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Summary

1. This account presents information on all aspects of the biology of Fraxinus excelsior L. (Ash)
that are relevant to understanding its ecological characteristics and behaviour. The main topics are
presented within the standard framework of the Biological Flora of the British Isles: distribution,
habitat, communities, responses to biotic factors, responses to environment, structure and physiol-
ogy, phenology, floral and seed characters, herbivores and disease, history, and conservation.
2. Fraxinus excelsior is a large forest tree, native throughout the main islands of Britain and much
of mainland Europe. Seedlings are shade tolerant, but adults are not so it tends to be an intermediate
successional species, invading gaps in mixed stands rather than forming extensive pure stands. Ash
grows on a wide range of soils but is commonest on nutrient-rich soils with a high base status and
pH > 4.2, and is at its best on dry calcareous screes and fertile alluvial soils.
3. Fraxinus excelsior is trioecious or subdioecious with male, hermaphrodite and female flowers
and trees. Seed production is prolific with periodic higher producing mast years. Seeds are primarily
wind-dispersed, but they can float and be moved considerable distances along waterways. Germina-
tion is delayed by dormancy until usually the second spring after being shed.
4. Ash is tolerant of drought, but intolerant of spring frosts and so is predicted to fare well under
current climate change scenarios, and indeed has recently been expanding in range in Europe. How-
ever, ash health and survival is currently seriously compromised by ash dieback caused by the fun-
gus Hymenoscyphus fraxineus (Chalara fraxinea) that has the potential to kill all but a very few
resistant trees. Moreover, the emerald ash borer beetle Agrilus planipennis, a serious pest of ash spe-
cies in N. America, has reached Europe (though not yet the British Isles) and poses an equally if
not more serious long-term threat to ash.

Key-words: ash dieback, climatic limitation, communities, conservation, ecophysiology, emerald ash
borer, geographical and altitudinal distribution, germination, mycorrhiza, reproductive biology, soils

Ash. Oleaceae. Fraxinus excelsior L. (F. coriariifolia Schee-
leis) is a deciduous tree with a narrow crown, 12–18 m tall
and exceptionally reaching 43 m, often reduced to a shrub in
exposed positions. Bark grey, smooth in young trees, fur-
rowed in mature trees. Buds black, terminal 5–10 mm long.
Leaves opposite, although one leaf of a pair may be displaced
vertically by up to 16 mm or, more rarely, can be missing
(Boodle 1915), to 30 cm long, pinnate, typically < 5000 mm2

(Grime, Hodgson & Hunt 2007) with up to thirteen sessile,
opposite leaflets, glabrous or nearly so, exstipulate. Leaflets
usually c. 7 cm, lanceolate to ovate, apiculate to acuminate,
serrate. Trioecious or subdioecious with male, hermaphrodite

and female trees (Wallander 2001; Tal 2006). Flowers in
short axillary panicles of > 100 flowers, opening before the
leaves, purplish, devoid of perianth. Hermaphrodite flowers
consist of one ovary and two inferior purple stamens: protog-
ynous and self-fertile (Morand-Prieur et al. 2003; FRAXI-
GEN 2005). In male flowers, ovary abortive; in female
flowers, anthers abortive or rudimentary. Syncarpous ovary
contains four ovules but usually only one (rarely two) is fer-
tilized. Fruit a samara about 3–4 cm long, pale brown when
ripe.
Fraxinus is a circumpolar genus of the Northern Hemisphere

with 43 species (Wallander 2008) that are unreliably separable
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even by chloroplast DNA barcoding protocols (Arca et al.
2012). Fraxinus excelsior and F. angustifolia are native to Eur-
ope. Fraxinus excelsior ssp. coriariifolia, distinguished only by
its variably pubescent shoots and leaves, found in Romania,
Turkey, Caucasus and northern Iran, has been recognized by
Yaltirik (1978) and others. Fraxinus excelsior var. diversifolia
Aiton has variably deeply serrate or incised leaves, seemingly
occurring naturally through the range of F. excelsior (Hatch
2007). Fraxinus excelsior ssp. oxycarpa (M. Bieb. ex Willd.)
Wesm. (F. excelsior ssp. excelsior var. oxycarpa (M. Bieb. ex
Willd.) Fiori & Paol.) is now considered to belong to F. angus-
tifolia and is recognized as ssp. oxycarpa. Hatch (2007) lists a
bewildering number of cultivars.
Fraxinus excelsior is common on soils with high base sta-

tus, and often dominant or nearly so on calcareous soils. In
Great Britain, ash is the second most abundant tree species in
small woodland patches (< 0.5 ha) after the native Quercus
spp. (Maskell et al. 2013) and the third most abundant in
large areas of high forest (Forestry Commission 2003). There
are estimated to be 2.2 million individual ash trees outside of
woodland in Great Britain, most in England (1.8 million) sur-
passed only by native oaks. Most ash trees tend to be small
(>40% between 21 and 50 cm DBH); there are very few vet-
eran ash trees (Maskell et al. 2013) although some coppiced
ash stools can reach a great age.

I. Geographical and altitudinal distribution

Native throughout most of the British Isles, including the
north-west of Scotland (Fig. 1). It is absent on the smaller
islands of the north and west, and is not considered to be
native on the Hebrides, Orkney or Shetland (Wardle 1961)
nor the Isles of Scilly (Rackham 2014).
Fraxinus excelsior is native throughout mainland Europe

(Fig. 2), occurring in 64% of European territories (Grime,
Hodgson & Hunt 2007), and its natural range largely coincides
with that of Quercus robur. Ash natively reaches its most
northern point of 63° 40’ N in Norway and 61° N on the Baltic
coast. It extends eastwards to the Volga River basin in western
Russia (Wallander 2008). In southern Europe, F. excelsior is
replaced in the most Mediterranean climates by F. angustifolia.
In Spain, ash extends into the northern mountains but is absent
from central and southern parts of the Iberian Peninsula and N.
Africa. It is also absent from Iceland.

II. Habitat

(A ) CL IMATIC AND TOPOGRAPHICAL L IM ITAT IONS

The northern limit of ash coincides with January isotherms of
0 °C (Dobrowolska et al. 2011) due to its susceptibility to

Fig. 1. The distribution of Fraxinus excelsior
in the British Isles. Each dot represents at
least one record in a 10 km square of the
National Grid. (●) native 1970 onwards; (s)
native pre-1970; (+) non-native 1970
onwards; (x) non-native pre-1970. Mapped
by Colin Harrower, Biological Records
Centre, Centre for Ecology and Hydrology,
mainly from records collected by members of
the Botanical Society of the British Isles,
using Dr A. Morton’s DMAP software.
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late spring frosts and the cold, short growing season. Kollas,
K€orner & Randin (2013) recorded a mean growing season
temperature of 13.0 °C and a minimum growing season of
192 days with a minimum of 1614 annual growing degree-
days (accumulated mean daily temperatures > 5 °C) at the
northern limit of ash in Sweden (57–59 °N). Usually, how-
ever, if the period of spring frosts is removed when growth is
minimal, the growing degree-days fall to a subsequent mini-
mum of 1100 day °C (Sykes, Prentice & Cramer 1996).
Below this, ash is not competitive.
Kollas, K€orner & Randin (2013) compared growing condi-

tions at the northern end of its range with those of ash at its
highest occurrence in the western and eastern Swiss Alps
(1165–2160 m). They found that ash at altitude needed a
longer growing season than at its northern limit (201–214
compared to 192 days) but coped with a lower mean growing
season temperature (10.9–11.2 °C compared to 13.0 °C) and
fewer growing degree-days (1250–1403 compared to 1614).
Spring temperatures appear to be the primarily limiting factor
with altitude. Lenz et al. (2013) found that the distribution
and phenology of eight of the deciduous tree species investi-
gated just below the treeline in the Swiss Alps, including ash,
matched most closely to spring temperatures rather than mini-
mum winter or summer temperatures between 1931 and 2011.
At the eastern edge of its natural range, winter temperatures

are not crucial since due to winter hardening ash can survive
temperatures as low as �27 °C (Till 1956); the limits to
growth in the east and south are undoubtedly due to hot sum-
mers and moisture deficit.
Ash can grow on slopes up to 80°, although Grime, Hodg-

son & Hunt (2007) record it as marginally more common
between 20 and 40°. In shaded areas, young trees are frequent
on both northern and southern slopes but only abundant on

south-facing slopes. In unshaded habitats, the species was
recorded as slightly more frequent on north-facing slopes
(Grime, Hodgson & Hunt 2007).
Ash is generally a lowland species in Britain, reaching <

275 m in Co. Leitrim and Co. Sligo, Ireland (Barrington &
Vowell 1884–1888), 450 m on limestone in mid-Wales and the
Black Mountains of South Wales (Wardle 1961; Kerr 1995)
with a maximum altitude of 585 m in Britain (Grime, Hodgson
& Hunt 2007), descending to around 300 m as Rassal Ash-
wood, Wester Rodd, the most northerly ash woodland in Bri-
tain (Michael Proctor, personal communication), generally
ascending higher than Quercus spp. but lower than Fagus syl-
vatica (Kerr 1995). Its greatest altitude is in Central Europe,
reaching 1650 m in the Swiss Alps and Pyrenees (Besnard &
Carlier 1990), 1750 m in the French Alps (Carcaillet & Brun
2000) and 2200 m in northern Iran (FRAXIGEN 2005).

(B ) SUBSTRATUM

Ash grows on a wide range of soils, particularly those under-
lain by calcareous rocks such as chalk, oolite, limestone and,
in England and Wales, Old Red sandstone (Wardle 1961). In
the British Isles and other western parts of its range, ash is
abundant both on shallow dry calcareous soils and also on
moist, well-drained and fertile alluvial soils (Marigo et al.
2000; Dufour & Pi�egay 2008). Calcareous soils include those
over marl, limestone and bare chalk (Locket 1946; Weber-
Blaschke et al. 2008) including active scree to almost vertical
limestone outcrops (Merton 1970) since seedlings are able to
recover from damage and burial (Wardle 1959); on less
mobile sites, ash may be accompanied by hazel which it soon
overtops. Ash tends to colonize the more stable larger scree
at the bottom of slopes first and then progress uphill. Its pref-
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Fig. 2. The distribution of Fraxinus excelsior
in Europe. Redrawn from Wardle (1961) and
Weissen et al. (1991), taken from Marigo
et al. (2000).
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erence for fertile soils is reflected in its requirement in main-
land Europe for soils with a base saturation of >20–30%
(>50% is optimal for young ash) and a C:N ratio of <15–20
(Weber & Bahr 2000b; Pinto & G�egout 2005; Walthert, Pan-
natier & Meier 2013). Indicators for good ash soils are Mer-
curialis perennis, Allium ursinum, Urtica dioica, Circaea
lutetiana, Festuca rubra, Arrhenatherum elatius, Dactylis
glomerata and Poa trivialis (Popert 1950a; Grime, Hodgson
& Hunt 2007).
Ash grows best on moist soils where the winter water-table

is between 40 and 100 cm below the surface (Kerr & Cahalan
2004), but it will grow well on wet, periodically inundated
soils along brooks and springs (Diekmann 1996) providing
there is a shallow layer of seasonally well-drained soil for
establishment (Wardle 1961). Ash is thus absent from solige-
nous or topogenous mires. Ash is less common on brown
earths, calcareous mulls (Merton 1970) and compacted soils
(Popert 1950b) including alluvial areas that have compact
gravel layers that the roots cannot penetrate. Its occurrence on
such soils is often due to planting or other management aid-
ing its survival (Dobrowolska et al. 2011).
Fraxinus excelsior is usually absent on acidic soils where

the pH of the surface soil is lower than 4.2 (Puri 1948; War-
dle 1959, 1961), and Pearsall (1938) noted ash dying at pH
3.8. Juveniles tend to be most abundant between pH 6.0 and
8.0 (Grime, Hodgson & Hunt 2007). The upper limit is
recorded by Puri (1950a,b) as pH 8-9. Ash may, however, be
present in acidic areas, including lead mine spoil (Grime,
Hodgson & Hunt 2007), where the soil has been sufficiently
enriched in bases by percolating water or soil mixing. Young
soils on acidic rock, such as those in rock crevices or semi-
consolidated scree slopes, may also support ash (Wardle
1961).

III. Communities

Fraxinus excelsior is an important street tree in a variety of
cities in the Northern and Southern Hemispheres (Davies
et al. 2007; Sj€oman, €Ostberg & B€uhler 2012; Breuste 2013).
Ash also has a long history as a hedgerow tree in France, the
British Isles (Rackham 1995) and up into southern Sweden
(Sarl€ov Herlin & Fry 2000). In Great Britain, ash was
recorded as the most common ‘standard’ hedgerow tree spe-
cies, closely followed by Quercus spp.; both were almost an
order of magnitude more abundant than the next most com-
mon species Acer pseudoplatanus (Maskell et al. 2013). It
was estimated that the length of woody linear features (hedge-
rows and lines of trees) composed of ash in Great Britain was
98 900 km with most of this (86 100 km) found in England
(Maskell et al. 2013). Ash is also frequently found as an
important pioneer species along stone and earth walls, railway
embankments and cuttings on base-rich soil (Rishbeth 1948;
Wardle 1961; Pollard 1973; Shimwell 1999).
Ash forms two major woodland types in the British Isles.

Base-rich soils of lowland Britain are dominated by Fraxinus
excelsior–Acer campestre–Mercurialis perennis (W8; Rodwell
1991) that is replaced in the cooler and wetter conditions of

the north-west by Fraxinus excelsior–Sorbus aucuparia–
Mercurialis perennis woodland (W9). In the lowland Fraxi-
nus–Acer–Mercurialis woodland, ash, Acer campestre and
Corylus avellana are diagnostic species and, to a lesser
extent, oak (Quercus robur in the SE) on heavier soils and
locally abundant patches of Tilia cordata or Carpinus betulus.
Almost pure ash woods are common on chalk in the south-
east, particularly the South Downs (Wardle 1961). The shrub
layer is typified by Crataegus monogyna in the north-west,
being replaced by C. laevigata in the south-east. The field
layer tends to be very variable, particularly because many
stands of this woodland type have been coppiced in the past,
resulting in an unnaturally high abundance of understorey
species. Nevertheless, the field layer is typified through the
range of this community by the presence of Mercurialis
perennis and, at least in the drier subcommunities, a high
abundance of Hyacinthoides non-scripta and, to a lesser
extent, Circaea lutetiana, Geum urbanum and Viola spp. In
the south-east and up into the east Midlands and East Anglia,
these woodlands are dominated by the Primula vulgaris–Gle-
choma hederacea subcommunity. However, slight increases
in surface gleying due to soil clay content, slope changes or
soil compaction, lead to the Anemone nemorosa and then the
more open Deschampsia cespitosa subcommunities, often
with all three subcommunities forming a local mosaic. The
species-poor Hedera helix subcommunity is more typical of
highly humid conditions created by neglected coppice or
dense plantations and in the more oceanic south-west. To the
north-west, the Geranium robertianum subcommunity
becomes commonest, particularly on rendzina soils on steep
slopes, typified by its occurrence on the limestone scree of
Yorkshire and the Derbyshire Dales. The canopy can be
almost pure ash, sometimes associated with a higher fre-
quency of Ulmus glabra and Acer pseudoplatanus. Lack of
water and instability of the scree lead to an impoverished field
layer dominated by G. robertianum and isolated tussocks of
Arrhenatherum elatius (Wardle 1961). On steeper slopes with
downwash leading to deep, moist, free-draining colluvium,
this is replaced by the Allium ursinum subcommunity. In
older, less disturbed woodlands, the rare Teucrium scorodonia
subcommunity is typically found in the Wye Valley and Der-
byshire.
The upland ash woodland, Fraxinus–Sorbus–Mercurialis, is

still dominated by F. excelsior and Corylus avellana but with
less of a continental influence and so Tilia spp. and Acer
campestre are replaced by Betula pubescens and, particularly
in the north, Sorbus aucuparia (Jackson & Sheldon 1949;
Gordon 1964). This community is characteristic of constantly
moist base-rich brown soils of valley heads in the upland
fringes with cool (mean annual maximum temperature
<26 °C), moist (annual precipitation >1200 mm) conditions
(Rodwell 1991) and is thus commonest on the Carboniferous
Limestone of the Pennines across into the Burren of County
Clare (Foot 1871; Braun-Blanquet & Tuxen 1952; Ivimey-
Cook & Proctor 1966), including in the grikes of limestone
pavement. It also occurs on the Jurassic limestones of
the North York Moors and on the Cambrian and Jurassic
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limestones on Skye. This community thus varies from high
forest in more sheltered areas, with occasional Ulmus glabra
and Acer pseudoplatanus, through to scrub of C. avellana,
B. pubescens and S. aucuparia with scattered emergent ash
on upland sites or those with thin soils. The field layer
tends to be similar in composition to its southern counter-
part. Undoubtedly, this community was formerly much more
common in cool oceanic areas now converted to agricultural
use. North of the Midlands, the two ash woodland types
interdigitate with the Fraxinus–Acer–Mercurialis on drier
and warmer lower reaches of valleys and the Fraxinus–Sor-
bus–Mercurialis in damper, higher altitude areas. Upland
ash woodlands tend to be fairly uniform in composition
although in areas where grazing is restricted, especially
where water is abundant, the typical subcommunity gives
way to the more-open, species-rich Crepis paludosa sub-
community.
Ash woodlands abut a number of other woodland types.

In the lowlands, on the driest, most base-rich soils, Fagus
sylvatica and, to a degree, Taxus baccata become important
competitors and the ash woodlands can be regarded as seral
stages towards Taxus baccata (W13) or Fagus sylvatica–
Mercurialis perennis (W12) woodland. In Taxus woodland,
ash persists only as an occasional canopy tree in the Mercu-
rialis subcommunity. Ash is more abundant in the Fagus–
Mercurialis woodland, especially in the moister Mercurialis
perennis subcommunity, where it persists as a frequent inva-
der of gaps. Not surprisingly, on the less base-rich soils of
Fagus sylvatica–Rubus fruticosus woodland (W14), ash is
only present as very occasional canopy trees that may be
the survivors of woodland invaded by beech. However, Watt
(1925) also suggests that the heavy shade of beech allows
ash to establish in the absence of competition with herba-
ceous vegetation, and these seedlings readily grow into gaps
when released.
On less base-rich soils, tending towards brown earths, oak

increases in dominance leading to Quercus robur–Pteridium
aquilinum–Rubus fruticosus woodland (W10). Here, ash nor-
mally has only an occasional presence but can be locally
abundant on fairly acidic but fertile soils such as in East
Anglia. However, in the Acer pseudoplatanus–Oxalis ace-
tosella subcommunity of the wetter north-west, ash can be as
frequent as in Fraxinus–Acer–Mercurialis woodland but in
lower abundance. On the wettest, moderately base-rich sites,
especially on flushes and springs, Fraxinus–Acer–Mercurialis
is invaded by alder leading to Alnus glutinosa–Fraxinus
excelsior–Lysimachia nemorum woodland (W7) although ash
can remain common in the canopy. Dictated by soil moisture,
the ash, oak and alder woodlands can form a small-scale
mosaic on the landscape. The analogous zonations in the
north are Fraxinus–Sorbus–Mercurialis, Quercus petraea–
Betula pubescens–Oxalis acetosella (W11) and Alnus–Fraxi-
nus–Lysimachia woodlands, though due to the colder
conditions ash is only an occasional presence in the Quercus-
Betula-Oxalis woodland and much rarer than in the southern
Quercus–Pteridium–Rubus woodland. On acidic soils in the
north-west, ash is found as a very occasional tree in Quercus

petraea–Betula pubescens–Dicranum majus woodland (W17)
but is usually restricted to areas of nutrient- or base-enriched
soil.
On very wet, base-rich soils, Fraxinus excelsior is com-

mon, though not abundant, in moderately eutrophic fen peat
carr supporting Alnus glutinosa–Carex paniculata woodland
(W5), particularly in the drier Phragmites australis and Lysi-
machia vulgaris subcommunities. Growth of ash is often poor
but greatly improved with drainage (Kassas 1951). Ash is less
frequent in the closely related Salix cinerea–Betula
pubescens–Phragmites australis woodland (W2) undoubtedly
due to the absence of the large C. paniculata tussocks that, in
the Alnus–Carex carr, provide drier establishment niches for
ash and other trees. With the build-up of peat, this woodland
type is invaded by alder to create eutrophic Alnus glutinosa–
Urtica dioica woodland (W6), and ash does become more fre-
quent but is still uncommon and much less so than in the
more base-rich Alnus–Fraxinus–Lysimachia woodland. Ash is
also present but extremely uncommon in the moderately
acidic conditions of Betula pubescens–Molinia caerulea
woodland (W4) and then only on the drier Dryopteris
dilatata–Rubus fruticosus and Juncus effusus subcommunities.
Ash saplings are also a component of a number of scrub

types on lowland base-rich soil. It is the commonest large
woodland tree found in the lowland Crataegus monogyna–
Hedera helix scrub (W21). On deeper, neutral soils, and thus
often on abandoned agricultural and urban land, ash saplings
can be a rare component of Rubus fruticosus–Holcus lanatus
(W24) that can be seral to base-poor Fagus–Rubus and Quer-
cus–Pteridium–Rubus woodlands, or on base-rich soils, Fraxi-
nus–Acer–Mercurialis woodland. Moderately acidic soils
supporting Pteridium aquilinum–Rubus fruticosus underscrub
(W25), often seral to Quercus–Pteridium–Rubus woodland,
may also contain very occasional saplings of ash.
As Wardle (1961) noted, F. excelsior occupies similar habi-

tats in mainland Europe to those found in the British Isles,
but pure ash woodlands are less common. Communities simi-
lar to Fraxinus–Acer–Mercurialis and Fraxinus–Sorbus–Mer-
curialis are found as Tilio-Acerion forests of slopes, screes
and ravines across Europe, in particular the south-west, pri-
marily on calcareous rocks, including limestone pavement,
but also siliceous rocks (Natura 2000 codes 9180 and 8240;
Commission of the European Communities 2007). Dominant
species are ash, Acer pseudoplatanus, Ulmus glabra and Tilia
cordata. Ash woods are, however, rare since past manage-
ment has tended to favour trees such as Fagus sylvatica and
conifers (Angiolini, Foggi & Viciani 2012).
As in the UK, ash is also found in European beech forests

on calcareous substrates, particularly around the Baltic, classi-
fied as Fagus sylvatica–Fraxinus excelsior–Stachys sylvatica
(Diekmann et al. 1999) and in Carpathian beech forests, Den-
tario glandulosae-Fagetum (Jezdrzejczak 2013). Ash is gener-
ally uncommon in these forests, mixed with Acer
pseudoplatanus, Prunus avium and Ulmus glabra either as
canopy or subcanopy trees. These communities extend up into
mountainous areas with calcareous rocks such as Lonicero
alpinenae-Fagetum dominated by beech with ash and Acer
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pseudoplatanus as co-dominants. Here, ash readily regener-
ates on open avalanche slides (Fischer, Fischer & Lehnert
2012). On mesotrophic soils, ash is found in the Fagus syl-
vatica–Corylus avellana–Galium odoratum community (Diek-
mann et al. 1999), similar to the eastern beechwoods but with
the addition of Quercus robur and Q. petraea. On deeper
more acidic soils, ash is a component of oak woodlands such
as the Quercion robori–petraeae community, as well as forests
of the Quercetalia pubescenti–petraeae order on coastal dunes
(2180; Commission of the European Communities 2007).
In the Boreo-nemoral zone of Scandinavia, ash is found in

a number of open mesotrophic mixed deciduous forests,
including the Quercus robur–Fraxinus excelsior community,
and the eutrophic elm-ash communities of Ulmus glabra–
Fraxinus excelsior and Ulmus minor–Fraxinus excelsior
where ash tends to be a pioneer (Diekmann 1994). Ash is
found at very low frequency (3%) in the wet lowland Picea
abies forests of north-eastern Europe, but dominating with
Alnus glutinosa and P. abies on eutrophic peat in the commu-
nities of Carici elongatae-Alnetum and Carici remotae-Fraxi-
netum (Prieditis 1999).
Ash is also found in alluvial and riparian forests, such as

eutrophic alder-ash forests of northern Europe (Fraxinus
excelsior–Prunus padus and Fraxinus excelsior–Alnus gluti-
nosa communities) where ash tends to be a dominant (Diek-
mann 1994) and on the eutrophic floodplains of south-east
Europe in Ulmo laevis–Fraxinetum oxycarpae (Brullo &
Spampinato 1999).
In arid parts of south-east Europe with shallow calcareous

soils, ash and Tilia platyphyllos are an infrequent but some-
times abundant component of xerophytic oak woodlands
around the Pannonian basin dominated by Quercus pubescens
(91H0; Commission of the European Communities 2007).

IV. Response to biotic factors

Ash coppices strongly after felling. Ash is also a prolific
seed former, and its seedlings occur wherever the field layer
is reduced in density, whether by overhead shade or by dry-
ness, excessive wetness or instability of the soil (Wardle
1961). Seedlings and juveniles of ash are shade tolerant and
can establish successfully down to c. 2% full sunlight (Gat-
suk et al. 1980; Marigo et al. 2000). However, the shade
cast by vernal field layer plants is crucial to survival. In
Swedish deciduous woodlands, Tapper (1992a) noted that in
plots where the field layer was classified as ‘dense’, ‘sparse’
and ‘removed’, the survival of seedlings after 9 years was
13.3%, 29.2% and 42.6%, respectively. Height growth per
year was lowest in the dense plots but did not significantly
differ in the other two (dense 3.9 � 2.6 cm (SD), sparse
8.2 � 5.3 cm, removed 7.5 � 5.2 cm). He observed up to
1120 seedlings m�2 and this in itself affected survival; in
plots with field layer cover, seedlings within 1.5 cm of
another survived less well (although there was no difference
in the open ‘removed’ plots where light levels were higher).
Similarly, establishment in southern England was higher
when competitors were killed by herbicide within 5 days of

seed sowing (Jinks, Willoughby & Baker 2006) removing
field layer competition (seedling emergence was 87-92%
with herbicide compared to 56% in the control). The effect
of the field layer is species specific. Herbs such as Mercuri-
alis perennis may prevent ash establishment (Wardle 1959)
even though the light level below can still be c. 33% of full
sunlight (Gardner 1976). On moist sites, this may be caused
by damping-off destroying most seedlings within a month of
their germination (Wardle 1961). On dry sites, those seed-
lings that survive attacks by predators and parasites during
their first summer may fail to survive the winter. However,
once above the field layer, survival can be high. Harmer,
Boswell & Robertson (2005) showed that while Rubus spp.
may reduce seedling density for 2–3 years, the rapid growth
of ash in partial shade meant that they were soon clear of
light competition.
Grass species can be particularly problematic for establish-

ment and subsequent growth; seedlings become established
only where there are breaks in the sward (Wardle 1961). Bed-
ford & Pickering (1919) found annual height growth of sap-
lings was increased by 51% when grass was removed. Bloor,
Leadley & Barthes (2008) found that below-ground competi-
tion was more important than above-ground competition
between ash seedlings and Dactylis glomerata under glass-
house conditions. While shoot competition alone did not
affect seedling growth, root competition reduced the mass of
seedlings by 58% and height of ash by c. 35% in the first
19 weeks after germination (Bloor, Barthes & Leadley 2008).
Added N (100 kg N ha�1 year�1) increased the effectiveness
of Dactylis competition on ash, reducing the biomass of ash
seedlings by 80% compared to the control (Bloor, Barthes &
Leadley 2008). In the absence of root competition, seedlings
showed a significant increase in biomass allocation to leaves.
Perhaps surprisingly, reducing competition by using herbicide
to clear 1 m diameter circles had no effect on any of the trees
used by Harmer (2001).
Ash seedlings >30 cm tall below the field layer cover may

persist for several years under the shade of 50% canopy cover
and under severe browsing (Harmer 2001), but in the Der-
byshire Dales, all were dead within 3 years of germination
(Gardner 1976). However, once above the field layer, saplings
may live for many years forming an effective seedling bank. In
Lathkill Dale ash saplings survived for 21–22 (28 maximum)
years below the ash canopy (Gardner 1976). Mortality was
highest in the first 2 years and then age independent (Tapper
1992a); Harmer, Boswell & Robertson (2005) observed 40–
50% mortality per year regardless of size. Moderate shading
may initially increase seedling growth by reducing competition
(Helliwell & Harrison 1979) but as saplings become more light
demanding when >50 cm tall (Tapper 1996a), effective
increase in height is possible only under conditions approach-
ing full sunlight (Harmer, Kiewitt & Morgan 2012) and young
trees can become increasingly etiolated (Rust & Savill 2000).
Wardle (1959) noted that a ‘typical shaded seedling’ was only
29.6 cm tall after 14 years, with no branches and so little wood
that the stems were prone to break. When gaps appear, ash
from the seedling bank can quickly grow into even small gaps
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(Fig. 3) readily competing with other broadleaved trees (Tap-
per 1996a). In larger gaps, large numbers of hitherto stagnating
seedlings are released. The density of such thickets is eventu-
ally reduced by intraspecific competition.
As saplings develop, they rapidly lose their tolerance of

shade and require light levels near full sunlight to grow well.
This difference with age is undoubtedly the reason for the dif-
fering opinion as to degree of shade tolerance of adult ash trees,
some suggesting that ash is as shade tolerant as Quercus spp.
(Prentice & Helmisaari 1991) and others that ash is more shade
tolerant than Quercus and Acer pseudoplatanus (Ellenberg
et al. 1991; Kerr 1995). A number of studies considering
mature trees have shown that shade tolerance increases in the
following order: Betula pendula < Populus tremula < F. ex-
celsior < Tilia cordata = Corylus avellana (Niinemets, Kull &
Tenhunen 1998; Niinemets & Kull 1999).
Fraxinus excelsior acts as both a pioneer (Halden 1928;

Wardle 1959) with a strong ability to colonize but also as a
competitor/stress-tolerant competitor (Grime, Hodgson &
Hunt 2007) able to survive as a permanent forest component.
The competitiveness of ash against other broadleaved tree
species results from its ability to produce a high density of
seedlings, its rapid growth with very low branch order and its
high water use efficiency and drought resistance (Rysavy
1991; Marigo et al. 2000; Rust & Savill 2000). No allelopa-
thy or chemical substances from ash leaves have been noted.
There is some evidence from southern Sweden that planting
ash with a nurse crop of Alnus glutinosa, Betula pendula or
Larix x eurolepis at a total density of 4139 seedlings ha�1

was detrimental to ash, it having the lowest survival over
10 years (2% compared to 79% in Quercus robur) and the
shortest saplings (0.6 m compared to 3.1 m in Q. robur).
However, the authors (L€of et al. 2014) found evidence of ash
dieback that probably contributed to the poor performance.
Kerr (2003) found little evidence of intraspecific competition
in monoculture plantations.

Browsing

Kullberg & Bergstr€om (2001) give the following order of most
to least browsed species by herbivores (particularly roe deer,

hares and moose) in southern Sweden: Quercus robur (85% of
plants browsed) > Alnus glutinosa > Fagus sylvatica > Tilia
cordata > Prunus avium > Betula pendula > Picea abies >
Fraxinus excelsior (16% of plants browsed). However, a num-
ber of other studies have shown ash to be highly susceptible
to browsing (Eiberle & Bucher 1989; Gill & Beardall 2001;
P�epin et al. 2006; McEvoy & McAdam 2008) and to prefer-
entially establish within clumps of spiny plants such as
Crataegus monogyna (Merton 1970; Grime, Hodgson &
Hunt 2007). As an example, Kullberg & Bergstr€om (2001)
noted that B. pendula and F. sylvatica were preferred over
ash, while other studies found little browsing on B. pendula
(Mysterud, Lian & Hjermann 1999; Bergqvist, Bergstr€om &
Wallgren 2012) or F. sylvatica (Modr�y, Huben�y & Rej�sek
2004; G€otmark et al. 2005) despite all being conducted in
Scandinavia. Part of this variability is due to how damage
is recorded in the different studies since F. sylvatica tended
to lose the leader and one or more laterals, while B. pen-
dula and ash had only lateral branches removed (Kullberg
& Bergstr€om 2001). It is also apparent that browsed seed-
lings are often the tallest (Price 1991) and herbivory varies
between seasons; in a study in the UK (McEvoy & McA-
dam 2008), ash was undamaged during February, but lateral
branches were significantly damaged in the following Octo-
ber. Also important is the susceptibility of individuals to
herbivory. In France, it has been seen that ash trees vary in
the palatability of the bark to the vole Microtus arvalis,
possibly related to differences in the concentration of cou-
marin derivatives in the bark (Moraal & Goedhart 1997).
Similarly, the bark-sucking insect, Pseudochermes fraxini
(Kaltenbach) (Hemiptera, Eriococcidae), also responded dif-
ferentially.
Rabbits, hares and sheep attack young plants, although

again they appear less susceptible than other broadleaved
trees such as F. sylvatica (Huld�en 1941; Bourne 1945; Mer-
ton 1970; Gardner 1976). In a variety of grasslands and
grazed pastures, while high-intensity grazing reduces estab-
lishment (Hester, Mitchell & Kirby 1996; Mottet et al. 2007),
low intensity of grazing may facilitate ash invasion by reduc-
ing competition but leaving some areas ungrazed providing
regeneration niches for ash (Marie-Pierre, Didier & G�erard
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Fig. 3. Profile diagram showing an early successional stage of an Alnus glutinosa–Fraxinus excelsior woodland on the island of Asmansboda in
the outer archipelago of Stockholm, Sweden, in 1984 (left) and 1991 (right). All individuals >7 m height are included. Unshaded trees are
A. glutinosa and shaded are F. excelsior. The diagram shows a vertical cross section of the tree crowns and the position of their stems (0–4 m
from the profile). Stems with a broken line denote that major parts of the crown are located outside the profile. From Tapper (1996a).
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2006; Van Uytvanck, Milotic & Hoffmann 2010). Hester,
Mitchell & Kirby (1996) found recruitment of ash into sheep-
grazed grassland in Cumbria was greatest in low grazing
intensity plots (0.6–1.2 sheep ha�1). Many ash woodlands in
Britain arose following reduced grazing in the mid-19th cen-
tury and after myxomatosis in the mid-1950s (Merton 1970).
Complete defoliation of 2-week-old ash seedlings up to
80 days after the cessation of stem elongation resulted in a
second flush of growth from the terminal buds (Collin, Badot
& Millet 1994; Collin et al. 2000). By contrast, partial defoli-
ation (up to 75%) maintained some apical control and led
instead to the release of basal axillary buds.
Browsing of young ash seedlings results in lower survival

and growth. Simulated browsing by clipping of seedlings
(originally 30–40 cm tall) twice per year (June and August)
over 5 years in southern England reduced height growth
proportionately more in ash (compared to unclipped plants)
than in F. sylvatica, Q. robur or Acer pseudoplatanus. Stem
diameter growth in ash after 5 years was reduced to 43–
35% of the controls (depending upon site). Survival was
reduced from c. 95% in controls to c. 58–80% in clipped
ash plants (estimated from a figure), similar to A. pseudo-
platanus, while Q. robur and F. sylvatica were unaffected.
Similar results have been reported by Eiberle (1975, 1979)
and McEvoy & McAdam (2008). Conversely, the survival
and height growth of ash saplings appears to be less
affected by grazing and browsing due to biomass loss being
largely restricted to the lateral branches (Diekmann 1994;
Kullberg & Bergstr€om 2001), and the ability, as noted
above, for ash to produce new flushes of leaves on heavily
grazed plots (2.1–3.8 sheep ha�1 – Hester, Mitchell &
Kirby 1996).
Ash also appears to be fairly immune to insect herbivory.

Ruhnke et al. (2009) working in a floodplain forest in central Ger-
many found that ash had the smallest loss of leaf area to insects
(56/38 mm2 leaf�1 in 2002/2003) compared to 106/183 mm2 in
Acer pseudoplatanus and 127/61 mm2 in Quercus robur.
Seeds of ash appear to be relatively unpalatable and were

the least preferred out of 12 broadleaved species used in a
trial in southern England by Jinks, Parratt & Morgan
(2012). In deciduous woodlands in north-east England, ash
seeds were the least removed (49%) compared to a loss of
68% in Ulmus glabra and 81% in Taxus baccata (Hulme
& Borelli 1999). Ash benefited least if seeds were buried
1 cm deep; removal was reduced by 31% in ash compared
to 35% in T. baccata and 65% in U. glabra. Ash seeds
were seen to have a high phenolic content – 14.55% of dry
mass compared to 11.43% in Q. robur and 4.52% in F. syl-
vatica (Hulme & Borelli 1999)- which is known to reduce
seed palatability to small mammals (Jensen 1985). Although
less predated, it is likely that post-dispersal seed predators
have little influence on seedling density since ash produces
such a large number of seedlings compared to its competi-
tors such as U. glabra and F. sylvatica (Hulme 1996). War-
dle (1961) notes that earthworms (Annelida, Oligochaeta)
assisted the survival of seeds by dragging them down into
their burrows.

V. Response to environment

(A ) GREGARIOUSNESS

Occasionally as scattered trees, but often in clumps, and
sometimes ash may form nearly pure stands (Wardle 1961).

(B ) PERFORMANCE IN VARIOUS HABITATS

Fraxinus excelsior grows fastest and attains its largest dimen-
sions on sites that are fertile and moist but well drained with
the winter water-table 40–100 cm below the surface (Kerr &
Cahalan 2004). In mainland Europe, this can be of sufficiently
high density and vitality that ash can be considered invasive
leading to ‘fraxinization’ where ash takes over from other
competitive species (see FRAXIGEN 2005 and Dobrowolska
et al. 2011 for references). Exposure to strong winds and soil
dryness or compaction reduces the rate of height and diameter
growth and the ultimate size of the tree (Wardle 1961), but
ash is comparatively wind firm compared to competitor trees
(Rackham 2014). Under extreme conditions, it remains a
shrub. Good stands of ash occur over the pH range of 5–8
(Wardle 1961) and it performs poorly on acidic sites. When
grown on acidic sand, seedling establishment is low, and in
southern Sweden under a canopy of Picea abies partial felling
of the spruce did not improve height or diameter growth of
newly planted ash seedlings unlike in Fagus sylvatica, Quer-
cus robur and Tilia cordata. Mortality was also significantly
higher in ash. Ash will sometimes establish on sites with
compacted clay or very dry soils over chalk, but the seedlings
generally do poorly and do not survive beyond 3–4 years
(Tabari, Lust & Neirynk 1998).
Ash has the advantage in being an early to intermediate suc-

cessional species such that it can persist in both pioneer and
mature phases of vegetation development (Tapper 1996a;
Emborg, Christensen & Heilmann-Clausen 2000; Einhorn,
Rosenqvist & Leverenz 2004). So as well as its important role
in secondary woods (Scurfield 1959; Merton 1970), ash is also
a frequent component in the canopy of ancient woodland (Pig-
ott 1969). Ash benefits from stand opening and is found in
moderately disturbed habitats and relatively unproductive, spe-
cies-poor woodland habitats, but also in more species-rich,
unshaded sites with >15 other species m�2 associated with
<40% abundance of ash (Grime, Hodgson & Hunt 2007). But
its mid-successional niche does seem to make it intermediate in
its reaction to environmental changes; thinning stands in
Lithuania by up to 25–35% of volume resulted in an increase
in crown area of ash of >100%, which was small compared to
c. 200% in pioneer species of Populus tremula and Betula pen-
dula/B. pubescens, but larger than c. 80% in later successional
Picea abies (Juodvalkis, Kairiukstis & Vasiliauskas 2005).
Growth of ash tends to be fastest at the bottom of slopes in

colluvial or alluvial soil enriched by down-wash, possibly due
to higher P levels (indicated by the presence of Urtica dioica)
and perhaps to a lesser extent due to constancy of water sup-
ply in dry years (Merton 1970). Seedling establishment can
be very high along river valleys (Dufour & Pi�egay 2008) and
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fastest growth in girth is found in these slope bottom sites
(reaching up to 3.22 m girth on deep alluvium) and also in
plateau top trees but since these are often beside roads or
walls they tend to be much shorter. In neglected coppice on
good sites, ash coppice can be vigorous enough to overtop
and kill standard oaks (Rackham 2003). Although it attains its
greatest size on fertile soils, ash has its highest densities and
has its maximum ecological impact on sites that are less
favourable for growth, principally on relatively infertile cal-
careous soils where individuals can be reduced to stunted
trees or shrubs (Wardle 1961; Grime, Hodgson & Hunt
2007). Such sites are one of the few habitats where ash can
form almost pure stands (Halden 1928; Huld�en 1941; Wardle
1959; Jahn 1991). On scree or steep slopes, stems can have a
j-shaped base or even be prostrate due to instability on mobile
surfaces and subsequent adventitious rooting along the under-
side of the trunk (Merton 1970). Slowest radial growth is
found on shallow, dry stony ground rather than scree (Ausse-
nac & L�evy 1992; Marigo et al. 2000), reaching a top height
after about 20 years and dying when <4–5 m tall (Merton
1970). On deep, water-retentive soils in Belgium, regeneration
of ash has been found to be as dense as 150 000 trees ha�1,
while on dry, south-facing slopes it can be <12 700
trees ha�1 (Tabari, Lust & Neirynk 1998).
M€unch & Dieterich (1925) identified two forms of ash in

Germany: ‘water ash’ on moist, fertile alluvial soils and
‘limestone ash’ on thinner, drier limestone soils. Ash from
these habitats have indeed been found to differ in wood prop-
erties (see references in Weiser 1964), water uptake (Carlier,
Peltier & Gielly 1992) and flood tolerance (Jaeger et al.
2009). They also differ morphologically in that the midribs
and main lateral veins of the former are thickly covered with
hairs, compared to being nearly glabrous in the latter (Wardle
1961). However, it is apparent that these are really two ends
of a continuous spectrum in which provenance and site fac-
tors play an important role (Kleinschmit et al. 1996). Cundall,
Cahalan & Connolly (2003) found significant differences
between British provenances for height after 2 years in a
nursery under optimum conditions, and after 5 years, 60% of
variation in growth was attributed to site, 24% due to prove-
nance and 6.5% by provenance x site interaction. However,
the lack of genetic differentiation between populations identi-
fied in VIII(C) can weaken provenance variation depending
upon the populations chosen, such that Boshier & Stewart
(2005), working with reciprocal transplants of seed between
eight woodlands across the range of ash in England and
Wales, found no geographical pattern in growth performance
based on origin. Similarly in mainland Europe, Kleinschmit
et al. (1996) found little variation in growth or morphology
across German populations of ash while Baliuckas et al.
(1999), who grew ash from across a wider range of Europe in
a common garden in Uppsala, found that at that scale tree
height was negatively correlated with latitude and longitude
with trees from northern latitudes and eastern longitudes
being the shortest. Cundall, Cahalan & Connolly (2003) in
forestry provenance trails planted in the UK found that ash
from the continental climates of Romania, the Czech Republic

or south-east Germany grew the slowest in first four years
and were c. 20–25% shorter than UK material.
The leaves of Sorbus aucuparia are known to decompose

more rapidly than ash, while Acer pseudoplatanus, Betula pen-
dula, Castanea sativa and Fagus sylvatica decompose more
slowly (Sydes & Grime 1981b; Bjørnlund & Christensen 2005;
Rajapaksha et al. 2013). The low C:N ratio (14–28) and low
lignin content make ash litter readily decomposable (Ruhnke
et al. 2009; Jacob et al. 2010; Holzwarth, Daenner & Flessa
2011; Langenbruch, Helfrich & Flessa 2012). Usually by June
only petioles (including the rachis) are left which can persist
for many years, with implications for ash dieback (IX(C)). Lea-
chates from fresh ash litter have been stated to strongly inhibit
germination and seedling growth of other tree species, most
likely due to the high concentrations of minerals released from
the rapidly decomposing litter (Rajapaksha et al. 2013); Nyk-
vist (1959) found 22% of air-dried litter mass was leached
within 24 h. The lack of an effect on ash may give it a competi-
tive advantage facilitating the establishment of large cohorts. In
Denmark, soil respiration was highest under ash (2.09 � 0.16
(SE, n = 3) lmol m�2 s�1) compared to that under Quercus
robur, A. pseudoplatanus and F. sylvatica (1.27 � 0.09
lmol m�2 s�1 in the latter) and so ash stands had least litter
and highest carbon turnover rates in the organic layer (Oostra,
Majdi & Olsson 2006; Vesterdal et al. 2012). This was partly
attributed to the higher soil temperatures (1 °C warmer than the
coolest), low leaf area index (3.6 m2 m�2) but also higher
earthworm populations. Higher turnover in the organic layer
was balanced by higher C stocks in the mineral soil
(79.5 t ha�1) (Vesterdal et al. 2008). Somewhat ironically,
deeper litter layers appear to benefit ash. Ash seedling biomass
in their first year in Acer pseudoplatanus and Quercus spp.
woodland was positively correlated with the depth of tree litter
(tested up to 600 g m�2 dry mass), possibly because the litter
hid seeds from predators (Sydes & Grime 1981a). This helps
explain the abundant regeneration of ash below F. sylvatica
(see Interaction of ash with elm, sycamore and beech below).
Edmondson et al. (2014) investigated soil organic carbon

beneath long-established trees in urban parks in Leicester with
mown grass and found that carbon was highest under ash
(median of 26 kg m�2, mainly at 40–100 cm depth) com-
pared to 19 kg m�2 under Acer spp., 14 kg m�2 under Quer-
cus robur and 15 kg m�2 under just grass. Enrichment by
ash can be attributed to its greater root mass than Q. robur
and Acer pseudoplatanus (Kerr & Cahalan 2004) and its pref-
erence for the clay-rich soils in the parks.
Ash generally thrives under interspecific competition, but

performance can vary depending upon other species. It was
found in southern Sweden that ash seedling densities were
higher in deciduous woodlands than in stands including coni-
fers (G€otmark et al. 2005), and St�re�stil & �Sammonil (2006)
found faster growth of ash seedlings in the Czech Republic in
Fageto–Quercetum illimerosum than in the Carpineto–Acere-
tum saxatile community. On good sites, Kerr (2003) found lit-
tle evidence of intraspecific competition and in monoculture
plantations, ash increased in height, diameter and stem vol-
ume with a decrease in spacing from 4.86 to 0.77 m between
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trees although Kuehne et al. (2013) found that wider spacing
of >15 m led to greater diameter and with more biomass in
branches. Survival can be better at wide spacing (Espahbodi
et al. 2003). In forestry plantations in France, the mean height
growth of ash in the first 10 years (80 cm year�1) was gener-
ally higher than other species grown under similar conditions:
Acer pseudoplatanus c. 56 cm, Quercus rubra 30–80 cm,
Juglans nigra 30–70 cm, J. regia 30–50 cm, Prunus avium
c. 38 cm year�1 (Le Goff, Colin-Belgrand & Muller 1993;
Balandier & Marquier 1998; Balandier & Dupraz 1999). In a
north-east France stand with ash trees up to 17 cm dbh, Le
Goff & Ottorini (1996) noted that competitive status (defined
as the ratio of crown length to total tree height) was linearly
and positively correlated with tree girth and height. Basal area
was linearly correlated with foliage biomass and with bole
volume increments. The most dominant trees had more foli-
age and so grew faster.

Interaction of ash with elm, sycamore and beech

In many ways, ash is similar in ecological needs to Ulmus gla-
bra (wych elm), certainly in mainland Europe; both have a pref-
erence for high pH, soil N and soil moisture although
U. glabra is more demanding of the first two (Diekmann 1996)
so competition is limited. The tree species most often seen as
ecologically similar to ash, and thus serious competitors are
Acer pseudoplatanus (sycamore) and Fagus sylvatica (beech).
Ash and sycamore occur on the same soils, although ash

prefers moister sites (Claessens et al. 1999), and both are
opportunists producing large numbers of wind-dispersed
seeds capable of invading woodland gaps (Petrit�an, Von
L€upke & Petrit�an 2009). Since sycamore is more shade tol-
erant than ash, a number of authors have previously sug-
gested that sycamore would supplant ash in many
woodlands (Watt 1925; Scurfield 1959; Helliwell 1973),
especially as van Miegroet, Verhegghe & Lust (1981) found
that the mortality of ash seedlings was higher than for syca-
more in a mixed woodland. However, Merton (1970)
pointed out that ash regeneration was abundant beneath
sycamore, perhaps because the ground flora was more open,
favouring ash, or because pathogens and insects affecting
the sycamore in the canopy would reduce the viability of
sycamore seedlings beneath (Brotherton 1973). This led Tay-
lor (1982) to suggest a cycle of the two species, at least in
the Chilterns, where ash regenerated below sycamore and
would come to dominate if the sycamore died quickly or
was wind-thrown, releasing the ash seedlings. In turn, syca-
more would invade beneath ash and, being shade tolerant,
would eventually overtop and replace the ash. This cycle
could work at the stand level but in reality is much more
likely to happen in the gaps created by the loss of individ-
ual trees or small groups leading to a constant but spatially
changing mix of sycamore and ash within a woodland. The
balance may be altered depending upon site conditions with
ash favoured on less optimal sites and sycamore on very
disturbed sites (Merton 1970). History may also play a part;
for example, in the Derbyshire Dales, sycamore seed was

not abundant when the older ash stands were regenerating c.
80–200 years ago, but was abundant when the later stands
were regenerating c. 85–125 years ago (Merton 1970). The
balance may also be swayed in favour of the less shade-tol-
erant ash by it being less browsed by large mammals than
sycamore (Linhart & Whelan 1980). �Cerm�ak & Mrkva
(2006) in the Czech Republic observed that browsing pri-
marily by roe dear led to an increase in the proportion of
ash saplings (>2 m tall) from 51% in 2002 to 67% in 2005
at the expense of sycamore (reduced from 40% to 15% over
the same period). Kerr (1995) also points out that ash and
sycamore have a tendency to produce abundant seed in
alternate years favouring one species or the other depending
upon when openings in the canopy occur, fostering the
maintenance of both species.
Ash has traits that in some ways make it competitively

superior to beech (Rust & Savill 2000; Saxe & Kerstiens
2005). Meißner et al. (2012) showed that ash has a greater
plasticity in where it can take water from the soil. In mixed
stands in central Germany, ash took 70% of its water from
0.2 to 0.3 m and 0.5 to 0.7 m below the soil surface while
beech used water from the intermediate depth of 0.3–0.5 m.
As ash trees increased in diameter (up to 39 cm), they took
water progressively from the shallower depth. Growing 3-
year-old saplings in rhizoboxes, Beyer et al. (2013)
observed that the longevity of fine roots of ash was not
much different from beech when grown separately (483 vs.
565 days), but when grown together, ash roots lived much
longer than beech (603 vs. 321 days). Beech and ash are
commonly mixed on base-rich soils (Packham et al. 2012),
but ash is more competitive on more extreme sites and so
goes beyond the ecological limits of beech (Marigo et al.
2000). On very base-rich sites and wetter sites, ash regener-
ates more readily than beech (Watt 1925) and so becomes
dominant (producing W8 and W9 woodlands; see III), while
on more moderate sites, beech dominates forming Fagus–
Mercurialis woodland (W12). In these beech woodlands, ash
is able to colonize gaps and so persist (Diekmann et al.
1999; Emborg, Christensen & Heilmann-Clausen 2000). Col-
onization is aided by the high seed density of ash and accu-
mulated seedling bank and quick growth once gaps appear
(Wagner 1990) reaching its maximum height 30–40 years
earlier than beech. Nevertheless, ash establishment may be
limited on optimum sites for beech. Thus, a correlation
between canopy openness and mean density of ash seedlings
was found by Modr�y, Huben�y & Rej�sek (2004), and St�re�stil
and �Sammonil (2006) found that ash could not establish
itself under beech on south-facing slopes on limestone in
the continental climate of the Czech Republic.
Once in a gap, both sycamore and ash respond by growing

taller and thinner, investing in height growth at the expense of
diameter growth. In a German mixed wood, Petri t�an, Von
L€upke & Petri t�an (2009) saw that in 50% full sunlight height
growth of sycamore and ash were 149 and 145%, respectively,
that of beech saplings. In deep shade, all species grew more
slowly but ash and sycamore still grew faster than beech. Radial
growth at 5% full sunlight was lower in ash (0.27 mm) than in
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beech and sycamore (0.3 and 0.33 mm) but at 50% sunlight,
ash (1.78 mm) outgrew sycamore (1.45 mm) and beech
(1.47 mm). As befits gap invaders, ash and sycamore had more
open canopies for their height (29 and 21 cm2 total leaf area
cm�1 tree height, respectively, compared to 49 cm2 cm�1 in
beech), a lower leaf area index (1.24 cm2 cm�2 in ash and
sycamore compared to 1.46 cm2 cm�2 in beech) and lower leaf
construction costs (1.29 g glucose g�1 in ash compared to
sycamore and beech (1.37 and 1.44 g glucose g�1, respec-
tively) (Petri t�an, Von L€upke & Petri t�an 2010).
Hajek, Seidel & Leuschner (2015) working in central Ger-

many reported that when beech and ash grew together,
branches of ash lower in the canopy grew more slowly due to
reduced light levels but the ash trees responded by growing
taller, reducing the contact zone between the canopies. In
shade, ash and sycamore tended to carry 85% of the leaf area
in the top 40% of the tree height (Petri t�an, Von L€upke & Pet-
ri t�an 2010) reducing self-shading (Wagner 1990) and shading
from other trees. Given its extra height, ash swayed more,
causing damage to the beech canopy (Hajek, Seidel &
Leuschner 2015). The thicker terminal branches of ash (7.9–
26.8 mm, varying between different years) compared to beech
(3.3–13.1 mm) gave them a mechanical advantage and in the
contact zone 14–25% of ash branches were broken at some
point in the 5-year study compared to 20–50% in beech. This
contact led to a mean gap between ash and beech canopies of
0.6 m compared to 0.2 m between two beech trees. Ash trees
in gaps had a higher total leaf area (1114 cm2 in ash com-
pared to 755 cm2 in beech) although total dry mass each of
leaves, stem and root was no different (Einhorn, Rosenqvist
& Leverenz 2004). Ash also showed greater height growth
per unit of stem mass compared to beech in both open, light
conditions (40.5 mm g�1 in ash, 38.8 mm g�1 in beech) and
in deep shade (163.6 mm g�1 in ash, 132.2 mm g�1 in
beech) (Einhorn, Rosenqvist & Leverenz 2004).
The main danger for ash under deep shade is that saplings

do not reach new light before death. Indeed, in shaded condi-
tions, ash had a higher mortality than beech (Petri t�an, Von
L€upke & Petri t�an 2007; Holzwarth et al. 2013). However,
Watt (1925) considered that since ash can regenerate in gaps,
and beech can readily invade ash stands, that a regeneration
cycle often develops in which both species persist with fluctu-
ations in dominance, in much the same way as identified
above for sycamore and ash. In this case, Rubus fruticosus is
important since it forms a dense cover in beech gaps in which
ash but not beech can establish. Under an ash canopy, R. fru-
ticosus is less prominent than in beech gaps and beech regen-
erates more effectively.

(C ) EFFECT OF FROST, DROUGHT, ETC

Frost

Newly opening leaf and flower buds are readily damaged by
freezing temperatures (Wardle 1961). Ash is more sensitive to
spring frosts than Fagus sylvatica, Acer pseudoplatanus or
A. platanoides (Baliuckas et al. 1999; Jinks, Willoughby &

Baker 2006) despite later budburst in ash (see VII). In cold-
acclimated ash buds, extracellular and intracellular ice forma-
tion occurs at c. �9 and �32 °C, respectively (Till 1956;
Pukacki & Przybył 2005). Death of damaged buds is
undoubtedly hastened by various fungal species (Pukacki &
Przybył 2005), including Gibberella baccata (Wallr.) Sacc.
(Ascomycota, Hypocreales) (=Fusarium lateritium Nees) and
Alternaria alternata (Fr.) Keissl. (Ascomycota, Pezizales).
Once cold hardening is lost in spring, shoots are damaged at
�13 to �9 °C and bud tissue at �9 to �4 °C (Pukacki &
Przybył 2005). Young leaves can be damaged in spring at
�3 °C (Till 1956). Trees that have introgressed with F. an-
gustifolia, including planting stock introduced into Britain,
have reduced frost resistance compared to native stock
(G�erard et al. 2013). Small seedlings growing in open habi-
tats are liable to be killed by frost in April and May. Larger
trees show strong powers of recovery but repeated frosting
leads to badly forked trees, and indeed late spring frosts kill-
ing buds is considered to be a major cause of forking in
young trees (Ningre, Cluzeau & Le Goff 1992); Kerr & Bos-
well (2001) found 69% of 4147 trees surveyed in southern
Britain between 1991 and 1994 to have one or more forks.
Late spring frosts that embolize the newly grown earlywood
vessels produced before bud burst can significantly reduce
hydraulic conductivity and lead to reduced growth (Cochard
et al. 1997). Long cold winters can greatly reduce growth in
subsequent years; Christianson (1889) recorded that after the
three very cold winters of 1879–1881, the single ash they
monitored in Scotland showed greatly reduced growth
(0.63 cm increase in girth compared to 1.78 cm in the year
before) and was ‘a wreck’.

Drought

A deficit of water in the shoots, due either to soil drought or
to desiccation by wind, results in their dying back, in yellow
coloration and early abscission of the leaves, and in failure of
the apical buds to open in the following spring (Wardle
1961). K€ocher et al. (2009) ranked ash as the most drought-
sensitive species in comparison with Fagus sylvatica, Acer
pseudoplatanus, Tilia cordata and Carpinus betulus. This was
attributed to ash having the least reaction to low water condi-
tions, with higher values of pre-dawn leaf water potential, leaf
conductance and xylem flux density. However, desiccation of
1-year-old bare root seedlings for up to 36 hours had no
effect on survival in ash and Quercus robur but killed almost
all seedlings of F. sylvatica and Betula pendula (McKay,
Jinks & McEvoy 1999). Rackham (2014) pointed out that the
very dry period over 1975–1976 led to severe ash dieback in
the east Midlands. Nevertheless, ash has been seen to survive
under extreme heat and drought, such as in France in 2003
(Saccone et al. 2009).

Flooding

As befits a tree capable of growing in riparian areas, ash has
a high tolerance of spring flooding and an intermediate level
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of tolerance to summer floods, similar to Quercus robur and
Ulmus spp., less than in Alnus glutinosa but greater than Acer
pseudoplatanus, A. campestre, Fagus sylvatica and Betula
pubescens (Iremonger & Kelly 1988; Siebel & Blom 1998;
Siebel, van Wijk & Blom 1998; Glenz et al. 2006; Vreugden-
hil, Kramer & Pelsma 2006). Ash can withstand 1-3 months
of flooding during the growing season (Sp€ath 1988; Siebel &
Bouwma 1998) and 2- to 3-year-old seedlings can tolerate
flooding to ground level for two consecutive growing seasons
(Iremonger & Kelly 1988), but ash is intolerant of anoxic
stagnant water (Glenz et al. 2006). Part of the tolerance is
due to the ability to produce adventitious roots, hypertrophied
lenticels and also aerenchyma (Frye & Grosse 1992; Siebel,
van Wijk & Blom 1998). Ash is most sensitive to late spring/
summer flooding, and in alpine floodplains, flooding in
April–July can greatly reduce ash growth. River engineering
to reduce flooding has thus greatly increased the potential of
ash growth over the past 20 years in these areas (Girel, Gar-
guet-Duport & Pautou 1997). Tolerance of flooding does vary
between ecotypes. Jaeger et al. (2009) looked at 3-year-old
seedlings grown from seed taken from a riparian and a moun-
tain population in southern Germany. The mountain popula-
tion after 2 9 2 week long flooding lost more leaves (>half;
none in the riparian seedlings) and new leaf formation almost
ceased (reduced by fifth in the riparian seedlings). When
flooded for 3–10 days, net assimilation in the mountain seed-
lings was reduced to 20% of the control and in the riparian to
66% which also had a greater accumulation of ethanol in the
xylem sap (c. 3.5 nM compared to c. 2.4 nM in mountain
seedlings – estimated from a figure), suggesting anaerobic
metabolism.

Ozone and ultraviolet light

Sensitivity of ash to ozone pollution has been found to be vari-
able but generally can be classified as moderately sensitive,
usually more sensitive than Fagus sylvatica, Quercus robur,
Pinus sylvestris and Fraxinus ornus but less sensitive than Acer
pseudoplatanus (G€unthardt-Goerg et al. 2000; Landolt et al.
2000; Novak et al. 2003; Gravano et al. 2004; Bussotti et al.
2005; Contran & Paoletti 2007; Gerosa et al. 2009). Upon
exposure to above-ambient concentrations, ash develops necro-
tic spots on the leaves and premature leaf abscission, and has a
lower net assimilation rate. Reiner et al. (1996) gave 2-year-old
seedlings 0–150 ppb of ozone (ambient c. 50 ppb) and found
that ozone stimulated stomatal closure and led to a decreased
radial growth, although at lower levels (≤72 ppb) Hayes, Wil-
liamson & Mills (2015) found no effect on any growth aspect
of ash. Even ambient concentrations of ozone have proved
detrimental to ash since its removal in charcoal-filtered air led
to an increase in mean net photosynthesis by 18% and mean
stomatal conductance by 8% (Novak et al. 2005), but growth
rate (determined by increase in basal diameter) was not affected
(Novak et al. 2007).
In addition to the direct impact of ozone, increased ultra-

violet B light due to lower ozone levels in the stratosphere
can have its own impact. Keiller & Holmes (2001) looked

at exposure of seedlings for 5 year (1 year old at the begin-
ning) to a UV-B level equivalent to 18% ozone reduction.
They found a reduction in photosynthesis from
10.8 � 0.46 lmol CO2 m�2 s�1 (SE, n = 10) in ambient
controls to 7.6 � 0.67 lmol CO2 m�2 s�1 at higher UV-B;
stomatal density was also reduced (control 130 � 5.2; UV-
B 47 � 3.8 mm�2; SE, n = 25), as was leaf area (control
17.7 � 1.39; UV-B 13.0 � 0.91 cm2, SE, n = 10). This
30% reduction in photosynthesis in ash was also found in
the pioneer species Betula pendula (31%) but was far less
than the other species tested Tilia cordata (45%), Quercus
robur (55%) and Acer pseudoplatanus (61%), suggesting
some resilience to UV-B. Conversely, excluding UV-B radi-
ation led to increased plant dry mass in ash and its competi-
tors (Bogenrieder & Klein 1982).

Fire

Ash is very fire sensitive, and its decline in Europe c. 6600
BP onwards has been attributed to the increase in human-
caused fires (Tinner et al. 1999, 2000, 2005). Delarze, Calde-
lari & Hainard (1992) found that ash along with Acer pseudo-
platanus, Tilia cordata, Fagus sylvatica and Corylus avellana
were largely absent from plots burnt even 25 years prior in
southern Switzerland. Ash biomass has a low calorific value
(3600–6000 kJ kg�1 fresh mass) and low flammability, espe-
cially after the spring flush of leaves (N�u~nez-Regueira,
Rodr�ıguez A~n�on & Proup�ın Casti~neiras 1997) and so is more
likely to be damaged in mixed stands of more flammable
species.

VI. Structure and physiology

(A ) MORPHOLOGY

Branching of the shoot is monopodial with a low number of
branch orders (3–5). Ash invests in vertical height growth
with rapid self-pruning of side branches while young. As it
approaches maturity at 50–90 years (Claessens et al. 1999),
ash is typically 7–25 m tall and the canopy increases in width
to eventually form a rounded rhombic crown up to 8 m diam-
eter. In the south of England, the crown of ash is consistently
wider than those of any of its main competitor trees for all
trunk diameters (Hemery, Savill & Pryor 2005) as befits a
light-demanding adult tree. Hein & Spiecker (2008) give allo-
metric equations for growth of open-grown trees. On rich
alluvial soils, ash can reach 40–45 m in height and 1.6–1.8 m
dbh, but in lowland forests, 20–25 m height is common
(Huld�en 1941; Collin & Badot 1997). Female trees generally
are shorter and have thinner trunks than males (Tal 2006);
Rohmeder (1967) recorded that male trees in Germany were
14% wider, 10% taller and 40% larger in volume than female
trees. Male trees may be bigger due to a lower investment in
reproduction although Tal (2006) argues that male costs may
be as high as female since males have up to twice as many
flowers and bear the burden of galls (see VIII(A)). When
the crown becomes decadent, due to age or an unfavourable
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habitat, epicormic shoots spring from the lower part of the
trunk (Wardle 1961).
The canopy leaves of trees and older saplings are morpho-

logically distinct from the juvenile leaves of seedlings, young
saplings and epicormic and coppice shoots (see Wardle 1961
for details). Only sun leaves are developed in adult foliage due
to the low canopy density; the leaf area index of ash is gener-
ally c. 3.5 compared to 4.6–5.2 in other competing species
(H€olscher 2004). Shaded saplings, however, have both sun and
shade leaves; the latter are thinner and possess only one distinct
palisade layer. Under heavy shade, the palisade mesophyll may
be absent (Wardle 1961). Young stems and leaves of ash are
often tinged orange or purple (Rackham 2014). Specific leaf
area (SLA) has been measured at 13.8 � 3.7 m2 kg�1 (as-
sumed to be SD) in ash, compared to 22.4 � 4.5 m2 kg�1 in
Ulmus glabra (Alberti et al. 2005), fairly low in ash due to the
presumed inclusion of the petiole and rachis. H€olscher (2004)
found the SLA of ash in central Germany to vary with height:
in the lower canopy (11 m above ground), leaves were thinner
– 34.2 � 2.0 m2 kg�1 (SD) – compared to the upper canopy
(28 m tall trees) at 11.9 � 0.8 m2 kg�1. Janse-ten Klooster,
Thomas & Sterck (2007) found that saplings in deep shade
with little direct sunlight had a leaf mass of 1.9 g compared to
those in light shade (>10–100% full sunlight) at 3.4 g, and this
was reflected in the SLA: 36.0 in shade and 25.3 m�2 kg�1 in
light. Leaves formed 66% of biomass of a current-year shoot in
ash compared to 74% in Acer platanoides since there is more
investment in stem and petioles (20 and 14%, respectively, of
total shoot mass) in ash than in the maple (14 and 12%), so
total leaf construction costs were lower in ash than A. pla-
tanoides; ash uses the leaves as cheap, disposable branches
(Barthod & Epron 2005). Leaf construction cost per unit area
was higher in A. platanoides than in ash (1.30 vs. 1.20 g glu-
cose g�1) but decreased less with shade in ash, so shade leaves
were proportionately more expensive in ash and may help
explain their absence in mature trees. The petiole/rachis has a
low lignin, structural polysaccharide and protein content and it
has been calculated that the cost of its construction was 5%
lower per unit mass than that for leaflets (Niinemets & Kull
1999; Niinemets 1999). Niinemets (1999) also showed that the
petiole had c. 10% the chlorophyll concentration of the leaflets,
but the non-structural carbohydrate concentration was 20%
higher than leaflets, suggesting that the petioles are used to
store food. Stomata are found only on the underside of leaves
(Morren 1866; Cornelissen et al. 2003). Stomatal density var-
ied with height: sapling 95 � 32 mm�2 (SD), lower canopy
109 � 20 mm�2, upper canopy 185 � 36 mm�2 (H€olscher
2004).
Terminal winter buds in the canopy are black, dry, packed

with brown hairs and possess three pairs of protective modified
bud scales. The outer scales of the terminal buds of seedlings
tend to be less specialized (Wardle 1961). Seedlings raised in a
glasshouse produced winter buds without protective modified
scales (Wardle 1961 has drawings of the bud scales).
On scree and unstable slopes, trees may become prostrate,

at least at the base. This portion of the trunk produces adven-
titious roots on the underside so the lowest 1 m or so of the

trunk may appear to be part of the root system rather than the
trunk. In such cases, which can be hard to distinguish in older
trees, it may be necessary to add up to 25 years (possibly
more) to age estimates from ring counts at the apparent base
of the tree (Merton 1970). The bark of ash is thin. K€ocher,
Horna & Leuschner (2012) measured bark thickness in trees
24–41 cm dbh as 7.56 � 2.26 mm (SD), similar to that of
Fagus sylvatica and Acer pseudoplatanus.
The wood is ring-porous. Earlywood vessels elements are

80–170 lm in diameter and latewood 10–70 lm; both have
a mean length of 0.25 mm (Burggraaf 1972). Juvenile wood
in up to the first 30 annual growth rings has narrower but
more frequent vessels and is of lower value as timber
(Heli~nska-Raczkowska & Fabisiak 1999). Ash wood is com-
paratively dense and comparable to Fagus sylvatica and
Quercus spp. Density has been reported from 551 to
790 kg dry mass m�3 (Loudon 1838; Le Goff et al. 2004;
Alberti et al. 2005; Rackham 2014). Much of this variation
is attributable to the speed of growth since, in common with
other ring-porous species, variation in the width of annual
rings is primarily due to differences in the width of late
wood in response to growing conditions; fast growth
increases the relative proportion of late wood and hence
increases wood density. Fast grown ash, however, has less
strength parallel to the grain due to thinner cell walls of the
fibres in the earlywood (Clarke 1935). Fresh ash wood has a
comparatively high moisture content (36%, compared to con-
ifers and diffuse-porous trees at 14%) so the wood readily
develops cracks on drying (Sorz & Hietz 2006). Ash wood
density changes with height up the trunk. Alberti et al.
(2005) found density decreased to a minimum at 4–6 m
height and then increased with height continuously to the
top of the 18 m trees investigated, a similar pattern to that
found in F. sylvatica and Alnus glutinosa. Despite being
dense, ash wood rots quickly in contact with the ground
(Rackham 2014 notes that fence posts at Hayley Wood,
Cambridgeshire lasted just 4–5 years), suggesting a lack of
defensive compounds in the heartwood.
Death or removal of buds can produce forking in ash. The

main causes are late spring or early autumn frosts, drought,
damage by deer, birds or insects, wind and genetic predisposi-
tion (Ningre, Clueau & Le Goff 1992; Kerr & Boswell 2001).
After wounding, the cambium grows wood with vessels up

to 77% smaller in diameter but with a higher density of ves-
sels (by up to 475%) for the next year in an apparent shift to
improved hydraulic safety (Arbellay, Fonti & Stoffel 2012).
Ash wood, in common with other ring-porous trees, contains
tyloses to seal off embolized vessels (Schmitt, Richter &
Muche 1997). Detailed descriptions of wood composition and
timber properties of ash are given by Bamford & Van Rest
(1936) and Crivellaro et al. (2013), and hydraulic architecture
by Burggraaf (1972), Cochard et al. (1997) and Bettiati, Petit
& Anfodillo (2012). Height growth and form are under high
genetic control (Savill et al. 1999); the additive genetic coef-
ficient of variation ranged between 10.2 and 12.7% for height
and 1.5 and 2.1% for dbh (Mwase, Savill & Hemery 2008).
Allometric equations for predicting stem volume are given by
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Alberti et al. (2005) for north-east Italy, Blujdea et al. (2012)
for Romanian plantations, and Konôpka, Pajt�ık & �Sebe�n
(2015) for western Carpathian stands.
Ash seedlings have a superficial root system even on

deep riparian soils (K€ostler, Brückner & Bibelrichther
1968), reaching a depth of 0.15 m after 4 months (Fous-
sadier 1998; Rust & Savill 2000). Older trees develop an
extensive and shallow lateral woody root system (Le Sueur
1924; K€ostler, Brückner & Bibelrichther 1968) that reaches
a maximum depth of 0.30–0.50 m. The original tap root
remains and is supplemented by vertical sinker roots
between 0.75 and 2.5 m deep (Wardle 1961; Gordon 1964).
In mixed stands, ash becomes more deeply rooted in
response to competition from shallow-rooted species (Rust
& Savill 2000) and competition for light above ground
(Wagner 1990). Conversely, on wet soils, the roots will not
grow below the permanent water-table or any gleyed hori-
zon. But ever the opportunist, ash roots will readily grow
down shrinkage cracks in clay soils formed during dry
weather (Wardle 1961). Root growth continues throughout
life and results in mature ash having a root system with a
greater volume and biomass than that of Fagus sylvatica,
Carpinus betulus or Acer pseudoplatanus (K€ostler, Brückner
& Bibelrichther 1968; Collin & Badot 1997). The morphol-
ogy of wood in roots changes when exposed to the air
(probably a mechanical response) with new wood usually
having smaller vessels (Hitz et al. 2008). Leaf area to root
biomass ratio increases with decreasing irradiance (36%
down to 4% full sunlight), but more so in Acer pseudopla-
tanus than ash (Barigah et al. 2006), associated with the
greater shade tolerance of A. pseudoplatanus.
Coarse roots (over 1 mm diameter) persist indefinitely and

appear able to withstand long periods of poor aeration. By
contrast, the more numerous fine roots are mostly abscised
within 1 year and are readily killed by flooding or drought
(Wardle 1961). Fine roots are at their greatest density in the
top 5 cm of the soil (Wardle 1961). The highest densities
were found in fen peat and in slightly acidic sand: 1000-
1500 cm of roots < 1 mm diameter in 85 cm3 of soil (Wardle
1961). On heavier loam soils, where root penetration was
more difficult, values ranged from 230 to 400 cm. Fine roots
tend to grow in clearly defined, dense clumps with root-free
zones in between (Rust & Savill 2000). Ash has a gradual
decrease in fine root density within a radius of 10 m from the
trunk (Meinen, Hertel & Leuschner 2009).

(B ) MYCORRHIZA

In contrast to other Fraxinus species, F. excelsior forms
arbuscular mycorrhizas (AM) but not ectomycorrhiza. As is
common with AM, a limited number of fungi are involved.
For example, in mixed tree stands in Germany, Lang, Seven
& Polle (2011) found that the AM contributed 5% to total
stand mycorrhizal fungal species diversity. In ash and Acer
spp., 19 � 9% (SD) of root tips were colonized by a rela-
tively species-poor set of fungi; seven different sequences for
Glomeromycota were found, of which two occurred only on

ash roots. Despite the low species diversity, Lang & Polle
(2011) in the same mixed stands found that the roots of ash
had higher levels of most nutrients (except Ca) than roots of
ectomycorrhizal trees (Fagus sylvatica and Tilia spp.), sug-
gesting better uptake. Moreover, Seven & Polle (2014), also
working in Germany, confirmed higher concentrations of Mg,
K and P, confirming that AM are better at taking up P than
ectomycorrhizal fungi. AM in ash only develop well on soils
with high levels of Ca and Mg (Weber & Claus 2000).

(C ) PERENNATION: REPRODUCTION

Phanerophyte. It coppices strongly from cut stumps, and old
trees respond well to restarting pollarding (Slotte 1997). Young
ash of poor form can be cut at ground level (stumping) to pro-
mote vigorous high-quality regrowth (van Miegroet 1956). Ash
may also perennate by layering in moist, shaded areas (Pola-
tay�cuk & �Sparik 1993) or after branches are buried following
flooding. Ash is also known to occasionally sucker (unpub-
lished information from C.D. Pigott, reported in Wardle 1961).
Ash is fairly short-lived, c. 200 years although coppiced stools

and some individual maiden trees may survive more than
300 years (Scurfield 1959; Rackham 2003). In the Białowie_za
Forest, Poland, Falinski (1986) states that ash aged 250–400 years
are not rare and some individuals may live even longer.
New trees can be readily produced from cuttings taken

from dormant trees using an enclosed mist unit (Silveira &
Cottignies 1994; Jinks 1995) and by grafting. As with many
trees, accelerated growth in ramets from younger trees com-
pared with older ones is temporary and soon slows down
(Mencuccini et al. 2007). Ash is also readily propagated
in vivo. Adventitious shoot regeneration has been reported
from excised embryos for F. excelsior (Mockeliunaite & Kuu-
siene 2004; Capuana et al. 2007) and epicotyl, leaf and root
tissue (Hammatt 1994; Mitras et al. 2009; Lebedev & Sch-
estibratov 2013). Shoot tips can be cryopreserved (Schoen-
weiss, Meier-Dinkel & Grotha 2005).

(D ) CHROMOSOMES

2n = 46. The amount of DNA per diploid cell has been mea-
sured at 2.0 pg (Grime, Hodgson & Hunt 2007). Genome size
was estimated at 822 Mbp (1n value) by Siljak-Yakovlev
et al. (2013) and 875 Mbp by the British Ash Tree Genome
Project (2015) in a self-pollinated tree with low heterozygos-
ity, containing c. 43 k genes.

(E ) PHYSIOLOGICAL DATA

Temperature, moisture and growth

Ellenberg values (Ellenberg et al. 1991): temperature 5 (inter-
mediate); continentality 3 (between oceanic and suboceanic).
Ash has a low-density canopy so leaves are readily exposed to
sunlight. In Switzerland, the upper side of leaves was c. 3 °C
warmer than ambient but lower surface was 3.5–5 °C cooler
than ambient (Feller 2006). As with the majority of temperate
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trees, growth of ash roots takes place whenever the soil temper-
ature is above 4–6 °C and below 30 °C. Above-ground growth
is at least partially dependent upon temperature, but moisture
probably plays a more important controlling role. Annual ring
widths in ash have been seen to be positively correlated with
precipitation and air temperature of the previous winter
(December to February), precipitation in spring (May and June)
and annual precipitation, and negatively correlated with sum-
mer and autumn air temperature (June to November) (Karpa-
vi�cius & Vitas 2006; Mund et al. 2010).
K€ocher, Horna & Leuschner (2012) working with mature

trees in central Germany found the radial growth of the trunk
in a growing season to be highest in ash (c. 5.8 mm) com-
pared to c. 2.8 mm in Fagus sylvatica and c. 1.5 mm in Acer
pseudoplatanus. Radial growth could exceed a maximum of
70 lm day�1 (mean 56.8 lm day�1) in ash compared to
maximum rates of 20–40 lm day�1 (mean 8.5–
22.6 lm day�1) in F. sylvatica, A. pseudoplatanus, Carpinus
betulus and Tilia cordata. Growth in ash was highest in May.
Maximum growth of all five species occurred on days when
relative humidity was 80–100% and was lowest on days when
it was <75%. The authors suggest that at this scale, air tem-
perature and soil moisture played a secondary role to humid-
ity. High humidity reduced transpiration rates and hence very
negative pressures in the xylem leading to increased turgor in
cambial cells, promoting cell division and expansion. Con-
versely, Le Goff et al. (2004) found that high humidity (and
hence low evapotranspiration) resulted in lower net assimila-
tion rates in ash. So, assimilation of carbon and its use in
growth is not necessarily temporally linked in ash.

Water relations

Ellenberg et al. (1991) value: moisture X (indifferent). Ash has
a tolerant anisohydric strategy to water stress (Carlier, Peltier &
Gielly 1992). In ash, xylem flow does not decrease with
decreasing soil moisture or daily mean vapour pressure deficit
(Coners & Leuschner 2002; H€olscher et al. 2005). The result is
that soil drying is comparatively rapid and ash stops growing
sooner in drought conditions (Aussenac & L�evy 1983). Thus,
as described in V(C), ash is considered to be drought sensitive.
Stomatal conductance is high but comparable to other decidu-
ous species, in the order of 0.2–0.3 (0.44) mol m�2 s�1 when
water is available, dropping as low as 1.8 mmol m�2 s�1 under
drought conditions (Besnard & Carlier 1990; Roberts & Rosier
1994; Cochard et al. 1997; Lemoine, Peltier & Marigo 2001;
Abdul-Hamid & Mencuccini 2009). However, there is compar-
atively little stomatal control, so leaf water potential tends to
decrease sharply in the morning reaching a minimum of �2.0
to �2.6 Mpa at solar noon (Aussenac & Levy 1992; Cochard
et al. 1997; Lemoine, Peltier & Marigo 2001) but not low
enough to induce stomatal closure and reduce further water
loss. Indeed, Guicherd et al. (1997) put 3-year-old seedlings
under experimental drought and found that at a pre-dawn water
potential of �6 MPa, the leaves showed loss of turgor pressure
but stomatal conductance was still measurable, and in adult
trees stomata stay open until water potential nears �5 MPa

(Carlier, Peltier & Gielly 1992). Thus, ash tolerates wide leaf
water potential variation without losing vigour.
The ability to keep stomata open even at low water avail-

ability is aided by the accumulation of malate and mannitol in
the leaves; when pre-dawn water potential was �4 MPa,
malate and mannitol increased by 91.8 (reaching 600 mM)
and 92.2 (280 mM), respectively, possibly aided by
Ca-malate complexes and elastic adjustment of the cell walls
(Carlier, Peltier & Gielly 1992; Marigo & Peltier 1996).
Lehto et al. (2004) measured 7.08 mg g�1 dry mass of man-
nitol in stems and 22.10 mg g�1 in leaves of 1-year-old seed-
lings compared to 0.06 mg g�1 in leaves of other trees such
as Alnus glutinosa and Prunus padus. This accumulation can
lead to an osmotic adjustment of 0.6 MPa in adult ash during
a summer drought period (Peltier et al. 1994). Malate may be
involved in forcing closure of the stomata in ash in concentra-
tions regularly found in the xylem sap (Patonnier, Peltier &
Marigo 1999). The opening of ash stomata appears to be pri-
marily controlled by light (Besnard & Carlier 1990) and they
are fairly insensitive to moisture content of leaves. Under
drought conditions, stomata will close around solar noon
(Carlier, Peltier & Gielly 1992), but at a much lower water
potential than its competitors (at �3.0 Mpa xylem water
potential compared to �1.4 Mpa in Quercus robur).
High stomatal conductivity and open stomata lead to high

transpiration rates, measured at between 3.5 and
12 mmol m�2 s�1 (Besnard & Carlier 1990; Lemoine, Peltier
& Marigo 2001; St€ohr & L€osch 2004) even on droughty soils,
higher than the typical range for temperate deciduous trees of
2.5–3.7 mmol m�2 s�1. In ash, therefore, sap flow is insensi-
tive to water shortage (K€ocher et al. 2009). When this is added
to stomata being open for significant parts of the day, water loss
in ash can be very high, up to 258 ml m�2 leaf area hour�1

(Ladefoged 1963), reaching maximum daily totals of 1.7–
3.3 kg m�2 day�1, higher than expected in tropical and tem-
perate lianas that are known for their high water use (St€ohr &
L€osch 2004). Maximum mean water use in saplings 5 m tall
and 2.9 cm diameter tree reached 2.34 kg of water per day
(St€ohr & L€osch 2004).
Although transpiration rates are high, the flux of water

through the xylem is low. H€olscher et al. (2005) found that it
was the lowest of the five species tested in central Germany
(Fagus sylvatica > Acer pseudoplatanus > Tilia cordata
> Carpinus betulus > ash) measured at 67 g cm�2 day�1 in
ash compared to 152 g cm�1 day�1 in F. sylvatica. Xylem
porosity in ash (0.59 mm3 mm�3) is very similar to that of
diffuse-porous trees (Gebauer, Horna & Leuschner 2008), but
ash has a smaller conducting area because, being ring-porous,
water conduction is primarily up the outermost annual rings,
usually accounting for < 1 cm width of sapwood so total sap-
wood area was c. 11 times smaller than in diffuse-porous spe-
cies (H€olscher et al. 2005) and the ratio of area of conducting
xylem to basal area was 0.21, much lower than the 0.75 found
in F. sylvatica (Gebauer, Horna & Leuschner 2008). The solu-
tion to this paradox does not lie in a superior ability of ash to
withstand cavitation; Barigah et al. (2006) found ash to be
intermediate (along with Acer pseudoplatanus) in risk of cavita-
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tion and more vulnerable than Fagus sylvatica. Low conductiv-
ity may, however, be partially tied to mature ash having a lower
total leaf area compared to other temperate tree species. Roberts
& Rosier (1994) in a Hampshire woodland found that while
ash made up 45% of the number of stem and 41% of the
projected crown area, they had only 28% of the total leaf
area. A small leaf area also fits the small amount of water
stored in the xylem. Bittner et al. (2012) noted that transpi-
ration in ash reaches a maximum around solar noon, yet
roots reached maximum uptake two hours later. The shortfall
is met by water stored in the xylem. K€ocher, Horna &
Leuschner (2013) showed that while diffuse-porous trees
held 10–22% of daily transpiration needs in the wood (5–
12 kg day�1 held), ash 25-28 m tall only held 0.5–
2.0 kg day�1 or around 5.3% of their daily needs. Bittner
et al. (2012) suggest from modelling in the same site used
by K€ocher that water storage can in fact reach a mean of
24% of daily transpiration needs; the variation can be attrib-
uted to different weather patterns, since at low transpiration
rates, stored water can provide a higher percentage of needs.
The small leaf area, and the ability of the leaves to tolerate
large water potential variations, suggests that a small amount
of stored water is adequate.
The hydraulic architecture of ash includes a number of

adaptations to ensure all leaves get equal access to water. In
lower (and therefore older) branches, 90% of the total resis-
tance to water flow comes from within the branch, while in
higher, younger branches 90% of the resistance is found
within the leaf since these branches have wider vessels (rachis
vessel diameter 22.6 � 5.4 lm (SD) in 2-year-old branches
compared to 19.5 � 6.1 lm in 7-year-old ones) and younger
branches have long shoot internodes. Both these adaptations
decrease xylem resistance to sap flow in younger branches so
this leads to the water potential required to attract water being
similar throughout the canopy (Cochard et al. 1997).
Although xylem conductivity is low, modelling by Bittner

et al. (2012) showed that ash has the ability to extract water
from very dry soils; F. sylvatica and Tilia cordata reduced their
water uptake at soil matric potentials <�0.10 Mpa while ash
did not reduce water uptake until soil water matric potentials
were lower than �0.25 Mpa (H€olscher et al. 2005). Wiersum
& Harmanny (1983) showed that ash was relatively slow to
reduce the permeability of its roots in response to drought. This
is despite ash roots having a small mean vessel diameter
(35.0 � 1.1 lm, SD) compared to beech (42.3 � 1.4 lm) in
roots <3.5 mm diameter. These small vessels may reduce freez-
ing embolisms but reduce hydraulic conductivity. Although the
xylem cross-sectional area in ash (42.2 � 1.3%) was in the
same order of magnitude as in Fagus sylvatica, Acer pseudo-
platanus, Tilia cordata and Carpinus betulus, the vessel density
was the lowest of all species (53 � 2 mm�2) and the lumen
area (5.8 � 0.4%) was less than that of F. sylvatica
(6.9 � 0.8%). The net result was a much lower specific con-
ductance: 4.48 � 0.77 kg MPa�1 s�1 m�2 in ash compared to
13.03 � 1.40 in F. sylvatica (K€ocher et al. 2012). The roots of
ash can supply enough water to the profligate stems not by
speed of movement but instead appear to rely on a high density

of fine roots to increase access to soil water; in central German
stands, H€olscher et al. (2005) found that ash accounted for
58% of total fine root biomass, but only 45% of the stem num-
ber implying that ash had a greater density of fine roots com-
pared to other trees in the stand. This enables ash to maintain
sufficient sap flow to keep the leaves functioning although at
the expense of large leaf water potential fluctuations (K€ocher
et al. 2009).

Light and photosynthesis

Ash has an Ellenberg value for light of 4 (between a shadow
and half shadow plant, >10% but much less than 100% full
sunlight). Morphologically, shade leaves are not found in
adult trees but saturating irradiance has been shown to
decrease through the canopy (upper canopy 770 � 71 (SD);
lower canopy 535 � 25; saplings 338 � 109 lmol m�2 s�1),
as did the light compensation point (upper 8 � 2, lower
6 � 1, saplings 5 � 3 lmol m�2 s�1). Dark respiration was
similar at all levels, at between �0.4 and �0.5 lmol m�2 s�1

(H€olscher 2004). At irradiance below 23.5% full sunlight, the
leaves are liable to be abscised (Wardle 1961). Leaf total
chlorophyll levels were measured at 3.06 mg g�1 fresh mass
in April in Iran (Esfahani et al. 2013) and chlorophyll a/b
ratio in the lower canopy (11 m above ground) at 2.8 � 0.1
(SD) and in the upper canopy (28 m tall trees) at 3.2 � 0.3
(H€olscher 2004).
Net assimilation rates at high irradiance have been mea-

sured at 12.5–16.3 lmol m�2 s�1 in ash (H€olscher 2004; Le
Goff et al. 2004) significantly higher than in Acer pseudopla-
tanus, Carpinus betulus or Tilia platyphyllos (H€olscher 2004).
Near the bottom of the canopy assimilation rates dropped to
around 5 lmol m�2 s�1, comparatively higher than the trees
listed above due to the open canopy of ash (see VI(A)), but
this compares to 10 lmol m�2 s�1 for Fagus sylvatica in
similar climatic conditions (Lebaube et al. 2000). Assimila-
tion rates decline with age. Mencuccini et al. (2005) found
net assimilation rate of ash fell from >0.3 kg m�2 year�1 in
trees <10 years old to c. 0.1 kg m�2 year�1 in trees
>100 years old. Similarly, relative above-ground growth rate
dropped from >0.9 kg kg�1 year�1 in young trees (<10 years
old) to <0.2 kg kg�1 year�1 in individuals >25 years old.
Intercellular CO2 concentration has been measured at

2.112 � 0.064 to 2.375 � 0.008 lmol mol�1, maximum car-
boxylation rate from 40 to 85 lmol m�2 s�1 at 25 °C, maxi-
mum electron transport rate at 120–225 lmol m�2 s�1, similar
to that of other common deciduous trees (Dreyer et al. 2001;
Contran & Paoletti 2007; Abdul-Hamid & Mencuccini 2009).
Of 19 broadleaf and conifer species investigated, ash had the

highest concentration of chlorophyll per unit area of bark
(500 mg m�2); the concentration per unit mass was similar to
other species, showing that in ash the chlorophyll layer is dee-
per into the twig than other species (Pfanz et al. 2002). Cur-
rent-year stems contain chlorophyll through to the pith with
total chlorophyll concentrations of 0.46 � 0.02 mg g�1 (SE,
n = 3) in summer, falling to 0.29 � 0.02 mg g�1 in winter
(Berveiller, Kierzkowski & Damesin 2007). Transmission of
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light through the phloem can reach 50% of full sunlight and is
still 0.4% at the pith in 1-year-old stems, 6 mm in diameter (R.
Langenfeld-Heyser, unpublished data in Pfanz et al. 2002).
Photosynthesis does seem to take place since the stem chlor-
enchyma in 1- to 5-year-old twigs has been found to absorb
CO2 before bud break and produce oxygen at a rate of 2.5–
3.0 lmol O2 m�2 s�1 (Langenfeld-Heyser et al. 1996).
Photosynthates are transported partly as sucrose but carbo-

hydrates of the raffinose group are a more important transport
sugar in ash trees (Thoms et al. 2015). Fagus sylvatica used
primarily sucrose, loaded apoplastically into the phloem cells,
while ash used both apoplastic and symplastic loading, with
more emphasis on the latter at the end of the growing season.

Mineral nutrients

Ash is a nitrophilous species with a high demand for soil
nutrients, particularly N, P, Ca and Mg; the Ellenberg value
is 7 (mostly on soils rich in mineral N; Ellenberg et al.
1991). Height growth of ash is highly correlated with the
nitrogen content of the leaves (Gordon 1964; Weber-Blaschke
et al. 2008). As fits with a nitrophilous species, Schulz,
H€artling & Stange (2011) found that the N uptake of 2-year-
old seedlings was greatest in ash (F. excelsior > Tilia
cordata > Pinus sylvestris > Picea abies > Fagus sylvat-
ica > Quercus petraea) although relative growth rate in ash
was similar to the other species (0.375 g fresh mass day�1 in
ash). Ash can react well to fertilizers on poor soils (Bul�ı�r
2007), but they have little effect on already rich soils (Cul-
leton, Murphy & McLoughlin 1996).
Desideri, Meli & Roselli (2010) found the concentration

of elements in ash leaves from Hungary to be (all in
mg kg�1 dry mass): (macroelements) K 10 684, Mg 1447,
Ca 12 927, P 640, S 1900; (microelements) Cr < 2, Mn 20,
Fe 131, Co < 1, Ni 4.7, Cu 7.7, Zn 11.0; (halogens) Cl 505,
Br 1.8, I 4.9. None was particularly high or low compared
to 34 medicinal plants also tested. Similar results are given by
Gałuszka et al. (2011), including Na 106, B 23 mg kg�1,
N�u~nez-Regueira, Rodr�ıguez A~n�on and Proup�ın Casti~neiras
(1997), Rosselli, Keller & Boschi (2003) and Hejcmanov�a,
Stejskalov�a and Hejcman (2014). Using material from the
Lake District, Gordon (1964) found higher levels of Ca
(6784–27 437 mg kg�1) and P (750–1420 mg kg�1). Nitrogen
content of leaves has been measured at 17–33 mg g�1 dry
mass (Gordon 1964; Broadmeadow & Jackson 2000; Barthod
& Epron 2005; Abdul-Hamid & Mencuccini 2009; Hejc-
manov�a, Stejskalov�a & Hejcman 2014) although it was lower
in current-year twigs in summer in Sweden at 7.90 � 0.62
mg g�1 (SE, n = 3); this was similar to Fagus sylvatica but
lower than other trees such as Betula pendula (13.00 � 1.68
mg g�1) and Alnus glutinosa (14.68 � 0.97 mg g�1) (Berveil-
ler, Kierzkowski & Damesin 2007). Nitrogen is stored over
winter primarily in the roots with smaller amounts remobilized
from the stem in the spring (Marmann et al. 1997). Hagen-
Thorn & Stjernquist (2005) using trees from across Europe
found that leaves had higher concentrations than stemwood of
other elements: Cu 9.2 (3.7) leaves (wood), Fe 52 (28), Mn

55 (5.2), Zn 19 (4.4), B 26 (5.8) mg kg�1. Hejcman et al.
(2014) similarly measured the elemental concentration in win-
ter-collected annual twigs used as fodder (mg g�1): N 12.4, P
1.5, K 8.5, Ca 9.9, Mg 1.2. Manganese concentration was very
low in both leaves and wood compared to five other competi-
tor tree species tested (Hagen-Thorn & Stjernquist 2005), but
P, K and Ca had the highest concentration in leaves found in
nine deciduous species tested by Hejcmanov�a, Stejskalov�a &
Hejcman (2014).
Other elements measured by Desideri, Meli and Roselli

(2010) were as follows: Al < 100, As <1, Rb 6.0, Sr 26, Cd
0.6, Sn 1.1, Hg < 0.1, Pb 0.7 mg kg�1dry mass. Aksoy &
Demirezen (2006) found ash leaves to be a good biomonitor
of soil heavy metal concentration in Turkey; in an urban
roadside, they reached Pb 18.4, Cd 41, Cu 33, Zn 39, Ni 46,
Cr 44 mg kg�1 dry mass. Lead was measured in bark in
Frankfurt in 1997 at >400 mg kg�1 (Ballach, Wittig & Wulff
2002). In polluted sites in Iran, Sangi et al. (2008) found that
ash had the highest bioaccumulation of heavy metals of any
tree tested except Ulmus carpinifolia. (=U. minor). Uptake of
heavy metals by ash does depend upon soil pH. For example,
leaves of ash seedlings growing in soil with As levels
>100 mg kg�1 dry mass contained 2.29 mg kg�1 dry mass
when growing in soil with a pH of 6.36 but had a ‘much
lower’ concentration when on soils of pH 4.40 (Madej�on &
Lepp 2007). In polluted street trees in Iran, the internal pH of
leaves is decreased (pH 5.52 in polluted leaves; 7.02 in con-
trols) and, probably as a defence against excessive oxidation,
levels of ascorbic acid were increased from 0.22 mg g�1

fresh mass in unpolluted controls to 0.55 mg g�1 in polluted
sites (Esfahani et al. 2013).
Particulate matter (PM) is fairly readily caught on leaf sur-

faces; the recorded levels of <10 lg cm�2 of PM 10-100 lm
and <1.5 lg cm�2 of PM 2.5-10 lm were similar to Acer
campestre but lower than in those with hairy leaves
(Dzier _zanowski et al. 2011). Particulate matter <2 lm is
incorporated into bark tissue (Catinon et al. 2009) and Cati-
non et al. (2008), suggesting that the chemical composition
of bark largely reflects atmospheric deposition rather than
transport from the xylem; they give mineral concentration
data of young shoots from superficial deposits through
successive tissue layers to the pith.
Hagen-Thorn et al. (2006) looked at nutrient resorption

from leaves during autumn senescence in Lithuania and found
that resorption of many nutrients was low in ash compared to
Quercus robur, Tilia cordata and Betula pendula (N 36%, P
37%, K 38% and S 31% in ash) but was higher in Mg
(74%). This low resorption may be partly attributable to the
high levels retained in the petiole and rachis; Tr�emoli�eres
et al. (1999) used just leaflets and found that up to 60% of N
was withdrawn, but some of this could have been lost by
external leaching rather than being resorbed. Certainly,
Hagen-Thorn et al. (2006) observed that foliar leaching of
nutrients per unit of leaf area was highest in ash: K 29% of
green leaf content compared to 8–11% in the other three spe-
cies; N 4.2% compared to 0.4–0.9%. The resulting litter was
remarkably similar in nutrient levels compared to the other
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three species although slightly lower in Mg, N and S.
Although leaching loss per unit of leaf area is high, the lower
leaf area held by trees resulted in the total loss of nutrients in
ash being comparatively low. Christiansen et al. (2010) in a
common garden experiment in west Denmark confirmed that
ash produced a low annual inorganic N throughfall
(9.1 kg ha�1). Soil N has been found to be similar to or
higher than under other common deciduous species ranging
from 30 to 108 kg ha�1 (D€olle & Schmidt 2009; Christiansen
et al. 2010; Callesen et al. 2013). Soil C, however, at 2.0 t
ha�1 was comparable to Acer pseudoplatanus and Tilia cor-
data but low compared to Fagus sylvatica and Quercus robur
(Christiansen et al. 2010). Litter from ash and Tilia spp. has
been shown to be easily decomposable and rich in nutrients,
particularly N, P, K, Mg and Ca (Nord�en 1994; Langenbruch,
Helfrich & Flessa 2012; Vesterdal et al. 2012), promoting a
high return of base cations.
Ash has an improving effect on soil chemistry, including

maintaining a higher soil pH and low concentration of Al ions
compared to competitors such as A. pseudoplatanus and
Q. robur (Hagen-Thorn et al. 2004; Mertens et al. 2007; Lan-
genbruch, Helfrich & Flessa 2012; Cesarz et al. 2013). As an
example, de Schrijver et al. 2012 working on abandoned agri-
cultural soil in north Belgium found a decline in pH from 6.5
to 4.5 under ash in 35 years, but this decline was less than
below other tree species. Ash had the highest levels of soil Ca
(reduced from 2500 to 1500 mg kg�1 under ash compared to
400 mg kg�1 under Q. robur) and lowest levels of Al (in-
creased from c. 50 to 240 mg kg�1 under ash but was greater
under other trees, reaching 530 mg kg�1 under Alnus gluti-
nosa). The number and biomass of earthworms have also been
found to be highest under ash than under other tree species (de
Schrijver et al. 2012), reaching 11.6 � 4.7 g m�2 (SD) under
ash compared to 4.2 � 4.2 g m�2 under Q. robur (Neirynck
et al. 2000). Langenbruch, Helfrich & Flessa (2012) add that
the presence of ash in F. sylvatica forests creates pockets of
soil with a higher pH and higher cation, organic C and total N
concentrations, increasing the horizontal and vertical diversity
of the soil habitat.
The pH tolerances of ash are given in II(B). Ash becomes

chlorotic on very calcareous soils, and at the other end of the
pH scale, below pH <4, root development is suppressed by
Al toxicity (at >100 lmol l�1) and Mn deficiency (Zollner &
K€olling 1994; Weber-Blaschke, Claus & Rehfuess 2002;
Weber & Bahr 2000a; Kerr & Cahalan 2004). Root damage
caused by Al can be reduced by adding extra Ca with Mg,
but this does little to improve overall growth (Weber-Blas-
chke & Rehfuess 2002).

(F ) B IOCHEMICAL DATA

Fraxinus excelsior bark is composed of 32.5% cellulose, 20%
hemicellulose and 16.5% lignin (Buston & Hopf 1938) and
contains 25.8% hydrophilic extractives (as % dry mass) but
negligible amounts of condensed tannins (Janceva et al.
2011). Gałuszka et al. (2011) give further details on the
chemical composition of ash bark. The bark, leaves and seeds

of ash have been found to variously contain coumarins (in-
cluding fraxin, fraxetin, scopoletin and to a lesser extent escu-
lin), secoiridoids (mostly glucosides and esters of
hydroxyphenylethyl alcohols, including excelsioside), pheny-
lethanoid glucosides (including verbascoside and isoverbas-
coside), phenolic compounds (including oleuropein,
ligstroside and olivil) and a number of flavonoids (Damtoft,
Franzyk & Jensen 1992; Poukens-Renwart et al. 1992; Kos-
tova & Iossifova 2007; Bai et al. 2010; Sanz et al. 2012).
Carnat, Lamaison & Duband (1990) measured the following
proportions of compounds in ash leaves (based on dry mass):
mannitol 21.0%, phenolic acids 3.2%, tannin 2.5%, flavonoids
1.4%, rutoside 0.5%, and also mucilage 15.3% and an ash
content of 9.6%. Young leaves contained more flavonoids
and less mucilage than older leaves. Concentrations of pheno-
lics in leaves, used as a UV protectant, have been seen to
increase with higher light intensity (Barthod, Cerovic &
Epron 2007). Ash releases into the air comparatively low
levels of monoterpenes and isoprene that can be negative to
human health (Pokorska et al. 2012). Emissions were highest
in May (9.56 lg g dry mass�1 h�1) and lowest in October
(1.17 lg g dry mass�1 h�1). Ash emitted (Z)-b-ocimene, (E)-
b-ocimene and a-farnesene during the entire measurement
period and additionally isoprene only in May (Zemankova &
Brechler 2010). Many of the compounds listed above have an
important medicinal role (see X). Fern�andez de Sim�on et al.
(2014) list volatile compounds found in ash barrels important
in wine making.
Mannitol is abundant in water-soluble bark extracts, and

planteose (13% dry mass) is the main soluble carbohydrate in
seeds (Jukes & Lewis 1974). Phloem sap exuding from cuts in
the bark contains a large number of sugars (collectively called
manna in Mediterranean regions when this evaporates to a
solid, reflected in the abundant amount produced by the manna
ash F. ornus). The manna has been measured as consisting of
(all figures g 100 g�1): mannitol 39–48, fructose 9–16, glucose
2–3.7, sorbitol 0.5–06, galactose 0.02–0.74, oligosaccharides
as mannotriose 13–22, stachyose 1–11 and traces of myoinosi-
tol, mannose and sucrose (Caligiani et al. 2013).

VII. Phenology

Inflorescence buds open in March to April before the leaves
appear. Flowers on male trees open earliest and then her-
maphrodite trees followed by female trees last of all (Tal
2011; Albert et al. 2013). Tal (2006) saw that flowers on
male trees initially opened from large buds and then paused
so that the anthers were exposed but did not produce pollen
for another 1–2 weeks. By contrast, inflorescences on her-
maphrodites/female trees opened from smaller buds, gradually
exposing the stigmas. In Germany, Tal (2006) noted that
flowering in forest trees started at the inner and bottom of the
canopy and progressed to the top and outer regions, while
Latorre & Bianchi (1998), investigating urban ash trees in
Argentina, found the opposite, that flowers at the top of the
trees opened before those at the bottom opened after a lag of
2 weeks. This variation is undoubtedly due to the very differ-
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ent growing conditions. Either way, the phased opening of
flowers helps to extend the overall flowering period to 3–
8 weeks, varying between years and location. Latorre & Bian-
chi (1998) observed that in Argentina, pollen production
occurred for 34 days with most being released over a 21-day
period. Pollen production is related to spring temperatures. In
Basel, Switzerland, it was found that a daily concentration of
30 ash pollen grains m�3 of air day�1 was reached when the
cumulative mean daily temperature (starting after the last day
with minimum temperature ≤�2 °C) reached 214 °C (Peeters
2000) and when cumulated mean daily temperatures starting
on January 1 reach 220.7 °C (Peeters 1998). Ash stigmas are
receptive as soon as they emerge from the bud scales and
remain so for about 2 weeks (Wallander 2001).
Vegetative buds begin to swell in early March and open

through May, although understorey trees usually begin earlier
and can have fully expanded leaves by the beginning of May
(Wardle 1961). Ash is determinate and all leaves are pre-
formed in the bud so expansion is rapid and is complete
within c. 100 days, with formation of terminal buds in July
and no further branch elongation for 9–11 months (Collin,
Badot & Millet 1995; Kerr 2002; Kerr & Cahalan 2004).
However, in shoots that are physiologically young the buds
can continue to form new leaves all through the summer,
remaining green and succulent, and lacking protective scales
and hairs (Wardle 1961).
Laube et al. (2014) looked at the triggers of spring bud

burst using material from southern Germany. They found that
ash did not have a long chilling requirement; chilling for
either 33 or 110 days (days with mean temperature <5 °C
after 1 November) resulted in bud burst c. 40 and 25 days,
respectively, after bringing twigs into a growth chamber. By
comparison, the shorter chilling period did not trigger bud
burst in either Fagus sylvatica or Acer pseudoplatanus. Pho-
toperiod (from 8 to 16 hours of light per day) made no sig-
nificant difference in timing of bud burst. Vitasse et al.
(2009c) looked at changes in the phenology of ash with alti-
tude from 130 m to 1533 m in the French Pyrenees. Spring
leaf flushing started 2.9 � 0.4 (SD) days earlier at lower alti-
tudes which was attributed to a sensitivity in ash to spring
temperature; leaf flushing began earlier by 6.6 � 0.4 days
°C�1. Vitasse et al. (2009c) concluded that in the French
Pyrenees, canopy duration of ash increased at lower altitude
by 3.1 � 0.4 (SD) days 100 m�1 which converts to an
increase in growing season by 6.9 � 1.0 days °C�1, primar-
ily by altering spring bud burst. Vitasse et al. (2009a) also
found that when 1-year-old seedlings were grown in a com-
mon garden at sea level, ash from the highest altitudes
flushed later at a rate of �1.9 days °C�1 while other species
such as F. sylvatica flushed earlier with altitude, suggesting
that ash has greater protection from frost damage. Indeed,
date of leafing of individual ash trees was found to be highly
heritable, producing ecotype varieties with different degrees
of avoidance of spring frost (Kleinschmit et al. 2002). Later
flushing varieties also showed reduced levels of putrescine
(which is considered to confer stress tolerance) and increased
levels of carbohydrates such as mannitol, sucrose, trehalose

and raffinose, possibly for increased drought tolerance (Jouve
et al. 2007) .
In the spring, seedlings expand the greater proportion of

their leaf surface before the canopy buds open and so com-
plete most of their growth before the ‘dark phase’ of full
summer sets in. In 1956, seedlings growing under a canopy
of ash started growth at the beginning of May, reached maxi-
mum growth rate in the latter part of May and ceased grow-
ing by the end of June (Wardle 1961).
Being ring-porous, it is probable that the majority of large

earlywood vessels at the start of the next spring are irre-
versibly embolized by winter freezing and ash thus relies on
earlywood vessels grown in early spring to carry the bulk of
the water (Haeke & Sauter 1996; Cochard et al. 1997). The
cambium becomes active in late March and xylem growth
starts around 3 weeks before bud break, earlywood vessel
maturation progressing basipetally down the branches and
stem before leaf emergence (Atkinson & Denne 1988; Sass-
Klaassen, Sabajo & den Ouden 2011). The newly formed
outermost ring thus has the highest sap flux density, supply-
ing the newly emerging leaves with the majority of their
water, although rings up to 27 years old were found to able
to conduct some water by Gebauer, Horna & Leuschner
(2008).
Samaras are fully grown by the beginning of July, while

the enclosed seeds reach their full length by the beginning of
August. The embryos grow until August or September.
Viable seeds fall from September onwards, into the following
March, the majority staying on the tree over winter (Kerr
1995). Most of the seeds lie on the ground for two winters
and finally germinate between mid-April and the end of May
(Wardle 1961). Leaves are shed during October and the first
half of November, though a few persist into December (War-
dle 1959; Grime, Hodgson & Hunt 2007). This is earlier than
many trees and gives a growing season of between 141 and
174 days, depending upon location and altitude (Le Goff &
Ottorini 1996; Vitasse et al. 2009c); at low altitude, this is
44 days shorter than Quercus petraea (Vitasse et al. 2009c).
Leaf fall can be somewhat earlier on polluted sites in or near
industrial centres. The leaves are still green when shed,
except under droughty conditions, when they turn yellow and
fall early. Vitasse et al. (2009c) found that autumn senes-
cence did not change with altitude and so must be more con-
trolled by day length than temperature. A similar result was
found for Acer pseudoplatanus, but both Fagus sylvatica and
Quercus petraea started senescence earlier with altitude and
so are more responsive to autumn temperatures. Seed
germination begins in January, peaking in early April
(Bourne 1945).

VIII. Floral and seed characters

(A ) FLORAL BIOLOGY

A large amount has been written about the gender structure of
ash trees that shows a continuum from pure male to pure
female trees with a variety of intermediate hermaphrodite
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stages that can vary between years (Picard 1982; Binggeli &
Power 1991; Wallander 2001; Morand-Prieur et al. 2003;
Bacles et al. 2005; Albert et al. 2013). Binggeli & Power
(1991) investigated a large number of flowers in Northern Ire-
land (Table 1) and found more than half were male and only
1.4% were female. However, many of the hermaphrodite
flowers were functionally female so overall 23.3% of flowers
were functionally female, 8.8% hermaphrodite and 65.7%
functionally male (the other 2.3% of flowers were non-func-
tional). In terms of whole trees, the proportions that were
functionally one gender or another were slightly different:
20.5% male, 68.1% hermaphrodite and 11.4% female,
although many trees contained flowers of more than one type.
The most remarkably detailed study of ash flowering was that
of Tal (2006) who studied up to 91 trees in detail (averaging
30 m tall and 59 cm dbh) over a 4-year period using the
canopy crane in floodplain forest at Leipzig, Germany. Tal
found similar proportions to Binggeli & Power (1991). In the
male trees, the usually small pistils of hermaphrodite flowers
were seen to wither in the cold weather accompanying anthe-
sis. In the polygamous hermaphrodite trees, apical flowers
tended towards hermaphrodites and basal flowers towards
being female in female-biased trees. Males flowered every
year at full intensity, whereas hermaphrodites/females skipped
intensive flowering every 2–3 years (Tal 2006). He counted
9–82 fruits per infructescence, most on balanced hermaphro-
dites (up to 750 000 fruits per tree) and female-based her-
maphrodites, fewer on female trees, and male-based
hermaphrodites produced very few (<100 000 fruits per tree).
Tal (2006) suggests that hermaphrodite trees are functionally
dioecious. Hermaphrodites are protogynous and self-pollina-
tion is physically possible (Morand-Prieur et al. 2003), but in
natural populations, ash is preferentially outcrossed (FRAXI-
GEN 2005), aided by the male fertility of hermaphrodite trees
appearing to be much lower than that of male trees. Neverthe-
less, the abundant pollen in hermaphrodite trees would seem
to account for their higher seed production over purely female
trees.
The proportion of male and female flowers can vary from

year to year (Wardle 1961) but tends to stay fairly constant.
Albert et al. (2013) found a similar sex ratio to Binggeli &
Power (1991) in a French ash population in 2000, and the

next year, 86% of trees showed the same sexual phenotype.
Males were least variable (171 of 174 trees remained male)
and female the least constant (21 of 27 staying the same).
Gender appears to be under some degree of genetic control
since Albert et al. (2013) found that clones grown in a seed
orchard exhibited fairly stable gender phenotypes within each
clone. Moreover, Tal (2006) found that male trees are consis-
tently bigger, suggesting a constancy of gender. However,
there is some phenological variation since he also found a
positive correlation between an increase in femaleness in a
population and average minimum daily temperature in the
first half of April (the flowering period).
Ash is primarily wind-pollinated, and given 4–5 million

flowers per tree (Tal 2006), it is not surprising that ash pollen
is an important seasonal allergen (Metz-Favre et al. 2010;
Feliu et al. 2013). The median pollen grain diameter from
fresh dehisced anthers is 22.5 lm (Tal 2006) and so well
adapted to anemophily. Nevertheless, Tal (2006) in Germany
found that the thrip Taeniothrips inconsequens Uzel (Thysa-
noptera, Thripidae) and beetle Epuraea melanocephala (Mar-
sham) (Coleoptera, Nitidulidae) were common in
inflorescences. Ash is known to have formed an important
source of pollen for honeybees Apis mellifera L. (Hymenop-
tera, Apidae) in February to mid-April in 1945 and 1946 at
Rothamsted (Synge 1947) . Whether these insects visit both
male and female flowers frequently enough to act as pollinators
is open to question. Birds, in particular blue tits Cyanistes
caeruleus (L.) (=Parus caeruleus L.), were observed in the
inflorescences of all tree genders by Tal (2006). The median
visit time per twig was between 2 and 6 seconds on different
dates; most visits were short but some lasted up to 25 seconds
for a single twig. One bird caught in 2005 on a female tree had
75 pollen grains of ash on c. 1 cm2 of its head, and thus birds
may act as effective, if low-key, pollinators.
Pollination is generally efficient since ash produces an

excess of flowers, and unfertilized flowers are aborted before
fruits are produced (Tapper 1996b). Even so, Tal (2006)
found that 87% of ash stigmas had germinating pollen on
them (compared to 42% in Acer pseudoplatanus) with a med-
ian of 10 germinating pollen grains per stigma (4 in A. pseu-
doplatanus). Pollen tubes have been seen to start growing and
enter the style 24 h after pollination, reaching the style base
within 2 days of pollination (Bochenek & Eriksen 2011). Fer-
tilization was delayed until after wilting of the stigma around
3 weeks after pollination, but ovules were still fertilized by
the first pollen grains to have landed on the stigma (Bochenek
& Eriksen 2011). Pollen from male flowers fertilized ten
times more seeds compared to pollen from hermaphrodite
flowers (Morand-Prieur et al. 2003).
Tal (2006) found that <10% of fruits were empty except in

unusual years (in 2004 >15% of fruits were empty in just two
trees). Most fruits contain one seed, but Tal (2006) noted that
1-7% of the fruit per tree had two seeds and rarely some had
three seeds. The frequencies of empty fruit and of 2-seeded
fruit are similar to that found by Gardner (1977) and interme-
diate between Wardle (1959) who found more empty fruit
and fewer double-seeded fruits and Huld�en (1941) with more

Table 1. Flowers of ash classified by their morphological type and
their functionality, based on a total of 14 433 flowers from Northern
Ireland. Data from Binggeli & Power (1991)

Flower morphology Flower functional type

Type % Type %

Male 63.1 Male 62.3
Non-functional 0.8

Hermaphrodite 35.5 Male 3.4
Male + female 8.8
Female 21.9
Non-functional 1.4

Female 1.4 Female 1.3
Non-functional 0.1
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2- and 3-seeded fruit. Gardner (1977) reports finding one seed
with all four ovules developing. The percentage of filled fruits
is generally independent of the size of the total fruit crop
(Tapper 1996b).
Tal (2006) also noted a massive gall infestation on male

trees caused by the mite Eriophyes fraxinivorus (see IX(A))
(called Aceria fraxinivorum by Tal, a misspelling of A. frax-
inivorus Nalepa, now superseded by Eriophyes). Male trees
carried up to 15 kg of galls per tree, approaching the mass of
fruit production of female trees. Occasional galls were also
found on some hermaphrodite and female trees. Despite the
large gall mass, this seemed to have little effect on pollen
production due to the large number of flowers held by each
male.
Ash has been recorded as producing up to 140 000 seeds

per tree annually (c. 10 kg) (Rohmeder 1949; Collin & Badot
1997) or 1–1.5 million seed ha�1 year �1 (Tal 2006). Samara
fresh mass has been measured between 72 and 106 mg
(Grodzi�nski & Sawicka-Kaputa 1970; Tal 2006) and dry mass
45.3–79.5 mg (Binggeli & Power 1991), size varying
between 33 and 46 mm long, 28 mm wide and 7–8 mm thick
(Grime, Hodgson & Hunt 2007; Floran & Mihalte 2010;
S€aumel and Kowarik 2013;). Seed mass varied from 12 to
46 mg in Britain (Gardner 1977; Binggeli & Power 1991;
Hulme & Borelli 1999) to 40–80 mg in Germany and Roma-
nia (Floran & Mihalte 2010; S€aumel and Kowarik 2013).

(B ) HYBRIDS

Fraxinus excelsior readily hybridizes and introgresses with
the closely related F. angustifolia in southern Europe (Raquin
et al. 2002a; Fern�andez-Manjarr�es et al. 2006; Heuertz et al.
2006); the cross can happen both ways (Raquin et al. 2002a).
Fraxinus angustifolia is expected to shift northwards with cli-
mate change, increasing contact with F. excelsior and increas-
ing hybridization (Hemery et al. 2010). Thomasset et al.
(2012) and G�erard et al. (2013) showed that in F. excelsior
planting stock introduced into Ireland, trees in different areas
already showed genetic signs of potential hybrid origin with
F. angustifolia (28–58% were hybrids in Thomasset et al.
2012). Most of these hybrids were cryptic and could help
explain the very variable performance of plantation ash in Ire-
land. The introduced trees did not have a reproductive advan-
tage over native trees so hybrid genes will not be
preferentially spread (Thomasset et al. (2014). This hybrid is
considered undesirable for forestry since F. angustifolia has
poorer timber characteristics (Fern�andez-Manjarr�es et al.
2006). Artificially produced hybrids have been reported
between F. excelsior with F. americana and F. pennsylvanica
(Santamour 1981). Artificial hybrids with Asian and Ameri-
can ash species have the potential to provide F. excelsior with
some resistance to ash dieback; see IX(C).

(C ) SEED PRODUCTION AND DISPERSAL

Regular seed production starts at around 20–25 years in the
open and 30–40 years in closed forest, and trees will then

flower until death at around 150–220 years old (Watt 1925;
Gatsuk et al. 1980; Kerr 1995; Bacles et al. 2005; Grime,
Hodgson & Hunt 2007). Some seeds are usually produced
each year although Chater (2010) studied 19 trees in Cardi-
ganshire, mid-Wales (now Ceredigion) between 1975 and
1993 and none fruited in 1976 and 1989. He also found no
ash fruits anywhere in Cardiganshire in 2005 and virtually
none in the rest of Wales. However, ash produces mast years
of abundant seeds. Gardner (1977) suggested a biennial
masting pattern, but his evidence was limited and 2–5 years
is more usual (Harmer 1995; Kerr 1995) extending to 2–
7 years in Sweden (Tapper 1992a,b). Low seed production
can be as low as 0.33 fruits m�2 in non-mast years in Der-
byshire ashwoods (Gardner 1977) and up to 1100–
1280 fruits m�2 in mast years (Gardner 1977; Tapper
1992a). Synchronicity between individuals may not be as
close as in trees such as Quercus spp. or Fagus sylvatica
(Rackham 2003; Packham et al. 2012) although Blackstock
(2013) found masting to be synchronous between trees in
Wales and southern England. There is certainly some geo-
graphical variation in synchronicity. In Germany, Tal (2006)
observed that most trees fluctuated in seed production
between years, but this was not synchronous between trees,
so overall the seed crop was fairly constant between years.
However, Tapper (1992b) observed much more synchronicity
of flowering in Sweden that they attributed to a mechanism
to satiate the seed eating moth larvae of Pseudargyrotoza
conwagana (F.) (Lepidoptera, Tortricidae; see IX(A)) that
did not occur at Tal’s study site. Tapper (1996b) looked at
76 trees (55 female) over 14 years in Sweden and found that
trees that leafed early in one year had a higher probability of
fruiting the following year. But this seems unlikely to be
due to resource storage/limitation since trees could fruit pro-
lifically in successive years; for example, two trees fruited
just once in 14 years and another produced abundant fruits
in 13 of the years. Hulme & Hunt (1999) found seed preda-
tion was density independent, so at all seed densities some
seeds would escape predation. However, Tapper (1992a)
noted that the percentage of germinated seeds increased with
increasing fruit crop during 1982–1986 in Sweden, further
suggesting seed predator satiation as the mechanism behind
masting in ash. Within the masting pattern, the number of
seeds produced may be positively related to trunk diameter
up to a certain limit after which seed production is largely
independent of size (Schmiedel 2010). This is complicated
since pure female trees may produce fewer or more seed
than hermaphrodites (Binggeli & Power 1991; Tal 2006). In
mast years, the width of annual growth rings is reduced
(Bochenek & Eriksen 2010).
Immature fruits fall through the summer and some mature

seeds drop in the autumn, but most of the viable seeds remain
on the tree through the winter (Wardle 1959), falling through
the spring. The winged samara is primarily wind-dispersed.
Fruits tend to travel a shorter distance compared to other
winged fruits such as those of Betula spp. (McVean 1955) due
to their larger size giving them a comparatively high vertical
velocity: 200 cm s�1 in ash compared to 107 cm s�1 in
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‘maple’ (Levin & Kerster 1974). Dispersal distances follow a
log-normal distribution and Wagner (1997) recorded a mean
distance of 43.5 m, with 95% of fruits landing within 113 m of
a single ash tree 130 years old and a dbh of 45.0 cm. However,
distance is obviously dependent upon wind speeds and topogra-
phy, and distances of 125-180 m have been recorded (Wagner
et al. 2004; Schmiedel & Tackenberg 2013), while Bacles,
Lowe and Ennos (2006) recorded dispersal in deforested areas
of the Southern Uplands of Scotland in excess of 1.4 km with
occasional seeds travelling tens of kilometres. At the northern
end of its range, seeds are dispersed furthest by wind blowing
them across winter icy surfaces (Huld�en 1941).
Praeger (1913) records that ash samaras floated in water for

3 days. Schmiedel & Tackenberg (2013) investigated this in
the laboratory using 50 samaras on a shaker to stop them
sticking to the side of the beaker and found that the first
seeds sunk after 2 h, 50% were still floating after 12 h, only
10% after 24 h, but ‘some’ were still floating after 1 week.
They drew the conclusion that 12 h would still allow seeds to
move 44 km in a typical slow-moving European stream, and
10% of the seeds would reach 76 km. S€aumel and Kowarik
(2013) released coloured seeds into two rivers around Berlin
with flow rates of 0.1–0.2 m s�1 and 0.3–0.6 m s�1, respec-
tively, and found that 25 � 6% (SD) and 30 � 3% of ash
seeds reached 1.2 km downstream within 175 � 22 and
43 � 2 min, respectively, in the two rivers.
Studies throughout Europe have shown that F. excelsior

populations show a low genetic differentiation among popula-
tions (and thus high inbreeding; inbreeding coefficient,
FIS = 0.064; Heuertz et al. 2004b) but with a high nuclear
genetic diversity (Morand et al. 2002; Heuertz et al. 2004a,b;
Nowakowska et al. 2004; Bacles et al. 2005; Ferrazzini,
Monteleone & Belletti 2007; Sutherland et al. 2010; Wester-
gren et al. 2012; Beatty et al. 2015). In 42 British and 6
French sites, Sutherland et al. (2010) found that allelic rich-
ness increased from east to west attributed to pollen move-
ment. In Germany, Hebel, Haas & Dounavi (2006) found
high genetic diversity and also high gene flow/low levels of
inbreeding possibly due to human movement of trees between
provenances. More isolated or fragmented populations, how-
ever, maintain high levels of genetic differentiation between
populations. H€oltken, T€ahtinen & Pappinen (2003), for exam-
ple, investigated ash at the northern end of its range on an
island archipelago in south Finland and found that increasing
isolation (up to 15 km between populations) and decreasing
population size resulted in almost no gene flow between pop-
ulations, leading to decreased genetic variability and increased
population differentiation. This was undoubtedly a result of
restricted pollen flow. Heuertz et al. (2003) modelled pollen
and seed movement based on genetic variation between popu-
lations and found the mean distance of pollen movement was
<140 m and seed movement <14 m. Going further, spatial
paternity analysis in southern Scotland by Bacles & Ennos
(2008) suggested that 85% of detected pollination occurred
within 100 m and 15% between 300 and 1900 m although
comparison of remote population fragments indicates that pol-
len dispersal up to 2900 m was possible. The greater distance

than recorded by Heuertz et al. (2003) was attributed to the
more open nature of the fragmented wooded landscape facil-
itating airborne pollen movement and alleviating the other-
wise detrimental genetic effects of population fragmentation.
In the open Irish landscape, Thomasset et al. (2014) found a
mean pollen spread of 260–382 m with a maximum (de-
tected from tree parentage) of >4000 m. However, the rela-
tive contribution of pollen and seeds to gene flow within
and between populations depends upon whether it is a mast
year (Bacles, Lowe & Ennos 2006; Bacles & Ennos 2008);
in a mast year, seed dispersal is up to six times more effec-
tive in moving genes than pollen dispersal between frag-
mented populations.

(D ) V IAB IL ITY OF SEEDS: GERMINAT ION

Germination is epigeal. When the fruit falls from the tree, a
normal embryo is 7.5–8.5 mm long and occupies about half
the length of the seed. Before germination is possible, the
embryo must grow to the full length of the seed (Wagner
1996). Blake, Taylor & Finch-Savage (2002) and Villiers
(1971) describe physical and hormonal changes inside strati-
fied seeds associated with breaking embryo dormancy. In
moist seeds at room temperatures (18–20 °C), embryos com-
plete their development within 14 weeks (Doody & O’Reilly
2011). The rate of growth is not affected by previous low
temperature treatment, but is significantly accelerated by
removal of the indehiscent pericarp that has been suggested to
be impermeable to oxygen (Villiers & Wareing 1964) and
will delay embryo growth during the first winter. The endo-
sperm and seed coat also physically constrain the radicle; the
strength of these tissues declines during cold stratification
independently of embryo growth (Finch-Savage & Clay
1997). Bourne (1945) attributed the high germination of ash
in the spring of 1945 (despite low seed production for the
previous 6 years) to the very hard frosts in December 1944
cracking the seed coat. Once the embryo is nearing maturity,
actual germination still does not occur until the seeds have
experienced prolonged low temperatures. Villiers & Wareing
(1965a,b) found that this dormancy is due to production of a
germination inhibitor by the endosperm, embryo and pericarp
and that it is broken by storage at 3–5 °C, due to production
of a germination stimulator by the embryo. Without chilling,
no germination takes place; Villiers (1972) reports keeping
unchilled, fully imbibed for over 6 years without any germi-
nation. The general prescription for breaking dormancy is
moist warmth (15–20 °C) for 12–16 weeks followed by moist
cold (2–5 °C) for another 12–16 weeks (Tylkowski 1990)
although Doody & O’Reilly (2011) found that germination
increased as the duration of warm conditions increased up to
18–30 weeks, further releasing the embryo chemically and
physically. Seeds from areas with cold winters need a longer
period of warm and cold stratification to break dormancy
(Farcas 2000). With climate change, chilling requirements
may not be met, even at the northern end of its range. Fur-
thermore, high spring temperatures can induce secondary ther-
mal dormancy (Piotto 1994). Seeds can be stored in liquid
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nitrogen for at least 2 years if dried to 4-6% moisture and
while dormant (Chmielarz 2009).
Van de Walle (1987) found that germination would start

during cold stratification after approximately 14 weeks and
reach completion by 33 weeks. This could be prevented by
stratifying seeds at a lower moisture content (�1.5 MPa over
sulphuric acid) and then, when allowed to germinate, germina-
tion would be much more uniform. Seeds will germinate when
submerged in water as completely as in soil although a little
slower, as befits a plant capable of growing in river bottoms
(Dacasa R€udinger & Dounavi 2008). In vitro germination of
isolated embryos allows a rapid method of germination with
high germination results (Raquin et al. 2002b). A mineral-rich
agar supplemented with sucrose and gibberellic acid gave the
highest germination although the more mature the embryo, the
less difference seen between media (Wagner & Kafka 1995).
Seed emergence stops in southern England once soil tempera-
ture is >25 °C (Jinks, Willoughby & Baker 2006); maximum
germination occurs at 10 °C under constant temperature.
Seeds subjected to normal outdoor temperatures germinate

in the spring, mostly after stratification for two winters, but a
proportion (usually <5%) germinate after the first winter, both
in soil and in vitro (Wardle 1961). Under natural conditions,
seedlings can be expected to appear in especially large num-
bers in the second spring following a good seed year. Ash
does not form a persistent soil seed bank beyond the time
taken to meet dormancy requirements (Poschlod & Jordan
1992; Jezdrzejczak 2013) although Puchner (1922) states that
the seeds are capable of lying dormant in the ground for up
to 6 years. This short-lived seed bank would aid rapid colo-
nization of woodland gaps, but the main strategy of ash is to
form a seedling bank. The main reason for low germination
in the field and short duration of the soil seed bank is that
seeds are readily consumed by small mammals (Gardner
1977), but to a lesser extent seed is lost to predation by the
moth Pseudargyrotoza conwagana (F.) (Lepidoptera, Tortrici-
dae). Eggs are laid in the developing seed and the resulting
larvae feed upon the endosperm and then emerge in autumn,
leaving a characteristic hole in the testa and pericarp (Kloet &
Hincks 1972). In 1954 and 1955, Wardle (1959) found that
9–66% of seeds had been killed by the moth, 9–39% were
underdeveloped, and 18–82% were viable. Gardner (1977) in
Derbyshire ash woods found losses of 15–36% per year to
the moth (the smallest percentage in mast years) and another
49–75% of seeds were lost to small mammals.
Seed viability can reach 95% (Villiers 1972), but emer-

gence (for the reasons above) is usually much lower. For
example, Tapper (1992a) recorded that in Sweden the number
of seedlings represented 1.1–24.5% of fruit production
2 years before. However, subsequent survival can be very
high; Tapper (1992a) saw that 94.9% of the 735 germinated
seedlings survived to produce true leaves. Seedlings are sus-
ceptible to late spring frosts, damping off in moist shade and
desiccation in shallow soils (Wardle 1959). Wardle also
records that on ‘stiff clay soil’, the hypocotyls can split or
even break due to resistance to raising the cotyledons and
enclosing seed coat from the soil. But regeneration can be

very successful; in a survey of woodlands in southern Eng-
land, Harmer, Kerr & Boswell (1997) found mean seedling
densities of >10 000 ha�1.

(E ) SEEDLING MORPHOLOGY

Germination begins by the radicle protruding into the soil. The
hypocotyl elongates rapidly to a length of 5–6 cm, forcing the
seed and enclosed cotyledons above the ground. As the cotyle-
dons expand, they rupture the seed coat and then shed it; they
are now yellowish and pressed together, 2.5–4 cm long. The
seedlings can reach this stage of development in the dark
(Wardle 1961). Light is necessary for further development, in
which the cotyledons open out and become green, the terminal
bud enlarges, and the first foliage leaves unfold. At the same
time, the first lateral roots appear on the upper part of the radi-
cle (Fig. 4). The first foliage leaves are unifoliate, but succes-
sive pairs become compound with 3–7 leaflets from the second
season in vigorous plants (Gatsuk et al. 1980). The leaves of
suppressed seedlings may not progress beyond the trifoliate
stage for many years (Wardle 1961). Seedling relative growth
rate has been measured at <0.5 g dry mass week�1 (Tapper
1992a) and Oliver (1998) reported some seedlings growing
0.5–1.0 m per year after the second year.

IX. Herbivory and disease

(A ) ANIMAL FEEDERS OR PARASITES

Mammalia

Deer readily browse ash, particularly red (Cervus elaphus L.),
roe (Capreolus capreolus L.) and muntjac deer (Muntiacus
reevesi Ogilby) and moose (Alces alces L.) (Gezbcy�nska 1980;
Cooke 1998; Chevallier-Redor et al. 2001; Cooke & Farrell
2001). The smaller deer also frequently rub the bark from
saplings (Wardle 1961). Red deer readily browse ash in pref-
erence to Salix caprea in mainland Europe (Gezbcy�nska 1980;
Chevallier-Redor et al. 2001) although P�epin et al. (2006) in
a Swiss enclosure with high deer density (15 hinds km�2)
found Salix caprea was more browsed and mortality was
higher than in ash. European bison (Bison bonasus L.) eat the
shoots and leaves of ash in Poland, which along with Salix
caprea and Populus tremula, are the most preferred trees
(Borowski, Krasi�nski & Miłkowski 1967). Sheep more readily
graze ash than Quercus spp. (McEvoy & McAdam 2008),
and pollarding to produce foliage for cattle has been common
in mainland Europe for centuries (Machatschek 2002).
Small mammals, particularly the woodmouse (Apodemus

sylvaticus L.) and bank voles (Myodes glareolus Schreber),
kill some seedlings by cutting the roots while tunnelling
(Wardle 1961; Kerr 1995) and by bark removal of saplings
<5 years old (Borowski 2007), and they eat significant num-
bers of seeds that are on the ground (Flowerdew & Gardner
1978). Wardle (1959) found that of 50 seeds exposed in
325 cm2 plots, 49 were eaten when allowing in all small
mammals, 43 when just small rodents could get in, and 5

© 2016 The Authors. Journal of Ecology © 2016 British Ecological Society, Journal of Ecology

Fraxinus excelsior 23



when only birds and squirrels could get in. None were
removed when only earthworms and insects had access. Nev-
ertheless, when given a choice of species, Hulme & Hunt
(1999) found that the woodmouse had a marked preference
for Taxus baccata and Ulmus spp. over ash, Ulmus being
preferentially taken even when rare. The lower preference for
ash may have been due to their high phenolic content (Hulme
& Borelli 1999). Hulme & Hunt (1999) observed that preda-
tion of seed by small mammals in north-east England wood-
lands was density independent; the same proportion was eaten
irrespective of seed density or frequency. Bank voles will
damage the bark of ash, but ash is less susceptible than many
other common trees (Pigott 1985). Seedlings can be killed by
moles (Talpa europaea L.). Ash seems to be resistant to most
commercial insecticides and rodent repellents (e.g. Gosling &
Baker 2004).
Ash bark is readily eaten by hares and rabbits in winter,

but after several years of such browsing, they recover better
than Fagus sylvatica (Watt 1925). However, compared with
many other broadleaves, ash is comparatively immune to grey
squirrels, Sciurus carolinensis Gmelin (Kerr 1995; Oliver
2009; Rackham 2014). On the other hand, ash is a preferred
species for felling by beavers (Castor fiber L.) in eastern Eur-
ope. In the Czech Republic, out of 14 species used by beaver,
ash with a diameter of 1–10 cm formed 41% of trees used
(Urban, Suchomel & Dvo�r�ak 2008).

Aves

Ash seeds, and to a lesser extent buds, can form a major
part of the diet of bullfinches (Pyrrhula pyrrhula L.) in
Britain (Newton 1967). They take large numbers of seed,
stripping some trees bare but ignoring those trees that have
seeds with low lipid and high phenolic concentrations
(Greig-Smith 1988). Bullfinches drop small seeds, particu-
larly at the start of winter when they eat only half the fruits
they pluck, and so may aid dispersal, especially as some
dropped seeds are split which helps release them from dor-
mancy (Greig-Smith 1988). Grodzi�nski & Sawicka-Kaputa
(1970) found that 55% of the dry mass of fruits was nutri-

tive matter with whole fruits having a calorific content of
5259 calories g�1 dry mass, fairly average for deciduous
trees.

Acari

Five species of eriophyid mites (Acari, Eriophyidae) have
been recorded on ash in the Database of Insects and their
Food Plants (DBIF 2015). Eriophyes fraxini (Karpelles) and
E. fraxinivorus Nalepa cause galls on the flower and fruit
pedicels, while E. fraxinicola (Nalepa) causes galling of
leaves (Scannell 2008; Alford 2012). Wardle (1961) notes
that E. fraxini is not common, but infected trees usually have
all their inflorescences attacked. Phyllocoptes fraxini Nalepa
causes galling by the rolling of leaf margins inwards. All
these mites are specific to Fraxinus excelsior except E. frax-
inivorus that has also been found on other Fraxinus species
(DBIF 2015). The ash rust mite Aculus epiphyllus (Nalepa),
found primarily on F. excelsior but also Sambucus and Alnus
species, causes bronzing of ash foliage and in severe cases
causing the shoot tips to blacken and die, leading to forking
(Alford 2012). Due to the forking, this can be a serious pest
of commercial nurseries.

Insecta

Southwood (1961) recorded 41 species of insect associated
with F. excelsior and concluded that ash, along with Corylus
avellana, Ilex aquifolium and Taxus baccata, have ‘remark-
ably few associated insects’. Table 2 lists just over 100 insect
species associated with ash in Britain.
Ash supports a wide range of Homopteran bugs, particu-

larly psyllids (Hemiptera, Homoptera, Psyllidae) that are
found solely on ash or in some cases other Fraxinus species;
Psyllopsis discrepans is common in the north of Britain,
P. fraxini and P. fraxinicola in the Midlands, all inducing
galls on leaves and buds (Wardle 1961). Psyllopsis repens
Loginova has been recorded on ash for the first time from
Europe in Serbia (Malenovsk�y & Jerini�c-Prodanovi�c 2011).
The apple or maple mealybug Phenacoccus aceris (Signoret)

a

Fig. 4. Seedlings of Fraxinus excelsior at
various stages of growth. A seedling of Acer
pseudoplatanus (a) is shown for comparison.
Material was collected from Buff Wood and
Harlton Cambridgeshire. Drawings by C.D.
Pigott, taken from Wardle (1961). Scale: x½.
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(Hemiptera, Homoptera, Pseudococcidae) can be a serious
pest of ash (Kaydan, Kilinc�er & Kondo 2015). Ash also sup-
ports a number of capsid bugs (Hemiptera, Heteroptera, Miri-
dae), but none is known to cause serious problems. The scale
insect Chionaspis salicis L. (Hemiptera, Homoptera, Diaspidi-
dae) can affect a wide range of hosts including ash, forming
heavy encrustations that can affect the growth of young trees
(Alford 2012). Kaydan et al. (2006) list parasitoids and
predators of mealybugs (Hemiptera, Homoptera, Coccidae) on
ash in Turkey.
The ash bud moth Prays fraxinella (=Prays curtisellus

Don.; Lepidoptera, Yponomeutidae) is one of the main herbi-
vores of ash. Up to 26% of leaf and flower buds have been
seen to be damaged by this mining micromoth (Foggo &
Speight 1993) which mines leaves during late summer, but
overwinters at the base of the buds (Wardle 1961). It prefers
terminal buds (Foggo 1996) and so can cause reduced height
growth and, commercially more important, is one of the most
important causes of forking (Kerr & Boswell 2001). Accord-
ing to Gent (1955), seedlings below 0.6 m tall and shoots
above 4.5 m are not attacked. Damage from this moth is
likely to become more common with climate change due to
reduced winter mortality (Broadmeadow & Ray 2005). The
larvae of Pseudargyrotoza conwagana (F.) (=Argyotoza con-
wayana Fabr.; Lepidoptera, Tortricidae) are found inside ash
seeds and so greatly reduce the number of viable seeds (War-
dle 1959). In late autumn, they emerge to pupate and leave a
characteristic hole in the carpel (Wardle 1961). The main
food plant of this moth is ash although it can be found also
on Ligustrum vulgare. Euphydryas maturna (L.) (Lepidoptera,
Nymphalidae) is a vulnerable species of high conservation
value, listed in the Habitats Directive of the European Union;
it lays its eggs almost exclusively on ash in Italy and Ger-
many (Freese et al. 2006; Dolek et al. 2013).
The emerald ash borer, Agrilus planipennis Fairmaire

(Coleoptera, Buprestidae), a native to Asia, has killed millions
of ash trees in North America since 2002. It was recorded in
Moscow in 2003 and is now moving west into Europe (Bar-
anchikov et al. 2008; Orlova-Bienkowskaja 2014) and is sus-
pected to be present in Sweden (Dobrowolska et al. 2011).
Fraxinus excelsior is susceptible (Pureswaran & Poland 2009)
and this beetle is set to become the biggest problem faced by
ash in Europe, far more serious than ash dieback. The adults
feed on ash leaves doing comparatively little damage; the
trees are killed by the bark-boring larvae.
On a lesser scale, the ash weevil Stereonychus fraxini (De

Geer) (Coleoptera, Curculionidae) affects leaves (Lemperi�ere
& Malphettes 1983) in mainland Europe, and it has been
suggested that root damage to hedgerow ash trees, caused by
agricultural machinery, renders the trees more susceptible to
the ash weevil via a reduction in leaf toughness (Foggo,
Speight & Gregoire 1994). The large pine weevil Hylobius
abietis (L.) (Coleoptera, Curculionidae) although primarily a
conifer-feeding pest has been seen to feed on ash in Scandi-
navia but with a much lower preference than for Betula pen-
dula (M�ansson & Schlyter 2004). Hylesinus fraxini (Panzer)
(Coleoptera, Curculionidae) is a bark beetle that has been

implicated in the formation of some cankers (Wardle 1961).
The European red click beetle Elater ferrugineus L. (Coleop-
tera, Elateridae) is associated with wood mould in old hollow
deciduous trees, primarily Quercus spp. but also a number of
less important hosts including ash (Allen 1966). The saprox-
ylic beetle Prionychus ater (Fabricius) (Coleoptera, Tenebri-
onidae) has been found to be strongly associated with hollow
ash in south-east Sweden (Milberg et al. 2014). Johansson
(2011) lists other saproxylic beetles found in ash in south-east
Sweden.
A small number of flies are dependent upon the ash. Most

notable are three gall-forming species specific to ash: Dasy-
neura fraxinea (Diptera, Cecidomyiidae) that produces thick-
ening of leaflets, D. fraxini (=Perrisia fraxini Kieffer) that
causes galls on midribs and petioles, and D. acrophila
(=P. acrophila Winn.) that raises pustules on leaves (Skrzypc-
zy�nska 2002).

Others

The European hornet Vespa crabo L. (Hymenoptera, Vespi-
dae) is known to cause occasional damage to the bark ash
stems while collecting material for nest building (Hempel &
Wilhelm 1897, reported in Wardle 1961). Ash wood is very
susceptible to various European termites including Reticuliter-
mes banyulensis (Cl�ement) (Isoptera, Rhinotermitidae) in
Spain, even when the wood has been thermally treated which
protects the timber of other trees (Oliver-Villanueva, Gasc�on-
Garrido & de Sales Ibiza-Palacios 2013), and Indian termites
such as Odontotermes horni (Wasmann) (Isoptera, Termiti-
dae) (Shanbhag & Sundararaj 2013). The nematode Meloidig-
yne sp. (Nematoda, Tylenchida) causes nodules on the roots
of plants of any age, particularly on sandy soils, but trees
show no obvious ill effects (Wardle 1961). Ash has relatively
low palatability to the snail Cornu aspersum (M€uller) (Gas-
tropoda, Helicidae, =Helix aspera) (Wratten, Goddard &
Edwards 1981) and Wardle (1961) records that slugs (Gas-
tropoda) killed a negligible number of seedlings.

(B ) PLANT PARASITES AND EPIPHYTES

In western Scotland, Bates (1992) found 30 species of
lichens, 21 bryophytes and 2 vascular plant epiphytes (Oxalis
acetosella and Hymenophyllum wilsonii), a total of 53 species
compared to 67 on Quercus petraea. Bates & Brown (1981)
did a similar comparison in south-west England and found 54
species of bryophytes, lichens and non-lichenized fungi on
ash bark, slightly more than Q. petraea in this case. Davies
et al. (2007) recorded 74 lichen, 14 moss, seven fungal and
three algal species on the bark of ash in London, while Moe
& Botnen (1997) found 84 lichen, 72 bryophyte and 17 vas-
cular plant species in western Norway. Moe & Botnen (1997)
and Martin (1938) describe the zonation of epiphytes up ash
trunks. Rackham (2014) suggested that ash supports a larger
bryophyte flora than Quercus spp. but less than Sambucus
nigra; in lowland England, he reported that ash had a similar
bryophyte flora to Acer spp. and in the north and west ash
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Table 2. Insects recorded from Fraxinus excelsior in Britain. Data taken from the Database of Insects and their Food Plants (DBIF 2015)

Species/classification Ecological notes

Hemiptera
Asterolecaniidae
Asterodiaspis minus (Lindinger) Larvae and adults; branches; mostly on Quercus
Cicadellidae
Empoasca vitis (Gothe) Larvae feeding; leaves; wide range of hosts
Lamprotettix nitidulus (F.) Unspecified feeding
Coccidae
Parthenolecanium corni (Bouche) Scale on leaves and stems; very wide range of hosts
Diaspididae
Chionaspis salicis (L.) Larvae and adults; branches; wide range of hosts
Lepidosaphes conchyformis (Gmelin in L.) Introduced; wide range of hosts
L. ulmi (L.) Most tree parts; wide range of hosts
Pseudaulacaspis pentagona (Targioni) Larvae and adults; leaves and stems
Quadraspidiotus zonatus (Frauenfeld) Leaves and stems; wide range of hosts
Eriococcidae
Pseudochermes fraxini (Kaltenbach) Larvae and adults; bark; primarily on ash
Miridae
Orthops cervinus (Herrich-Schaffer) Larvae and adults; flowers, fruits and seeds
Orthotylus nassatus (F.) Unspecified feeding
O. tenellus (Fallen) Larvae and adults; flowers
Phytocoris populi (L.) Larvae and adults; bark
P. tiliae (F.) Partly predaceous
Psallus flavellus Stichel Unspecified feeding on ash
P. lepidus (Fieber) Unspecified feeding on ash
Pseudoloxops coccineus (Meyer-Dur) Unspecified feeding on ash; rare
Pemphigidae
Prociphilus bumeliae (Schrank) Larvae and adults; small branches and buds; only on ash
P. fraxini (F.) I Larvae and adults; bark and buds; only on ash
Pseudococcidae
Phenacoccus aceris (Signoret) Unspecified feeding; wide range of hosts
Psyllidae (Psylloidea)
Psyllopsis discrepans (Flor) Larvae; only on ash
P. distinguenda Edwards Larvae; only on ash
P. fraxini (L.) Larvae; only on ash
P. fraxinicola (Forster) Larvae; only on ash
Tenthredinidae
Macrophya punctumalbum (L.) Larvae; leaves; mainly ash and Ligustrum
Tenthredo livida L. Larvae; wide range of hosts
Tomostethus nigritus (F.) Larvae; leaves; only on ash

Lepidoptera (butterflies)
Lycaenidae
Quercusia quercus (L.) Larvae; flower and leaf buds
Strymonidia w-album (Knoch) Larvae; flower and leaf buds, leaves; mainly on Ulmus

Lepidoptera (macromoths)
Cossidae
Cossus cossus (L.) Wood boring larvae
Zeuzera pyrina (L.) Wood boring larvae in branches
Geometridae
Apeira syringaria (L.) Larvae
Campaea margaritata (L.) Larvae
Cepphis advenaria (Hubner) Larvae
Chloroclysta siterata (Hufnagel) Larvae
Colotois pennaria (L.) Larvae; leaves
Ennomos fuscantaria (Haworth) Larvae on ash and Ligustrum
E. quercinaria (Hufnagel) Larvae; leaves
Epirrita dilutata (Denis & Schiffermuller) Larvae; leaves
Eupithecia exiguata (Hubner) Larvae
E. fraxinata Crewe Larvae; flowers
E. innotata (Hufn.) Larvae
Lycia hirtaria (Clerck) Larvae; leaves
Menophra abruptaria (Thunberg) Larvae; leaves

(continued)
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Table 2. (Continued)

Species/classification Ecological notes

Phigalia pilosaria (Denis & Schiffermuller) Larvae; leaves
Plagodis pulveraria (L.) Larvae
Selenia lunularia (Hubner) Larvae
S. tetralunaria (Hufnagel) Larvae
Trichopteryx polycommata (Denis & Schiffermuller) Larvae
Lasiocampidae
Poecilocampa populi (L.) Larvae, leaves
Noctuidae
Agrochola circellaris (Hufnagel) Larvae; flowers, fruits, seeds
Amphipyra pyramidea (L.) Larvae; leaves
Atethmia centrago (Haworth) Larvae; leaf and flower buds, leaves; only on ash
Brachionycha nubeculosa (Esper) Larvae on leaves; wide range of hosts
B. sphinx (Hufnagel) Larvae on leaves; wide range of hosts
Craniophora ligustri (Denis & Schiffermuller) Larvae
Dichonia aprilina (L.) Larvae and adults; leaf and flower buds, flowers and leaves
Lithophane hepatica (Clerck) Larvae; wide range of hosts
L. semibrunnea (Haworth) Larvae
Orthosia munda (Denis & Schiffermuller) Larvae
Trigonophora flammea (Esper) Larvae
Sphingidae
Acherontia atropos (L.) Larvae on leaves; migrant; wide range of woody and herb. Hosts
Sphinx ligustri L. Larvae

Lepidoptera (micromoths)
Coleophoridae
Coleophora trigeminella Fuchs Larvae mining leaves
Gracillariidae
Caloptilia syringella (F.) Larvae mining and rolling leaves
Oecophoridae
Oecophora bractella (L.) Dead wood, bark; rare
Semioscopis steinkellneriana (Denis & Schiffermuller) Larvae webbing
Pyralidae
Euzophera pinguis (Haworth) Larvae; live bark
Tortricidae
Archips crataegana (Hubner) Larvae rolling leaves
Pammene suspectana (Lienig & Zeller) Larvae; bark
Pandemis corylana (F.) Larvae webbing
Pseudargyrotoza conwagana (F.) Larvae; fruits and seeds, webbing
Tortrix viridana (L.) Larvae; leaf buds and leaves; wide range of hosts
Yponomeutidae
Prays fraxinella (Bjerkander) Larvae mining in leaves and shoots; only on ash
Zelleria hepariella Stainton Larvae; shoots and leaves, webbing; only on ash

Coleoptera
Anthribidae
Platyrhinus resinosus (Scopoli) Dead wood boring larvae; on a variety of trees
Cerambycidae
Saperda populnea (L.) Galling on small stems; mostly Salicaceae
Tetrops starkii Chevrolat Wood boring larvae; restricted to ash
Chrysomelidae
Psylliodes cuprea (Koch, J.D.W.) Feeding adults; mostly on herbs, particularly Brassicaceae
Curculionidae
Acrantus vittatus (F.) Larvae and adults; bark; mostly on Ulmus spp.
Coeliodes rubicundus (Herbst) Larvae on flowers; also on Betula and Alnus
Hylesinus crenatus (F.) Larvae and adults; bark; wide range of deciduous trees
H. oleiperda (F.) Larvae and adults; bark and small branches; particularly in Oleaceae
Leperisinus varius (F.) Larvae and adults; bark and wood
Mesites tardii (Curtis) Wood boring larvae; wide range of trees
Otiorhynchus niger (F.) Larvae; roots; including conifers
Scolytus scolytus (F.) Larvae and adults; bark and wood; rarely on ash
Xyloterus domesticum (L.) Larvae and adults; bark and wood; wide range of host trees

(continued)
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resembles Acer pseudoplatanus, and ash is the main habitat
of Isothecium alopecuroides (Lam. ex Dubois) Isov., Homalia
trichomanoides (Hedw.) Schimp. and Neckera complanata
(Hedw.) H€ub. Ash was considered favourable due to its
higher bark pH (4.84–5.39) but oak bark, being rougher, held
water for longer (Bates 1992; Jȕriado et al. 2009; Steindor
et al. 2011).
Ellis, Coppins & Hollingsworth (2012) and Ellis et al.

(2013) identified 536 species of lichen epiphytic on ash in the
UK (approaching a quarter of the British total – Rackham
2014). These included 84 threatened species, most notably
Fuscopannaria ignobilis (Anzi) P.M. J€org. (Ascomycota,
Peltigerales) and Wadeana dendrographa (Nyl.) Coppins &
P. James (Ascomycota, Incertae sedis) and also including 3
critically endangered, 9 endangered, 20 vulnerable and 52
near-threatened species (Woods & Coppins 2012). Only two
species are more common on ash than on other trees:
Lithothelium phaeosporum (R.C. Harris) Aptroot (Ascomy-
cota, Pyrenulales) and Thelenella modesta (Nyl.) Nyl.
(Ascomycota, Incertae sedis), the last being on just one tree
(Rackham 2014). A number of lichenized fungi are included
in Table 3. Ash is an important habitat for commoner species
following the decline of large elms since both have a compar-
atively alkaline bark. In mainland Europe, J€onsson & Thor
(2012) found 174 species of lichen epiphytic on ash on the
island of Gotland in southern Sweden and modelled that ash
dieback would result in a likely loss of 38% of lichen species.

In Sweden, lichen species diversity was found to be positively
related to trunk diameter up to 65 years of age (Johansson,
Rydin & Thor 2007). In Estonia, Jȕriado et al. (2009) identi-
fied 70 species of lichen on ash, more than other major forest
trees.
A full list of the 1856 fungal species so far known to be

associated with ash in Britain and Ireland can be found on
the Fungal Records Database (British Mycological Society
2016). Those fungal species directly associated with ash are
given in Table 3. Chen (2012) listed 90 fungal species found
on ash in New Zealand, and Griffith & Boddy (1991a,b,
1998) describe the succession of fungi on dead attached ash
branches.
Scholtysik et al. (2013) listed 50 species of endophytic

fungi in leaves of ash in central Germany, the commonest
being Alternaria alternata (Fr.) Keissl. and Lewia infectoria
(Fuckel) M.E. Barr & E.G. Simmons (=Alternaria infectoria
E.G. Simmons) (Ascomycota, Pleosporales). One of the
commonest Ascomycetes causing decay of dead ash wood is
Daldinia concentrica (Bolton) Ces. & De Not. (Xylariales)
though it also occurs occasionally on F. sylvatica in the south
and commonly on Betula spp. in the north (Whalley &
Watling 1980). Johannesson, Ihrmark & Stenlid (2002)
showed that this fungus is not any better at invading ash
wood than other substrates, and its commonness may be due
to the fungus spreading readily through the ash wood xylem
(Boddy, Gibbon & Grundy 1985). Hysterographium fraxini

Table 2. (Continued)

Species/classification Ecological notes

Elateridae
Ampedus cardinalis (Schioedte) Larvae; wood; commonest on Quercus
Elater ferrugineus L. Old hollow trees
Lucanidae
Dorcus parallelipipedus (L.) Larvae; wood
Lucanus cervus (L.) Larvae; wood of trunk and roots; wide range of tree hosts
Melandryidae
Abdera biflexuosa (Curtis) Associated with dead wood in ash and Quercus
Meloidae
Lytta vesicatoria (L.) Feeds on ash and Ligustrum
Platypodidae
Platypus cylindrus (F.) Larvae and adults; bark and wood; wide range of hosts
Salpingidae
Lissodema cursor (Gyllenhal) One record on ash
L. quadripustulata (Marsham) Feeding on dead branches
Tenebrionidae
Corticeus bicolor (Olivier) Feeding on fungal bodies on ash?

Diptera
Agromyzidae
Paraphytomyza heringi (Hendel) Leaf miner on ash
Cecidomyiidae
Contarinia marchali Kieffer Larvae; fruits and seeds of ash
Dasineura acrophila (Winnertz) Galling on ash
D. fraxinea Kieffer Galling on ash
D. fraxini (Bremi) Galling on ash

Thysanoptera
Thripidae
Oxythrips halidayi Bagnall Larvae and adults; leaves
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Table 3. Fungi (by Order) directly associated with Fraxinus excelsior
not including those found on soil or litter below the trees, or those
found solely on dead wood/bark. Details of these can be found in the
Fungal Records Database of Britain and Ireland (British Mycological
Society 2016)

Species/classification Ecological notes

Ascomycota
Arthoniales
Arthonia punctiformis Ach. Bark, lichenized
A. radiata (Pers.) Ach. Bark, lichenized
Enterographa crassa (DC.) F�ee Bark, lichenized
Opegrapha herbarum Mont. Bark, lichenized
O. prosodea Ach. Bark, lichenized

Calosphaeriales
Lecanactis abietina (Ehrh. ex Ach.)
K€orb.

Bark, lichenized

Botryosphaeriales
Dothiorella fraxinea Sacc. &
Roum.

Bark, attached twigs

Candelariales
Candelariella reflexa (Nyl.)
Lettau

Bark, lichenized

C. xanthostigma (Pers. ex Ach.)
Lettau

Bark, lichenized

Capnodiales
Mycosphaerella tassiana
(De Not.) Johanson

Fallen samaras

M. fraxini (Niessl) Lindau Live leaves
Coronophorales
Coronophora angustata Fuckel Living roots

Diaporthales
Diaporthe samaricola
W. Phillips & Plowr.

Samaras

Dothideales
Aureobasidium pullulans
(de Bary & L€owenthal) Arnaud

Seeds

Erysiphales
Phyllactinia fraxini (DC.) Fuss Leaves
P. guttata (Wallr.) L�ev. Leaves

Helotiales
Anavirga laxa B. Sutton Leaves
Ciboria caucus (Rebent.) Fuckel Seeds
Crocicreas coronatum (Bull.)
S.E. Carp.

Fallen petioles

C. dolosellum (P. Karst.) S.E. Carp. Petioles
C. fraxinophilum (Svrcek)
Triebel & Baral

Fallen petioles

Excipula chaetostroma Berk. &
Broome

Fallen samaras

Hymenoscyphus albidus (Gillet)
W. Phillips

Fallen petioles

H. albopunctus (Peck) Kuntze Fallen petioles
H. calyculus (Sowerby) W. Phillips Trunk
H. caudatus (P. Karst.) Dennis Fallen petioles
H. fructigenus (Bull.) Fr. Fallen petioles
H. imberbis (Bull.) Dennis Bark, fallen twigs
H. phyllophilus (Desm.) Kuntze Samaras
H. repandus (W. Phillips) Dennis Fallen petioles, dead

twigs
Lachnum niveum (R. Hedw.) P. Karst. Fallen petioles
Vibrissea guernisacii P. Crouan &
H. Crouan

Roots

(continued)

Table 3. (Continued)

Species/classification Ecological notes

Hypocreales
Clonostachys compactiuscula (Sacc.)
D. Hawksw. & W. Gams

Twigs

Gibberella baccata (Wallr.) Sacc. Frost damaged buds
G. pulicaris (Fr.) Sacc. Fallen samaras
Gliocladium sp. Corda Fallen samaras
Nectria fuckeliana C. Booth Dead shoots
N. galligena Bres. Living trunk and

branches
Trichothecium roseum (Pers.) Link Bark, lichenized

Hysteriales
Hysterium angustatum Alb. & Schwein. Bark
Volutella ciliata (Alb. & Schwein.)
Fr.

Petioles

Incertae sedis
Aposphaeria sp. Berk Canker
Arthrinium phaeospermum (Corda)
M.B. Ellis

Inner bark, twigs

Asteromella sp. Pass. & Th€um. Fading leaves
Bactrodesmium obovatum (Oudem.)
M.B. Ellis

Bark

Chaenotheca ferruginea (Turner)
Mig.

Trunk, lichenized

Coleophoma cylindrospora (Desm.)
H€ohn.

Petioles

Colletotrichum dematium (Pers.) Fr. Samaras
Cryptocoryneum hysterioides
(Corda) Peyr.

Twigs

Psammina stipitata D. Hawksw. On green coccoid
algae, live trunk,
lichenized

Sclerophora peronella (Ach.) Tibell Bark, lichenized
Strigula taylorii (Carroll ex Nyl.)
R.C. Harris

Bark, lichenized

Lecanorales
Bacidia arceutina (Ach.) Rehm & Arnold Bark, lichenized
B. arnoldiana K€orb. Bark, lichenized
Cladonia coniocraea (Fl€orke) Spreng. Bark, lichenized
C. diversa Asperges Bark, lichenized
C. macilenta Hoffm. Bark, lichenized
C. parasitica (Hoffm.) Hoffm. Living branches,

lichenized
Cliostomum griffithii (Sm.) Coppins Bark, lichenized
Evernia prunastri (L.) Ach. Bark, lichenized
Flavoparmelia caperata (L.) Hale Bark, lichenized
Hypogymnia physodes (L.) Nyl. Bark, lichenized
H. tubulosa (Schaer.) Hav. Bark, lichenized
Lecania cyrtella (Ach.) Th. Fr. Bark, lichenized
L. naegelii (Hepp) Diederich & Van den
Boom

Bark, lichenized

Lecanora chlarotera Nyl. Bark, lichenized
L. compallens Herk & Aptroot Bark, lichenized
L. confusa Almb. Bark, lichenized
L. conizaeoides f. conizaeoides Nyl. ex
Cromb.

Bark, lichenized

L. dispersa (Pers.) Sommerf. Bark, lichenized
L. expallens Ach. Bark, lichenized
Lecidella elaeochroma f. elaeochroma
(Ach.) M. Choisy

Bark, lichenized

Lepraria lobificans Nyl. Bark, lichenized

(continued)
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Table 3. (Continued)

Species/classification Ecological notes

Melanelia fuliginosa subsp. glabratula
(Lamy) Coppins

Bark

M. subaurifera (Nyl.) Essl. Bark
Melanohalea exasperata (De Not.) O.
Blanco, A. Crespo, Divakar, Essl., D.
Hawksw. & Lumbsch

Bark, lichenized

Parmelia saxatilis (L.) Ach. Bark, lichenized
P. sulcata Taylor Bark, lichenized
Parmelina carporrhizans (Taylor)
Poelt & Vezda

Bark, lichenized

P. quercina (Willd.) Hale Bark
P. tiliacea (Hoffm.) Hale Bark, lichenized
Parmotrema perlatum (Huds.) M. Choisy Bark, lichenized
P. reticulatum (Taylor) M. Choisy Bark, lichenized
Piccolia ochrophora (Nyl.) Hafellner Bark of ancient tree,

lichenized
Platismatia glauca (L.) W.L. Culb. &
C.F. Culb.

Trunk, lichenized

Pleurosticta acetabulum (Neck.) Elix &
Lumbsch

Bark, lichenized

Pseudevernia furfuracea var. furfuracea
(L.) Zopf

Bark, lichenized

Punctelia reddenda (Stirt.) Krog Bark, lichenized
P. subrudecta (Nyl.) Krog Live trunk, lichenized
Pyrrhospora quernea (Dicks.) K€orb. Bark, lichenized
Ramalina farinacea (L.) Ach. Bark, lichenized
R. fastigiata (Pers.) Ach. Bark, lichenized
R. fraxinea (L.) Ach. Bark, lichenized
Scoliciosporum chlorococcum (Graewe
ex Stenh.) Vezda

Bark, lichenized

Usnea florida (L.) Weber ex F.H. Wigg. Bark, lichenized
U. subfloridana Stirt. Bark, lichenized

Ostropales
Graphis elegans (Borrer ex Sm.) Ach. Bark, live trunk,

lichenized
G. scripta (L.) Ach. Bark, live trunk,

lichenized
Phlyctis agelaea (Ach.) Flot. Live trunk, lichenized
Porina aenea (Wallr.) Zahlbr. Bark, lichenized
P. chlorotica f. chlorotica (Ach.)
M€ull. Arg.

Live trunk, lichenized

Thelotrema lepadinum (Ach.) Ach. Live bark, lichenized
Peltigerales
Collema furfuraceum (Schaer.) Du Rietz Bark, lichenized
Leptogium burgessii (L.) Mont. Bark, lichenized
Lobaria pulmonaria (L.) Hoffm. Bark, lichenized
L. scrobiculata (Scop.) DC. Bark, lichenized
L. virens (With.) J.R. Laundon Bark, lichenized
Parmeliella triptophylla (Ach.)
M€ull. Arg.

Bark, lichenized

Pertusariales
Ochrolechia subviridis (Høeg) Erichsen Bark, lichenized
Pertusaria albescens var. albescens
(Huds.) M. Choisy & Werner

Bark, lichenized

P. amara f. amara (Ach.) Nyl. Bark, lichenized
P. hymenea (Ach.) Schaer. Bark, lichenized
P. leioplaca DC. Bark, lichenized
P. multipuncta (Turner) Nyl. Bark, lichenized
P. pertusa (Weigel) Tuck. Bark, lichenized

Pezizales
Tuber rufum Pico Roots

(continued)

Table 3. (Continued)

Species/classification Ecological notes

Pleosporales
Alternaria alternata (Fr.) Keissl. Samaras, buds
A. tenuissima (Kunze) Wiltshire Leaves
Arthopyrenia analepta (Ach.) A. Massal. Bark, lichenized
A. punctiformis A. Massal. Bark, lichenized
Ascochyta metulispora Berk. & Broome Live leaves
Lewia infectoria (Fuckel) M.E. Barr &
E.G. Simmons

Samaras, seeds, live
leaves

Phoma pterophila Nitschke ex Fuckel Samaras
P. samararum Desm. Samaras
Pleospora herbarum (Pers.) Rabenh. ex
Ces. & De Not.

Samaras, seeds

P. phaeocomoides (Berk. & Broome) G.
Winter

Samaras

Venturia fraxini Aderh. Live leaves
Pyrenulales
Acrocordia gemmata (Ach.) A. Massal. Bark, lichenized
Anisomeridium biforme (Borrer) R.C.
Harris

Bark, lichenized

A. ranunculosporum (Coppins & P.
James) Coppins

Bark, lichenized

Rhizocarpales
Catillaria chalybeia var. chalybeia
(Borrer) A. Massal.

Bark, lichenized

C. nigroclavata (Nyl.) Schuler Attached twig,
lichenized

Cucurbitaria obducens (Schumach.) Petr. Samaras
Epicoccum nigrum Link Dead spots on leaves
Pyrenula chlorospila (Nyl.) Arnold Bark, lichenized
P. macrospora (Degel.) Coppins &
P. James

Bark, lichenized

Rhytismatales
Ascodichaena rugosa Butin Bark
Hypoderma rubi (Pers.) DC. Fallen petioles

Teloschistales
Amandinea punctata (Hoffm.) Coppins &
Scheid.

Bark, wood,
lichenized

Buellia disciformis (Fr.) Mudd Bark, lichenized
Calicium viride Pers. Trunk, lichenized
Caloplaca cerina var. cerina
(Ehrh. ex Hedw.) Th. Fr.

Bark, lichenized

C. cerinelloides (Erichsen) Poelt Bark, lichenized
C. flavorubescens (Huds.) J.R. Laundon Bark, lichenized
C. holocarpa (Hoffm.) A.E. Wade Bark, lichenized
C. obscurella (J. Lahm) Th. Fr. Bark, lichenized
Diploicia canescens (Dicks.) A. Massal. Bark, lichenized
Phaeophyscia orbicularis (Neck.)
Moberg

Bark, lichenized

Physcia adscendens (Fr.) H. Olivier Bark, lichenized
P. aipolia (Ehrh. ex Humb.) F€urnr. Bark, lichenized
P. tenella (Scop.) DC. Bark, lichenized
Physconia grisea (Lam.) Poelt Bark, lichenized
Rinodina roboris var. roboris (Dufour
ex Nyl.) Arnold

Bark, lichenized

Xanthoria parietina (L.) Th. Fr. Bark, lichenized
X. polycarpa (Hoffm.) Th. Fr. ex Rieber Bark, lichenized
X. ucrainica S.Y. Kondr. Bark, lichenized

Umbilicariales
Fuscidea lightfootii (Sm.) Coppins &
P. James

Bark, lichenized

(continued)
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(Pers.) De Not. (Ascomycota, Hysteriales) is common on
dead twigs and sometimes branches (von Tubeuf 1897). A
number of powdery mildews are common on live and/or dead
leaves with varying degrees of specificity, forming spots in
the lamina: Venturia fraxini Aderh. (=Actinonema fraxini
All.) and Ascochyta metulispora Berk. & Broome (both
Ascomycota, Pleosporales), Phyllactinia guttata (Wallr.) L�ev.
(=P. corylea (Pers.) P. Karst.) and P. fraxini (DC.) Fuss (both

Ascomycota, Erysiphales); the last of these can, in turn, be
parasitized by several Cladosporium spp. Link (Ascomycota,
Capnodiales) (von Tubeuf 1897; Talgø et al. 2011; Doli�nska
& Schollenberger 2012). Mycosphaerella fraxini (Niessl) Lin-
dau (=Septoria fraxini Desm.) (Ascomycota, Capnodiales) is
a sooty mould that can cause spotting on leaves and, accord-
ing to Hempel & Wilhelm (1897, reported in Wardle 1961),
can kill seedlings. Excipula chaetostroma Berk. & Broome
(=Amerosporium chaetostroma Sacc.) (Ascomycota, Helo-
tiales) is found on samaras on the ground, and once into the
seed, the endosperm degenerates into a watery mass carrying
the pycnidia. As the fungus belongs to a saprophytic group, it
is possible that the seeds die before becoming infected, proba-
bly specific to ash (Wardle 1961).
Laetiporus sulphureus (Bull.) Murrill (=Polyporus sul-

phureus (Bull.) Fr.) and in particular Polyporus squamosus
(Huds.) Fr. (Basidiomycota, Polyporales) are common on
dead wood of large old trees and may occasionally act as a
weak parasite (von Tubeuf 1897). A common Basidiomycete
found particularly on ash trunks is the bracket Inonotus hispi-
dus (Bull.) P. Karst. (Basidiomycota, Hymenochaetales) caus-
ing white rot, often associated with trunk breakage
(Cartwright, Campbell & Armstrong 1936; Rackham 2014;).
Less common on dead ash wood is Auricularia auricula-
judae (Bull.) Wettst. (Basidiomycota, Atheliales) (Reid 1978).
Pholiota spp., particularly P. squarrosa (Weigel) P. Kumm.
(Basidiomycota, Agaricales), are considered to be weakly par-
asitic on the trunk (Brooks 1953).
Fraxinus excelsior is direct host to 95 taxa of slime moulds

(Amoebozoa, Myxomycetes) listed in Table 4. This is similar
to the number found on Acer pseudoplatanus but 25 fewer spe-
cies than found on Fagus sylvatica, which has more than twice
the number of fungal records listed by the Fungal Records
Database (British Mycological Society 2016) compared to ash
and A. pseudoplatanus.

(C ) PLANT DISEASES

Various cankers on ash are caused by the bacteria Pseu-
domonas savastanoi (Janse) Gardan (=Phytomonas savastonoi
Stev. var. fraxini Brown) and Pseudomonas syringae ssp.
savastanoi (=Pseudomonas savastanoi) pv. fraxini, and pv.
savastanoi (the latter also found on Olea europaea) (Janse
1982; Ramos et al. 2012). Bacterial infections can be
aggravated by the invasion of Nectria galligena Bres.
(Ascomycota, Hypocreales) and perhaps also by frost damage.
Phytoplasma rDNA has been found in ash in Poland
(Kami�nska & Berniak 2009), associated with symptoms of
stunting, shoot proliferation and dieback, and more widely is
associated with the disease ash yellows (Sinclair & Griffiths
1994; Griffiths et al. 1999). Ash yellows is transmitted by
insect vectors and known from N. America but is most severe
in urban areas of planted ash in Colombia (Woodward & Boa
2013).
Ash is very susceptible to infection of Phytophthora ramo-

rum Werres, De Cock & Man in’t Veld (Oomycota, Peronospo-
rales) through the leaves and is host to P. multivora Scott &

Table 3. (Continued)

Species/classification Ecological notes

Xylariales
Cryptosphaeria eunomia (Fr.) Fuckel Twigs and bark

Basidiomycota
Agaricales
Armillaria borealis Marxm. & Korhonen Tree base
A. gallica Marxm. & Romagn. Live and dying roots
A. mellea (Vahl) P. Kumm. Live roots and trunk
Calyptella capula (Holmsk.) Qu�el. Petioles, bark
Coprinellus micaceus (Bull.) Vilgalys,
Hopple & Jacq. Johnson

Living roots

Episphaeria fraxinicola
(Berk. & Broome) Donk

Bark

Fistulina hepatica (Schaeff.) With. Live trunk
Flammulina velutipes var. lactea
(Qu�el.) Bas

Live trunk

F. velutipes var. velutipes (Curtis) Singer Live trunk
Gymnopilus junonius (Fr.) P.D. Orton Live trunk
Lachnella alboviolascens
(Alb. & Schwein.) Fr.

Fallen petioles

Macrotyphula juncea (Fr.) Berthier Rotting petioles
Marasmius epiphyllus (Pers.) Fr. Fallen petioles
Pellidiscus pallidus (Berk. & Broome)
Donk

Bark

Pholiota alnicola var. alnicola (Fr.)
Singer

Live trunk

P. aurivella (Batsch) P. Kumm. Live trunk
P. limonella (Peck) Sacc. Live trunk
P. squarrosa (Weigel) P. Kumm. Live trunk
Volvariella bombycina (Schaeff.) Singer Live trunk

Cantharellales
Cantharellus fissilis Fr. Petioles

Corticiales
Dendrothele acerina (Pers.) P.A. Lemke Live trunk

Hymenochaetales
Inonotus hispidus (Bull.) P. Karst. Live trunk
Mensularia radiata (Sowerby)
L�azaro Ibiza

Live trunk

Polyporales
Fomes fomentarius (L.) J.J. Kickx Live trunk
Ganoderma lucidum (Curtis) P. Karst. Live trunk
Grifola frondosa (Dicks.) Gray Live trunk
Laetiporus sulphureus (Bull.) Murrill Live trunk
Podoscypha multizonata
(Berk. & Broome) Pat.

Roots

Polyporus squamosus (Huds.) Fr Live trunk
Russulales
Heterobasidion annosum (Fr.) Bref. Trunk

Trechisporales
Tubulicium vermiferum (Bourdot)
Oberw. ex J€ulich

Live trunk

Fungi that can be lichenized were identified from the British Isles List
of Lichens and Lichenicolous Fungi (Natural History Museum 2016).
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Jung and P. plurivora Jung & Burgess in the Czech Republic,
and P. gonapodyides (H.E. Petersen) Buisman on twigs in the
UK, but has low susceptibility/resistance to P. kernoviae Bra-
sier, Beales & S.A. Kirk (Denman et al. 2006; Mr�azkov�a et al.
2013; British Mycological Society 2016). Ash is a prolific pro-
ducer of P. ramorum spores (Denman et al. 2006).
Ash is usually considered to be resistant to Armillaria mel-

lea (Vahl) P. Kumm. (Basidiomycota, Agaricales), but it has
been recorded on live ash along with A. borealis Marxm. &

Table 4. Slime moulds (Amoebozoa, Myxomycetes) associated with
Fraxinus excelsior. Nomenclature follows the Fungal Records Data-
base of Britain and Ireland (British Mycological Society 2016)

Amaurochaete 1atra (Alb. & Schwein.)
Rostaf.

Live wood, bark

Arcyria cinerea (Bull.) Pers. Bark
A. denudata (L.) Wettst. Decaying wood
A. incarnata (Pers. ex J.F. Gmel.) Pers. Dead wood
A. major (G. Lister) Ing Fallen wood
A. minuta Buchet Fallen wood
A. nutans (Bull.) Grev. Bark, dead wood
A. oerstedii Rostaf. Fallen wood
A. pomiformis (Leers) Rostaf. Live bark
Badhamia affinis Rostaf. Live bark
B. capsulifera Cooke Decaying wood
B. foliicola Lister Bark, dead leaves
B. utricularis (Bull.) Berk. Wood
Brefeldia maxima (Fr.) Rostaf. Very decayed wood
Calomyxa metallica (Berk.) Nieuwl. Bark
Ceratiomyxa fruticulosa var. fruticulosa
(O.F. M€ull.) T. Macbr.

Fallen wood

Clastoderma debaryanum A. Blytt Live bark
Colloderma oculatum (C. Lippert) G. Lister Bark
Comatricha nigra (Pers.) J. Schr€ot. Wood
Craterium leucocephalum var.
leucocephalum (Pers. ex J.F. Gmel.)
Ditmar

Dead wood

C. minutum (Leers) Fr. Dead wood
Cribraria argillacea (Pers. ex J.F. Gmel.)
Pers.

Fallen branch

C. tenella Schrad. Fallen branch
C. violacea Rex Wood
Diacheopsis insessa (G. Lister) Ing Bark
Dianema depressum (Lister) Lister Dead bark, wood
D. harveyi Rex Dead wood
Diderma chondrioderma (de Bary &
Rostaf.) Kuntze

Live bark

D. hemisphaericum (Bull.) Hornem. Dead branch
D. spumarioides (Fr.) Fr. Twigs
Didymium clavus (Alb. & Schwein.)
Rabenh.

Dead trunk

D. difforme (Pers.) Gray Bark
D. squamulosum (Alb. & Schwein.) Fr. Bark, fallen twigs

and branches
Echinostelium brooksii K.D. Whitney Live bark
E. colliculosum K.D. Whitney & H.W.
Keller

Live bark

E. corynophorum K.D. Whitney Live bark
E. minutum de Bary Live bark
Enerthenema papillatum (Pers.) Rostaf. Live bark
Fuligo candida Pers. Wood
F. septica var. flava (Pers.) Morgan Wood
F. septica var. septica (L.) F.H. Wigg. Wood
Hemitrichia clavata (Pers.) Rostaf. Decayed wood
H. minor G. Lister Bark
Lamproderma scintillans (Berk. & Broome)
Morgan

Bark, leaves

Licea belmontiana Nann.-Bremek. Live bark
L. biforis var. biforis Morgan Live bark
L. bryophila Nann.-Bremek. Live bark
L. denudescens H.W. Keller & T.E. Brooks Live bark
L. inconspicua T.E. Brooks & H.W. Keller Live bark
L. kleistobolus G.W. Martin Live bark
L. marginata Nann.-Bremek. Live bark

(continued)

L. microscopica D.W. Mitch. Live bark
L. operculata (Wingate) G.W. Martin Live bark
L. parasitica (Zukal) G.W. Martin Live bark
L. perexigua T.E. Brooks & H.W. Keller Live bark
L. sambucina D.W. Mitch. Live bark
L. testudinacea Nann.-Bremek. Live bark
Lycogala epidendrum (J.C. Buxb. ex L.) Fr. Dead wood
L. terrestre Fr. Fallen branches
Macbrideola cornea (G. Lister & Cran)
Alexop.

Live bark

M. macrospora (Nann.-Bremek.) Ing Live bark
Metatrichia floriformis (Schwein.) Nann.-
Bremek.

Fallen trunks

M. vesparium (Batsch) Nann.-Bremek. Fallen trunks
Mucilago crustacea P. Micheli ex F.H.
Wigg.

Fallen twigs,
branches and trunks

Paradiacheopsis cribrata Nann.-Bremek. Live bark
P. fimbriata (G. Lister & Cran) Hertel Live bark
P. solitaria (Nann.-Bremek.) Nann.-
Bremek.

Live bark

Perichaena chrysosperma (Curr.) Lister Bark
P. corticalis (Batsch) Rostaf. Dead bark
P. depressa Lib. Bark
Physarum auriscalpium Cooke Bark
P. cinereum Link Bark, fallen wood
P. crateriforme Petch Bark
P. decipiens M.A. Curtis Bark
P. psittacinum Ditmar Bark, dead wood
P. robustum (Lister) Nann.-Bremek. Dead wood
P. vernum Sommerf. Bark
Protostelium arachisporum L.S. Olive &
Stoian.

Bark

Reticularia intermedia Nann.-Bremek. Dead wood
R. lycoperdon Bull. Dead wood
R. olivacea var. olivacea (Ehrenb.) Fr. Wood
Stemonitis flavogenita E. Jahn Twigs
S. fusca var. fusca Roth Dead wood
Symphytocarpus flaccidus (Lister) Ing &
Nann.-Bremek.

Wood

Trichia affinis de Bary Decaying wood
T. botrytis var. botrytis (Pers. ex J.F.
Gmel.) Pers.

Live and decaying
wood

T. contorta var. contorta (Ditmar) Rostaf. Fallen branch
T. contorta var. inconspicua (Rostaf.) Lister Fallen branch
T. contorta var. karstenii (Rostaf.) Ing Dead wood
T. decipiens var. decipiens (Pers.) T.
Macbr.

Dead wood, stumps

T. persimilis P. Karst. Fallen trunks
T. scabra Rostaf. Dead wood
T. varia (Pers. ex J.F. Gmel.) Pers. Fallen trunks
Tubulifera arachnoidea Jacq. Decaying wood
Willkommlangea reticulata (Alb. &
Schwein.) Kuntze

Branch

Table 4. (Continued)
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Korhonen, A. gallica Marxm. & Romagn. Armillaria ostoyae
(Romagn.) Herink. has been found on dead ash. In Lithuania,
A. cepistipes Velen. has caused root and butt rot of dying and
dead ash (Lygis et al. 2005). Ash along with Ulmus glabra
appears to be comparatively resistant to foliar fungal patho-
gens in comparison with Acer platanoides, Populus tremula
and Tilia cordata (Hantsch et al. 2014). Przybył (2002a,b)
lists fungi associated with necrosis of shoots and roots in
Poland.
Black heart of ash, where wood at the centre of the tree

appears brown or black, has been considered to be of fungal
origin but in reality is a chemical staining, although the mech-
anisms are largely unknown. Kerr (1998) reviews the litera-
ture and shows that 70- to 100-year-old trees are likely to all
be affected across up to 30% of the tree’s cross-sectional area.
Black heart affected wood, sold as ‘olive wood’, is considered
to be of ornamental value (Rackham 2014).

Ash Dieback

The recent and widespread ash dieback was first discovered
in north-east Poland and Lithuania in 1992 (Kowalski &
Holdenrieder 2009a,b) before spreading rapidly across much
of eastern, western and Central Europe (Kowalski 2006;
Bakys et al. 2009a; Skovsgaard et al. 2010; Rytk€onen et al.
2011). This dieback was first identified in Britain in nursery
stock in Buckinghamshire in February 2012 (Forestry Com-
mission 2015).
Ash dieback has been found in Fraxinus excelsior and also

Fraxinus angustifolia in some parts of Europe (Gross et al.
2014). Fraxinus ornus may also occasionally be infected but
shows few symptoms (Kirisits et al. 2009) and the disease
has also been reported in Estonia on several ash species not
native to Europe: F. nigra, F. pennsylvanica, F. americana
and F. mandschurica (Drenkhan & Hanso 2010; Kr€autler &
Kirisits 2012).
In newly infected shoots, death of the cambium and exter-

nal tissues turns the shoot red brown associated with wilting
of leaves and buds not opening in spring (Kowalski & Hold-
enrieder 2009b). Infected trees develop lesions and necroses
on shoots, branches and stems, followed by gradual dieback
of crowns (Kowalski & Łukomska 2005; Kowalski 2006)
leading to progressively bare stems and bushy growth from
new shoots (Skovsgaard et al. 2010). The bark lesions corre-
late well with a brownish discoloration of the wood (Schu-
macher, Kehr & Leonhard 2010) although the discoloration
tends to be more extensive than the bark lesion. The fungus
can kill by girdling the trunk.
Dieback of ash in hedgerows, that has caused concern in

Britain since the 1960s (Hull & Gibbs 1991), was most likely
caused by the ash bud moth Prays fraxinella in conjunction
with disturbance of roots and subsequent drought as a result
of ditching beside the hedges (Foggo & Speight 1993). Ongo-
ing bouts of decline in Britain during the 1980s have been
attributed to fluctuations in the water-table as a result of cli-
matic variations (Woodward & Boa 2013). So it is perhaps
not surprising that dieback in eastern Europe was initially

thought to be caused by frost or drought (Pukacki & Przybył
2005). However, Chalara fraxinea T. Kowalski (Ascomycota,
Incertae sedis) was consistently isolated from moribund stems,
branches and sometimes roots (Kowalski 2006) and has been
shown through controlled inoculations to be the casual agent
of dieback (Bakys et al. 2009a,b; Kowalski & Holdenrieder
2009a). Chalara fraxinea was found to be the anamorphic
stage of the teleomorph Hymenoscyphus fraxineus (T. Kowal-
ski) Baral, Queloz, Hosoya (Kowalski & Holdenrieder 2009b;
Queloz et al. 2011; Baral & Bemmann 2014; Adam�c�ıkov�a
et al. 2015), also called H. pseudoalbidus Queloz, Gr€unig,
Berndt, Kowalski, Lieber et Holdenrieder although Baral,
Queloz & Hosoya (2014) argue that the former name has
precedence. It is similar (but not a close relative) to the native
non-pathogenic H. albidus, a saprotroph of petioles in the lit-
ter, and which is now much rarer, presumed to be due to
competition with H. fraxineus (Bengtsson et al. 2012; Gross
et al. 2012b; McKinney et al. 2012a). Hymenoscyphus frax-
ineus is native to eastern Asia and was possibly introduced to
E. Poland or the Baltic States on infected Fraxinus mand-
shurica imported from the Russian Far East (Drenkhan, San-
der & Hanso 2014) and appears to have been introduced just
once on at least two individuals (Gross, Hosoya & Queloz
2014). Gross et al. (2014) give a pathogen profile of H. frax-
ineus. Methods to detect the fungus include PCR (Ioos et al.
2009; Chandelier, Andr�e & Laurent 2010; Johansson et al.
2010) and mass spectrometric techniques (Pham et al. 2013).
Hymenoscyphus fraxineus is found on petioles and leaf

blades and spreads primarily by spores (Gross et al. 2012b).
Apothecia develop on petioles in the forest litter and spores
are released from the end of June to September–October (Kir-
isits & Cech 2009; Timmermann et al. 2011; Chandelier
et al. 2014). Hymenoscyphus fraxineus is heterothallic and
infected petioles can contain both mating types and so readily
reproduce (Gross et al. 2012b, 2014). Ascospore production
is maximal in the mornings and reaches a peak in the autumn
just prior to leaf senescence (Hietala et al. 2013). Crown
damage also tends to increase through a season; Bakys,
Vasaitis & Skovsgaard (2013) noted it rising from 30% dam-
age to the canopy in June to 53% in September. Ash trees
that flush early in spring and enter senescence earlier were
found to be less susceptible to dieback (McKinney et al.
2011; Stener 2012; Bakys, Vasaitis & Skovsgaard 2013).
McKinney et al. (2012b) observed that this was not because
those with earlier phenology avoided infection through early
leaf drop, but that these individuals were physiologically
more resistant to the disease, limiting the growth and spread
of the fungus. Chandelier et al. (2014) found spores are dis-
persed most when air temperature >12 °C and spread down-
wind <50 m from an infected stand (measured over 3 years);
few spores were detected >3 m from the ground. Although
spore dispersal is thus comparatively limited, infected petioles
have been seen to produce spores for more than a year (Gross
& Holdenrieder 2013), and for even up to 5 growing seasons
(Kirisits 2015), and so represent a risk of long-term infection.
Moreover, the fungus in either its anamorph or teleomorph
stage has been found in 8.3% of seeds originating from Lat-
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via (Cleary et al. 2013) and 30% of seeds in southern Swe-
den (Hayatgheibi 2013), from both resistant and susceptible
ash clones. This may be an important way of the disease con-
tinuing to spread to places currently free of ash dieback, such
as North America, through the importation of seed (Hayat-
gheibi 2013). It appears that the fungus was brought into Bri-
tain on horticultural imports, but there have also been
suggestions that this was supplemented by spores blown from
mainland Europe.
The ascospores infect ash through the living leaf lamina

and petioles. The mycelium develops intracellularly, passing
through pits between cells rather than through the cell walls,
and invades the phloem, xylem and pith via the ray parenchy-
mal cells, readily spreading through the tree in all directions
(Schumacher, Kehr & Leonhard 2010; Dal Maso et al. 2012)
and out to the cambium. The anamorph C. fraxinea produces
conidia, but these are not directly involved in the infection
process; instead, they are thought to act as spermatia in the
exchange of nuclei (Kirisits & Cech 2009; Kirisits et al.
2009; Gross et al. 2012b). Chalara fraxinea has not been iso-
lated from ash roots and so appears to have little, if any,
endophytic abilities (Schumacher, Kehr & Leonhard 2010).
Bakys et al. (2011) investigating ash in Lithuania found that
4 years after trees were felled, 58% of uninfected stumps had
produced new sprouts compared to 33% of dieback-infected
stumps. However, dieback symptoms were found on the
leaves and bark of new shoots irrespective of whether the
stump was infected or not. This, and the fact that the dieback
fungus did not enter sprouts from stumps, suggests infection
of new shoots from aerial spores. Hymenoscyphus fraxineus
can, however, invade new hosts vegetatively by direct contact
of infected wood with the epidermis of current-year branches
(Schumacher 2011; Kr€autler, Treitler & Kirisits 2015). Differ-
ent genotypes of the fungus have been found on the same
trees and within the same lesion (Bengtsson et al. 2014).
The virulence of H. fraxinea has been attributed at least in

part to the phytotoxin viridiol (Andersson et al. 2010)
because it has been seen to experimentally provoke brown
necrotic spots on ash leaves (Grad, Kowalski & Kraj 2009;
Andersson et al. 2010) and seedlings of clones more suscepti-
ble to H. fraxinea have been seen to be more affected by
viridiol in a laboratory study (Cleary et al. 2014). However,
other non-virulent species of Hymenoscyphus also produce
viridiol, and viridiol concentration does not always correlate
with degree of plant damage in tests (Junker et al. 2014). The
volatile lactone 3,4-dimethylpentan-4-olide may also be part
of the virulence since it can completely inhibit germination of
ash seeds by causing necroses (Citron et al. 2014).
Seedlings die within a few years of infection, but older

trees may take a number of years to die. There is evidence
that trees over 20 years old are weakened by ash dieback but
actually die from secondary effects such as Armillaria spp.
(Bakys et al. 2011) or environmental stresses (Bakys et al.
2009a,b; Schumacher, Kehr & Leonhard 2010) exacerbated
by ash dieback-infected ash having narrower vessels in the
xylem (reducing from 0.15 mm in healthy to 0.12 mm in
infected trees) with consequent reduced hydraulic conductivity

(Tulik, Marciszewska & Adamczyk 2010). But Rosenvald
et al. (2015) did not find Armillaria spp. contributing to the
death of isolated retention trees. Conversely, a study from
Poland and Denmark showed that Phytophthora spp. can
make ash trees more susceptible to ash dieback (Orlikowski
et al. 2011).
Over the past two decades, ash dieback has already had a

serious effect on ash stands through mainland Europe, cover-
ing 2 million km2 from Scandinavia down to France and Italy
(Gross et al. 2014), perhaps aided by the recent increase in
ash abundance (XI). Within this area, the disease is wide-
spread; for example, it has been estimated that 60–90% of
ash stands in Denmark are affected (Skovsgaard, Kehr &
Leonhard 2010; van Opstal 2011) and ash is listed by Nord-
Larsen et al. (2009) as the fifth most abundant broadleaved
species in Denmark. Infection rates within stands can also be
high; for example, a survey of 337 ash trees in Sweden found
63% of trees infected in 2009 and 76% in 2011, of which 3%
died over the 2 years (Bengtsson, Stenstr€om & Finsberg
2013).
All age classes are susceptible to ash dieback, but young

trees in dense stands, especially on consistently damp soils
(aiding spore production) or on very dry sites (stressing the
trees), have the highest infection rates (Kenigsvalde et al.
2010; Skovsgaard et al. 2010; McKinney et al. 2011; Schu-
macher 2011; Bakys, Vasaitis & Skovsgaard 2013; Bengts-
son, Stenstr€om & Finsberg 2013). For example, on the island
of Gotland in southern Sweden, 84% of trees were infected
on dense unmanaged sites compared to 66% on more open
grazed sites (J€onsson & Thor 2012). Death could be rapid
(Bengtsson, Stenstr€om & Finsberg (2013) noted 5 trees
healthy in 2009 were dead by 2011) but generally older trees
are slower to die. Thus, Enderle et al. (2013), looking at four
sites in south-west Germany, found that while 94% of trees
showed symptoms of dieback, between 2005 and 2012 only
9% of trees died. This might be because older trees build up
greater populations of protective endophytes or simply
because more damage is needed in a larger tree to kill it
(Bakys, Vasaitis & Skovsgaard 2013). Infected trees can pro-
duce many new shoots and so the canopy can appear to
become healthier and seem to be recovering (Bengtsson, Sten-
str€om & Finsberg 2013), but given time mortality can eventu-
ally be high. For example, in Lithuania, one of the longest
infected countries (Juodvalkis & Vasiliauskas 2002), trees
were felled in an attempt at stopping spread and the area of
ash stands decreased by 30% between 1995 and 2012. Cur-
rently, the epidemic is chronic with all remaining ash stands
showing some damage and their health condition continues to
decline (Riep�sas 2009; Gustien _e 2010; Pli�ura et al. 2011). In
2009, a quarter of all ash trees in southern Sweden were dead
or severely damaged and ash was considered vulnerable to
further loss (Pihlgren et al. 2010; Stenlid et al. 2011). In
assessments of the likely impact of ash dieback in Britain, the
worst-case scenario is taken as 95% mortality of ash (Mitchell
et al. 2014a). As yet, we have no real idea whether such high
mortality rates will be reached, but they are by no means
improbable.
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It is not just the loss of current trees that is of concern, as
there is also evidence that the effects of dieback are not
restricted to the current generation of trees and specifically that
ash will not regenerate very effectively on affected sites. For
example, Lygis et al. (2014) looked at what happened when
infected stands were felled in Lithuania. Before ash dieback,
ash made up 40–100% of stands, but 10 years after felling ash
made up only 0–21% of stands. Of all the new ash trees
(n = 775), 53.9% were diseased, 16.8% were dead, and only
29.3% were visually healthy and so the disease cycle looked
set to repeat itself. Moreover, ash was among the slowest
growing species so other faster growing trees including Alnus
incana, Populus tremula and Betula pendula/B. pubescens
would put further competitive pressure on the ash.
Can action be taken to reduce the spread and impact of

the disease? Improved phytosanitation can help though it is
largely too late for this to be effective within Europe. It
could also be argued that the porous nature of national
boundaries within the EU and the perceived lack of politi-
cal will to prioritize this problem led to biosecurity mea-
sures being ineffective. Woodward & Boa (2013) take a
conciliatory view that long-term dieback from other causes
such as insects and climate (see above) hid the true fungal
cause and that H. fraxineus was initially thought to be a
strain of the native H. albidus and ‘it would [have been]
futile to set up any regulations or protected areas to prevent
the spread of a pest or pathogen which already exists in
that area’. While it is true that the identity of H. fraxineus
was confirmed only in 2011 by Queloz et al., the fungal
nature of Chalara fraxinea was known in 2006, and yet
few adequate biosecurity measures were taken. Current pol-
icy responses by the UK Government for controlling the
disease are given by Gilligan et al. (2013).
Some proposed phytosanitation measures may be of use

because of their comparative simplicity. For example, Schu-
macher (2011) points out that removing litter in the autumn
can slow dispersal of the fungus in urban areas. International
trade in ash seed and seedlings is likely to continue in the
future and can potentially be safeguarded with hot water.
Hauptman et al. (2013) found that immersing bare-rooted 3-
year-old seedlings in hot water at 36 °C for 5 h effectively
killed Chalara fraxinea, while the seedlings survived as well
as in controls. Indeed, seedlings could withstand immersion
in water at 44 °C for 5 h (37.5% survival) and even for 10 h
(5% survival) and so this may form an effective control in
nursery stock. Samaras can also survive 5 h at 44 °C and still
be have 60% viability (c. 25% less than the control) and so
can be heat-treated (McCartan, Webber & Jinks 2015).
A promising lead lies in the fact that some ash clones are

resistant to ash dieback although none are probably immune
(Pli�ura et al. 2011; McKinney et al. 2012b; Stener 2012;
Enderle et al. 2015). However, Kjær et al. (2012) estimated
that in Danish ash populations, only 1% of trees were
hyposensitive and had the potential of producing offspring
with <10% of crown damage under current infection condi-
tions. They suggested that of the 101 seed trees tested, none
would produce completely healthy seedlings, only one tree

was expected to produce ‘almost healthy’ seedlings, and only
four trees would produce ‘fairly healthy’ seedlings. This is in
agreement with findings from the clonal trials of McKinney
et al. (2011) also in Denmark, where only one of 39 tested
clones would produce ‘almost healthy’ seedlings and three
‘fairly healthy’ seedlings, based on assessments in 2009. This
low proportion of resistant trees is likely to be similar through-
out the range of ash but has still to be tested (Kebler et al.
2012). Although the proportion of resistant ash in a population
looks to be too low to avoid population collapse in the near
future, it does provide hope that ash can gradually recover in
the future and will not be entirely lost to future generations.
Since this resistance is inheritable (Lobo et al. 2015), it is also
possible that breeding programmes can be undertaken to
enhance the resistance, much as is being done for Castanea
dentata following its devastation in N. America by chestnut
blight (Thompson 2012). Several Asian and American ash spe-
cies have appeared to be resistant after wound inoculation,
including F. chinensis Roxb., F. bungeana DC., F. latifolia
Benth. and F. velutina Torr. (Aas & Holdenrieder, unpub-
lished, reported by Pautasso et al. 2013). It should therefore
be possible to breed ash trees that look similar to native ash
but with the resistance of their cousins. However, the virulence
of H. fraxineus may change since it is variable and reproduces
sexually (Gross et al. 2012a), plus new genes are likely to be
spread by further introductions throughout Europe, so if resis-
tance is based on a narrow genetic range, it might be rapidly
overcome (Pautasso et al. 2013).
Other direct action is possible. Fungicides are likely to be

of limited use since the fungus permeates woody tissues so
completely. More promising is the use mycoviruses; one in
particular (HfMV1) has been found in 90% of field isolates of
H. fraxineus in two Swiss populations (Schoebel, Zoller &
Rigling 2014), suggesting that it can be effectively spread and
may help resistance as similar microviruses have in Dutch
elm disease (Hintz et al. 2013).
Less direct but with potential for slowing the spread and

degree of infection is silvicultural thinning and retention for-
estry where specimen trees are retained, particularly in young
stands which are most likely to be infected (Skovsgaard et al.
2010). As noted above, more open stands are less damaged
by ash dieback and the reduced competition for water, light
and nutrients should make the trees more resistant to the dis-
ease. Rosenvald et al. (2015) followed the fate of 577 ash
trees left after felling (retention trees); after 13 years, 65%
remained alive and 15% were healthy despite all trees being
infected. The most isolated individuals fared best, particularly
those that had been exposed to semi-open conditions for
longer such as those along forest edges, which holds out hope
for mature retention trees surviving as seed parents. They
stress that disease progression, not infection probability, is the
most important variable, not whether trees get the disease but
how slowly it progresses.
Strategies and research needs to restrict the impact of ash

dieback and mitigate the impacts of a large-scale decline of
ash are discussed by Pautasso et al. (2013), Charlton & Mem-
mott (2013), Worrell (2013), Mitchell et al. (2014a,b,c) and
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Hinsley & Pocock (2014). Mitchell et al. (2014b,c) discuss
the merits of 11 and 22 native species, respectively, that
could most likely take over different aspects of the ecological
niche of ash; overall, Alnus glutinosa, Tilia cordata and Sor-
bus aucuparia were most similar, except Quercus robur/
Q. petraea and Fagus sylvatica would prove better replace-
ments for maintaining the most associated species (see XI)
but which are otherwise very dissimilar ecologically to ash. It
is obvious that no one species can ecologically replace ash in
the British landscape. In terms of management, in the short
term (<10 years), thinning and/or felling and allowing natural
regeneration are suggested to be the best management
options; in the long term (<100 years), it is likely that man-
agement choices made now will make little difference to the
final outcome on local biodiversity and community function-
ing. Following on from this, Hinsley & Pocock (2014) dis-
cuss the long-term monitoring required to follow potential
changes associated with significant ash loss. The problems of
public perception of the risks of the disease (‘social amplifica-
tion of risk’) are examined by Pidgeon & Barnett (2013).

X. History

Ash, along with other deciduous trees, is thought to have
occupied northern Europe including Svalbard and Greenland
during the Cretaceous period, spreading into Central Europe
following periods of cooling (Marigo et al. 2000). Thereafter,
there is molecular evidence (Hinsinger et al. 2014) that Euro-
pean ash species diverged from Fraxinus mandshurica c. 15
mya in southern Europe as the Mediterranean formed and the
climate went through cycles of drying and that F. excelsior
and F. angustifolia split 7.2–5.3 mya during the most extreme
drying cycles, with F. excelsior restricted to the more temper-
ate areas.
Fraxinus excelsior is recognized as a low pollen producer,

shedding around a fifth of the pollen of prolific trees such as
Alnus, Betula and Quercus species (Brostr€om et al. 2008).
Fraxinus excelsior pollen has been found to rapidly drop off
within 20 m of a dryland/fen carr edge (Binney et al. 2005;
Bunting et al. 2005), even more rapidly than other wind-
pollinated trees such as Betula and Quercus spp., and so
tends to be underrepresented in post-glacial pollen records,
rarely forming >5% of total tree pollen, and so representing
local rather than regional presence. Nevertheless, pollen data
(Fig. 5) suggest that ash expanded in the Early Holocene
from refugia in the Balkan Peninsula, the Alps and Apennines
(Huntley & Birks 1983; Gliemeroth 1997; Brewer 2002).
Based on chloroplast and nuclear DNA data, Heuertz et al.
(2004a,b) also suggested further refuge areas east of the Bal-
kans and Carpathian Mountains, and on the Iberian Peninsula.
As it started spreading from these refugia, ash was part of the
cool-temperate summergreen tree/shrub mix across Eurasia
including species of Acer, Euonymus, Prunus and Quercus
robur (Allen, Watts & Huntley 2000). Initial spread from
these refugia has been attributed to a warming climate and
increasing forest clearance (Godwin 1975) and ash is recorded
widely in the Alps between 14 700 and 11 500 BP (Tinner

et al. 1999; Joannin et al. 2013). Thereafter, spread was mainly
determined by increases in humidity and climate cooling, ash
moving into the East Balkans by 11 840 BP but becoming
much commoner (>2.5% of pollen) after 7635 BP (Filipova-
Marinova et al. 2013a), and Bulgaria and north-east Poland
around 7800 BP (Filipova-Marinova et al. 2013b; Karpi�nska-
Kołaczek, Kołaczek & Stachowicz-Rybka 2013) along with
Alnus, Ulmus and Fagus spp. Ash had slowly reached the Wes-
tern Carpathians by c. 6000 BP in forests dominated by Cory-
lus avellana and Picea abies, although ash, along with Ulmus
and Tilia spp., declined from about 4800 BP as Fagus sylvat-
ica, Picea abies, Carpinus betulus became more dominant
(Feurdean et al. 2010). Tinner et al. (2000) give evidence that
the decline of ash in the Italian Southern Alps was synchronous
to charcoal fluctuations and was human driven. So the more
recent expansion of ash in mainland Europe is very likely due
to a decrease in the rural human population, allowing invasion
of abandoned land (Pigott & Pigott 1959; Marigo et al. 2000),
and to a reduction in the use of fire (Tinner et al. 1999) rather
than a direct response to increasing nitrogen deposition
(Hofmeister, Mihaljevi�c & Ho�sek 2014). Figure 5 shows a gen-
eral decline in ash from 5000 years BP.
Sutherland et al. (2010) raised the possibility of the pres-

ence of ash 12 000 BP in several parts of Britain, suggesting
that relict populations may have survived in secondary refugia
in the Forth and Tay watersheds in eastern Scotland and the
Lleyn Peninsula in north-west Wales close to the ice sheets,
allowing rapid colonization of these areas prior to the mass
colonization from Europe. This is possible since Brewer
(2002) found ash pollen (>1%) in southern Sweden from the
same period. However, nuclear DNA make-up of current
Swedish populations has similarities to that of south-eastern
Europe (the biggest suggested glacial refuge) that British pop-
ulations do not show (Heuertz et al. 2004b); instead, Britain
and Central Europe form largely a single deme. Nor do
chloroplast haplotype markers support such relicts (Heuertz
et al. 2004a). However, ash has been found to be present in
the Shetland mainland around 7400–5400 BP (although
extinct by 3100 BP) and the Western Isles of Scotland from
6000 BP at the latest (Bennett et al. 1992; Fossitt 1996). The
majority of British ash populations are of the same chloro-
plast haplotype (H04) as found in the Iberian Peninsula (Petit
et al. 2003; Heuertz et al. 2004a); since this is not currently
found in France, it is suggested that ash migrated along the
edge of the Atlantic coast and onto the land bridge and into
Britain (Heuertz et al. 2004a). In the south-east of England,
there is a small presence of haplotype H03 that is mainly
found in the Apennines of Italy, suggesting a small post-gla-
cial influx from this region.
By 5000 BP, ash was common in Britain, especially in

northern England (Rackham 2003). Following the elm decline
of 5000 BP (Parker et al. 2002), ash pollen reached 10% of
total tree pollen since it was likely the most effective colo-
nizer (Conway 1954). Thereafter in the Bronze and Iron
Ages, browsing for fodder and harvesting for ash wood, along
with other high-quality trees such as Acer, Tilia and Ulmus
spp., led to their decline accompanied by an expansion of
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Carpinus betulus and Fagus sylvatica (Hejcmanov�a, Ste-
jskalov�a & Hejcman 2014). There are records in eastern
France of ash being planted as hedging along ditches and
drainage canals from the beginning of the 19th century (Girel,
Garguet-Duport & Pautou 1997). But according to Rackham
(2014), ‘The twentieth century was kind to ash’, since this is
when it underwent a large expansion in Britain and across
mainland Europe east into Russia (Hofmeister, Mihaljevi�c &
Ho�sek 2014), and many of our beloved ash woodlands in the
Mendips, Derbyshire and Shropshire first came into existence
(Pigott & Pigott 1959) for the reasons listed above, with the
addition in Britain that introduced grey squirrels have
prevented hazel from being a competitor (Rackham 2014).
Certainly, M€ullerov�a, H�edl & Szab�o (2015) showed that after
coppice was abandoned in the Czech Republic early in the
20th century, ash increased in abundance.

USES

Ash has a long cultural history (Scheer 2001; Bell et al. 2008)
and forms the world ash tree of Yggdrasil of Norse mythology

(James 1968). It was commonly used as firewood by late Neo-
lithic people in Jura, France (Dufraisse 2008), and by the late
Mesolithic–early Neolithic in north-west Belgium (Deforce
et al. 2013), and Mesolithic and Neolithic in the Netherlands
(Out 2010), and in Dorset from the Neolithic (Salisbury & Jane
1940). It is still highly prized as firewood primarily due to the
high levels of oleic acid, a flammable fatty acid enabling it to
burn even when green (Thomas 2014).
Ash was also used for building, originally through the use

of coppiced wood. Of the 1286 timbers excavated at a
Neolithic lake site in south-west Germany, 52% were ash
compared to the next most common species, ‘maple’ at 10%
(Million & Billamboz 2011). In the Sweet Track in Somerset
(c. 5800 BP), ash forms around 10% of the coppiced wood
used (Hillam et al. 1990; Rackham 2014). In the historic per-
iod, although John Evelyn (1664) claimed ‘The use of ash
(next to that of the oak itself) [is] one of the most universal’,
Rackham (2014) was of the opinion that ash was a low-status
material since it was not used in church carpentry or similar,
but was used for such things as wattle; in East Anglia, ash
wattle rods were less common than those of Salix spp. and

15 cal. BP 14 cal. BP 13 cal. BP 12 cal. BP

11 cal. BP 10 cal. BP 9 cal. BP 8 cal. BP

7 cal. BP 6 cal. BP 5 cal. BP 4 cal. BP

3 cal. BP 2 cal. BP 1 cal. BP 0 cal. BP

Fraxinus

0 %

− 0.5 %

0.5 − 1 %

1 − 2 %
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> 8 %

Fig. 5. Presence of ash during the Quaternary period through Europe as a proportion of total tree pollen. Data from the European Pollen Data-
base (www.europeanpollendatabase.net), maps kindly supplied by Prof. Richard Bradshaw.
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Corylus avellana but still made up 18% of the number used.
Ash has, however, been used for shipbuilding (boat frames
and tenon pegs) (Sadori et al. 2015) and for musical instru-
ments, particularly guitars (Puszy�nski, Moli�nski & Preis
2015) and, along with other ring-porous woods, as shock-
resistant handles for tools.
Though most ash trees in the British Isles are from natural

regeneration, it is often planted for ornament, shelter and tim-
ber (Wardle 1961). Ash was ‘among the earliest non-fruit
trees known to be planted’ (Rackham 2014) and has been
used extensively for forestry particularly on fertile soils in the
west where it can produce valuable timber in relatively short
rotations of 70 years or less (Kerr & Cahalan 2004; Savill
2015) or in continuous cover forestry (Djomo 2014) by either
planting or direct seeding (Willoughby et al. 2004). The qual-
ity of ash timber declines to the east of its range and in Iran
it is a very poor forestry tree (Yousefi et al. 2013). Reviews
of growing ash as a forestry tree can be found in Kerr (2004),
Kerr & Cahalan (2004) and Maltoni et al. (2010), and prun-
ing for maximum useful production in Da�nescu et al. (2015).
As noted above, ash foliage was used as a year-round fod-

der for sheep and goats (Loudon 1838; Rasmussen 1989; Del-
hon et al. 2008). Ash keys have also been pickled in vinegar
for human use (Rackham 2014). Humans have also eaten a
sweet exudate – manna – from damaged bark (Dumont
1992). It acts as a sweetener and mild laxative. The composi-
tion of manna is given in VI(F).
Extracts of leaves and bark of F. excelsior have been

part of traditional herbal medicine since Hippocrates’ time
for a number of conditions including rheumatism, inflamma-
tion, diarrhoea, dysentery, gout, gallstones and intestinal
worms (El-Ghazaly et al. 1992; Middleton et al. 2005;
Corp & Pendry 2013; Flanagan et al. 2013). Soluble gly-
coside extracts from ash seeds and fruits have also been
shown to be highly effective in reducing blood glucose
levels without significantly affecting insulin levels and so
can be used for the treatment of hypertension, obesity and
diabetes (Bai et al. 2010; Zulet et al. 2014; Gomez-Garcia
et al. 2015). Extracts are known to be inhibitory to bacte-
rial and fungal growth (Middleton et al. 2005; Kostova &
Iossifova 2007). Linnaeus suggested that the bark of ash
had some effects on malaria, and Aydin-Schmidt, Thorsell
& Wahlgren (2010) confirmed that lipo- and hydrophilic
extracts of the bark were effective against in vitro cultures
of the malaria parasite Plasmodium falciparum. Parveen
et al. (2015) generated silver nanoparticles from aqueous
leaf extracts of ash that may prove useful in delivering the
above therapeutic benefits. Wood dust can cause occasional
occupational asthma and rhinitis (Fernandez-Rivas, Perez-
Carral & Senent 1997).

XI. Conservation

Ash faces a number of serious problems; most immediate is
ash dieback (IX(C)) but the emerald ash borer (IX(A)) will be
potentially as devastating, if not more so, as it progresses
westwards across Europe. Added to this are a number of other

severe diseases, such as the bacteria-caused ash yellows (IX
(C)), that could be major future problems in Europe.
Without these threats, ash would, ironically, otherwise

appear to be doing well since it is becoming increasingly
common in many parts of Europe. In 2003–2004, Amar et al.
(2010) resurveyed 249 sites scattered through England, Scot-
land and Wales originally surveyed in 1980. They found that
ash had increased in frequency in both the canopy and shrub
layers in many woodlands in a band from South Wales to
Suffolk and also in Argyll. In other sites, ash showed no
change, but in none had it decreased. Other such increases
have been reported in the UK countryside survey between
1998 and 2007 (Carey et al. 2009) and in permanent plots in
Wytham Woods, Oxfordshire, from the 1950s onwards
(Mih�ok et al. 2009; Kirby et al. 2014) including faster diame-
ter growth in ash compared to competitor species. Similar
changes have been reported in mainland north-west Europe,
possibly due to the ability of ash to utilize the growing nitro-
gen inputs from pollution (Hofmeister, Mihaljevi�c & Ho�sek
2014) allied to its invasion of less intensively used agricul-
tural land in more marginal areas (Marigo et al. 2000; St�re�stil
& �Sammonil 2006). As outlined in VIII(C), genetic vitality,
even between fragmented ash woodlands, does not appear to
be a problem for its long-term future. Moreover short-term
climate change would appear to be beneficial to ash.
In mainland Europe, several forest types are protected

under the Habitat Directive of the European Union, Directive
92/43 (Commission of the European Communities 2007),
designated primarily because they were considered to be of
high conservation value. These include alluvial forests with
F. excelsior and Alnus glutinosa (Alno-Padion, Annex I:
44.3, Natura 2000 code: 91E0) and mixed ravine forests
dominated by Acer pseudoplatanus with F. excelsior, Ulmus
glabra and Tilia cordata (Tilio-Acerion, Annex I: 44.4, Nat-
ura 2000 code: 9180). The severe risk to ash from ash die-
back is such that in 2010, the Swedish Species Information
Centre placed ash on the list of threatened species (G€arden-
fors 2010).
If the loss of ash due to ash dieback and the emerald ash

borer becomes severe, which appears highly probable, this
will cause large-scale change to many communities (see III)
and many associated organisms will also decline (Pautasso
et al. 2013) including lichens (J€onsson & Thor 2012; Ellis
et al. 2013; L~ohmus & Runnel 2014), insects (Littlewood
et al. 2015) and fungi specific to F. excelsior (see IV (B) and
IX(C)). More generally, Mitchell et al. (2014a) suggests that
1058 species are associated with ash or ash woodland includ-
ing 12 birds, 55 mammals, 78 vascular plants, 58 bryophytes,
68 fungi, 239 invertebrates and 548 lichens species, many of
which are threatened or endangered. Of these species, 44 are
considered obligate on living or dead ash (4 lichens, 11 fungi
and 19 invertebrate species) and another 62 are ‘highly asso-
ciated’ with ash (13 lichens, 19 fungi, 6 bryophytes and 24
invertebrates) and these are most likely to decline in number
and potentially become locally extinct. Measures to mitigate
these losses are given under IX(C). In response to Pautasso
et al. (2013), Heilmann-Clausen & Bruun (2013) suggest that
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all may not be completely lost as woodlands become tem-
porarily more open with a wider range of niches.

CLIMATE CHANGE

The drought tolerance and sensitivity to frost will help ash
respond well to climate change (Percival, Keary & Al-Habsi
2006; Scherrer, Bader & K€orner 2011). Modelling of climate
change within Britain suggests that ash will initially do well.
Broadmeadow & Jackson (2000) grew 1-year-old seedlings of
Pinus sylvestris, Quercus petraea and ash in outdoor open
top chambers in a factorial experiment of 92 ambient CO2

(700 ppm), 92 ambient ozone (20 ppb overnight, rising to a
peak of 100 ppb during the day) and irrigation. In ash, irriga-
tion and elevated CO2 increased growth by c. 60% and 20%,
respectively, while the increased ozone levels had no signifi-
cant effect. Increases in growth from CO2 fertilization were
similar to that seen in the other two species. But by the third
year, increased CO2 had a negative effect on ash, was neutral
in P. sylvestris and was still positive in Q. petraea; the poor
long-term performance of ash was attributable to a nitrogen
deficiency in this nitrophilous species, which may be less of a
bottleneck in the future as nitrogen pollution increases.
Indeed, Bloor, Barthes & Leadley (2008) noted that under
elevated CO2, ash seedlings showed a marginally significant
biomass increase irrespective of any N supplementation.
Crookshanks, Taylor & Broadmeadow (1998) observed that

doubling CO2 from pre-industrial levels led to a rapid growth
response of roots in fast-growing species like ash. Root length
under elevated CO2 (as a ratio with ambient CO2) increased
3.40 over 6 months in ash compared to 1.95 in Quercus pet-
raea. However, total dry mass of roots of the whole tree over
8 months was smallest in ash, indicating less investment in sus-
tained root growth. Saxe & Kerstiens (2005) found that ele-
vated temperature (+2.8 °C) and CO2 (c. +373 ppm) had a
positive synergistic effect on ash seedlings compared to F. syl-
vatica due to increased root mass and height growth, particu-
larly in shade equivalent to being below a canopy of trees.
Under current conditions, ash gains a competitive advantage
over F. sylvatica by arching the new leaves upwards to gain
extra light, but they found that under elevated conditions, ash
relied more on building a denser area of leaves, shading the
lower parts of the beech. They concluded that ash is likely to
become more competitive and increase at the expense of F. syl-
vatica. Moreover, the ability of ash to maintain a slow but
steady transpiration stream during water shortage (VI(E)) and
having an open canopy aiding air movement will help keep the
canopy 0.5�1.5 °C cooler than trees such as Acer pseudopla-
tanus and F. sylvatica (Scherrer, Bader & K€orner 2011), fur-
ther increasing the competitive advantage of ash.
As noted in VII above, Laube et al. (2014) showed that

ash had a short requirement for winter chilling. Clark (2013)
conducted a reciprocal transplant experiment over a 2000 km
transect from the south of France to Scotland and found that
while chilling requirement increased northerly, it was fully
met in all provenances. Thus, she concluded that all prove-
nances had sufficient genetic variation in winter chilling

requirement and phenotypic plasticity not to be affected by
warmer winter temperatures in medium-term climate change
scenarios. Ash will in fact benefit from climate change
because the growing season is likely to become longer espe-
cially among anemophilous species like ash (Gordo & Sanz
2009). Hamunyela et al. (2013) observed that between 2000
and 2010, there was earlier leafing out of ash across western
Europe in response to increasing spring temperatures. More-
over, Vitasse et al. (2009b) compared flushing dates between
1976 and 1984 along elevational gradients in the French
Pyrenees and found that leaf flushing moved earlier by
6.6 days °C�1 for ash compared to 1.9 days °C�1 for F. syl-
vatica and 5.0 days °C�1 for A. pseudoplatanus. From this, it
is concluded that ash has high phenotypic plasticity in
response to temperature and therefore should respond favour-
ably to temperature changes. Vitasse et al. (2013) also
showed that ash readily produced seedlings and saplings
above the current altitudinal limit for adults, and so ash
should readily increase its range altitudinally and latitudinally
in response to climate change.
Ash may replace Fagus sylvatica in forestry in southern

England, and there will be more sites for growing high-qual-
ity ash in northern Britain (Broadmeadow & Ray 2005;
Broadmeadow, Ray & Samuel 2005). Indeed, ash may show
increased productivity in south-east and north-east England
and much of Scotland though with some loss of productivity
in west England and a major loss (predicted to fall below
4 m3 ha�1 year�1) in the fenlands of east England due to
increased moisture deficits. With further climate change, ash
may in turn be replaced by Quercus robur (Broadmeadow,
Ray & Samuel 2005).
Ash may also be beneficial in reducing climate change.

There is some evidence that ash root interactions with the soil
reduce N2O soil emissions (a potent glasshouse gas) by 94–
98%, much more than does F. sylvatica (Fender et al. 2013).
Afforestation of grassland with ash in Ireland led to an
increase in the total ecosystem C from 90.2 Mg C ha�1 in
the grassland to 162.6 Mg C ha�1 in 47-year-old forest; the
soil lost C but the above-ground biomass gain outweighed
this (Wellock et al. 2014).
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Austria. SüLeyman Demirel University Faculty of Forestry Journal, Serial A
(Special Issue), 97–119.

Kjær, E.D., McKinney, L.V., Nielsen, L.R., Hansen, L.N. & Hansen, J.K.
(2012) Adaptive potential of ash (Fraxinus excelsior) populations against the
novel emerging pathogen Hymenoscyphus pseudoalbidus. Evolutionary
Applications, 5, 219–228.

Kleinschmit, J., Luck, F.W., Rau, H.M. & Ruetz, W.F. (2002) Ergebnisse eines
Eschen-Herkunftsversuches [Results of an ash provenance experiment.].
Forst und Holz, 57, 166–172.

Kleinschmit, J., Svolba, J., Enescu, V., Franke, A., Rau, H.-M. & Ruetz, W.
(1996) Erste Ergebnisse des Eschen- Herkunftsversuches von 1982. For-
starchiv, 67, 114–122.

Kloet, G.S. & Hincks, W.D. (1972) A Checklist of British Insects. Part 2. Lepi-
doptera. Royal Entomological Society of London, London, UK.

K€ocher, P., Gebauer, T., Horna, V. & Leuschner, C. (2009) Leaf water status
and stem xylem flux in relation to soil drought in five temperate broad-leaved
tree species with contrasting water use strategies. Annals of Forest Science,
66, article 101.

K€ocher, P., Horna, V., Beckmeyer, I. & Leuschner, C. (2012) Hydraulic prop-
erties and embolism in small-diameter roots of five temperate broad-leaved
tree species with contrasting drought tolerance. Annals of Forest Science, 69,
693–703.

K€ocher, P., Horna, V. & Leuschner, C. (2012) Environmental control of daily
stem growth patterns in five temperate broad-leaved tree species. Tree Physi-
ology, 32, 1021–1032.

K€ocher, P., Horna, V. & Leuschner, C. (2013) Stem water storage in five coex-
isting temperate broad-leaved tree species: significance, temporal dynamics
and dependence on tree functional traits. Tree Physiology, 33, 817–832.

Kollas, C., K€orner, C. & Randin, C.F. (2013) Spring frost and growing season
length co-control the cold range limits of broad-leaved trees. Journal of Bio-
geography, 41, 773–783.
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Revue Franc�aise D’Allergologie, 50, 568–573.

Middleton, P., Stewart, F., Al-Qahtani, S., Egan, P., O’Rourke, C., Abdulrah-
man, A. et al. (2005) Antioxidant, antibacterial activities and general toxicity
of Alnus glutinosa, Fraxinus excelsior and Papaver rhoeas. Iranian Journal
of Pharmaceutical Research, 2, 81–86.

van Miegroet, M. (1956) Untersuchungen €uber den Einfluß der waldbaulichen
Behandlung und der Umweltsfaktoren auf den Aufbau und die morphologis-
chen Eigenschaften von Eschendickungen im schweizerischen Mittelland.
PhD thesis, Eidgen€ossischen Technischen Hochschule, Zurich, Switzerland.

van Miegroet, M., Verhegghe, J.F. & Lust, N. (1981) Trends of development
in the early stages of mixed natural regenerations of ash and sycamore. Silva
Gandavensis, 48, 1–22.

Mih�ok, B., Kenderes, K., Kirby, K.J., Paviour-Smith, K. & Elbourn, C.A.
(2009) Forty-year changes in the canopy and understorey in Wytham Woods.
Forestry, 82, 515–527.

Milberg, P., Bergman, K.O., Johansson, H. & Jansson, N. (2014) Low host-tree
preferences among saproxylic beetles: a comparison of four deciduous spe-
cies. Insect Conservation and Diversity, 7, 508–522.

Million, S. & Billamboz, A. (2011) Pile-dwellings at lake Degersee (SW-Ger-
many) – a challenge for dendrochronology. Tree Rings in Archaeology, Cli-
matology and Ecology, Vol. 9. (eds M. Maaten-Theunissen, H. Spiecker, H.
G€artner, G. Helle & I. Heinrich), pp. 114–121. GFZ Potsdam, Scientific
Technical Report STR 11/07, Potsdam, Germany.

Mitchell, R.J., Bailey, S., Beaton, J.K., Bellamy, P.E., Brooker, R.W., Broome,
A. et al. (2014a) The Potential Ecological Impact of Ash Dieback in the UK.
JNCC Report No. 483 Joint Nature Conservation Committee, Peterborough,
UK.

Mitchell, R.J., Beaton, J.K., Bellamy, P.E., Broome, A., Chetcuti, J., Eaton, S.
et al. (2014c) Ash dieback in the UK: A review of the ecological and conser-
vation implications and potential management options. Biological Conserva-
tion, 175, 95–109.

Mitchell, R.J., Broome, A., Harmer, R., Beaton, J.K., Bellamy, P.E., Brooker,
R.W. et al. (2014b) Assessing and Addressing the Impacts of Ash Dieback on
UK Woodlands and Trees of Conservation Importance (Phase 2). Natural Eng-
land Commissioned Reports, Number 151. Natural England, Peterborough, UK.

Mitras, D., Kitin, P., Iliev, I., Dancheva, D., Scaltsoyiannes, A., Tsaktsira, M.,
Nellas, C. & Rohr, R. (2009) In vitro propagation of Fraxinus excelsior L.
by epicotyls. Journal of Biological Research – Thessaloniki, 11, 37–48.

Mockeliunaite, R. & Kuusiene, S. (2004) Organogenesis of Fraxinus excelsior
L. by isolated mature embryo culture. Acta Universitatis Latviensis, Biology,
676, 197–200.

Modr�y, M., Huben�y, D. & Rej�sek, K. (2004) Differential response of naturally
regenerated European shade tolerant tree species to soil type and light avail-
ability. Forest Ecology and Management, 188, 185–195.

Moe, B. & Botnen, A. (1997) A quantitative study of the epiphytic vegetation
on pollarded trunks of Fraxinus excelsior at Havr�a, Osterøy, western Nor-
way. Plant Ecology, 129, 157–177.

Moraal, L.G. & Goedhart, P.W. (1997) Differences in palatability of Fraxinus
excelsior L., for the vole, Microtus arvalis, and the scale, Pseudochermes
fraxini L. Physiology and Genetics of Tree-Phytophage Interactions - Inter-
national Symposium (eds F. Lieutier, W.J. Mattson & M.R. Wagner), pp.
111–120. Gujan, France.

Morand, M.-E., Brachet, S., Rossignol, P., Dufour, J. & Frascaria-Lacoste, N.
(2002) A generalized heterozygote deficiency assessed with microsatellites in
French common ash populations. Molecular Ecology, 11, 377–385.

Morand-Prieur, M.-E., Raquin, C., Shykoff, J.A. & Frascaria-Lacoste, N.
(2003) Males outcompete hermaphrodites for seed siring success in con-
trolled crosses in the polygamous Fraxinus excelsior (Oleaceae). American
Journal of Botany, 90, 949–953.

Morren, M.E. (1866) III. Notes on the number of stomata of some indigenous
and cultivated plants in Belgium. Transactions of the Botanical Society of
Edinburgh, 8, 171–180.

Mottet, A., Julien, M.P., Balent, G. & Gibon, A. (2007) Agricultural land-use
change and ash (Fraxinus excelsior L.) colonization in Pyrenean landscapes:
an interdisciplinary case study. Environmental Modeling and Assessment, 12,
293–302.

Mr�azkov�a, M., �Cern�y, K., Tom�sovsk�y, M., Strnadov�a, V., Gregorov�a, B.,
Holub, V., P�anek, M. & Havrdov�a, L. (2013) Occurrence of Phytophthora
multivora and Phytophthora plurivora in the Czech Republic. Plant Protec-
tion Science, 49, 155–164.

M€ullerov�a, J., H�edl, R. & Szab�o, P. (2015) Coppice abandonment and its impli-
cations for species diversity in forest vegetation. Forest Ecology and Man-
agement, 343, 88–100.

M€unch, E. & Dieterich, V. (1925) Kalkeschen und Wassereschen. Silva, 13,
129–135.

Mund, M., Kutsch, W.L., Wirth, C., Kahl, T., Knohl, A., Skomarkova, M.V. &
Schulze, E.-D. (2010) The influence of climate and fructification on the
inter-annual variability of stem growth and net primary productivity in an
old-growth, mixed beech forest. Tree Physiology, 30, 689–704.

Mwase, W.F., Savill, P.S. & Hemery, G. (2008) Genetic parameter estimates
for growth and form traits in common ash (Fraxinus excelsior, L.) in a
breeding seedling orchard at Little Wittenham in England. New Forests, 36,
225–238.

Mysterud, A., Lian, L.-B. & Hjermann, D.Ø. (1999) Scale-dependent trade-offs
in foraging by European roe deer (Capreolus capreolus) during winter.
Canadian Journal of Zoology, 77, 1486–1493.

Natural History Museum (2016) British Isles List of Lichens and Lichenicolous
Fungi http://www.nhm.ac.uk/research-curation/scientific-resources/biodiver-
sity/uk-biodiversity/uk-species/checklists/NHMSYS0000357024/index.html
(Assessed 12 January 2016).

Neirynck, J., Mirtcheva, S., Sioen, G. & Lust, N. (2000) Impact of Tilia
platyphyllos Scop., Fraxinus excelsior L., Acer pseudoplatanus L., Quercus
robur L. and Fagus sylvatica L. on earthworm biomass and physico-che-
mical properties of a loamy topsoil. Forest Ecology and Management,
133, 275–286.

Newton, I. (1967) The feeding ecology of the Bullfinch (Pyrrhula pyrrhula L.)
in southern England. Journal of Animal Ecology, 36, 721–744.

Niinemets, €U. (1999) Differences in chemical composition relative to functional
differentiation between petioles and laminas of Fraxinus excelsior. Tree
Physiology, 19, 39–45.

Niinemets, €U. & Kull, O. (1999) Biomass investment in leaf lamina versus
lamina support in relation to growth irradiance and leaf size in temperate
deciduous trees. Tree Physiology, 19, 349–358.

Niinemets, €U., Kull, O. & Tenhunen, J.D. (1998) An analysis of light effects on
foliar morphology, physiology, and light interception in temperate deciduous
woody species of contrasting shade tolerance. Tree Physiology, 18, 681–696.

Ningre, F., Cluzeau, C. & Le Goff, N. (1992) La fourchaison du frêne en plan-
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