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Abstract

The main aim of the present study was to estimate genetic variability and the level of genetic control of disease
resistance in common ash populations based on progeny testing, and to select resistant populations, families and genotypes
for production of reproductive material resistant to dieback caused by Chalara fraxinea. A total of 320 half-sib families
from ten Lithuanian and fourteen foreign European Fraxinus excelsior populations have been tested in three progeny trials
established in Tel$iai, Pakruojis, and Kédainiai State Forest Enterprises. Because of severe attacks by C. fraxinea, only 10%
of trees survived in all progeny trials at the age of eight years. Variance analysis of health condition scores revealed
significant effect of genetic factors i.e., populations and families. Differences in resistance among populations were significant
and ranged up to 52.8-55.1% in a degree of damage and survival rate of populations varying from 0.13 to 0.59. At the age
of eight years, genetic family variance components ranged 5.3-7.5%, while the additive coefficients of genetic variation
ranged 29.9-38.7% indicating the existence of strong genetic differences in progenies’ resistance to C. fraxinea both at
populational and family levels. There was a significant site effect on the level of damage which could be due to site conditions
and/or different infection pressure from the surrounding stands. However, genotype by environment interaction (G x E)
for resistance traits was weak and nonsignificant which indicated that populations and families do not differ much in their
performance across environments and thus specific adaptations and genetic variation in ecological response are not
pronounced. The obtained high heritability estimates (h?’=0.40-0.49+0.03) for health condition indicated that resistance is
genetically predetermined and inheritable, and allows forward selection and breeding of the resistant genotypes.

Health condition of foreign populations was worse than that of the Lithuanian ones by 17.5-23.5% in degree of
damage and by 48.5-73.5% in survival rate which could be a consequence of more advanced process of natural selection
in resistance against C. fraxinea in damaged Lithuanian F. excelsior populations. The obtained results demonstrated that
strategy of the extended introduction of foreign populations to restore Lithuanian ash stands is of doubtful potential.
Only few most resistant foreign genotypes could be selected as potential candidates for breeding of ‘synthetic’ F. excelsior
populations in order to increase genetic diversity. Among the Lithuanian populations, the best in terms of growth
characteristics, resistance, survival, and proportion of most healthy individuals were those originating from Ignalina,
Pakruojis, Sakiai and Kédainiai.

Based on estimated BLUP breeding values, complex breeding indexes and on so-called ‘Pyramid selection principle’,
fifty superior individuals were selected within best families from the best populations for establishing resistant breeding
populations of common ash in different provenance regions of Lithuania, as well as for establishing clonal trials and
resistant seed orchards of second generation.

Key words: Chalara fraxinea, common ash (Fraxinus excelsior), dieback, genetic variation, half-sib families,
heritability, populations, resistance, selection

Introduction es caused by emerging and invasive fungal pathogens.

The most prominent cases include large-scale dieback

European forests are repeatedly subjected to neg- and decline of noble hardwoods as ash (Fraxinus)
ative impacts by previously non-encountered diseas-  (e.g., Juodvalkis and Vasiliauskas 2002, Przybyl 2002a,

I 2011, Vol. 17, No. 1 (32) I (SSN 1392-1355 [
17



BALTIC FORESTRY

I PERFORMANCE OF TWENTY FOUR EUROPEAN FRAXINUS EXCELSIOR POPULATIONS /.../ IEEEEEN A. PLIORA ET AL. I

Barklund 2005, Lygis et al. 2005, Cech and Hoyer-Tomi-
czek 2007), oak (Quercus) (Oszako 2004) and elm (Ul-
mus) (e.g., Brasier 1979, Stipes and Campana 1981),
followed more recently by rapid expansion of intro-
duced foliage pathogens of conifers (e.g., Pehl and
Wulf 2001, Kirisits and Cech 2006, Barnes et al. 2008,
Jankovsky et al. 2009) and Phytophthora-caused de-
cline of alder (4/nus) (e.g., Santini et al. 2001, Brasier
et al. 2004, Jung and Blaschke 2004). To date, all those
threats are of high concern also in Lithuania. The
emerging diseases are caused by pathogens that have
either changed geographical range of their distribution,
undergone host shift or have mutated and became more
virulent (Anderson et al. 2004, Woolhouse et al. 2005).
Massive disease outbreaks deteriorate stability of
forest ecosystems and challenge conservation of for-
est genetic resources and tree breeding.

Since the early 1990s, a large-scale dieback of
common ash (Fraxinus excelsior L.) has been expand-
ing in Eastern, Central and Northern Europe (Juodvalkis
and Vasiliauskas 2002, Przybyl 2002a, Barklund 2005,
Heydeck et al. 2005, Thomsen and Skovsgaard 2006,
Vasiliauskas et al. 2006, Cech and Hoyer-Tomiczek
2007, EPPO 2007, Schumacher et al. 2007, Halmschlag-
er and Kirisits 2008, Szabo 2009) leading to a great
concern for the future of this noble hardwood species.
Ash trees are subject to dieback at various ages, in
forest stands, as landscape trees, urban plantings and
in nurseries (Juodvalkis and Vasiliauskas 2002, Kow-
alski and Lukomska 2005, Schumacher et al. 2007, Ki-
risits and Halmschlager 2008). Initial macroscopic
symptoms of the disease include necrotic, eye-shaped
spots on petioles and the bark of young shoots, dis-
colouration and subsequent wilting of leaves and
petioles. Symptoms typically occur in the crown and
include elongated cankers on stem and branches as
well as dieback of upper parts of the crown (Bakys et
al. 2009a, Kowalski and Holdenrieder 2009a,b, Skovs-
gaard et al. 2010). A fungus Chalara fraxinea T. Kow-
alski was reported as the cause of F. excelsior decline
(Kowalski and Lukomska 2005, Kowalski 2006) and its
pathogenicity to ash has been proven by controlled
inoculations (Bakys et al. 2009a, Kowalski and Hold-
enrieder 2009a). Recently, C. fraxinea was linked to
the helotialean ascomycete Hymenoscyphus pseu-
doalbidus V. Queloz, C.R. Griinig, R. Berndt, T. Kow-
alski, T.N. Sieber & O. Holdenrieder (Queloz et al. 2010).
In addition, several other fungi with some pathogenic
potential were found on diseased trees and the pos-
sible influence of coinciding abiotic factors (e.g.
drought, frost and changing winter conditions) have
been discussed (e.g., Ozolincius and Stakénas 2000,
Ozolinc¢ius 2002, Przybyl 2002b, Skuodiené et al. 2003,
Kowalski and Lukomska 2005, Lygis et al. 2005, Thom-

sen and Skovsgaard 2006, Cech and Hoyer-Tomiczek
2007, Schumacher et al. 2007, Bakys et al. 2009b). Apart
from F. excelsior, the disease has been observed also
on F. angustifolia Vahl. (Cech and Hoyer-Tomiczek
2007, Schumacher et al. 2007, Kirisits et al. 2010), F.
ornus L. (Kirisits et al. 2009), F. nigra Marshall, F.
pennsylvanica Marshall, F. americana L. and F. mand-
schurica Rupr. (Drenkhan and Hanso 2010). Molecu-
lar tools have been elaborated for rapid detection and
identification of C. fraxinea (Chandelier et al. 2009,
Toos 2009, Johansson 2009).

In Lithuania, the dieback of common ash has start-
ed around 1995-1996 in forests of Ukmergée, Jonava and
Panevézys State Forest Enterprises (Juodvalkis and
Vasiliauskas 2002, Gustiené 2010). Currently the phe-
nomenon of ash dieback is in its chronic phase and
virtually all Lithuanian ash stands are damaged to a
greater or lesser extent (Gustiené 2010). Less than 32.6
thous. ha of ash stands out of initial 50.8 thous. ha
have survived after sanitary fellings in severely dam-
aged stands (Anon. 2009) and the health condition of
the remaining stands continues to deteriorate (RiepSas
2009). No effective means to control spread of the
disease have been identified so far, and a question is
often being asked by forest owners and managers:
what to do with the diseased trees and stands; or even
— does it make sense to grow F. excelsior at all? Ac-
cording to current recommendations for Lithuanian
forest owners and managers (Juodvalkis and Vasiliaus-
kas 2002, Riepsas 2009) it is advised to cut the dis-
eased stands by sanitary fellings. Artificial re-estab-
lishment of ash stands is not recommended due to high
risk of infections by C. fraxinea on newly established
plantations. Obviously, the future of common ash, an
important ecosystem-forming tree species, is unclear
in Lithuania and adequate management measures need
to be undertaken.

It is widely accepted that genetic diversity is cru-
cial for disease resistance in forest tree populations
(Burdon 2001). The density of remaining viable and
flowering trees is extremely low (3-5 trees per ha) in
most of the remaining (yet, severely damaged) Lithua-
nian ash populations. Therefore, the effective popu-
lation size (Ne) has most likely decreased substantially
thus possibly compromising the remaining level of
genetic diversity and possibilities for genetically suf-
ficient regeneration of populations. European long-
term gene conservation strategies for ash prepared
under European Forest Resources Gene Conservation
Program (EUFORGEN) empahsized a dynamic gene
conservation which is based on capturing sufficient
among- and within-population genetic variation, multi-
population structure, management and regeneration of
gene conservation populations (Plitira 1999). Howev-
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er, under such a dramatic loss of genetic diversity, the
dynamic gene conservation is challenged to find new
approaches to cope with the complicated situation. The
most promising approach would be to create ex situ
‘synthetic’ gene conservation populations in form of
progeny trials, clonal trials or seed orchards consist-
ing of selected resistant genotypes.

A substantial variation in the degree of damage
of individual trees can be observed in natural popula-
tions of F. excelsior (McKinney et al. 2010, personal
observations). However, recent studies of common ash
dieback in the Danish field trials revealed, that only a
small fraction (approx. 2-5%) of the wild population
could probably have inherent resistance against this
devastating disease (McKinney et al. 2010). Burdon
(2001) stressed that possibilities for adaptation to new
pathogens depend on amount of genetic variation
within a species which is the main factor that guaran-
tees potential for genetic and physiologic adaptation
and sustainability of populations, in particular in
course of recent global changes of climate and envi-
ronment. The severe ash dieback in Poland and Lithua-
nia could probably be attributed to initially low ge-
netic diversity as studies of maternally inherited chlo-
roplast DNA indicated that only a single DNA haplo-
type has reached Lithuania and eastern Poland after
a last glacial period (Heuertz et al. 2004a). Microsatel-
lite DNA studies of nuclear genome also indicated a
rather low genetic diversity as only one to three gene
pools dominate in Lithuanian populations (Heuertz et
al. 2004b). Because of the dieback, genetic variation
has decreased even more, thus the chances for sus-
tainability of populations and genetic adaptation be-
came very small.

Genetic studies of common ash in Denmark have
revealed significant genotypic variation in resistance
to C. fraxinea in clonal (grafted) progenies (McKin-
ney et al. 2010). The comparatively high coefficients
of heritability (A?= 0.40 and 0.49), obtained in 2009 in
two progeny trials, indicated that about a half of phe-
notypic variation in resistance (level of damage) is due
to genetic inheritance. Degree of damage of different
clones varied from 1 to 68%, and coefficients of gen-
otypic (clonal) variation (CVG) were rather high (61-
78%) (McKinney et al. 2010). Even though the aver-
age damage score of the 39 tested clones increased
from 36.1 to 55.9% during one year of observation
(2008-2009), the damage score of most resistant clones
remained at 10-13% level, which indicates the exist-
ence of genetically-based resistance at a clonal level.
However, neither of the tested populations showed
clearly higher mean resistance values, and generally,
all best-performing genotypes originated from the dif-
ferent populations (McKinney et al. 2010).

The first Lithuanian studies on performance of F.
excelsior progenies from ten Lithuanian and fourteen
foreign (Belgian, Czech, Danish, French, German, Irish
and Polish) populations planted in 2005 in three prog-
eny trials showed notable differences in height incre-
ment, health condition and other adaptive traits both
among populations and among half sib families at ju-
venile age, with additive genetic variation ranging from
30.3 to 36.8% (Plitira and Baliuckas 2007). During the
course of ash dieback in natural stands and in the
progeny trials, genetic differences in susceptibility to
C. fraxinea became evident as well (personal obser-
vations).

The strategy for increasing resistance and resto-
ration of genetic variation could combine both selec-
tion of resistant populations, families and genotypes
(clones) from native ash stands as well as introduc-
tion of possibly more resistant gene pools from for-
eign F. excelsior populations. Engaging different mech-
anisms of resistance could help to diminish the prob-
ability of breakdown of a resistance gained in tree
improvement. Thus the strategy in creating a perma-
nent long-term resistance should be based on appli-
cation of so-called ‘Pyramid principle’ that integrates
two types of resistance inheritance, quantitative and
qualitative, i.e. resistance determined by both individ-
ual genes and by interaction of many genes, additive
effects, epistasis, pleiotropy, etc. (McDonald and Linde
2002a,b, Baniulis et al. 2008). The extensive genetic
diversity from native (Lithuanian) populations and wide
species distribution range in Europe that is harboured
in the above-mentioned Lithuanian 2005 series of prog-
eny trials, constitute the ultimate base for resistance
breeding and creating synthetic disease-resistant F.
excelsior tree breeding populations, as well as for
establishing resistance-aimed seed orchards, and for
in vitro propagation of material for restoration of the
threatened Lithuanian ash forests.

The main aim of the present study was to esti-
mate genetic variability and level of genetic control
of disease resistance in common ash populations
based on progeny testing, and to select resistant pop-
ulations, families and genotypes for production of
reproductive material resistant to dieback caused by
C. fraxinea.

Materials and methods

Study sites

Studies on genetic variation in resistance and
other adaptive traits of common ash were performed
in three progeny trials established in 2005 in TelSiai,
Pakruojis, and Kédainiai State Forest Enterprises which
represented three different adaptive environments —
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the Ist, the 2nd, and the 4th provenance regions of F.
excelsior (Fig. 2). Site characteristics are presented in
Table 1. A fourth progeny trial has been established
in Dubrava Experimental-Educational State Forest En-
terprise in 2008; however, it was not examined in the
present study.

A total of 140 open-pollinated families from ten
Lithuanian populations and 180 open-pollinated fam-
ilies from fourteen foreign European (Belgian, Czech,
Danish, French, German, Irish and Polish) populations
were tested (Figs. 1 & 2, Table 2). Each trial was es-
tablished in a randomized complete block design, with
six blocks each consisting of five to seven single-tree
plots of each family. In total, 27,000 three-year-old ash
seedlings have been planted (9,000 seedlings in each
trial). Seedlings were planted in rows with spacing of
2.5x1.5m.

Each population was represented by a half-sib
progeny from 10 to 30 seed trees selected in 1998-2000
in disease-free foreign and diseased Lithuanian natu-
ral stands of F. excelsior. Minimum distance between
the sampled seed trees was 50 m to avoid relatedness.
Seed samples from the foreign populations of F. ex-
celsior were kindly provided by the partners from the
EU 6" framework programme project “RAP: Realizing
Ash’s Potential”. Before seeding, the seeds were sub-
jected to warm stratification followed by cold stratifi-
cation for one year.

Measurements

At the age of four years (in 2006, one year fol-
lowing the establishment of field trials), bud flushing
phenology and tree health condition including both
damage types — caused by spring frosts and by

Table 1. Characteris- No. Progeny trial Area, Latitude, N Longitude, E Altitude Provenance Climate type / Forest
tics of Fraxinus excel- name ha asl, m region continentality index* site type**
sior progeny trials of 1 TelSiai 3.0 56°03 22025’ 147 1 Maritime/25 Oxalido-nemorosa
2005 year series 2 Pakruojis 3.0 56°14° 23053° 53 2 Transitional/27

3 Kédainiai 25 559257 24°19° 54 4 Transitional/28

* according to Chromov (1968)
** according to Karazija (1988)

2 Provenance region No.

@ Population
Siauliai

n Progeny test plantation
TELSIAI

Figure 1. Sites of progeny trials and tested Lithuanian pop-
ulations of Fraxinus excelsior
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Figure 2. Sites of Fraxinus excelsior progeny trials (1 — Tel-
Siai, 2 — Pakruojis, and 3 — Kédainiai) and of populations
evaluated in the trials

trials (a total of 2,860 trees were evaluated in both tri-
als, 2,318 of them were alive): height, survival (0 — dead
tree, 1 — live tree) and health condition focussing on
symptoms of C. fraxinea (the same classes as above).
The scoring scale for estimating the level of tree dam-
age caused by C. fraxinea (or, otherwise, — the tree
resistance) is presented in Table 3.

Statistical analysis

In order to estimate the significance of effects of
a population, a family and a progeny trial (site) to
assess their interaction, and to compute variance com-
ponents of random effects, the variance analysis was
done with the MIXED procedure in SAS Software (SAS
Institute, Inc., SAS/STAT software, Release 8) which

Table 2. List of Lithuanian Population-country* Parent tree No's. Family No‘s Forest district or locality ~ Latitude Longitude
and foreign Fraxinus excelsior _ _ N, ° E°
populations tested in progeny §§ki§i -LT 34U§M161-170 S§1 -$a1 0 (v3elga.ud.i§ki. s 55,02 23,08
trials of 2005-year series Sllut.e.—LT 22USM171-180 Si1-Si10 Zfar.nalt.ku?ml S 55,25 21,70
TelSiai — LT 39USM142-149 Te1-Te10 EigirdZi ai 56,07 22,45
Marijampol &€ —LT 33USM151-160 Ma1-Ma10 Bukta 54,45 23,46
KaiSiador ys — LT 08USM111-140 Ka1-Ka30 Bdda 54,88 24,36
Zeimelis —LT 40USM081-110 Ze1-Ze30 Zeimeli s 56,27 24,05
Ignalina — LT 06USM061-070 Ig1-1g10 Tverecius 55,28 26,57
Nemenc iné—LT 31USM071-080 Ne1-Ne10 Suzionys 54,98 25,50
Kupiskis —LT 48U3M041-050 Ku41-Ku50 Skapiski s 55,86 25,18
Kédaini ai — LT 11USM051-060 Ke51-Ke60 LabUnava 55,19 24,00
Farchau — DE Fa126-4-128-16 Fa126-4-128-16  Herzogtum 53,73 10,72
Ravnholt — DK F732 F732 Ravnholt 55,26 10,58
Bregentved —DK F623 F623 Bregentved
Osterskov — DK F691 F691 Syddanmark 55,25 9,563
Szczecinek —PL - Scz Szczecinecki 53,7 16,68
Mircze —PL - Mir Hrubieszowski 50,65 23,50
Haguenau —FR - Ha610-Ha628 Bas-Rhin 48,82 7,78
Rabstejn — CZ - Ra1-Ra9388 Moravskoslez 49,93 17,25
Hoge Bos —BE - B1-B15 West-Vlaanderen 50,83 2,95
Donadea —IE - D1-D20 Kildare 53,21 -6,45
Currachase —IE - Cu1-Cu20 Limerick 54,14 -8,53
Enniskillen — IE - En1-En20 Femanagh 52,36 -7,28
Monterolier —FR - M570-M589 Seine-Maritime 49,63 1,35
Morschwiller —FR - Mo0321-340 Haut -Rhin 47,70 7,27
Val-Saint-Pierre —FR - Vs141-160 Aisne 49,78 3,90

* LT — Lithuania, DE — Germany,

DK — Denmark, PL — Poland, FR — France, CZ — Czech

Republic, BE — Belgium, IE — Ireland

C. fraxinea (classes from 1 — dead tree to 5 — exter-
nally healthy tree, Table 3) were evaluated for each
seedling; also, their survival (0 — dead seedling, 1 —
live seedling) was assessed.

Evaluation of progenies’ performance at the age of
eight years (in 2010), was done in Tel$iai and Kédai-
niai progeny trials only, as in the Pakruojis trial over
98% of the trees had died due to combined damages
by C. fraxinea and spring frosts, and the surviving trees
showed very poor growth and health condition. At the
age of eight years the following characteristics of each
tree were evaluated in TelSiai and Kédainiai progeny

uses Mixed model equations (MME) and the restrict-
ed maximum likelihood (REML) method. F tests were
carried out to determine when the fixed effects (pop-
ulation and a progeny trial) were significantly differ-
ent from zero. The significance of the random effects
was tested with the Z test (SAS Institute 1999). The
combined linear model was used for joint analysis of
data from both (Tel$iai and Kédainiai) progeny trials
together (1):

Vitnwn = T 2, T b+ s(p)y, + p, + Pz, s(p)z,, t £y,

where y,, is an observation of the nth tree from the
Ith family in the mth population in the ith progeny
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Table 3. Scoring of Chalara fraxinea-caused
damage on seedlings of Fraxinus excelsior

Health
condition
score

5 Externally healthy tree: no
j} visible damages by C. fraxinea
¥

\
é/x (according to Bakys et al.
b

Schematic
drawing

Description

2009a, Kowalski and
Holdenrieder 2009a)

4 Slightly damaged tree: sporadic
disease symptoms on separate

shoots or leaves (according to
/u Bakys et al. 2009a, Kowalski

and Holdenrieder 2009a):
brown wilted or dry leaves
or/and single necrotic lesions on
shoots or stem.

e

3 Moderately damaged tree:
dieback of two-to-three shoots
(dry or with brown-wilted or dry
leaves), some necrotic lesions
on shoots or stem; resprouting
from below of the damaged
shoots

Severely damaged tree: the
main stem or most of the shoots
are dead, the tree is resprouting
from the roots (root collar);
numerous necrotic lesions
occur on stem and resprouted
shoots

%4@

1 Dead tree: the main stem and
all emerged sprouts are dead

0 The tree that has died out
during the first year following
outplanting in the field trials; no
signs of former resprouting
could be observed

field trial, u is the overall mean, z, is the fixed effect
due to the ith progeny field trial, b/_ is the effect of
the jth block, s(p),, is the random effect of the /th fam-
ily in the mth population, p, is the fixed effect of the
mth population, pz is the fixed effect of interaction
between the jth population and the ith field trial,
s(p)z,,, 1s the random effect of interaction between the
Ith family in mth population and ith field trial, and
[ — is the random residual. The model assumes that
random effects are normally distributed with expecta-

tion zero and corresponding variances o 0.

s» 7 s¥z

and o .
The following linear model was used for data
analysis in a given (individual) progeny trial (2):

Viga = #+ b+ pm + s(p), + pb, +s(p)b,, + ¢,
where Y i is an observation on the nth tree from the
/th family in the mth population, u is the field trial
mean, b/_ is the fixed effect of the jth block, p, is the
fixed effect of the mth population, s(p), is the ran-
dom effect of the /th family in the mth population,pbmj
is the fixed effect of interaction between the mth pop-
ulation and the jth block, s(p)blw_ is the random effect
of interaction between the /th family in the mth pop-
ulation and the jth block, and & n is the random re-
sidual. The model assumes that random effects are
normally distributed with expectation zero and corre-

sponding variances ¢ and o} .

The normality of residuals’ distribution and ho-
mogeneity of variances were tested with SAS GLM and
UNIVARIATE procedures (SAS Institute 1999).

Genetic parameters estimate.

Genetic parameters, family variance components,
additive coefficient of genetic variation, heritability and
their standard errors were estimated using variances
and covariances obtained from analysis of variances,
SAS Mixed procedure. The variance components of
random effects of families in each progeny trial were
derived from corresponding variances and expressed
in percent of the total random variation:

VCi =07 /(07 +05)*100,
where Ve, is the relative family variance component,
o is the among-family variance, and og is the var-

iance of random residuals.
The additive coefficient of genetic variation was
calculated for each individual field trial using a formula:

CVa =4/4-07 -100/ X ,

where o7 is the among-family variance including pop-

ulation effect, X is the phenotypic mean in the trial
(Falconer 1989).

Under the assummption that tested families consist-
ed of half sibs, the additive variance was estimated fol-
lowing Falconer (1989) and Falconer and Mackay (1996):

2 2
0,=4-0%,

where o is the additive variance.

The heritability coefficients were calculated us-
ing the formula:

Iﬂé = o-a2 /Géh >
where £ 7 is the heritability coefficient, and O'f)h is the
phenotypic variance:

2 2 2
Om=0;+0,
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where O'f)h is the phenotypic variance and G: is the

variance of random residuals. Standard errors of indi-
vidual heritabilities were calculated as described for
unbalanced designs in Becker (1984) using harmonic
means of observations per family.

Estimation of breeding values

Breeding values of the ash families were estimat-
ed using BLUP method with SAS MIXED procedure
(“solutions” options) (SAS Institute 1999). The breed-
ing value of each family for a single trait was comput-
ed based on Fins et al. (1992):

BVI=2h, (x, - X),
where BVI is family breeding value index, 4, is fami-
ly heritability coefficient, x, is trait mean of ith family,
and X, refers to the phenotypic mean in the trial.

Breeding value of each individual tree for a sin-
gle trait was computed using a formula:

BVI=h_ (x -X),
where BVI is a breeding value index of the ith tree,
h ,is an additive heritability coefficient, and x, is a trait
mean of the ith tree.

Complex breeding value index for each population
or family was computed by summarising standardized
to mean = 0 and standard deviation = 1 (SAS STAND-
ARD procedure) breeding value indexes of certain
traits: health condition (C), survival (S) and tree height
(H). The weight coefficients were used to balance
weight of breeding value indexes of the different traits.
Complex breeding value index (CBVIi) was computed
using a formula:

CBVI=b *BVI +b*BVI+b, *BVI,

For populations, the following weight coefficients
were used: health condition (b,.) = 4, survival (b,) = 2,
and tree height (b,) = 0.5 thus emphasizing the health
condition instead of height as population effect for health
condition is higher than for height. While in construct-
ing family CBVI's the weight coefficients were the fol-
lowing: b.=2, b, =3, and b, =1 thus reducing the weight
for health condition and increasing the relative impor-
tance of height which is additively inherited.

For an individual tree it was not possible to esti-
mate survival, thus the CBVI was computed summa-
rising breeding value indexes of the individual traits,
health condition (C) and tree height (H):

CBVI=b_*BVI +b, *SVI,

The weight coefficients in this case were the fol-
lowing: b. =3 and b, = 1.

Selection of populations, families and individu-
al genotypes

The selection was carried out step-by-step on
three levels: 1) population, 2) family, and 3) individu-

al. In order to guarantee the most stable resistance, a
selection procedure was based on a ‘Pyramid princi-
ple’ which integrates two types (quantitative and qual-
itative) of the inheritance of resistance, i.e. the resist-
ance is determined both by individual genes and in-
teraction of many genes, was applied (McDonald and
Linde 2002a,b, Baniulis et al. 2008).

Following the main step-by-step selection scheme,
the four best-performing Lithuanian and two foreign
populations were selected based on a complex breed-
ing index value and on a proportion of individuals
showing the best resistance/adaptability.

In the second step, five to six half-sib familes with
the highest complex breeding index and the highest
proportion of individuals showing the best resistance
were picked from each population selected in the first
step. This enabled to capture additively inherited re-
sistance.

In the third step, two to three externally healthy
individuals (health condition class 5 at the age of eight
years) whose height had exceeded the trial mean were
picked from the selected families, thus capturing mono-
genetically as well as poligenetically inherited individ-
ual resistance determined by gene interaction (addi-
tive, epistasis, dominance, pleiotropy, etc.). If less than
two such individuals have occurred per selected fam-
ily, then one individual with a health condition class
4 from this family, or, if such an individual was absent,
an individual with a high health condition score (pref-
erably 5) from another family of similar breeding val-
ue was selected.

In order to magnify the genetic gain in height and
to increase genetic variation, 11 individuals were
picked from the tallest individuals growing in non-
selected populations in addition to the main step-by-
step selection scheme.

In addition, a total of five control individuals of
average resistance (health condition class 3 and 4)
were selected from the Kédainiai, Sakiai, Zeimelis,
Rabstejn and Farchau populations.

Results

Contribution of genetic factors to resistance and
other adaptive traits of F. excelsior

According to the evaluation of our three proge-
ny trials in 2009-2010, only 10% of the outplanted ash
trees have survived in all trials altogether because of
the severe damages by C. fraxinea. Pakruojis proge-
ny trial was excluded from the further analysis as more
than 98% of the trees were already dead at the age of
eight years. Out of the 2,860 trees that remained in
Telsiai and Kédainiai progeny trials, 2,318 were alive
while the rest were dead standing.
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As mentioned above, the survival rate of all pop-
ulations was low in all trials (0.13-0.59); however, dif-
ferences among populations were clearly pronounced
and the survival rate of populations varied from 0.13
to 0.59 points and from 0.25 to 0.56 points in Kédai-
niai and TelSiai trials, respectively. Foreign populations
showed worse survival than the Lithuanian ones on
average by 73.5% and 48.5% (average survival rate
0.24 vs 0.49 and 0.26 vs 0.45) in Kédainiai and TelSiai
trials, respectively (data not shown).

In Kédainiai progeny trial, the best survival rate
was observed in Siluté (0.59), Kédainiai (0.57), Tel§iai
(0.57) and Zeimelis (0.52) populations (Fig. 3), while
in Tel$iai progeny trial the best survival showed pop-
ulations of Sakiai (0.56), Tel3iai (0.51), Siluté (0.50),
Pakruojis (Zeimelis) (0.48) and Ignalina (0.48) (Fig. 3).
Thus, progenies from Siluté and Telsiai showed the best
adaptability/resistance in both progeny trials. Among
the foreign populations, the highest survival rate in
both progeny trials was observed for the Szczecinek
(Poland), Rabstejn (Czech Republic) and Enniskillen
(Ireland) populations (Fig. 3). In Tel$iai progeny trial,
rather good survival was shown also by Morshwiller
and Val-Saint-Pierre (France) populations.
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Figure 3. Mean survival rate (0 - dead tree, 1 - live tree) of
progenies of Lithuanian and foreign Fraxinus excelsior pop-
ulations in Kédainiai and TelSiai progeny trials at the age of
eight years. Black bars indicate the best-performing popula-
tions selected based on complex breeding value indexes (Ta-
ble 6) for the further breeding. Country codes as in Table 2

In parallel with the rating of survival, the health
condition of the surviving trees was also assessed. At
the age of eight years, differences among the popula-
tions in health condition were significant: the health
condition of populations varied from 1.6 to 3.0 and from
1.9 to 3.4 in Kédainiai and TelSiai trials, respectively (data
not shown). The ranking of populations according to
their survival rate differed from the ranking according to
their health condition (Figs. 3 vs. 4). In Kédainiai prog-
eny trial, the best ash health condition was observed in
Ignalina (mean health condition score = 3.00), Kupiskis
(3.00), Kaisiadorys (2.98) and Pakruojis (Zeimelis) (2.94)
populations (Fig. 5). In TelSiai progeny trial, the best
health condition showed populations of Ignalina (3.41),
Pakruojis (Zeimelis) (3.30), Kédainiai (3.18) and Sakiai
(3.18) populations (Fig. 4.). These results differed from
those obtained during our previous study: for example,
at the age of four years (in 2006), progenies from Mari-
jampolé, Ignalina and Kédainiai populations were of the
best health condition in all three trials (Pliura and
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Figure 4. Rating of the mean health condition of progenies
of Lithuanian and foreign Fraxinus excelsior populations in
Kédainiai and TelSiai progeny trials at the age of eight years.
Health condition scores: 1 — dead trees; 2 — severely dam-
aged trees; 3 — moderately damaged trees; 4 — slightly dam-
aged trees and 5 — externally healthy trees. Black bars indi-
cate the best-performing populations selected based on com-
plex breeding value indexes (Table 6) for the further breed-
ing. Country codes as in Table 2
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Baliuckas 2007). The ranking of the populations has
changed at the age of eight years due to a high, yet
uneven, tree mortality across all progeny trials during
2007-2010 year period (Figs. 3, 4). In Pakruojis progeny
trial, the overall health condition of ash was worse than
that in Kédainiai and Tel$iai progeny trials because of
severe spring frost damages combined with the damag-
es by C. fraxinea. In general, at the age of eight years,
the health condition of the Lithuanian ash populations
was better than that of the foreign populations on aver-
age by 17.5% and 23.5% in Kédainiai and Tel$iai trials,
respectively (data not shown). In Kédainiai progeny tri-
al, among the foreign populations the best health con-
dition showed Szcieciniek (Poland), Donadea and Enni-
skillen (Ireland), Monterolier (France) and Rabstejn
(Czech Republic) populations (Fig. 4). In Telsiai proge-
ny trial, the best were populations from Szcziecinek (Po-
land), Rabstejn (Czech Republic), Enniskillen (Ireland) and

Morshwiller (France) (Fig. 4). However, the performance
of the Szcziecinek (Poland) population should be evalu-
ated with reservation as very few individuals of this
origin were planted in trials and thus the population mean
was not objective due to large standard errors (Figs. 3
& 4). The progenies of pooled Bregentved, Osterskov
and Ravholt populations (pooling was done as too few
seedlings were available from each separate population)
from Denmark, and Haguenau and Val-Saint-Pierre pop-
ulations from France were of the worst health condition
in both trials (Fig. 4).

The variance analysis indicated no significant
progeny trial (site) effect for tree survival, while this
effect was highly pronounced and highly significant
(P <0.001) for health condition. This indicated that
the health condition is likely influenced by site con-
ditions including also different infection pressure from
the surrounding stands (Table 4).

Table 4. Results from the joint

Variance Z** or F***- pr*
Factor Df* +std. error criteria mixed analysis of variances of
Phenology at the age of four years Lithuanian and foreign Fraxinus

Families 317 0.039+0.013 2.99 0.0014 excelsior populations' progenies
POP“|3“0”_S 22 24.06  <0.0001 traits in TelSiai and Kédainiai
Progeny trials 1 2.86 0.0918 progeny trials
Blocks 3 158.42  <0.0001
Family x progeny frial interaction 316 0.042+0.015 2.86 0.0021
Populationx progeny trial interaction 21 2.32 0.0011
Residual 1.049+0.022 47.76  <0.0001

Health condition at the age of four years
Families 317  0.042%0.013 3.17 0.0008
Populations 22 23.30  <0.0001
Progeny trials 1 3.08 0.0802
Blocks 3 42.77  <0.0001
Family x progeny trial interaction 316 0.028+0.015 1.90 0.0284
Populationx progeny trial interaction 21 1.99 0.0069
Residual 1.194+0.025 47.77  <0.0001

Tree height at the age of eight years

Families 317  36.39+52.44 0.69 02438
Populations 21 2.41 0.0008
Progeny trials 1 220.41 <0.0001
Blocks 3 24.70  <0.0001
Family x progeny trial interaction 316 199.45+65.12 3.06 0.0011
Populationx progeny trial interaction 21 0.74 0.7866
Residual 2118.0 £69.31 30.56  <0.0001

Health condition at the age of eight years
Families 317  0.061+0.033 1.86 0.0314
Popubtions 22 5.49  <0.0001
Progeny trials 1 25.82  <0.0000
Blocks 3 42.77  <0.0001
Family x progeny frial interaction 316 0.047+0.039 1.20 0.1155
Populationx progeny trial interaction 21 1.24 0.2160
Residual 1.761+0.052 34.15  <0.0001

Survival at the age of eight years
Families 317  0.011+0.002 5.53  <0.0001
Populations 22 11.69  <0.0001
Progeny trials 1 0.05 0.8250
Blocks 3 1.44 0.2284
Family x progeny frial interaction 316 0.003+0.002 1.51 0.0653
Populationx progeny trial inteaction 21 1.16 0.2790
Residual 0.192+0.003 56.55  <0.0001

*Df — degree of freedom, ** Z — criterion for random effects, *** F — criterion for
fixed effects, **** P — probability, calculated for effects of different factors
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The variance analysis based on the joint statisti-
cal model (1) reavealed significant effects of genetic
factors, populations and families on variation of phe-
nology and health condition in 2006 (at the age of four
years), and health condition and survival of progenies
in 2010 (at the age of eight years) (Table 4). For tree
height, the populational effect was also highly signif-
icant (P < 0.001), while the family effect was insignif-
icant due to a pronounced family by progeny trial in-
teraction (G x E) (Table 4).

The variance analysis of data from the separate
trials, Kédainiai and TelSiai, showed even stronger
populational and family effects on the trait variation
(Table 5).

trials their respective ranks were 1, 3, 2 and 3, 2, 1 (data
not shown). The ranking of other populations was
changing to an even greater extent. Tree health con-
dition of progenies from Kupiskis and Siluté popula-
tions were always of low rank in all progeny trials (data
not shown). At the age of eight years, the G x E inter-
action for health condition was weak and non-signif-
icant (Table 4).

The family variance component (proportion of the
total phenotypic variance) ranged from 4.6% (tree
survival at the age of eight years in Kédainiai proge-
ny trial) to 13.1% (tree height at the age of eight years
in Kédainiai progeny trial) in variation of adaptive
traits (Table 5). The highest variance component was

Table 5. Family variance compo-

. e Trait Progeny Family effect Population effect ovr e
nents .(VCf)., a.ddltlve coefﬂ(‘:lent.qf trial VC. % tsidemor | Z P F P A (se)
genetic variation (CV ), herita-bili-

t fficients (h?) and its standar

eyrf)i: (Sg) eanii (si )ni f.gani: of ?amd Phenologyatthe ~Kédaniai 72 173 42 <0001 172 <0001 446 0.99(001)

.r ’ . gnilt ) ageoffouryears ~ TelSiai 73 +1.44 5.1 <0.001 135 <0.001 36.3 0.78 (0.03)

ily and population effects (Z, F and

P) in variation of traits of Lithua- "

! . . X Health conditionat kadainiai 38.6 0.92 (0.01)

nian and foreign Fraxinus excelsior g sga of four Kédainiai 58  +1.66 35 0003 169  <0.001

populations in Kédainiai and Telsiai years TelSiai 55 +1.27 4.3 <0.001 116 <0.001 295 0.60 (0.02)

progeny trials
Health condiion  kedainiai 75 273 28 0003 26 0001 299  0.40(0.03)
at the age of eight
years TelSiai 53 +2.04 26 0.005 53  <0.001 38.7 0.49(0.03)
Trecheightatthe Kédamiai 131  $365 36 <0001 1.3 0188 358  051(0.03)
ageof eightyears  TelSiai 9.8 +2.71 3.6 <0.001 20 0.006 30.3 0.46 (0.03)
Survival at the Kédainiai 46 128 36 <0.001 92 <0001 993  051(0.02)
age of eight years ~ TelSiai 79 +1.27 6.2 <0.001 84  <0.001 1092  0.59(0.02)

* CV, and h’ were computed including the populational effect (not separated in a statis-
tical model 2 of variance analysis)

It was not possible to calculate the population
variance component (in percent) as population effect
was considered as fixed. On the other hand, among-
population differences were highly expressed and sig-
nificant (as indicated by high F-criteria), in particular
for bud flushing phenology, tree survival and health
condition (which reflects combined damages by spring
frosts and C. fraxinea) in 2006, at the age of four years.

The genotype (at population level) by environ-
ment (at progeny trial level) interaction (G x E) was
significant only for phenology and health condition
at the age of four years (Table 4). This was illustrated
by the fact that in respect to their health condition,
the Marijampolé, Ignalina and Kédainiai populations
were among the best populations in all progeny trials
at this age, but their ranks were different in different
trials at the age of four years: in Kédainiai and TelSiai

obtained for tree height (9.8 and 13.1% in Kédainiai
and TelSiai progeny trials, respectively). In our study,
the additive coefficients of genetic variation (CVA)
within ash populations were rather high at the age of
eight years: 29.9% and 38.7% for health condition,
which is of similar magnitude as for tree height: 35.8%
and 30.3% in Kédainiai and TelSiai progeny trials, re-
spectively. The heritability coefficients calculated for
health condition at the age of eight years in Kédain-
iai and Tel$iai progeny trials were rather high (#?= 0.40
and 0.49+0.03, respectively; Table 5). As the popula-
tion effect was included into a statistical model of
MIXED procedure and thus excluded from genetic
variances in computing genetic parameters, a CVA for
health condition at the age of eight years decreased
to 25.5-24.5% and heritability coefficients decreased
to 0.30-0.21 (£0.03) (data not shown).
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Selection of the most resistant populations

Data from TelSiai progeny trial was used to assess
progenies’ complex breeding value indexes (CBVI) only,
because in Kédainiai and Pakruojis progeny trials the
survival, health condition and growth of the outplant-
ed ash was too poor to obtain the precise values; also,
it was not possible to make enough cuttings for graft-
ing. In Tel$iai progeny trial, the populations of Ignali-
na, Pakruojis (Zeimelis), Sakiai and Kédainiai showed
the highest CBVIs (Fig. 5) that integrated the health
condition, survival, and tree height, and had the high-
est proportion of healthy individuals.
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Figure 5. Mean complex breeding value indexes of proge-
nies of Lithuanian and foreign Fraxinus excelsior populations
in Tel$iai progeny trial at the age of eight years. Black bars
indicate the best-performing populations selected for the
further breeding. Country codes as in Table 2

The CBVI's of the foreign populations were much
lower than these of the Lithuanian populations (except
of the Szczecinek populiation which was represented
by very few individuals and therefore its CBVI could
not be regarded as reliable). Among the foreign pop-
ulations, the highest CBVI’s were obtained for the
Rabstejn (Czech Republic) and Farchau (Germany)
populations.

In some populations (e.g., Siluté, Telgiai and En-
niskillen, Fig. 6), in addition to a relatively high pro-
portion of externally healthy trees (health condition
score 5, Table 3), there was also a high proportion of
slightly damaged trees (health condition score 4, Ta-
ble 3) and moderately damaged trees (health condition
score 3, Table 3). Therefore the mean health condition
score (Fig. 4) of those populations was higher than
that of populations which included a large proportion
of externally healthy trees but lower proportion of
slightly or moderately damaged trees (Fig. 6). Thus,
resistance ranking of populations based on their health
condition mean only might not be precise enough.
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Figure 6. Distribution of number of trees by health condi-
tion classes among progenies of Lithuanian and foreign Frax-
inus excelsior populations in Tel$iai progeny trial at the age
of eight years. In the chart legend numbers correspond to tree
health condition classes as follows: 1 — dead trees; 2 — se-
verely damaged trees; 3 — moderately damaged trees; 4 — slight-
ly damaged trees and 5 — externally healthy trees. Country
codes as in Table 2

Therefore, in addition to the CBVI, another crite-
rion, a relative number (percentage) of most healthy
trees (health condition scores 5 and partly 4) in a giv-
en population, was chosen. Subsequently, Sakiai,
Zeimelis, Ignalina and Kédainiai populations were se-
lected as having the highest CBVIs and the largest
proportion of most healthy trees (Fig. 6).

Similar proportions of trees with the health con-
dition score 5 were found in the Marijampolé and
KaiSiadorys populations, however their CBVI's were
lower and they included fewer slightly damaged trees
(health condition score 4) and fewer families with a
high proportion of externally healthy trees (less ex-
pressed family resistance).

Among the foreign populations, those from Far-
chau (Germany) and Rabstejn (Czech Republic) were
selected as having the highest CBVI's and the high-
est proportion of most healthy (class 5) trees (Fig. 6).
The Enniskillen (Ireland) and Morschwiller (France)
populations (in Kédainiai trial) also had a rather large
proportion of most healthy individuals, however those
populations were not further considered because their
native climate differed from the Lithuanian climate: at
Enniskillen it is far more maritime, and at Morschwill-
er it is considerably warmer.

Selection of most resistant half-sib families and
individuals

At the second stage of the main selection scheme,
five to six families with the highest CBVIs and the
highest proportion of most healthy individuals were
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selected from the four best Lithuanian populations
(Ignalina, Kédainiai, Pakruojis (Zeimelis) and Sakiai)
and from the two best foreign populations (Farchau
and Rabstejn) (Table 6).

(17.3%) - severely damaged. Subsequently, out of the
27,000 outplanted seedlings in all three trials, only
768 (2.8%) trees could be regarded as externally
healthy and slightly damaged (health condition class-

Table 6. Characteristics of best

o R Tree height Health condition** Survival rate*™* Complex-
families representing the best-per-  F 5 R Rum WMean, om Selecion BLUP  Mean, Selecion  BLUP _ Mean Selection breeding
forming Lithuanian and foreign ber of differential’ breeding ~ points  differen-  breeding differen-  value
Fraxinus excelsior populations in frees ™% index fial, % index tial, % index
TelSiai m%l. at the age of eight Ra9381 8 1459 100 059 350 280 1.6 256 1694 247
years. Families chosen to represent o 9 133.9 41 024 380 487 202 223 1480 235
the best populations for selection 1, 8 155.1 218 1.28 378 446 185 182 1204 225
of the best individuals are indicat- 74, 13 1265 53  -0.31 385 600 249 1.99 1318 213
ed in bold sa10 10 159.6 265 155 3.36 303 126 176 1165 212

Ze6 14 1436 138  0.81 364 507 2.1 169 1122 209
Ze3 8 144.9 114 067 425 593 246 154 1021 203
Ke53 7 147.6 136 0.80 386 422 175 140 929 177
Ze9 14 851  -450 -2.64 350 438 182 250 1652  1.74
lg4 9 129  -115  -0.67 400 558 232 166 1098 173
Sab 12 1118  -163 -0.95 342 364 151 192  127.3 165
Ze27 7 1436 106 062 414 525 218 116 768 164
Ke54 9 1394 74 044 350 358 149 143 948 163
Ke58 10 9.9  -265 -1.56 360 382 159 201 1331 159
Ze21 7 134.1 6.0 0.35 400 498 207 116 768 154
Ze18 9 1338 61 0.36 282 80 033 166 1098  1.48
Fa128-14 12 151.3 223 1.31 321 285 119 098 653 142
Ze8 8 164  -11.3  -0.66 3.1 153 064 1.82 1204  1.42
g1 8 1234 35  -0.20 325 228 095 154 1021 14
a7 7 128.0 34 -0.20 357 294 122 140 929 137
Ze19 8 1454 163 095 300 165 069 110 732 129
Ra9388 6 176.7 360 212 286 108 045 077 515  1.28
Ra9364 3 2327 M1 242 400 240 100 044 299 1.24
Sad 9 1081  -168  -0.99 333 305 127 143 948 1.0
Ma5 8 1058  -17.5 -1.03 320 231 096 154 1021 1.19
Ke56 7 1016 -207  -1.21 371 370 154 140 929  1.18
Ze16 7 161.7 206 1.21 350 323 134 062 414 115
198 6 1338 16 0.09 400 422 175 077 515  1.09
195 6 152.8 197  1.16 400 474 197 0.31 212 1.06
Ze30 8 1339 2.7 0.6 300 126 052 110 732 104
Families, selected in addition to the main step-by-step selection scheme:

Te7 9 140.0 72 042 310 149 062 192 127.3  1.78
Mo337 5 166.2 173 1.01 3.00 61 025 135 894  1.39
Ka1 7 1336 0.8 -0.05 300 127 053 077 515 073
Ke55 6 1160  -101  -0.60 300 135 056 060 399 046
Vs157 3 236.7 429 252 325 94 039 038 242 047
Cut1 5 1328 1.8 0.1 300 141 058 025 -158  -007
En2 1 300.0 307 1.80 500 189 079 411 725 019
M578 2 225 306  1.80 225 77 032 082 534 -026
Do2 1 280.0 254 1.49 200 -105 -044 120 784  -066
Vs149 1 307.0 343 202 100 514 213 417 767 095

* — first two letters indicate an abbreviated name of a population

** _ health condition classes from 1 — dead tree to 5 — externally healthy tree (Table 3)
***% _ survival rate was standardized to mean = 0 and standard deviation = 1 to balance
its variability in relation to other traits

*¥**% _ selection differential is a difference between a family mean and a trial mean

Out of the 2,860 trees that remained in TelSiai and
Kédainiai progeny trials at the age of eight years,
2,318 (81%) were alive; of which 238 (10.3%) were re-
garded as externally healthy, 530 (22.8%) - slightly
damaged, 1150 (49.6%) - moderately damaged, and 400

es 5 and 4, Table 3). Thus, at the third stage of the
main selection scheme, one to three externally healthy
individuals which height exceeded the mean of the
given trial were selected in the best-performing fam-
ilies (Table 6).
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In order to increase genetic gain in height and to
increase genetic diversity in ash breeding populations,
ten externally healthy individuals showing superior
height growth rate (height varied from 294 to 365 cm)
were picked out in every population that has not been
selected by the main selection scheme. In this way,
the best individuals were additionally selected from
three Lithuanian (KaiSiadorys, Marijampolé and Tel-
§iai) and seven foreign populations (Val-Saint-Pierre,
Morchwiller and Monterolier from France, Rabstejn
from Czech Republic, and Currachase, Donadea and
Enniskillen from Ireland). In addition, five control in-
dividuals of average resistance (health condition score
3 and 4) were selected in the Kédainiai, Sakiai, Pakruojis
(Zeimelis), Rabstejn and Farchau populations.

Discussion

Significant differences among populations re-
vealed in the present study were of similar magnitude
as reported to be among F. excelsior provenances (or
populations) by many other authors for various
growth, morphological, phenological and other traits
(e.g., Jonsson and Eriksson 1989, Smintina 1993, Gier-
tych 1995a,b, Weiser 1995, Kleinschmit et al. 1996,
Abraitis 2000, Ferrazzini et al. 2007). However, no stud-
ies on genetic variation in resistance of F. excelsior
progenies to C. fraxinea on populational and/or family
levels have been done yet. Recent genetic studies of
F. excelsior clones in Denmark and Sweden had not
revealed any differences among populations in resist-
ance to C. fraxinea (Stener 2007, Olrik et al. 2007,
McKinney et al. 2010). This absence of differences
could probably be due to usage of relatively closely
located populations (a narrow geographical scale)
which was not the case in the Lithuanian trials inves-
tigated herein (a much wider geographical scale).

Studies using DNA microsatellites (Heuertz et al.
2004b) have shown that Lithuanian ash populations
belong to a large group of populations that spreads
from British islands to East-Central Europe and are
comparatively homogenous with a lower among-pop-
ulation differentiation than in Southeastern Europe.
Comparative studies of the Random Amplified Poly-
morphic DNA (RAPD) markers of three Lithuanian and
five Polish F. excelsior populations have indicated a
rather large population differentiation (Nowakowska et
al. 2004). The RAPD marker studies of ten Lithuanian
ash populations revealed that among-population var-
iation makes up 8.3% of the total marker variation
(Zvingila et al. 2005). Taking analysis of a rather small
area of the species natural distribution range covered
by the above-mentioned studies, such among-popu-
lation variation may be regarded as considerable al-

lowing expecting also for a rather high among-popu-
lation variation in disease resistance and other adap-
tive traits.

The fact that progenies of the Lithuanian popu-
lations were in general of better health condition than
those from the foreign populations could be a conse-
quence of an earlier-started natural selection process
in the Lithuanian ash stands (the longest disease his-
tory) in favor of trees with a better resistance against
C. fraxinea. It should be noted that sound-looking
seed trees in Lithuania have been selected in the dis-
eased stands, while in the foreign populations the
selection was done before an outbreak of the disease
in respective countries.

The significant site (progeny trial) effect on ash
health condition indicated that the latter is influenced
by site conditions and/or different infection pressure
from the surrounding stands. Further studies are need-
ed to evaluate a relative importance of these factors
in resistance to infection or disease tolerance.

Weak and non-significant G x E interaction for
health condition at the age of eight years indicated
that populations and families do not differ much in
their performance across environments and thus spe-
cific adaptations and genetic variation in ecological
response and resistance are not pronounced. Signifi-
cant provenance by site interactions have been found
for height growth of 22 British and continental Euro-
pean common ash provenances tested at six sites in
Wales and England (Cundall et al. 2003) and 52 prov-
enances tested at 26 test sites in the continental Eu-
rope (Kleinschmit et al. 1996). In those trials, some
provenances were stable in their ranking at different
sites whereas others were rather unstable in their per-
formance. However, no data on G x E interaction in
resistance traits have been published yet.

Tree health condition scored at the age of four
years (in spring 2006) mainly reflected damages by
spring frosts in a combination with sporadic damages
by C. fraxinea. Whereas scoring of tree damages at
the age of eight years mainly reflected extent/severi-
ty of those caused by C. fraxinea and thus better
indicated the level of tree resistance to this pathogen.
The high significance of genetic factors (population
and family) indicated in variance analysis of data on
resistance (health condition and survival) (Table 4) and
rather high additive genetic variation coefficients (Ta-
ble 5) clearly show the existence of genetic variation
in resistance of ash to C. fraxinea both at populational
and family levels. The exclusion of the population
effect in computing genetic parameters has caused a
reduction of the heritability coefficient (from 0.40-0.49
to 0.30-0.21) and CVA (from 29.9-38.7 to 25.5-24.5%) in
health condition indicating that among-population
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variation significantly contributes to the overall ge-
netic variation. Very high heritability coefficients for
phenology and health condition at the age of four
years (Table 5) give an indication that heritability
coefficients of all traits most likely were slightly over-
estimated also due to coefficient 4 was used in com-
puting the additive variance which was based on as-
sumption that progenies consisted of half sibs. Prob-
ably, full sibs contrituted a significant fraction of the
progenies, and thus the coefficient should be reduced
to 3 which would result in reduction of additive vari-
ances and heritability coefficients by 25%.

Recent genetic studies of grafted F. excelsior
clones in Denmark and Sweden have revealed signif-
icant genotypic variation in resistance to C. fraxinea
at a clonal level (Stener 2007, Olrik et al. 2007, McKin-
ney et al. 2010), however no studies on genetic vari-
ation at a family level have been performed so far. As
emphasized by Houle (1992), genetic variation is the
most appropriate parameter to compare ability to re-
spond to selection and to make inferences about the
forces that maintain genetic variability. In previous
studies on common ash, the additive genetic variation
was found to be moderate to high, and it was consid-
ered to be mostly distributed locally as a result of local
adaptation (Broadmeadow et al. 2005). Although com-
parative studies of adaptive traits performed in Swe-
den have shown that the additive genetic variation in
common ash is lower than that in other broadleaved
tree species (Baliuckas et al. 2000), high coefficients
of the genetic variation in health condition obtained
during our study (Table 5) showed that genetic varia-
tion among families was high. In Kédainiai progeny
trial, where the trees have been affected by spring
frosts to a greater extent than in TeSiai trial, the addi-
tive genetic variation has decreased (Table 5). A sim-
ilar decrease of genetic variation under the impact of
stressors has been reported in our earlier experiments,
where CVA‘s of the Lithuanian F. excelsior progenies
for height have decreased from 47.6-49.4% (untreated
control) to 10.7-30.8% (elevated ozone concentration)
(Pliura et al. 2006).

Comparatively high heritability coefficients calcu-
lated for health condition at the age of eight years
allow a rather precise detection of a resistant geno-
type by its phenotype in tree breeding. This narrow
sense heritabality which accounts the additive com-
ponent was almost as high as the broad-sence herita-
bility obtained at clonal studies in Sweden and Den-
mark (Stener 2007, McKinney et al. 2010). Mwase et
al. (2008) reported that in ash a tree height is the most
heritable trait followed by DBH, while stem straight-
ness and forking appear to be under a weak genetic
control. Relatively low heritability values for stem form

(straightness) were also reported by Savill et al. (1999).
High heritability of disease resistance revealed dur-
ing our study was of similar magnitude as reported by
Mwase et al. (2008) for growth traits thus indicating
that resistance of F. excelsior to diseases is geneti-
cally based and inheritable at the similar scale as a tree
growth. Similar conclusion has been drawn by McKin-
ney et al. (2010). Subsequently, this constitutes a good
basis for efficient tree breeding at family as well as at
individual levels and for obtaining high genetic gains
in increasing the resistance to diseases.

The low survival rate and remaining small fraction
of externally healthy trees (2.8%) in TelSiai and
Kédainiai progeny trials indicates that natural selec-
tion of the outplanted ash was very intense. Similar
results were also obtained in Danish studies (McKin-
ney et al. 2010) where only 2-5% of trees were regard-
ed as healthy. In our case, picking out fifty healthiest
trees from the total number of the planted 27,000 seed-
lings means the extreme selection intensity (one out
of the outplanted 540 trees, i=0.185 %) that allows a
high genetic gain in resistance.

Selection of populations might enable capturing
a resistance that is determined by gene/allele complex
if it exists in populations. Further studies are needed
to evaluate the presence and relative importance of
such gene complexes to the resistance of same popu-
lations. When selecting the best families within the best
populations, in addition to the population resistance,
the additively inherited family resistance has been
captured. In addition to the additively inherited resist-
ance, the selection of the best individuals in the se-
lected families probably allows capturing an individu-
al resistance determined by individual genes that are
present in superior individuals and by interaction of
genes such as epistasis or pleiotropy. Studies based
on series of controlled crosses between genotypes and
analysis of segregation are needed to reveal the ef-
fects of such individual candidate genes and/or gene
interactions.

Conclusions

Variance analysis of health condition and surviv-
al of F. excelsior progenies has revealed significant
effects of genetic factors i.e., populations and fami-
lies. At the age of eight years, family variance com-
ponents ranged from 5.3 to 7.5%, while the additive
coefficients of genetic variation ranged from 29.9 to
38.7% indicating the existence of strong genetic dif-
ferences in progenies’ resistance to C. fraxinea-caused
dieback both at populational and family levels.

Differences in resistance among populations were
significant and ranged up to 52.8-55.1% in degree of
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damage and survival rate of populations varying from
0.13 to 0.59 points. This provides good possibilities
for selection of resistant populations.

The significant site (progeny trial) effect on ash
health condition indicated that the latter is influenced
by site conditions and/or different infection pressure
from the surrounding stands.

Genotype by environment interaction (G x E) for
resistance traits was weak and nonsignificant which
indicated that populations and families do not differ
much in their performance across environments and
thus specific adaptations and genetic variation in ec-
ological response are not pronounced.

The high heritability estimates (h*=0.40-0.51+0.03)
obtained for health condition and tree height at the
age of eight years indicated that resistance is genet-
ically predetermined and inheritable, and allows for
straightforward selection and breeding of resistant
genotypes.

Health condition of foreign European populations
was worse than that of the Lithuanian ones by 17.5-
23.5% in the degree of damage and by 48.5-73.5% in
the survival rate (average survival rate 0.24 vs 0.49)
which could be a consequence of more advanced
progress in natural selection in the Lithuanian ash
populations (the longest disease history). The ob-
tained results demonstrated that strategy of the extend-
ed introduction of foreign populations to restore
Lithuanian ash stands is of doubtful potential. Only
few most resistant foreign genotypes could be selected
as potential candidates for breeding of so-called ‘syn-
thetic’ F. excelsior populations in order to increase
genetic diversity.

Using the selected material, resistant breeding and
ex situ gene conservation populations could be formed
over different Lithuanian provenance regions in a form
of clonal trials and resistant second-generation seed
orchards.
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MOBEJEHUE JIBAALUATHU YETBIPEX NONYJIIIUNA FRAXINUS EXCELSIOR B TPEX
ONBITAX IO UCHOBITAHHUIO NOTOMCTBA B JIUTBE C AKIHEHTOM HA
YCTOMYUBOCTDb K CHALARA FRAXINEA

A. Ilmropa, B. Jluruce, B. Cyxoukac u E. bapTksasuuroc
Pestome

[{enbro nccenoBaHuii ObLTO U3yUYEHHE TCHETHUE CKOTO KOHTPOJISI M M3MEHUYHBOCTH YCTOHYMBOCTH SICEHS] OOBIKHOBEHHOTO
K OOJIE3HSIM U 1TO pe3yNbTaraM HCIBITAaHHs POCTa MTOTOMCTBA, a TaK)Ke OTOOP YCTONYMBBIX IOIYJISIIUM, CeMel U TeHOTHIIOB C
LEeTbI0 BEIBeIeHNs ycToitunBoro k Chalara fraxinea penponyKTHBHOTO MaTepHala Ul BOCCTAHORICHHS SICCHHUKOB B JInTBe.
320 cemeit momycn6oB u3 10 muToBCcKUX U 14 3apyOeKHBIX MOMYIALUI sICEHS OOBIKHOBEHHOTO U3YYaJIUCh B TPEX OMBITAaX IO
UCTIBITaHUIO TToTOMCTBa. W3-3a enunemun C. fraxinea ¥ ApyTUX MAaTOT€HHBIX MUKPOOPTaHU3MOB, B 8-JIETHEM BO3pacTe B TPEX
OMbITaxX MO HCIBITAHUAIO NTOTOMCTBA COXpaHMWIOCH Toiabko 10% nepeBneB. BapuallMOHHBIN aHAaIM3 COCTOSHHUS JEPEBLEB
MIOTOMCTBA BBISIBIJI 3HAYUTENHHOE BIMSIHIE TeHETHIECKHUX (PaKTOPOB — MOMYJSIIUH 1 ceMel. Pazinuuns Mexay momysiusiMu
[0 YCTOWYHUBOCTH K OOJE3HSAM OBLIM 3HAYUTEIBHBIMH U COCTABISLINA A0 52,8-55,1% MmO cTeneHH MOBPEKICHUS, a
BBDKHBAEMOCTS Momyssinuid Opn1a ot 0,13 1o 0,59. Jlomns reHeTHIecKoro KOMIIOHEHTa CEMBH B COCTOSTHHH 3/J0POBBSI ITOTOMCTBA
coctaBmio 5,3-7,5%, a ko3 PULUEHT aATUTUBHON IT'eHeTHYeCKOH Bapuanuu 061 29,9-38,7%. DT gaHHbIE CBUAETENBCTBYIOT O
CYIIECTBOBaHUU TEHETHYECKUX PA3JIUYHii 10 CTOMKOCTH MOTOMCTBA K 3a00JI€BAHKSM, BBI3BAaHHBIM [TaTOreHAMM KaK Ha YPOBHE
HNONMYJSALMH, TaKk U Ha ypoBHe ceMeld. CTaTUCTHUYECKU 3HAYMMOE BIMSHUE MECTOINPOM3PACTAHUA HAa COCTOSHUE 37J0POBbS
JIepEeBEEB O3HAYAET, YTO OHO 3aBHCHT OT YCIOBHUIH OKPY>Karomiei cpeibl ¥, BO3MOXKHO, OT CTETIEHH HH(PEKIIMOHHON HATPy3KH C
OKpY’KaIOIINX HacakaeHUH. B3anmoneiictBre renotrna co cpenoit (G x E) mo nmpusHakam cTOHKOCTH iepeBbEB, OBLIO CTa0BIM
U HE3HAYUTENbHBIM, YTO YKa3bIBaeT Ha TO, YTO MOMYISAIUH M CEMbsl HE3HAYUTEIHHO OTIMYAIOTCS IO MX MOBEACHHUIO B
OKpYyKarollelt cpenie 1, TaKUM 00pa3oM, TeHeTHYeCKas H3MEHUUBOCTD T10 3KOJIOTHYECKOH peakiiy He mposiBisercs. Beicokue
3Hayenus koddpunuenrta Haciexyemoctu (h? = 0,40-0,49+0,03) MOKa3bIBAIOT, YTO PE3U3TEHTHOCTH SIBJISIETCS T€HETHUYECKH
HpeonpeeIeHHON U HacIeXyeMOMH, U T03BOJISIET OL[CHUTh yCTOHYIMBBIC TEHOTHUITEI Ha OCHOBE UX (heHOTHIOB. Bee 310 co3maér
XOPOIINE BO3MOXHOCTH JUIS 3 (PEKTHBHOH CETEKIHHN 10 PEe3N3TEHTHOCTH.

CocTosiHME 3aIaJHOEBPONEHCKUX MOMYIALHH, T0 CPAaBHEHUIO C JIMTOBCKUMH, ObLIO Xyxe Ha 17.5-23.5% mo crenenu
noBpexaeHus 1 Ha 48.5-73.5% 1o BBKMBAEMOCTH. DTO MOKAa3bIBACT, YTO BPsA 1M OyJeT BOSMOKHO IPUMEHHUTH NepeMeleHIe
NOMyJISIKi 13 3anaqHoi EBpOIIE! U1 BOCCTaHOBIIEHHMS JINTOBCKHX JIECOB siceHs. TONBKO HECKONBKO Hanboee pe3n3TeHTHBIX
TeHOTHIIOB MOXHO OTOOpaTh KaK KaHJUIATOB JUIS BKIIIOYEHHS B CHHTETHUECKYIO CEIEKIHOHHYIO ITOIYJISIHIO SCCHS IS
MOBBIIICHHUS TEHETHIECKOTO pa3HooOpa3us. Cpean HCCIEeTOBAHHBIX JIMTOBCKUX MONYNANNH, JIydlIHe, ¢ TOUYKH 3PEHUSL
KOMIIJIEKCA XapaKTePUCTHUK - PE3U3TEHTHOCTH, BBDKMBAHUS M JONH CaMBIX 3[0POBBIX MHAMBUAOB, ABISAIOTCS MOMYISLUU
Urnanuna, [Nakpyoiic, Hlaxsait u Kenaiinsii.

Ha ocnose onjenku BLUP KOMIUIEKCHBIX CE@NEKIMOHHBIX HUHAEKCOB U MO “TIMPaMHUHOMY CEJIEKI[MOHHOMY NPHHIUIY
Bcero 50 mpeBOCXOAAIUX MHIUBUAOB OBUIM OTOOPAHBI B JIYYIIMX IO YCTOWYMBOCTH K OOJIE3HSM CEMBSX B JIYYIIBIX
HOMYISIUAX A CO3MAHUS PE3U3TEHTHBIX CEJNIEKIMOHHBIX IMOMYISAIUH sICEHs OOBIKHOBEHHOTO B Pa3lIMYHBIX PETHOHAX
npouspacTtaHus JINTBBIL, a TaKkKe OIS CO3IaHUS KIIOHOBBIX JIECOCEMEHHBIX MIAHTAIUi BTOPOTO MOKONEHHSI.

Kurouessle ciioBa: Chalara fraxinea, sicedb OOBIKHOBEHHBIN (Fraxinus excelsior), TeHeTHUECKAst U3MECHYMBOCTb, CEMbH
OITyCHOCOB, HACIIETY EMOCTb, ITOITYJISIIUHU, CETEKITHSI
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