (Cesky Krumlov, Czechoslovakia) in 1930’s. Photo Martin Ttima;
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Ad) Tenis racket (Artis Stéti, Czechoslovakia) from 1970's. Photo M. Dvotak; Ae) Doors made of ash by
Truhlaistvi Botkova (Zdarec, Czechia), Photo H. Boc¢kova, http://www.truhlarstvi-bocek.cz/; Af) Bass guitar
with ash body made by Prochazka custom guitars (Prague, Czechia), Photo K. Pazderka, http://www.guitar-
makers.com/; Ag) Handicraft bowl made of ash (Brno, Czechia), Photo D. Palovéikova. Fig. 1B) Map of the H.
fraxineus occurrence and H. albidus historical records detected by Koukol et al., 2016. Fig. 1C) Rotating arm
(left) and volumetric (right) air samplers employed to sample the inoculum of ADB associated fungi. Photo M.
Dvotak. Fig. 1D) Procedure of the H. fraxineus inoculation. Photo J. Rozsypalek.

Ash dieback and its spread (disease history)

In the Czech Republic symptoms of ash decline locally occur since the late 90s of the last century (there are
some herbarium specimens from 2002 from Central Moravia) but since 2004 ash declining has remarkably in-
creased. ADB appeared in Beskydy, Jeseniky, Giant mountains, the Bohemian forest, near Prague, eastern Bo-
hemia, the Czech-Moravian highlands, Drahany highlands, Hostyn in Chiiby (Jankovsky et Holdenrieder, 2009).
Symptoms of infection (such as drying of crowns, shoot dieback caused by the formation of necrotic spots under
the bark) were recorded during the years 2004-2009 with varying intensity throughout the whole area of the
Czech Republic (Jankovsky et al. 2010).

The confirmation of Hymenoscyphus fraxineus in the Czech Republic was firstly reported from samples
collected at Drahany highland, arboretum Krtiny, from Fraxinus excelsior “Pendula” at the entrance to the
arboretum, coordinates: 49°19'7"N/ 16°44'35"E (date of collection: 26" September 2007, sampled by O.
Holdenrieder). The symptoms of ADB were already noted in this area in 2004 (Jankovsky et Holdenrieder,
2009). Nowadays, H. fraxineus is commonly isolated throughout ash stands in the whole Czechia (Fig. 1B; Kou-
kol et al., 2016).

Research regarding ash dieback

The ADB has been investigated thanks to various national research projects founded by the Czech Ministry of
Education, Youth and Sports (RDIISCR, 2013), Ministry of Agriculture (RDIISCR, 2012) and by other Europe-
an projects supported by COST (COST, 2011) and H2020 (EMPHASIS, 2015). Various topics have been devel-
oped at universities and research institutes. Below we shortly mention some of the investigated topics and their
outputs.

Biology of the pathogen

Environmental factors affecting the epidemiology of H. fraxineus have been investigated by Havrdova et Cerny
(2013). Relationship of the ADB pathogen to the native saprobic species H. albidus and others was described by
Koukol et al. (2016) and Dvorak et al. (2016), supported by RDIISCR (2012). Hanackova et al. (2015) dealed
with the population structure of H. fraxineus. A short work was conducted by Botella et al. (2016) to optimize a
medium for isolation and cultivation of the ADB pathogen. Fructification, sporulation and symptoms of ADB in
relation to phenology of ashes were studied on several stands in South Moravia within 2013-2015. Significant
differences in the phenology, especially flushing time were found between severely and moderately infected
trees (Rozsypalek, 2015a).

The spore dispersal pattern and influence of weather was investigated by Dvotak et al. (2016). The authors de-
scribe the ascospore dispersal pattern of both H. fraxineus and H. albidus in one locality in the Czech Republic.
The most interesting highlight of this publication is the detected amount of inoculum apart of the expected spore
dispersal season with the occurrence of sexual fruiting bodies (apothecia) i. e. April-October. Both species were
continuously detected by volumetric and in few cases also by rotating arm air samplers (Fig. 1C). Samples from
these instruments were processed by sensitive gPCR method. The possible reasons are discussed, supporting the
suggestions of Gross et al. (2012) about the role of conidia in the reproductive process. Results of this work also
support the relation between H. fraxineus and H. albidus inoculum co-occurrence with a clear prevalence of H.
fraxineus during the whole sampling period, supporting the results of Koukol et al. (2016). Also the determina-
tion of inoculum occurrence by weather conditions is investigated. Authors have found significant influence of
air humidity and leaf wetness on the inoculum amount with a certain time lag, suggesting the determination of
fruiting bodies development and spore release by these factors (Dvoiék et al., 2016).
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The occurrence of putative, doubled-stranded (ds) viral RNA particles has been investigated in more than 100
Czech isolates (Cerméakova, 2014). In total, three different dsSRNA bands of ca 2.2, 2.5 and 4.5 kb were
confirmed in 28.4% of the examined H. fraxineus samples (Cermakova, 2014). Statistical analyses have revealed
no significant relation between the presence of dsRNA and the growth rate, colour or any other characteristic of
the mycelium H. fraxineus (Cermakova, 2014). H. fraxineus mitovirus 1 (HfMV1) was recorded through high-
throughput sequencing of dsRNA in one Czech isolate and confirmed to occur in all isolates presenting bands of
ca 2.5 and/or 2.2 kb in size using direct specific retro-transcriptase (RT) PCR (Cermékova et al., in preparation).
In cooperation with Dr. Daniel Rigling and Dr. Corine Schoebel (Swiss Federal Institute for Forest, Snow and
Landscape Research, WSL) the population structure of H. fraxineus mitovirus 1 has been studied throughout
Europe and Japan (Schoebel et al., in preparation). Furthermore, the presence of HfMV1 has been confirmed in
H. fraxineus ascospores, which suggests ascospores as the main medium of HfMV1 transmission (Cermakova et
Botella, 2015).

Development and impact of ash dieback

Distribution and impact of ADB in forest ecosystems together with the relation of stand conditions on infection
intensity was monitored in 300 forest stands using GIS analyses. The ADB severity was assessed using the pro-
tocol developed by Rozsypalek (2015a) classifying trees into 10 health condition classes within which trees
falling in class 1 and 2 (with lowest infection rate) are considered ADB-tolerant. Trees in class 9 (dead crowns),
and 10 (collar and root infections) represent dead trees (Rozsypélek, 2012, 2015a; Prouza, 2015). Results show
that severity of impact of ADB is decreasing with the altitude. The most significant differences in the intensity of
ADB were noted in floodplain forests around Morava river. In the altitude higher than 760 m a.s.l. trees with
lowest impact of ADB were registered (Fig. 2). Only mature pure ash stands were evaluated to avoid the influ-
ence of admixed species in early stage of the stand development. However, age of the stand seems to play an
important role in the ADB severity of the stand. Young stands up to 50 years are significantly more affected by
the ADB than mature stands (Fig. 3), where the trees are damaged with lower intensity (Prouza, 2015).

Symptoms of the ADB were followed weekly during 2013-2015 on experimental plots situated in lowland ash
forests in the South-East of the Czech Republic. Heavy impact of the ADB has been recorded since 2008
throughout the whole area. Particular trees showed various dynamic of ADB symptoms development ranging
from fast progress of the dieback to trees without any symptom’s development. Probably due to extremely hot
and dry season 2015 the development of the ADB symptoms was significantly retarded (Rozsypéalek, 2015).

The average health condition for stand

14

12t
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Health condition

153 167 175 181 191 201 209 314 353 423 K05 7e0 820
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Fig. 2 Health of Ash stands according of altitude (Prouza, 2015).
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Fig. 3 Classification of health of ash stands according of age classes (1=0-20 years, 2=21-40 years...) (Prouza,
2015).

Genetics of ash populations and resistance

Susceptibility of ashes to H. fraxineus infection was studied by inoculation tests with 5 ash species and 4 culti-
vars. Inoculations were carried out with pure cultures and ascospore solutions of H. Fraxineus (Fig. 1D). Prelim-
inary results confirm strong susceptibility of the species F. excelsior, especially cv. ‘Pendula’ and ‘Altena’,
however cv. ‘Nana’ was evaluated as the least susceptible cultivar of this species. F. americana and F. ornus
showed the highest tolerance among these experiments (Rozsypalek, 2015b).

Population structure and genetic diversity of ash in Czech Republic

The native Czech ash belongs to the Central European gene pool of species originated in the Alpine glacial ref-
uge according to the phylogenetic studies developed by Heuertz et al. (2004a). The intraspecific variability of
different phenotypic traits was studied in different ash provenances of Czech Republic. The experiment includ-
ing 29 provenances replicated in 5 trial plots in different regions of the Czech Republic, and it was carried out
during 1996-1999.

To evaluate the intraspecific variation of ash in relation to the ash dieback, the growth of provenances (heights
and DBH of trees), their survival rates and health condition were compared. The health condition of the prove-
nances (= dieback intensity) was assessed using the protocol developed by Rozsypélek (2015a).

Our preliminary results from three replicate plots of the experiment, which are located in eastern part of the
Czech Republic (Tab. 3) indicate much better condition and growth of the narrow-leaved ash, which is native in
the riverine sites along the Morava river. The two provenances of the species survive as much as twice better
than the common ash provenances and their health condition is also significantly better.

Regarding genetic factors, provenance effects proved to be significant in all studied characteristics. They were
the biggest in the survival rate and mean diameter of trees, followed by the mean height and health condition (=
intensity of ash dieback). The survival rates of the best and poorest common ash provenances differed by 300%,
their dieback intensity, phenotypic quality and mean diameter by 40%, and the mean height by 30%. These re-
sults are in accordance with Pliura et al. (2011), who reported 2 - to 4 - fold difference in the survival rate, and
50% in the health condition among populations in the geographically broadly based experiment covering West-
ern, Central-European and East-European gene pools of the common ash.
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Proportion of potentially resistant ash trees

We estimated proportions of hyposensitive trees of ash also at 5 trial plots of experimental plots established in
1996. The experiment is representative of the ash in the Czech Republic with regard to the number of prove-
nances represented (29) and the fact that seeds of all provenances were collected personally by the founders in
the source populations. In addition, there was not silvicultural intervention in 4 plots. Our preliminary results
suggest no trend in the current survival rates (Tab. 3). On the other hand, proportion of nearly infection-free
“hyposensitive” individuals (coinciding with the “expected final survival”) is obviously smaller in the plots lo-
cated in the western part of the country (Bohemia) which may be with coinciding with climatic differences in the
west-east direction.

Tab. 3 Current survival rate and expected final survival rate (based on the proportion of dieback-tolerant indi-
viduals) in the series of 5 provenance plots with 30 Czech ash provenances, age 20 years, established by the
FGMRI Jilovi$te-Strnady.

Trial location Habitat type Parent substrate  Alti- Survival rate - Expected final
tude 19 years survival*

SE Moravia - Tvrdonice rlpar;s:leglxed riverine sediments 155 21,20% 7,20%
Central Moravia - Kromé&fiz rlpar;s:leglxed riverine sediments 190 25,20% 5,50%

NE Bohemia - De&tna Alder-Ash alluvial sandstone sedi- 250 14.80% 1%

forest ments

Central Bohemia - Konéprusy T|I|0—A}%erre|:tn slope limestone 350 23,15% 1,80%
East Moravia - Vapenky T|I|0—A}%erre|:tn slope calcarous flysch 490 21,90% 4%

* Ratio of hyposensitive trees (Class 1 and 2 in the scale of 10) to all originally planted trees in a trial
Management options to mitigate the impact of ash
Silvicultural management options

In young ash, the dieback progresses considerably faster than in adult trees (Rozsypalek, 2015a) because of the
size of the host tree but probably also due to higher humidity and higher concentration of spores closer to the
ground surface and in understory of forest stands.

However, young stands of the thicket and pole-stage appear to be more threatened by the changed attitude of
forest managers towards the species. The indirect effects include direct elimination of the whole groups of de-
clining ash trees including infection-tolerant individuals within them and reduced interest in the silvicultural
support to the species by thinning of the species mixtures. Drop in the number of healthy ash seedlings available
in the forest nurseries contributes to the overall trend of avoiding ash in the reforestations.

Phenological investigation focused on ashes with different degree of damage by ADB showed clear differences.
Severely damaged trees showed a time lag of the spring phenological phases up to one month compared to the
healthy trees (Rozsypéalek, 2015a). This apparent influence of the pathogen on the seasonal development of the
particular trees can indicate targeted silvicultural measures in the spring time. Thus trees with delayed flushing
can be removed before further development of the ADB symptoms.

In the both riparian and highland ash sites, potential effects of thinning variants have been tested under the fol-
lowing premises:

e timing (winter and summer thinning);

e thinning method (conventional sanitary thinning aimed to elimination of mean and inferior individuals
and positive thinning to support the most vital ash trees).
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The hypothesis is that thinning of susceptible individuals in a larger area in winter may have an indirect positive
effect thanks to the lower quantity of infected leafs and putatively reduced ascospore discharge in the next vege-
tation season(s). The effects of thinning will be estimated evaluating the growth, infection intensity and overall
health in the thinning variants and the non-intervened plots.

Possible control measures

Due to the rapid spread and high infection pressure of H. fraxineus the possibilities of ADB control are limited.
In the forest nurseries it is possible to use chemical treatment to protect planted material. But these measures are
ineffective, because the plants are protected only when remaining in the nursery. After planting those seedlings
into the forest they are heavily damaged and the infection pressure increases in the surrounding vegetation.
Chemical control is useless in forest stands. Fungicides used in the large scale can lead to disbalances of macro
and micronutrients in the soil and pollution of water sources (Forestry commission, 2005), regardless to the eco-
nomic impact. The use of fungicides is acceptable only for individual control of valuable trees in countryside and
in urban areas.

It seems that the only possibility to preserve ash trees in forests is searching and breeding individuals with in-
creased genetic resistance to H. fraxineus. Despite the enormous infection pressure in almost all ash stands there
is always a small percentage of minimally affected individuals (Stener, 2012).

In forest ecosystem is appropriate to support those ashes with minimal symptoms and its genetic potential for
natural regeneration in stands. Breeding programs with resistant trees are recommended in alleys, river banks,
urban areas and artificial plantations. Unfortunately local foresters prefer simple solutions and ash silviculture is
dramatically restricted now. Artificial regeneration of ashes is not recommended nowadays because of the high
rates of mortality (100%).

So far, biological control does not seem to be a plausible solution to improve the situation of ashes in the Czech
Republic. Preliminary investigations carried out to assess a possible effect of fungal viruses on the morphology
and growth rate of their fungal hosts did not show statistical significance (Cermakova, 2014). Nevertheless,
further experiments should be performed to truly understand the role of mycoviruses within H. fraxineus.

Alternative tree species

Severe dieback of trees species, such as alder, elms and ashes has a serious effect on tree diversity. In the soft-
wood floodplain forests genera willows (Salix spp.) and poplars (Populus spp.) are widely spread but they may
suffer from other pathogenic agents as Dothichiza populea, Melampsora spp., Xanthomonas populi, Agrobacte-
rium spp. etc. Also native pedunculate oak (Quercus robur L.), which remains as the main tree species in the
hardwood floodplain forest, shows a significant decline in many localities likely because of climatic and hydro-
logic reasons. Wild cherry (Prunus avium L.) is suitable additional tree species in these stands as well.

Due to decline and dieback of native woody plants in floodplain forest, the importance of other woody plants,
including not native species, is increasing. Ash is often replaced by black walnut (Juglans nigra L.), but in some
habitats there is major risk of introduction of thousand canker diseases caused by Geosmithia morbida and
transmitted by the walnut twig beetle Pityophthorus juglandis. Honey locust (Gleditsia triacanthos L.) is used
occasionally. The floodplain forest niche vacated by the retreat of ash trees is naturally overgrown with boxelder
(Negundo aceroides Moe.) and hedge maple (Acer campestre L.). However use of non-native trees species is
strictly limited by forest and environmental legislation.

The lack of restriction in the use of non-indigenous species in the urban environment is enhancing the ash re-
placement. To preserve ash in urban environment it is recommended to plant more resistant species and cultivars
of ash, such as manna ash (Fraxinus ornus L.) or cultivars F. excelsior 'Nana', which seems to be more resistant.
The use of some cultivars is limited by the absence of suitable resistant rootstock for grafting. Some non-native
ashes like F. pensylvanica should be also considered (Rozsypalek 2015b).

Conclusions

Ashes in the Czech Republic are until certain point replaceable either from the point of view of wood production,
either from the ecological view. To forget ash means to avoid a natural resource, which is historically connected
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with the culture of the Czech Republic. This traditional material would be missed in many branches of produc-
tion. Companies and craftsman working with ash timber were never focused on quantity, but on high quality.
Design of ash products is mostly highly personalized. Therefore we cannot give up the fight against ADB, sup-
port silviculture on the bases of natural regeneration in wide scale and keeping the high genetic diversity.
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Abstract

Ash dieback caused by Hymenoscyphus fraxineus reached Germany at the latest in 2002. Various projects
investigating the disease and the genetic resistance in Fraxinus excelsior have since then been carried out in the
country. This review summarizes these studies, depicting in detail the drastic progression of the disease and its
devastating impacts. The potential of the genetic resistance against ash dieback is discussed on the background
of the genetic structure of German ash populations. In the end, recommendations for the management of diseased
ash populations in Germany are given, which aim to preserve the species, retain genetic resources of ash and
propose alternative tree species for typical ash habitats.

Keywords: Ash dieback, Fraxinus excelsior, Hymenoscyphus fraxineus, Resistance breeding, Forest disease
management, Genetic diversity

Introduction

Ash dieback is a severe disease that currently devastates the European populations of Fraxinus excelsior L. and
Fraxinus angustifolia Vahl. The causal agent is the ascomycete Hymenoscyphus fraxineus Baral et al.
(anamorph: Chalara fraxinea T. Kowalski). Most likely it originates from Far East Asia where it lives non-
pathogenically on Asian Fraxinus species (Mar¢iulyniené et al. 2013, Zhao et al. 2013, Baral and Bemmann
2014, Gross et al. 2014b, Zheng and Zhuang 2014). In contrast, it causes necroses on leaves and twigs on the
mentioned European species, resulting in massive crown dieback after several years of infection (e.g. Bakys et
al. 2009, Kirisits et al. 2009, Skovsgaard et al. 2010, Gross et al. 2014a). Moreover, the fungus is able to
colonize the bases of stems (Husson et al. 2012). In combination with other fungi and particularly Armillaria
spp., this leads to severe basal lesions and collar rots (Lygis et al. 2005, Skovsgaard et al. 2010, Bakys et al.
2011, Husson et al. 2012, Enderle et al. 2013). The disease already led to massive salvage felling and mortality
and endangers the future utilization of ash in European forestry. However, high genetic resistance against ash
dieback is present in a small fraction of ash individuals, possibly providing a solution to sustain ash species in
European forests (e.g. McKinney et al. 2014).

Ash is strongly infested by ash dieback in Germany, where the dramatic consequences of the disease and the lack
of knowledge about management options gave rise to a number of research projects. This review summarizes the
importance of ash and the spread of ash dieback in Germany. Moreover, studies about the development and
impact of the disease and the genetics of ash including genetic resistance in German forests are presented. The
review also summarizes management options that are currently recommended in Germany. German research
about Hymenoscyphus fraxineus and the compounds produced by this fungus (e.g. Junker et al. 2014, Halecker et
al. 2014) is not part of this review.

Importance of ash in Germany
In Germany, Fraxinus excelsior is the only native ash species and the only ash species with noteworthy
relevance in forestry. Moreover, European ash is a popular ornamental tree species in gardens, parks, hedges and

avenues. Other ash species such as F. ornus, F. angustifolia and F. pennsilvanica only play a minor role as
ornamental trees in urban areas.
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According to the third National Forest Inventory (NFI, data kindly provided by Gerald Kéndler), which was
conducted in 2012, ash covered an area of about 250,000 ha in Germany, which corresponds to 2.4 % of the total
forest area. The ash stock was estimated at 74.7 million solid cubic meters (including bark). Although ash trees
can be found all over Germany, its abundance is unevenly distributed. Only on calcareous sails, in flood plain
forests and ravine forests ash is a main tree species and thus of special importance in certain regions. About a
quarter of the total German ash area (25.3 %) and ash stock (23.8 %) is located in the federal state of Baden-
Wirttemberg in south-western Germany (third NFI).

The ability of natural ash regeneration to dominate and outcompete admixed tree species on certain sites in
Germany is called “Vereschung” (Fraxinisation). It has been discussed as a problem in former times, especially
because of the high light transmission of ash dominated canopies in mature stands that promotes the emergence
of undesired dense layers of grasses and herbaceous plants (e.g. Miegroet 1956, Borth 1990, Wagner 1990,
Rysavy and Roloff 1994). In recent decades, however, German forest policies aimed to increase the area of
ecologically stable mixed forests (e.g. Mantel 1990, Schriewer 2001, Baumgarten and von Teuffel 2005). In the
course of this forest conversion, ash as a native, robust and ecologically and economically valuable tree species
had been increasingly planted and its regeneration had been promoted. Moreover, facing climate change, the
high drought tolerance of ash had been considered advantageous (Schmidt 2007, Anon 2008). Overall, the area
covered by ash in Germany increased by 17.4 % from 2002 to 2012 (second and third NFI). Only in the federal
states of Schleswig-Holstein and Mecklenburg-Western Pomerania the area covered by ash slightly decreased
during this period of time, which possibly is connected to the relatively early infestation of these states by ash
dieback.

The importance of ash in Germany is reflected by a high number of certified seed stands (e.g. 155 stands in
Bavaria). Seeds had been harvested regularly until the outbreak of ash dieback. Forestry now runs the risk of
losing this economically and ecologically valuable tree species for mixed forests due to the increasingly severe
ash dieback.

Disease history of ash dieback in Germany

The first remark in the literature about ash dieback in Germany (Heydeck 2005) reports the incident of typical
ash dieback symptoms affecting young F. excelsior trees in 2002 in the federal states of Brandenburg,
Mecklenburg-Western Pomerania and Saxony-Anhalt (north-eastern Germany). Such widespread distribution in
2002 allows the presumption that the pathogen was already present in Germany some years before. And indeed,
already in 2000 / 2001, disease symptoms have been recorded in Mecklenburg-Western Pomerania (pers. com.
Paul Heydeck) and Hamburg but not assigned to ash dieback. Chalara fraxinea was reported in 2007 for the first
time in Germany (Schumacher et al. 2007). Meanwhile, the disease is distributed in all German federal states
(Fig. 1). In Schleswig-Holstein, Saxony and Bavaria, disease symptoms were observed in 2005, and H. fraxineus
was proved to be the causal agent in 2006, 2008 and 2008, respectively. Ash dieback reached Lower Saxony and
Baden-Wirttemberg at the latest in the year 2006, while the pathogen was laboratory-confirmed in 2006 and
2009, respectively. In North Rhine-Westphalia ash dieback was observed in the year 2007 and confirmed in
2008. In Hesse and Thuringia first symptoms and evidence of H. fraxineus were reported in 2008 and 20009,
respectively. First but unassigned symptoms of ash dieback were recorded in Saarland in the year 2008 and
2009, but the presence of H. fraxineus was verified in 2010. The last federal state where ash dieback was
observed is Bremen (in the year 2012). In the beginning of the infestation of new areas, the disease and
especially disease induced mortality was realised only in young plantations, nurseries or natural regeneration.
There was some time lag, until symptoms in adult trees attracted attention (e.g. Schumacher et al. 2007, Metzler
2010). Like on the European level, in Germany no alert or quarantine status could be established during the
cryptic dissemination of the disease before it became obsolete. Trade and transportation of ash plant material
undoubtedly contributed to the fast spread of the pathogen within Germany.

Development and impact of ash dieback
Ash dieback in provenance trials
In south-western Germany, the development of ash dieback has been monitored in a provenance trial in four

different stands consisting of more than 1900 F. excelsior trees in total that belong to eight provenances from
southern Germany (Metzler et al. 2012, Enderle et al. 2013, Erbacher 2015).
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Figure 1 First reports and laboratory-confirmed evidence (bold) of ash dieback caused by Hymenoscyphus
fraxineus in Germany (®) and percentage of ash in forest areas in German federal states (except city states)
according to the German National Forest Inventory 3 (2012): =~ =0.3 % ash, = =1-1.7 % ash, ® =2.1-24 %
ash, ® =3.1-3.6 % ash, B = 4.9 % ash. Map created by the Northwest German Forest Research Station in 2016,
Dep. Forest Protection B4, compiled by Gitta Langer. Data of the National Forest Inventory 3 (BWI 2012) was
provided by Gerald Kéndler, FVA-BW. Background source: GeoBasis-DE/BKG2010.
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The trial was established in 2005 with three years-old saplings. When data collections started in July 2009, it was
possible to record earlier affections of trees retrospectively. Since then they have been repeated every year. Tree
individual disease affection was classified according to the number of infected twigs. Results are presented in
Figure 2 that shows a massive disease progress. Mortality increased exponentially and reached 28.3 % in 2015.
On the other hand, only 1.7 % of the trees in 2015 were symptomless in the crowns. Unfortunately, two of the
stands were flooded in July 2014 and data collection was thus carried out in mid-August. During this time,
premature leaf fall had already occurred, and the assignment of the trees to the classes 0 — 3 was hampered and
thus probably to some part inaccurate.
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Figure 2 Development of the proportion of trees in classes of disease intensity in a provenance trial from 2007 to
2015, updated from Enderle et al. 2013. For retrospectively analysed years, data are only distinguishing between
healthy and affected (hatched bars) individuals. Class 0: healthy, class 1: less than three symptomatic shoots,
class 2: less than five symptomatic shoots, class 3: five or more symptomatic shoots, class 4: more than 50 %
symptomatic shoots (has been applied since 2012), class 5: dead.

Differences between provenances in crown damage were evident in the beginning of the study (Metzler et al.
2012, Enderle et al. 2013), but became less and less pronounced in the course of disease progress. In 2015, these
differences were rather negligible, although still statistically significant (Erbacher 2015).

The presence of collar rots in the trial was recognized in 2011 for the first time and has been recorded
systematically since 2012. Molecular investigation of bark samples from collar rots in that year indicated that the
involved honey fungus belonged to Armillaria gallica. Analyses of the distribution of collar rots in the
provenance trial revealed a strong spatial dependency with range from 3.3 m to 11.0 m in different stands. This
suggests an influence of micro location conditions on collar rot prevalence. Moreover, collar rot prevalence was
highest in the wettest parts of the stands, indicating that collar rot formation is favoured by soil moisture. There
was no evidence for differing susceptibility to collar rot between the provenances.

The proportion of living trees with collar rot was 32.6 % in 2012, 46.9 % in 2013, 49.7 % in 2014 and 51.2 % in
2015 (Enderle et al. 2013, Erbacher 2015). Recently, it was shown that susceptibility to collar rot is genetically
determined (Mufioz et al. 2015). The little increase of collar rot infections in the last years raises hope that the
remaining trees in the trial exhibit relatively high genetic resistance against infections at root collars or are
surrounded by micro location conditions that prevent from collar rot formation. By now, collar rot is the most
important mortality factor in the provenance trial. Collar rot was present in 92.5 % of the trees that died between
2014 and 2015 and in 84.4 % of the trees that died between 2013 and 2014 (Erbacher 2015).
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In a 28 year old provenance trial in Bavaria including fourteen provenances from Germany, two from
Switzerland and one from Romania (established in 1988 (Kleinschmit et al. 2002)) ash dieback has been
observed since 2011 in every second year. Altogether 592 trees were monitored and damage was recorded
following the classification scale elaborated by Lenz et al. (2012). Mortality of the trees increased severely up to
18.6% in 2015, whereas healthy trees dropped down to 3.5% (Figure 3).
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Figure 3 Observation of disease intensity in a provenance trial in Bavaria installed in 1988. Each tree was
classified into one of six classes, starting from class 0 for trees with no symptoms to class 5 with 100% damage.

Ash dieback in stands of differing age in southern Germany

In south-eastern Germany, the development of ash dieback, its disease expansion and severity was examined on
22 study sites, capturing differences not only between habitats, but also between age classes (Lenz et al. 2016).
The sites included eight mature stands with a total of 230 trees, six pole stands with 584 trees and eight young
growth stands with 579 trees. For vitality determination a scoring system was applied that uses six vitality
classes (from 0 to 5, Lenz et al. 2012). Depending on their crown defoliation, ash trees belonging to the vitality
classes 0 and 1 were less affected, trees within the vitality classes 2 and 3 moderately to seriously affected and
trees of the vitality classes 4 and 5 were dying or already dead. Figure 4 shows the development of tree vitality
over a period of five years. In 2010, no disease-free areas were found anymore. As we cannot determine how
long the fungus has already been present in the different stands and because the initial degree of infestation
differed massively (Figure 4), a comparison between the stands is rather difficult. Generally, mortality rates were
higher in young growth stands and pole stands compared to mature stands. The development of vitality in some
ash stands was not assessed in 2015, because of high mortality rates. With the exception of one young growth
stand (No. 24) where only 16 % of the trees were assigned to the vitality classes 4 and 5, all other stands showed
mortality rates from more than 50 % up to 95 % in 2014. Three from six pole stands were massively affected by
the disease, exhibiting mortality ranging from 37 % to 78 % in 2014. In all mature stands a drastic shift from
vitality classes 0 and 1 to 2 and 3 could be observed. Compared to pole and mature stands, the average vitality
decreased much faster in most of the young growth stands, even though these stands were already more diseased
in the beginning of the monitoring (Lenz et al. 2016). The monitoring will be continued in future. In summary,
decreasing vitality accompanied by increasing mortality could be detected in all examined ash stands, regardless
of age and habitat. Surprisingly, no correlation between the extent of the mortality and the geographical position
of the stands was observed, although the disease was first detected in the southern part of the area of
investigation.
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Figure 4 Proportions of trees in classes of crown defoliation V 0-1 (healthy or slightly diseased), V 2-3
(moderately diseased) and V 4-5 (dying or dead) are illustrated for young growth-, pole and mature stands from
2010-2015. The development of the mean crown defoliation (classes 0-5) for each study site is shown at the
bottom. Numbers indicate different study sites (updated from Lenz et al. 2016).
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Ash dieback in north-western Germany

In north-western Germany, infections and mortality due to ash dieback were monitored in five ash stands of
differing age (Langer et al. 2015a). High fractions of infected trees in this and additional ash stands in 2013 and
following years demonstrate the fast spread of the pathogen (Table 1). Strong infestations take place in young
and old ash stands, natural regenerations and in urban greens, resulting in high mortality. For example, a site
afforested with saplings exhibited an infection rate of 80 % one year after planting (Langer et al. 2015a) and 100
% after five years, and mortality added up to 73 %. Especially in Schleswig-Holstein, but also in the other
federal states, tree mortality is increasing and often connected with collar necroses. The latter are often
associated with H. fraxineus or Armillaria root rot (Langer et al. 2015b). Therefore, salvage cuttings, especially
because of traffic safety responsibilities, had been necessary since 2009 (Langer et al. 2015a). In all investigated
sites, the proportion of infected trees and the mortality increased drastically (Table 1). Natural regeneration
stands exhibited the highest fraction of healthy trees, but nevertheless were prone to high mortality (Table 1).

Table 1 Mortality and proportions of diseased trees (with regard to crown symptoms) in several ash stands in
north-western Germany. na = not applicable because data not compiled.

Location Forest type N Tree age Proportion of Mortality [%]
trees 2013 diseased trees [%]

Year 2013 2014 2015 2013 2014 2015

Hesse, .

Neueichenberg Natural regeneration 543 @5 35 55 80 6 14 38

Hesse, Schotten ~ iedbroadleafforest 500 ) 155 199 100 100 13 14 22
(natural regeneration)

Lower Saxony, Natural regeneration 489 @3 20 50 71 4 12 23

Gottingen

qugr Saxony, Mixed broadleaf fc_)rest 318 19-170 100 100 100 0 0.3 15

Gottingen (natural regeneration)

'S'fr‘(’)"l‘:t"r Saxony, Afforestation 157 4 99 100 100 62 73 na

cower saxony. Afforestation 4471 15 na 9 99 na 35 39

Lower Saxony, Afforestation 2336 15 100 na na 36 na na

Goseplack

nger saxony, Afforestation 2337 15 100 na na 7 na na

Riefensbeek

Lower Saxony, Mixed broadleaf fc_)rest 116 32-134 100 100 100 0,9 3 4

Elm (natural regeneration)

Schleswig- .

. Mixed broadleaf forest

Holstein, (natural regeneration) 220 29-155 100 100 100 15 18 25
Lauenburg

Schleswig-
Holstein, Afforestation 2350 15 100 na na 54 na na
Scharbeutz

Schleswig-

. Mixed broadleaf forest 60 93-145 100 100 100 23 23 30
Holstein, Satrup

Ash dieback in sample points of the National Forest Inventory

The latest NFI of Germany was conducted in 2012 at permanently marked random sample points in a systematic
grid. According to the data of this inventory, ash trees were present at 1.373 sample points of the NFI that are
located in the Federal State of Baden-Wirttemberg in south-western Germany. In July and the first week of
August 2015, a special inventory focussing on ash dieback was conducted at a random subsample of 529 of these
sample points in order to gain representative data of ash dieback severity in a supra-regional area (Enderle et al.
2015a). This inventory included 1.627 adult ash trees (DBH greater than 7 cm) and 698 regeneration ash trees
(taller than 0.5 m and DBH smaller than 7 cm). For every adult tree, crown defoliation and the portion of
epicormic shoots of the living crown were assessed in percentage classes. The portion of epicormic shoots turned
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out to be a suitable indicator for individual susceptibility towards ash dieback (Enderle et al. 2015b). Moreover,
the presence or absence of collar rot was recorded for every tree with DBH greater than 7 cm. The data of the
regular NFI 2012 was used as a basis to calculate the volume of wood in cubic meters for the respective
categories of ash dieback symptoms. For the regeneration trees, ash dieback severity was scored according to the
number of infected shoots.

In total, 39.2 % of the total ash stock of Baden-Wirttemberg, that was 17.8 million cubic meters in 2012
according to the NFI, consisted of ashes with crown defoliation higher than 60 %. Considering these trees as
insufficiently vigorous, this means that almost 7 million cubic meters will have to be harvested within the next
few years or will decay unused. Ash trees with proportion of epicormic shoots higher than 60 % even accounted
for 62.2 % of the total ash stock, giving an indication of the volume of trees that are too susceptible to survive in
the long term. Ash trees exhibiting collar rot accounted for 17.5 % of the ash stock. On the other hand, 6.7 % of
the ash stock consisted of trees with little crown defoliation and portion of epicormic shoots (less than 25 %) and
without collar rot. This fraction of trees might be resistant enough to survive sustainably, although formation of
new collar rots is still possible.

The volume of wood consisting of trees that had been harvested or died between the last two inventories (2012 -
2015) was 55.1 % higher for ash than for other tree species on the investigated sample points. Ash trees that died
naturally accounted for 10.8 % of this volume, whereas trees of other species that died naturally accounted for
only 2.3 % of this volume. This depicts the problem that the timely harvest of the now frequently dying ash trees
is not always feasible.

The high sample size allowed the comparison of ecoregions, which revealed considerable differences in the
severity of the disease. Crown defoliation and portion of epicormic shoots were smallest in the ecoregion
“Neckarland”. Also collar rots were relatively rare in this ecoregion. Forests of the Neckarland are located
mainly in colline altitudes of the Keuper Uplands with moderate precipitation. In the ecoregion “Upper Rhine
valley”, where ashes exist mainly in flood plain forests, the volume of ashes with collar rots accounted for 42.7
% of the stock, which is the highest proportion of all investigated ecoregions.

The total number of regeneration ash trees decreased drastically by 56.4 % within the three years since the last
NFI. The reduction was especially high in the Upper Rhine valley, were ash trees occur mainly in flood plain
forests. Here, regeneration trees already weakened by ash dieback are exposed to strong competition by
herbaceous plants, particularly when the canopy layer partly disintegrates due to the disease. Of the remaining
regeneration trees, 31.9 % were not affected by ash dieback, 14.6 % were diseased at less than 50 % of their
twigs, 17.6 % were diseased at more than 50 % of their twigs and 35.8 % of the trees were dead. This proportion
of healthy trees is considerably higher than in earlier studies from south-western Germany (Enderle et al. 2016)
and is rather comparable to results of a survey in Lithuania (Lygis et al. 2014). However, the vast majority of
healthy trees (91.5 %) were smaller than 130 cm in height. Possibly, the high fraction of healthy young ash trees
is already a result of commencing evolutionary adaption to the disease.

Genetics of ash populations and resistance
Population structure and genetic diversity of ash in Germany

Several studies used molecular markers to investigate the genetic structure of German ash populations (Holtken
et al. 2003, Heuertz et al. 2004a, 2004b, Heblel et al. 2006a, 2006b, Fussi and Konnert 2014). Northern Germany
is dominated by one chloroplast haplotype, which is typical for central Europe (Heuertz et al. 2004b). Higher
chloroplast variation was detected in southern Germany, especially in populations from south-eastern Bavaria
(Fussi and Konnert 2014), where four chloroplast types have been detected by Heuertz et al. (2004b) in the same
region. Historical contact of different chloroplast lineages from different refugia in Italy, the eastern Alps and the
Balkan Peninsula could explain this pattern (Heuertz et al. 2004b).

The results of genetic studies in Germany revealed a high genetic variation within and high genetic
differentiation between ash populations (Hebel et al. 2006b, Fussi and Konnert 2014). High genetic variation
within stands was also found in Italy (Ferrazzini et al. 2007) and generally higher genetic variation was detected
in central and western Europe than in south-eastern Europe (Heuertz et al. 2004a). In contrast, genetic
differentiation was higher for populations in south-eastern Europe than in central Europe (Heuertz et al. 2004a).
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Different gene flow intensities during postglacial recolonization might be the explanation for these observed
patterns (Heuertz et al. 2004a).

Studies indicate that historical effective seed dispersal occurred mainly over short distances (Heuertz et al.
2004a) and pollen dispersal might have been more effective, since the dispersion of pollen by wind is typical for
F. excelsior. Nevertheless, the data on pollen dispersal is contradictory, as very limited pollen dispersal has been
reported in F. excelsior (50% and 95% of pollen dispersed at less than 10 m and 50 m, respectively, Altman and
Dittmer (1964) in Heuertz et al. 2001). Douglas (2006) also mentioned that pollen flow and seed dispersal in ash
is generally restricted within the stand. These findings could explain the genetic uniqueness of some southern
German populations (Fussi and Konnert 2014). However, in some cases gene flow by pollen into fragmented
populations can be extensive (46—-95%) having two components: a very localized and restricted one and a second
one stretching over long distances with dispersal occurring over several kilometres (Bacles et al. 2005). Effective
dispersal distances (average 328 m) were greater for fragmented populations than values reported for contiguous
populations (Bacles et al. 2005). However, in view of ash dieback, dying trees and / or an active withdrawal of
ash can lead to depletion of populations with restricted effective gene flow between the remaining and possibly
more resistant trees.

Genetic resistance in populations and individuals

The genetic determinism of the resistance against ash dieback was investigated in four different clonal seed
orchards in south-western Germany (Enderle et al. 2015b). In total, the seed orchards comprised 1.726 ramets
that belonged to 246 autochthonous clones. The grafts for the clones originated from different nearby regions in
south-western Germany. As in former studies, tree individual crown defoliation was assessed in classes in order
to score the degree to which the trees were affected by ash dieback. However, some severely diseased trees
showed little crown defoliation due to extensive formation of epicormic shoots. Thus, the proportion of
epicormic shoots of the living crown was additionally assessed for every tree and interpreted as an indicator for
individual susceptibility to ash dieback. The assessments took place in 2012 in all four seed orchards and were
repeated in 2013 in two of the orchards. Broad-sense heritability ranged from 0.48 to 0.58 for portion of
epicormic shoots and from 0.18 to 0.55 for crown defoliation between the orchards. These results are comparable
to other studies from Denmark, Sweden and Lithuania (McKinney et al. 2011, Stener 2013, Plitira et al. 2014).
Differences between the origins of grafts were significant, but very small. Together with the results of the
provenance trials, this indicates that the main source of resistance is determined on the level of the individuals,
not on the level of populations or provenances.

Fussi and Konnert (2014) reported that ash populations from southern Germany were genetically very different
and most of the studied populations displayed symptoms of ash dieback, although in different intensity.
Nevertheless, resistance on the population level seems rather unlikely. More likely is that H. fraxineus has not
arrived in populations, where no symptoms have been discovered yet. In southern Germany, genetic variation
between damaged and undamaged subpopulations was compared to see if genetic differences between these two
collectives exist (Fussi and Konnert 2014). The authors detected higher proportions of heterozygotic individuals
(observed heterozygosity) in the less susceptible groups compared to the susceptible groups, indicating that
heterozygotic individuals might be able to withstand ash dieback better than homozygotic individuals. This
means a higher variability on the individual level for heterozygotic individuals that might therefor have higher
plasticity and reaction capacity against the disease. Namkoong et al. (1998) and Tessier du Cros et al. (1999)
earlier suggested that heterozygotic individuals could be more resistant to environmental stresses.

Evolutionary selection in natural ash regeneration

European ash is a tree species, which usually regenerates very successfully. In natural regeneration, densities of
more than 100,000 ash trees per ha can be reached (Roloff and Pietzarka 1997, Tabari and Lust 1999), and ash
can be very competitive on suitable sites. This fact is worth to consider when searching for management options
that aim to increase the resistance against ash dieback in future ash populations. However, ash dieback
influences individual competitiveness and changes the processes of evolutionary selection in natural
regeneration. To gain a better understanding of selection processes in ash regeneration, individual disease
severity was assessed and compared to tree height and annual height growth, which were recorded as indicators
of competitiveness (Enderle et al. 2016). The study took place in three sites with dense ash regeneration in south-
western Germany with a total number of 1,271 ash trees. Data collections were performed in summer 2013 and
winter 2014 / 2015.
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In the investigated stands, smaller trees were generally more affected by the disease. The height growth of
moderately diseased trees was not reduced compared to completely healthy ashes, but a significant reduction of
height growth was evident for trees with more than 50 % crown dieback. Moreover, these trees lost in average 30
% - 40 % of their tree height due to dieback, whereas only minor reduction of height could be detected for less
affected trees. The number of living ash trees in the stands decreased by 20.4 % during the period of
investigation.

From this study it can be assumed that individual competitiveness is not reduced notably as long as less than half
of the twigs of a tree are diseased or dead. However, further research is needed to assess the potential of natural
regeneration leading to enhanced resistance by evolutionary selection.

First experiences in breeding for resistance

In order to elucidate the breeding potential and to gain general experience in breeding for resistance against ash
dieback, a study was initiated in southern Germany to test the heritability of supposed resistance in the field
(Fussi et al. 2016, submitted manuscript). In nine infected mature ash stands, a number of ash trees that visually
did not exhibit any disease symptoms were identified in 2010. This can be considered as a first step in a putative
breeding program for ash. Scions were collected from these potentially resistant trees and grafted on two years-
old root stocks in spring 2012. Following a randomized block design, a field trial was established in Bavaria in
winter 2013 / 2014 with 306 of the resulting ramets that belonged to 36 clones. Subsequently, in June 2014 and
2015, individual crown damage was scored by determining the number of infected shoots as a percentage of the
total number of shoots per plant.

In 2014, 81.4 % of the ramets and 14 clones were completely healthy. This fraction decreased drastically in the
following year, when only 5.6 % of the ramets and no clone were completely healthy. Instead, 11.4 % of the
ramets had already died in 2015. There were strong differences in crown damage between the clones but not
between the blocks (Kruskal-Wallis tests, p < 0.001 and p = 0.55, respectively), indicating that the clones
differed substantially in their genetic resistance against ash dieback. However, in 2015, only few clones with
relatively little crown damage remained. These clones will be further monitored to see if they harbour an
adequate potential of resistance for 