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Genetic variation of Fraxinus excelsior half-sib families in response to 
ash dieback disease following simulated spring frost and summer 
drought treatments

Alfas Pliura (1-2), 
Vaidotas Lygis (3), 
Diana Marčiulyniene (1), 
Vytautas Suchockas (1-2), 
Remigijus Bakys (1)

Ten juvenile Fraxinus excelsior half-sib families from two Lithuanian populations
have been tested in the controlled environment for their response to ash dieback
disease caused by Hymenoscyphus fraxineus, detecting changes of genetic varia-
tion and heritability, as well as estimating genotype by environment (G×E) inter-
action  and  phenotypic  plasticity  following  artificial  spring  frost  and  summer
drought treatments. In 2014, a batch of 200 four-year-old ash seedlings was used
for each treatment and control (no treatment). Health condition, bud flushing
phenology and height were assessed for each seedling, and disease incidence and
survival ratios were assessed for each family both before (at the beginning of the
vegetation season) and after the treatments (at the end of the vegetation season).
Disease incidence ratio increased from 0.77-0.80 up to 0.90-0.95. Tree mortality
rates during one vegetation season were significantly lower in the frost treatment
(21%) than in the drought treatment (25%) or control (31%). None of the tested F.
excelsior families were completely resistant to ash dieback, although significant
among-family differences in disease incidence and damage rates suggest an addi-
tive mode of gene action and thus a quantitative resistance to the disease. Nei-
ther disease incidence rates,  nor tree health condition scores differed signifi-
cantly among the applied treatments (including control) indicating in general a
negligible effect of the simulated adverse conditions on health status of the ash
seedlings. However, G×E interaction was found to be significant (at P > 0.05) for
disease incidence, length of necrotic shoots and tree survival, implying that sus-
ceptibility of ash families to the dieback disease unequally depends on environ-
mental conditions, and indicating a presence of genetic variation in plasticity and
reaction norms of the tested families across environments (treatments). Substan-
tially increased coefficients of additive genetic variation and heritability in health
condition following both frost and drought treatments and compared to control
showed that simulated stress conditions may noticeably contribute to expression
of differences among the tested  F. excelsior families in their resistance traits,
thus enabling a better evaluation of performance of different families, an effec-
tive family selection for resistance, and achievement of a marked genetic gain.
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tability, Hymenoscyphus pseudoalbidus (Chalara fraxinea), Phenotypic Plasticity

Introduction
Since 1992, a severe dieback of common

ash (Fraxinus excelsior L.) has spread from
Eastern  Poland  to  many  European  coun-

tries (Gross et al. 2014 and references the-
rein).  The  disease  is  caused  by  the  asco-
mycete  fungus  Hymenoscyphus  fraxineus
(T. Kowalski) Baral et al. (=Chalara fraxinea

T. Kowalski, syn.  Hymenoscyphus pseudoal-
bidus - Queloz et al. 2010), which in Europe
is  an invasive species  (Husson et  al.  2011,
Gross et al. 2014). The disease causes wilt-
ing and necroses of ash leaves and petio-
les,  necrotic  lesions  on  stems,  branches
and  shoots,  stem  cankers  and  wood  dis-
colouration,  followed by a  gradual  crown
dieback, and in most severe cases - death
of an entire tree (Bakys et al. 2009, Kowal-
ski & Holdenrieder 2009a, 2009b, Kirisits et
al. 2009, Skovsgaard et al. 2010). In Lithua-
nia, dieback of  F. excelsior was first obser-
ved in 1995-1996 in the north-central  part
of  the  country  (Juodvalkis  &  Vasiliauskas
2002)  and  since  then  large  areas  of  ash
stands underwent sanitary fellings (Lygis et
al.  2014).  Currently,  the  disease  is  in  its
chronic phase, and the health condition of
the remaining ash stands continues to de-
teriorate;  yet,  no  effective  control  mea-
sures  have been offered so far  (Gustiene
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2010,  Pliura  et  al.  2011,  Lygis  et  al.  2014).
Consequently, the density of ash trees in a
stand is  often reduced to few individuals
per  hectare,  meaning  that  the  effective
population  size  (Ne)  has  also  decreased,
thus compromising the genetic diversity of
F. excelsior in mature stands and in regene-
rating offspring (Pliura et al. 2011).

Studies  in  natural  stands,  clonal  seed
orchards and progeny trials in a number of
European  countries  provide  evidence  of
existing  substantial  genetic  variation  at
individual,  clonal,  family  and  population
levels in the susceptibility of  F. excelsior to
H. fraxineus, and that there is a significant
genetic heritability in disease resistance/to-
lerance (Pliura & Baliuckas 2007, McKinney
et al. 2011, Pliura et al. 2011, Kirisits & Frein-
schlag 2012,  Kjær et al.  2012,  Stener 2013,
Pliura et al. 2014,  Enderle et al. 2015). The
genetically  inherited  resistance  may  pro-
vide a basis for a natural  adaptation.  The
success of breeding programs is also deter-
mined to a great extent by the presence of
sufficient  genetic  variation  in  a  breeding
population, as well as by sufficient herita-
bility of resistance traits that facilitate iden-
tification  and  selection  of  truly  resistant
genotypes. Progeny studies show that dis-
ease incidence and severity varies among
test sites, which was in general explained
by the influence of different infection loads
and/or  environment  conditions  (Pliura  &
Baliuckas 2007, McKinney et al. 2011, Pliura
et al. 2011, 2014, Kirisits & Freinschlag 2012,
Kjær  et  al.  2012,  Stener  2013).  It  remains
unknown to what extent changes in envi-
ronmental conditions (e.g., from normal to
stressed) can influence the disease devel-
opment and spread among trees, and how
this contributes to changes in genetic pa-
rameters such as coefficient of genetic va-
riation, heritability and genetic correlations
among the tree traits.

Two strategies of plant adaptation can be
distinguished: (i) adaptation via genetic va-
riation,  and (ii)  adaptation  via phenotypic
plasticity  (Schmalhausen  1949).  Following
environmental changes, a population that
has a considerable genetic variation adapts
through survival  and reproduction  of  the
most resistant  genotypes,  while maladap-
ted  genotypes  disappear  due  to  natural
selection. When rapid adaptation is requi-
red,  or  when  genetic  variation  is  lacking,
plants respond to changes in the environ-
ment by modifying their  phenotype (Sch-
malhausen 1949). This specific response to
a certain range of conditions for a single or
a set of traits is called phenotypic plasticity
(Bradshaw 1965). Studies of plastic respon-
se  along  an  environmental  gradient  indi-
cate that reaction norms vary significantly
among genotypes (Gregorius & Namkoong
1986,  Namkoong  et  al.  1992).  There  are
continuous  debates  over  whether  pheno-
typic  plasticity  shields  genotypes  from
selection or generates novel opportunities
for  selection  to  act  (Ghalambor  et  al.
2007). One hypothesis suggests that gene-
tic variation and plasticity represent alter-

native strategies  for  coping with environ-
ment heterogeneity (Marshall & Jain 1968,
Jain 1979). Other hypotheses however sug-
gest that genetic variation and phenotypic
plasticity are positively correlated (Gillespie
& Turelli 1989, Goldstein & Holsinger 1992).
The  phenotypic  plasticity  can be conside-
red to be a trait in itself that is under ge-
netic  control,  and which can evolve inde-
pendently of the trait (Bradshaw 1965, Sch-
lichting  &  Levin  1984,  Schlichting  1986,
Scheiner 1993a,  Scheiner 1993b). Phenoty-
pic plasticity encompasses diverse adaptive
and  non-adaptive  responses  to  the  envi-
ronment variation (Ghalambor et al. 2007).

A  phenotypic  response can  be  adaptive
when it  enhances plant fitness in a chan-
ged environment (Sultan & Bazzaz 1993),
or non-adaptive when it results in deterio-
ration of fitness/condition of an individual
plant  which  reflects  an  inevitable  meta-
bolic  or  developmental  response  (Sultan
1987, Sultan 1995). Good adaptation to he-
terogeneous  environments  can  be  achie-
ved by phenotypic plasticity or by stability
(canalization). In the first case, populations
may be subjected to a selection resulting in
specialized  genotypes  of  high  plasticity
that perform better in an indigenous (opti-
mal)  environment  than  in  an  unaccusto-
med environment (Taylor & Aarssen 1988).
The second case refers to a situation when
selection favors genotypes capable of buf-
fering their phenotypes in the changed en-
vironment. Thus, the phenotypic plasticity
of such genotypes is low. It has been con-
cluded that the adaptive plasticity that pla-
ces  populations  close  enough  to  a  new
phenotypic optimum for directional selec-
tion to  act  is  the only  plasticity  that  pre-
dictably enhances fitness and is most likely
to facilitate adaptive evolution (Ghalambor
et al. 2007). On the other hand, the authors
pointed up that in stressful environments,
the non-adaptive plasticity can result in a
response being further away from the opti-
mum or  increase the variance due to the
expression of cryptic genetic variation. The
role  of  the  phenotypic  plasticity  in  plant
susceptibility (degree of damage) to disea-
ses/genetic  resistance  in  expression  of
cryptic genetic variation, natural selection
and adaptation processes remains unclear
and  definitely  deserves  further  studies.
Plasticity  and plasticity-related changes in
genetic variation and heritability in the inci-
dence  of  the  ash  dieback  disease  under
spring  frosts  and  summer  drought  have
never  been  assessed.  Searching  for  not
only resistant ash genotypes, but also for
heritable  adaptability  traits  and  environ-
ment  conditions  under  which  its  largest
genetic  variation  and  highest  heritability
can be obtained may be one of the most
promising strategies in breeding for resis-
tance  to  restore  damaged  F.  excelsior
stands.

The main aim of the present study was to
assess the susceptibility  of  ten juvenile  F.
excelsior half-sib  families  to  ash  dieback
disease  caused  by  H.  fraxineus, and  to

detect  changes  in  genetic  variation  and
heritability  of  disease  resistance  traits  as
well  as  to estimate genotype by  environ-
ment  (G×E)  interaction  and  phenogenetic
plasticity of selected ash families following
simulated  spring  frost  and  summer
drought treatments.

Materials and methods

Material
Ten half-sib  families  of  F.  excelsior origi-

nating from two northern Lithuanian popu-
lations  heavily  damaged  by  H.  fraxineus
(and  therefore  having  undergone  strong
natural  selection)  were  selected  for  the
present  experiment:  Biržai  (families  no.
B080, B076, B069, B078, B072 – 56o 15′ 25″
N, 24o  34′  30″ E) and Zeimelis (families no.
Z049, Z053, Z054, Z060, Z061 – 56o  15′  45’
N, 24o 02′ 32″ E). Seeds from the respective
families  were  collected  in  autumn  2008,
stratified and sown in spring 2010 in a fo-
rest nursery at Dubrava Experimental-Edu-
cational  State  Forest  Enterprise  (EESFE)
located in Kaunas region, central Lithuania.
The seedlings were grown outdoors at the
same  forest  nursery  for  two  years.  In
spring  2012,  60  two-year-old  seedlings  of
generally good health condition (very few
with external disease symptoms) were se-
lected from each family (in total 600 seed-
lings), planted in 5-liter plastic pots contai-
ning peat substrate and grown for another
two years (until May 2014) under standard
greenhouse conditions. In the greenhouse,
the pots were arranged with  0.2  × 0.2  m
spacing, and regular watering and fertiliza-
tion was applied.

Treatments
In  early  May  2014,  ash  juveniles  to  be

used for spring frost, summer drought and
control  treatments  were  randomly  selec-
ted  among  the  600  four-year-old  potted
trees, according to the available number of
trees  in groups of  different  health  condi-
tions (scored from 1 – tree with dry stem
and  branches  –  to  5  –  externally  healthy
tree, modified from Pliura et al. 2011) within
each  family.  The  following  approach  was
used  to  randomly  distribute  trees  among
the treatments: prior to the treatments, in
each  family,  the  pots  with  ash  seedlings
were grouped into five batches represen-
ting  different  health  condition  classes,
then  plants  from  each  of  those  five
batches  were  randomly  selected  to  form
three  batches  (each  consisting  of  four
plants) to be used in different treatments.
As a result, a batch of 200 trees (10 fami-
lies,  20  trees  per  family)  was  formed  for
each  treatment.  The  trials  (treatments)
were  established  in  a  randomized  com-
plete block design with 2 blocks, each con-
sisting of ten trees per family.

On  May  16,  2014,  a  batch  of  200  trees
assigned  for  the  simulated  spring  frost
treatment was placed in a PE2422UVLX cli-
matic chamber (Angelantoni Test Technolo-
gies,  Massa Martana,  Italy).  The tempera-
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Ash genetic variation in response to ash dieback disease

ture in the climatic chamber was first gra-
dually (in one hour) reduced from +20 oC to
-5 oC, then held at -5 oC for 30 minutes, and
finally  was  gradually  (in  one  hour)  raised
back to +20 oC. After this cycle, trees were
taken out of the climatic chamber and fur-
ther  grown  outdoors  for  one  vegetation
season  in  the  forest  nursery  of  Dubrava
EESFE. Watering was applied when needed
depending on weather conditions.  During
the applied spring frost treatment, leaves
of  the  ash  seedlings  became  black  and
wilted.  New  leaves  flushed  and  shoots
resprouted from adventitious  latent  buds
on almost all terminal and lateral shoots in
two weeks (by the end of May 2014).

Concurrently,  batches  of  seedlings  assi-
gned to the control and summer drought
treatments  were  moved  from  the  green-
house to the outdoor nursery and placed
next to the spring frost-treated seedlings.
Watering was applied  equally  to all  seed-
lings when needed, depending on weather
conditions.  On  June  20,  2014,  a  batch  of
200  trees  assigned  for  the  summer
drought treatment was transported to the
greenhouse, and left there for two weeks
without any watering until  severe wilting
of leaves occurred. During this treatment,
the temperature in the greenhouse varied
from +25 to +35 oC during day time, and re-
lative air humidity varied between 40-60%.
Thereafter, trees were transported back to
the outdoor nursery and watered regularly
(depending  on  weather  conditions).  Lea-
ves  regained  turgor  and  shoots  regained
growth  as  soon  as  the  watering  was  ap-
plied.

Assessment of tree biometric 
parameters and sanitary conditions

Measurement of  tree biometric  parame-
ters and scoring of the extent of damage
by  H.  fraxineus were  performed  in  May
2012 (during outplanting of  the ash seed-
lings  into  plastic  pots),  and  repeated  in
August  2013,  on  May 5,  2014  (before  the
treatments), and on September 3, 2014 (at
the  end  of  vegetation  season,  after  the
treatments).  The assessed traits  were:  (1)
disease incidence ratio (the ratio between
the number of symptomatic trees and the
total  number  of  trees  in  a  family);  (2)
health condition of an individual tree (sco-
red  between  1  –  tree  with  dry  stem  and
branches – and 5 – externally healthy tree -,
Pliura  et  al.  2011);  (3)  survival  ratio  (the
ratio  between  the  number  of  living  and
dead trees in a family); (4) seedling height;
(5) total length of necroses on leader and
lateral shoots in an individual plant; and (6)
total length of necrotic lesions formed on
leader  and lateral  shoots  and stem of an
individual  plant.  Bud  flushing  phenology
was  assessed  in  beginning  of  May  2014
when all phases were present and distribu-
tion of scores was closest to normal, using
a categorical scale of five degrees (points)
adopted from Douglas et al. (2013): 5 – very
early; 4 – early; 3 – of moderate earliness; 2
– late; and 1 – very late flushing.

Variance analysis
The  variance  analysis  of  the  data  was

done  using  the  MIXED  procedure  of  the
SAS software package (SAS® Analytics Pro
12.1  –  SAS  Institute  Inc  2012),  which  uses
Mixed  model  equations  (MME)  and  the
restricted  maximum  likelihood  (REML)
method.  The  significance  of  fixed  effects
(of block and treatment) was tested with
F-tests.  The  significance  of  the  random
effects was tested using  Z-test (SAS® Ana-
lytics Pro 12.1 – SAS Institute Inc 2012). The
analysis  was  performed  separately  for
spring  frost  and  summer  drought  treat-
ments,  and  in  both  cases  included  the
same control batch of trees. The combined
linear  statistic  model  was  used  for  joint
analysis of data from treatments’ and con-
trol batches together (eqn. 1):

where yijklm is an observation of the mth tree
from the  lth family in the  kth population in
the  jth block of the  ith environment (treat-
ment), µ is the overall mean, zi is the fixed
effect  of  the  ith environment,  bj is  the  jth

block effect, pk is the kth population effect,
fl is the effect of lth family, fl · zi is the inter-
action effect  of lth family  and  ith environ-
ment (treatment),  εijklm is the random resi-
dual. The population effect later was omit-
ted from the model as in most cases it was
non-significant.  The  model  assumed  that
random effects were normally distributed
with expectation zero and corresponding
variances: σp

2, σf
2, σf·z

2 and σe
2. The normality

of residuals’ distribution and homogeneity
of  variances  were  tested  with  SAS  GLM
and UNIVARIATE procedures  (SAS® Analy-
tics Pro 12.1 -  SAS Institute Inc 2012).

The  variance  components  of  random
effects  of  families  and  family  by  environ-
ment  (treatment)  interaction  (G×E)  were
computed  from  corresponding  variances
obtained in joint ANOVA (statistical model
1; SAS® Analytics Pro 12.1 – SAS Institute Inc
2012), and expressed in percentage of the
total random variation (eqn. 2, eqn. 3):

where vcf
2 and vcf·z

2 are the family and fami-
ly  by  environment  interaction  variance
components, σf

2 is the family variance, σf·z
2 is

the  variance  of  family  by  environment
interaction, and  σe

2 is  the variance of ran-
dom residuals.

The simplified linear model was used for
variance  analysis  of  the  data  from  each
individual  environment  (treatment  –  eqn.
4):

where yjlm is an observation of the mth tree
from the  lth family in the  jth block,  µ is the
overall mean,  bj is the  jth block effect,  fl is
the effect of  lth family,  and  εjlm is  the ran-

dom residual. The model assumed that ran-
dom effects are normally distributed with
expectation  zero  and  corresponding  va-
riances σf

2 and σe
2. Means of environments

(treatments) and families were computed
using  the  SAS  MEANS  procedure  (SAS®

Analytics Pro 12.1 – SAS Institute Inc 2012).

Genetic parameters estimate
Genetic parameters: family variance com-

ponents  (vcf),  coefficients  of  additive
genetic variation (CVa), additive heritability
coefficients (ha

2) and their standard errors
(se) of each trait were assessed using va-
riances  and  covariances  obtained  in  the
analysis of variances of the SAS MIXED pro-
cedure. The variance components of fami-
lies in each environment (treatment) were
derived from corresponding variances and
expressed in percentage of  the total  ran-
dom variation (eqn. 5):

The coefficient of additive genetic varia-
tion of a trait was calculated for each indi-
vidual  environment (treatment)  using the
following formula (Falconer 1989, Falconer
& Mackay 1996 – eqn. 6):

where  X̅ is  the  phenotypic  mean  of  the
trait. Coefficient 3 was used as progenies in
the  present  experiment  were  considered
as  an admixture  of  half-sibs  and  full-sibs.
The  narrow  sense  individual  heritability
coefficients were calculated using a formu-
la (eqn. 7):

where ha
2 is the individual additive heritabi-

lity coefficient. B-type genetic correlations
(Burdon  1977)  between  the  same  traits
assessed on different trees from the same
families  in  different  environments  (treat-
ments) were estimated using the following
formula (eqn. 8):

where  rxy is  the product-moment  correla-
tion between best linear unbiased predic-
tor  (BLUP)  values  derived  from  an indivi-
dual environment (treatment) by variance
analysis  (SAS  MIXED  procedure),  and  rTPx

and rTPy are the estimated relation between
true and predicted family values for a trait
at  x and y environments (treatments), res-
pectively;  rTPx was  calculated  as  follows
(eqn. 9): 

where h2 is the individual narrow sense he-
ritability coefficient.

To evaluate the stability of  individual  fa-
milies  across  environments  (treatments)
and the contribution of each of the family
plasticity (in percent) to the family by envi-
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vc f
2
=σ f

2
/(σ f

2
+σ f⋅z

2
+σ e

2
)

vc f⋅z
2 =σ f ⋅z

2 /(σ f
2 +σ f ⋅z

2 +σ e
2)

y jlm=μ+b j+ f l +ε jlm

vc f=σ f
2
/(σ f

2
+σ e

2
)⋅100

CV g=3⋅σ f
2⋅100 / X̄

ha
2=3⋅σ f

2 /(σ f
2 +σ e

2)

rGxy=r xy/ rTPx rTPy

r TPx=
h2k

1+h2 (k−1)
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ronment (treatment) interaction (G×E) va-
riances,  the  Wricke’s  ecovalence  values
(Wricke 1962) were calculated using fami-
lies’  least-squares  means  obtained  within
each  environment  (treatment),  using  the
“Lsmeans” option of the SAS MIXED pro-
cedure. The Shukla stability variances were
computed  and  the  statistical  significance
(P)  of  the  ecovalences  was  tested  using
the  F-test  developed  by  Shukla  (1972).  In
calculating ecovalences, to better fulfill the
assumptions behind the linear model thus
reducing the scale effects of different envi-
ronments (treatments) in the joint ANOVA,
data were transformed to equal genetic va-
riance using the method of  Danell  (1988).
For each environment (treatment), the as-
sessed values for each tree were multiplied
by a scaling factor, which for the  ith envi-
ronment (treatment) was the mean gene-
tic  (family)  standard  deviations  over  all
environments (treatments) and for the  ith

environment (treatment), respectively.
Deviations  of  families’  treatments  least-

squares  means  were  calculated  by  sub-
tracting  families’  least-squares  means  ob-
tained in the MIXED analysis at the indivi-
dual  treatments  from  total  least-squares
means of treatments. Phenotypic plasticity
of each family was estimated as the diffe-
rence  between  maximum  and  minimum
least-squares means obtained for different
treatments.

Families’  least-squares  means  from  MI-
XED analysis at the individual environments

(treatments)  were  regressed  on  environ-
ment  (treatment)  least-squares  means  to
estimate the reaction norms of  individual
families  over  environments  (treatments)
according  to  Finlay  &  Wilkinson  (1963)
using the REG procedure of the SAS soft-
ware (SAS® Analytics  Pro 12.1  –  SAS Insti-
tute  Inc  2012).  The  following  Finlay  and
Wilkinson parameters were obtained: inter-
cept (a) and slope coefficients (b) of linear
regression  equation,  regression  residuals
and coefficient of determination (R2).

Results and discussion
No  families  were  completely  resistant

and  free  from  disease (Fig.  1 and  Fig.  2).
This  confirms  the  results  of  our  previous
study on resistance of 340 half-sib families
from 24 European  F. excelsior populations,
where none of the tested families showed
complete  resistance  to  the  ash  dieback,
and only a fraction exhibited reduced sus-
ceptibility (Pliura et al. 2011). In clonal stu-
dies, differences among  F. excelsior clones
are usually pronounced: a small fraction of
the clones exhibit good disease resistance
(tolerance), while the majority experience
high (and increasing) disease incidence ra-
tes becoming heavily  damaged over  time
(McKinney et al. 2011, Kirisits & Freinschlag
2012, Stener 2013, Pliura et al. 2011).

Mean disease incidence ratio in all three
batches  of  ash  seedlings  was  high  (0.77-
0.81) already before the treatments (asses-
sed on May 5,  2014),  and after  the treat-

ments (assessed on September 3, 2014) the
disease incidence increased up to 0.90-0.95
(Fig. 1). Such a rapid decline in the number
of asymptomatic ash seedlings is not sur-
prising:  similar  results  were obtained also
in  German trials,  where disease incidence
increased  on  average  by  16.2%  per  year
(increasing from 13% to 94% in five years –
Enderle et al.  2013).  In the present study,
the  variation  in  disease  incidence  among
families was rather small, with one excep-
tion:  seedlings from family Z049 were far
less  frequently  infected  following  spring
frost  (0.44 ± 0.12)  and  summer  drought
(0.58 ± 0.10)  treatments  as  compared  to
other  families,  where  disease  incidence
ratio  following  frost  and  drought  treat-
ments was very high and reached respec-
tive ratios of 0.90-1.00 and 0.70-1.00 (Tab.
1). ANOVA showed that family effects were
statistically  significant (Tab.  2).  Moreover,
for some families (B069, B072 and Z060),
symptoms of  H. fraxineus could be found
on all seedlings irrespective of the applied
treatment  (Fig.  1,  Tab.  1).  On  the  other
hand,  disease  symptoms  were  frequently
observed (0.89-1.00) on non-treated (con-
trol)  seedlings  irrespective  of  their  origin
(Fig.  1,  Tab.  1).  Among  families  from  Zei-
melis  populations, family Z054 had below
average disease  incidence in  the  summer
drought and control treatments. No statis-
tically  significant  difference  (at  P <  0.05)
was found in mean disease incidence ratio
(all  three treatments combined)  between
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Fig. 1 - Disease incidence 
(a-c), health condition (d-
f) and tree survival (g-i) 
estimates for ten tested 
Fraxinus excelsior fami-
lies (for explanation of 
the variables and family 
name codes see Materi-
als and methods) before 
(May 5, 2014, light bars) 
and after (September 3, 
2014, dark bars) spring 
frost, summer drought 
and control treatments. 
Bars are means ± stan-
dard error.
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Tab. 1 - Mean values ± standard error of different trait estimates in ten tested Fraxinus excelsior families from Biržai and Zeimelis
populations following spring frost, summer drought and control treatments (estimated on September 3, 2014). For definition of
traits see Materials and methods.

Family
code Treatment

Disease
incidence,

ratio

Health
condition

score, points

Survival
ratio

Length of
necrotic top
shoot, cm 

Length of
necrotic
lateral

shoots, cm 

Length of
necrotic

lesions, cm

Bud flushing
phenology,

pt

Tree height,
cm 

B069 CONTROL 1.00 ± 0.00 1.70 ± 0.23 0.40 ± 0.11 104.00 ± 0.00 26.13 ± 3.88 6.25 ± 1.01 1.30 ± 0.15 111.50 ± 2.37
FROST 1.00 ± 0.00 1.40 ± 0.11 0.40 ± 0.11 67.33 ± 2.74 42.25 ± 8.44 38.00 ± 18.48 1.30 ± 0.15 94.00 ± 3.04
DROUGHT 1.00 ± 0.00 1.60 ± 0.21 0.40 ± 0.11 66.50 ± 14.15 47.75 ± 9.84 10.50 ± 2.02 2.20 ± 0.30 101.50 ± 3.95

B072 CONTROL 1.00 ± 0.00 2.50 ± 0.28 0.70 ± 0.11 37.00 ± 4.62 13.92 ± 2.24 6.25 ± 1.40 1.60 ± 0.28 102.00 ± 3.03
FROST 1.00 ± 0.00 2.20 ± 0.23 0.70 ± 0.11 50.38 ± 7.67 43.57 ± 7.06 10.63 ± 2.13 1.80 ± 0.25 98.14 ± 4.53
DROUGHT 1.00 ± 0.00 2.30 ± 0.29 0.60 ± 0.11 38.00 ± 9.22 58.25 ± 13.56 15.71 ± 6.21 1.90 ± 0.24 93.83 ± 4.47

B076 CONTROL 0.91 ± 0.06 2.36 ± 0.23 0.91 ± 0.06 55.43 ± 3.11 30.97 ± 6.80 7.71 ± 1.01 2.55 ± 0.30 90.40 ± 2.48
DROUGHT 1.00 ± 0.00 2.40 ± 0.29 0.60 ± 0.11 39.33 ± 4.60 33.83 ± 6.43 1.83 ± 0.53 3.00 ± 0.34 97.17 ± 3.49
FROST 1.00 ± 0.00 2.00 ± 0.23 0.67 ± 0.11 41.40 ± 5.60 51.17 ± 9.81 7.63 ± 1.32 3.00 ± 0.36 82.33 ± 6.06

B078 CONTROL 1.00 ± 0.00 1.40 ± 0.18 0.20 ± 0.09 39.00 ± 0.00 62.75 ± 0.72 - 1.80 ± 0.32 90.00 ± 1.73
FROST 0.90 ± 0.07 2.20 ± 0.25 0.80 ± 0.09 48.75 ± 8.74 40.29 ± 8.38 30.67 ± 7.68 2.00 ± 0.36 80.88 ± 4.28
DROUGHT 0.90 ± 0.07 2.20 ± 0.32 0.50 ± 0.12 49.33 ± 7.59 31.83 ± 12.32 19.00 ± 0.00 1.80 ± 0.29 92.20 ± 4.14

B080 CONTROL 1.00 ± 0.00 2.11 ± 0.31 0.44 ± 0.12 7.00 ± 0.00 12.25 ± 2.88 29.00 ± 0.00 2.67 ± 0.38 89.50 ± 6.36
DROUGHT 0.93 ± 0.05 2.64 ± 0.27 0.64 ± 0.09 40.25 ± 1.01 25.25 ± 5.38 1.00 ± 0.00 3.14 ± 0.35 77.78 ± 4.08
FROST 1.00 ± 0.00 2.29 ± 0.24 0.86 ± 0.10 30.25 ± 2.46 74.50 ± 3.18 34.00 ± 12.70 4.29 ± 0.19 78.50 ± 4.82

Z049 CONTROL 0.89 ± 0.08 3.00 ± 0.32 0.78 ± 0.10 33.00 ± 0.00 23.75 ± 4.50 9.00 ± 0.00 3.78 ± 0.30 92.43 ± 2.77
FROST 0.44 ± 0.12 4.33 ± 0.23 1.00 ± 0.00 7.00 ± 0.00 23.13 ± 2.15 - 3.33 ± 0.28 77.22 ± 2.67
DROUGHT 0.58 ± 0.10 4.00 ± 0.24 0.92 ± 0.06 - 12.08 ± 3.53 9.50 ± 1.91 3.50 ± 0.32 93.63 ± 3.70

Z053 CONTROL 0.90 ± 0.07 2.20 ± 0.29 0.70 ± 0.11 65.75 ± 6.68 23.40 ± 5.55 25.50 ± 12.99 2.40 ± 0.29 88.57 ± 5.14
FROST 1.00 ± 0.00 2.67 ± 0.23 1.00 ± 0.00 32.88 ± 4.67 28.94 ± 4.61 5.75 ± 1.01 2.78 ± 0.32 90.89 ± 4.69
DROUGHT 1.00 ± 0.00 2.27 ± 0.23 0.73 ± 0.10 22.20 ± 5.09 20.50 ± 8.08 10.75 ± 2.00 3.09 ± 0.39 74.00 ± 4.80

Z054 CONTROL 0.90 ± 0.07 2.70 ± 0.33 0.70 ± 0.11 21.00 ± 0.00 24.67 ± 3.52 8.00 ± 3.46 2.00 ± 0.31 80.43 ± 4.99
FROST 1.00 ± 0.00 2.70 ± 0.25 0.80 ± 0.09 23.67 ± 4.36 31.19 ± 3.20 - 2.80 ± 0.35 93.13 ± 5.08
DROUGHT 0.70 ± 0.11 3.00 ± 0.34 0.80 ± 0.09 17.25 ± 3.03 30.30 ± 9.38 13.00 ± 0.00 2.80 ± 0.40 97.13 ± 4.09

Z060 CONTROL 1.00 ± 0.00 2.36 ± 0.23 0.82 ± 0.08 66.10 ± 5.49 42.11 ± 4.71 4.00 ± 0.00 3.36 ± 0.23 99.89 ± 5.80
FROST 1.00 ± 0.00 2.75 ± 0.28 0.88 ± 0.09 64.33 ± 7.81 75.35 ± 10.37 39.00 ± 0.00 2.88 ± 0.35 90.29 ± 3.78
DROUGHT 1.00 ± 0.00 2.18 ± 0.26 0.55 ± 0.11 6.25 ± 1.88 30.63 ± 5.98 17.83 ± 6.56 2.27 ± 0.30 98.67 ± 2.48

Z061 CONTROL 0.90 ± 0.07 3.10 ± 0.24 1.00 ± 0.00 30.75 ± 2.77 18.86 ± 5.22 8.33 ± 1.17 3.30 ± 0.33 89.40 ± 5.04
FROST 1.00 ± 0.00 2.88 ± 0.24 0.88 ± 0.09 22.17 ± 4.49 36.21 ± 7.20 44.00 ± 0.00 3.50 ± 0.18 88.57 ± 4.46
DROUGHT 0.92 ± 0.06 2.75 ± 0.24 0.83 ± 0.08 38.25 ± 5.62 44.11 ± 9.88 13.25 ± 6.21 3.58 ± 0.26 101.00 ± 4.03
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Biržai  and Zeimelis  populations.  Although
the  highest  disease  incidence  ratio  was
generally  observed  in  the  control  treat-
ment (0.95 ± 0.02), it did not differ signifi-
cantly  (P >  0.05)  from  frost  and  drought
treatments  (0.93 ± 0.06 and 0.90 ± 0.05,
respectively).

A similar trend was observed also for the
damage  of  individual  trees  and  tree  sur-
vival ratio within the tested families: rather
low health  condition scores  recorded  be-
fore the treatments (on May 5, 2014) fur-
ther declined (mostly due to a large num-
ber  of  seedlings  that  died)  following  the
treatments (by September 3, 2014 –  Fig. 1,
Tab.  2).  In  general,  the  health  condition
score of tested trees was low, although it
had a tendency to be higher in the spring
frost and summer drought treatments than
in control (2.52 ± 0.09, 2.56 ± 0.09 and 2.34
± 0.09, respectively – Tab. 2). Seedling sur-
vival rate was higher following spring frost
treatment than in the control or following
summer drought treatments (0.78 ± 0.03,
0.67 ± 0.03 and 0.66 ± 0.03 respectively –
Tab. 2). Seedling mortality was high (21-31%
during one vegetation season) following all

three treatments. Such high mortality rates
corresponded well  with  the results  obtai-
ned during our previous studies in Lithua-
nian ash progeny trials, where almost 90%
of the trees died in five years following trial
establishment  (Pliura  &  Baliuckas  2007,
Pliura et al.  2011).  Results of a  F. excelsior
clonal  trial  in  Sweden  (Stener  2013)  indi-
cated lower mortality rates as compared to
those  found  in  our  previous  studies:  33%
mortality recorded during five years at one
site (trial established in 1992) and 7% mor-
tality during two years at another site (trial
established in 1995). However, trees in the
Swedish trials were older (about 20-years-
old  at  the  time  of  the  last  assessment)
compared to our study, which could have
positively affected tree survival.

Good health condition (score = 4.33 and
4.00 points) and very high seedling survival
rates (1.00 and 0.92) following respective
spring  frost  and  summer  drought  treat-
ments  again  were  found  in  family  Z049
(Fig. 1, Tab. 1), indicating its good adaptabi-
lity to environmental stress, higher disease
resistance and potential for further breed-
ing. In the control treatment, the best sur-

viving family was Z061 (1.00 ± 0.00) which
was  among  the  best  also  following  frost
and drought treatments (Fig. 1). In contrast
to disease incidence ratio, statistically sig-
nificant differences (P < 0.001) were found
between  Zeimelis  and  Biržai  populations
(all  three  treatments  combined)  in  mean
tree health condition score (2.86  vs. 2.09)
and mean survival ratio (0.83 vs. 0.59). This
is not surprising since Zeimelis population
was among those having the highest com-
plex breeding value index (CBVIi)  and the
largest  proportion  of  most  healthy  trees
also  in  our  previous  studies  (Pliura  et  al.
2011,  2014). Although there was a high va-
riation in mean health condition scores and
ratios  of  survival  among  the tested  fami-
lies, neither tree health condition, nor sur-
vival differed significantly (P < 0.05) among
the treatments (Tab. 3 and  Tab. 4), indica-
ting  a  negligible  effect  of  the  simulated
adverse  conditions  on  health  status  and
survival of the tested ash seedlings.

It must be pointed out that the two most
resistant families, Z049 and Z061, had the
earliest bud flushing in spring 2014 (mean
family scores = 3.54 and 3.46, respectively),
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Tab. 2 - Results from the mixed linear model (2) analysis of different traits in ten tested Fraxinus excelsior families from Biržai and
Zeimelis populations (for definition of traits see Materials and methods) following spring frost, summer drought and control treat -
ments: mean ± standard error, family variance component as percent of the total random variation (σ2

f) ± standard error, coeffi-
cients of phenotypic (CVph) and additive genetic variation (CVa), coefficient of additive heritability (h2

a) ± standard error. (*): statisti-
cally significant effects at P < 0.05; (ns): non-significant effects at P < 0.05.

Trait Treatment Mean ± se
Family variance component

CVph, % CVa, % h2
a± se

σ2
f (%) ± se P

Disease incidence ratio before 
treatment

CONTROL 0.77 ± 0.03 19.81 ± 11.38 * 54.79 42.86 0.59 ± 0.28
FROST 0.81 ± 0.03 24.02 ± 13.28 * 48.39 41.47 0.72 ± 0.31
DROUGHT 0.80 ± 0.03 11.73 ± 7.53 ns 50.11 29.95 0.35 ± 0.20

Disease incidence ratio after 
treatment

CONTROL 0.95 ± 0.02 0.89 ± 2.81 ns 23.00 3.76 0.03 ± 0.08
FROST 0.93 ± 0.02 43.77 ± 22.10 * 26.80 31.38 1.00 ± 0.38
DROUGHT 0.90 ± 0.02 19.58 ± 10.94 * 33.41 25.82 0.59 ± 0.27

Health condition score before 
treatment, points

CONTROL 3.40 ± 0.08 21.90 ± 12.27 * 33.88 27.87 0.66 ± 0.29
FROST 3.53 ± 0.08 26.86 ± 14.51 * 29.07 26.31 0.81 ± 0.33
DROUGHT 3.31 ± 0.08 9.57 ± 6.46 ns 37.15 20.00 0.29 ± 0.18

Health condition score after 
treatment, points

CONTROL 2.34 ± 0.09 12.92 ± 8.20 ns 53.93 33.81 0.39 ± 0.22
FROST 2.54 ± 0.09 35.98 ± 18.60 * 47.87 50.41 1.00 ± 0.37
DROUGHT 2.53 ± 0.09 17.29 ± 9.90 * 54.15 39.28 0.52 ± 0.25

Survival ratio before treatment CONTROL 0.98 ± 0.01 - - - - -
FROST 1.00 ± 0.00 - - - - -
DROUGHT 0.91 ± 0.02 - - - - -

Survival ratio after treatment CONTROL 0.67 ± 0.03 22.93 ± 12.63 * 70.36 58.98 0.69 ± 0.30
FROST 0.79 ± 0.03 14.34 ± 8.90 ns 51.87 34.17 0.43 ± 0.24
DROUGHT 0.66 ± 0.03 7.21 ± 5.42 ns 71.36 33.31 0.22 ± 0.15

Length of necroticleader shoot 
before treatment,cm

CONTROL 42.33 ± 3.35 62.69 ± 40.61 ns 47.47 68.88 1.00 ± 0.46
FROST 48.31 ± 4.16 - - 51.65 - -
DROUGHT 37.18 ± 2.93 22.61 ± 17.01 ns 64.01 53.4 0.68 ± 0.41

Length of necroticleader shoot after
treatment,cm

CONTROL 51.20 ± 3.14 79.36 ± 41.59 * 45.08 87.76 1.00 ± 0.27
FROST 40.18 ± 2.51 48.47 ± 28.41 * 54.50 71.59 1.00 ± 0.43
DROUGHT 35.04 ± 2.89 44.25 ± 28.67 ns 61.81 76.26 1.00 ± 0.47

Length of necrotic lateral shoots 
before treatment, cm

CONTROL 17.86 ± 1.61 20.07 ± 12.93 ns 99.70 78.17 0.60 ± 0.31
FROST 20.16 ± 2.16 9.28 ± 7.62 ns 117.43 62.04 0.28 ± 0.23
DROUGHT 23.88 ± 2.09 15.88 ± 11.43 ns 101.05 70.94 0.48 ± 0.27

Length of necrotic lateral shoots 
after treatment, cm

CONTROL 26.89 ± 1.93 29.31 ± 19.23 ns 77.14 75.69 0.88 ± 0.37
FROST 44.03 ± 2.57 29.98 ± 16.93 * 66.10 63.92 0.90 ± 0.36
DROUGHT 33.24 ± 3.00 10.72 ± 8.59 ns 97.21 55.34 0.32 ± 0.24

Length of necroticlesions before 
treatment, cm

CONTROL 23.05 ± 1.98 7.39 ± 8.75 ns 78.74 37.23 0.22 ± 0.26
FROST 22.54 ± 2.74 8.05 ± 9.32 ns 105.85 52.2 0.24 ± 0.28
DROUGHT 18.38 ± 1.92 - - - - -

Length of necroticlesions after 
treatment, cm

CONTROL 6.88 ± 0.61 1.45 ± 11.94 ns 50.56 10.55 0.04 ± 0.63
FROST 7.25 ± 0.75 41.12 ± 45.63 ns 46.10 55.42 1.00 ± 0.99
DROUGHT 9.00 ± 1.19 24.49 ± 24.33 ns 85.43 75.33 0.73 ± 0.53
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while the latest flushing families B069 and
B072 (mean family scores = 1.60 and 1.77,
respectively) were of comparably low resis-
tance (Fig. 1, Tab. 1). In general, health con-
dition  scores  and  seedling  survival  ratio
showed  rather  strong  positive  Pearson’s
correlation (R =  0.588,  P  = 0.001 and  R =
0.645, P < 0.001, respectively) with the bud
flushing  phenology  scores  indicating  that
early-flushing clones are less susceptible to
infections by  H. fraxineus.  It  can be hypo-
thesized  that  this  correlation  between
health condition and bud flushing phenolo-
gy might be attributed to the disease de-
velopment within a tree during the winter
period,  that  is  restrained  by  earlier  cam-
bium activity in spring, or to the realloca-
tion of resources between growth and de-
fense. Timing of  reallocation of resources
between growth and defense with timing
of disease infections was hypothesized as
an explanation of the correlation between
spring phenology and resistance to DED in

Ulmus (Santini et al. 2005,  Ghelardini et al.
2010). Other studies have also shown that
bud flushing and (or) leaf senescence phe-
nology exhibit a moderate to strong corre-
lation with dieback susceptibility (Pliura &
Baliuckas 2007,  McKinney et  al.  2011,  Kiri-
sits  & Freinschlag 2012,  Bakys  et  al.  2013,
Pliura et al. 2011,  2014). Yet these relation-
ships were not consistent in all studies (Ki-
risits & Freinschlag 2012). Interestingly, bud
flushing phenology score moderately nega-
tively correlated with mean seedling height
(R = -0.376, P = 0.041).

Significant  effects  (P <  0.01)  of  the  ap-
plied  treatments  were  observed  for  the
total  length  of  necrotic  lateral  shoots,
which characterize the spread rate of the
disease within a tree and an extent of da-
mage, while this fixed effect was not signif-
icant  for  other  studied  traits  (Tab.  3 and
Tab. 4). Following spring frost and summer
drought  treatments,  the  total  length  of
necroses  in  lateral  shoots  (measured  in

September 2014) was significantly larger (P
< 0.01) than in the control treatment (Tab.
3).  In  control,  mean  length  of  necrotic
leader  shoots  of  new  vegetation  season
was higher than on previous year’s leader
shoots  (42.33  ±  3.35  vs. 51.20 ±  3.14  cm).
However, following spring frost and sum-
mer drought treatments length of necrotic
leader  shoots  of  new  vegetation  season
was lower  (Tab.  2).  Following  treatments
mean  length  of  necrotic  leader  shoots
tended to be lower than in control environ-
ment.  This mean that treatments reduces
the disease damage or the spread of  dis-
ease within a tree.

The total length of necrotic lesions on ash
seedlings  has  decreased  following  frost
and drought treatments; it has decreased
also  in  non-treated  (control)  seedlings
(Tab. 2). This decrease could be explained
by the fact that lesions which have caused
shoot dieback were further  regarded and
measured  as  necrotic  leader  or  lateral
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Tab. 3 - Results from joint mixed linear model (1) analysis of variance of traits in ten tested Fraxinus excelsior families from Biržai and
Zeimelis populations (for definition of traits see Materials and methods) following frost and control treatments: family and family
by treatment interaction variance components and their standard errors for random effects as percent of the total random varia -
tion, and F-criteria and probabilities (P) of the fixed effects. (*): statistically significant effects at  P  < 0.05; (ns):  non-significant
effects at P < 0.05.

Trait

Random effects Fixed effects

Families Families × treatment Treatment

σ2
f·t (%) ± se P σ2

f·t (%) ± se P F P
Disease incidence before treatment 23.24 ± 11.93 * - - 1.61 ns
Disease incidence after treatment 5.59 ± 9.95 ns 19.64 ± 11.19 * 0.09 ns
Health condition score before treatment 23.51 ± 12.19 * 0.44 ± 2.15 ns 1.19 ns
Health condition score after treatment 17.89 ± 11.02 ns 5.86 ± 4.68 ns 1.20 ns
Survival ratio before treatment - - - - - -
Survival ratio after treatment 7.03 ± 8.02 ns 12.20 ± 7.76 * 2.57 ns
Length of necrotic leader shoot before treatment 16.11 ± 21.14 ns 9.82 ± 21.69 ns 1.81 ns
Length of necrotic leader shoot after treatment 46.34 ± 28.55 ns 17.39 ± 12.08 * 1.59 ns
Length of necrotic lateral shoots before treatment - - 13.02 ± 6.73 * 0.19 ns
Length of necrotic lateral shoots after treatment 3.85 ± 11.82 ns 25.48 ± 15.71 * 7.01 *
Length of necrotic lesions before treatment 3.01 ± 7.13 ns 5.03 ± 7.94 ns 0.04 ns
Length of necrotic lesions after treatment 20.57 ± 23.74 ns - - 0.21 ns
Tree height after treatment 5.81 ± 6.85 ns 6.09 ± 5.97 ns 3.77 ns

Tab. 4 - Results from the joint mixed linear model (1) analysis of variance of traits in ten tested Fraxinus excelsior families from Biržai
and Zeimelis populations (for the definition of traits and the list of tested families, see Materials and methods) following drought
and control treatments: family and family by treatment interaction variance components and their standard errors for random
effects as percent of the total random variation, and F-criteria and probabilities (P) of the fixed effects. (*): statistically significant
effects at P < 0.05; (ns): non-significant effects at P < 0.05.

Trait

Random effects Fixed effects

Families Families × treatment Treatment

(%) ± se P (%) ± se P F P
Disease incidence before treatment 13.17 ± 7.84 * 2.41 ± 3.09 ns 0.75 ns
Disease incidence after treatment 5.81 ± 6.25 ns 7.55 ± 5.55 ns 1.35 ns
Health condition score before treatment 15.02 ± 8.05 * - - 0.95 ns
Health condition score after treatment 13.74 ± 8.04 * 1.84 ± 2.79 ns 1.75 ns
Survival ratio before treatment - - - - - -
Survival ratio after treatment 10.01 ± 7.16 ns 4.91 ± 4.23 ns 0.02 ns
Length of necrotic leader shoot before treatment 3.20 ± 17.91 ns 29.33 ± 21.93 ns 0.46 ns
Length of necrotic leader shoot after treatment 13.54 ± 25.71 ns 51.49 ± 29.02 * 1.53 ns
Length of necrotic lateral shoots before treatment 2.98 ± 9.03 ns 14.29 ± 10.74 ns 1.87 ns
Length of necrotic lateral shoots after treatment - - 14.92 ± 7.89 * 1.21 ns
Length of necrotic lesions before treatment 0.66 ± 6.83 ns 4.10 ± 8.62 ns 1.50 ns
Length of necrotic lesions after treatment - - 21.98 ± 17.70 ns 1.72 ns
Tree height after treatment 7.20 ± 9.07 ns 11.86 ± 8.32 ns 0.03 ns

iF
or

es
t 

– 
B

io
ge

os
ci

en
ce

s 
an

d 
Fo

re
st

ry



Pliura A et al. - iForest 9: 12-22

shoots,  i.e., lesions were merged with the
necrotic  shoots.  When  considering  the
length  of  necroses  in  leader  and  lateral
shoots, families Z049, Z054 and Z053 from
the  Zeimelis  population  were  among  the
least damaged after spring frost and sum-
mer  drought  treatments  (Fig.  2,  Tab.  1),
while in the control environment, the smal-
lest  length  of  necrotic  leader  and  lateral
shoots  was  observed  in  families  B080,
B072,  Z054  and  Z061,  which  would  also
suggest that these families are also quite
tolerant (Fig. 2).

As  two  different  aspects  of  resistance
have to be estimated, resistance to infec-
tion  and  resistance  to  disease  spread/de-
velopment within a tree after infection, for
the evaluation of genetic resistance to dis-
ease of each tested family or clone at juve-
nile age in tree breeding we would recom-
mend to compute breeding index compo-
sed from indexes of disease incidence (to
characterize  the  resistance  to  infection)
and  indexes  of  length of  necrotic  lesions
and length of dry leader and lateral shoots
(to characterize the resistance to disease
spread  within  trees  after  the  infection
occurs),  as  well  as  index of  survival  rate.
This would be a more correct and precise
alternative to visual scoring of health con-
dition.

Despite  the  observed  between-popula-
tion differences in disease resistance traits,
joint ANOVA of individual tree data has not
revealed a significant population effect for
any  of  the  traits  studied  (data  not  pre-
sented). This is in a good agreement with
results  reported  by  Olrik  et  al.  (2007),
Stener  (2007),  McKinney et  al.  (2011) and
Pliura et al.  (2014), where weak and non-
significant population effects on resistance
to  H.  fraxineus have  been found.  The ab-
sence of a significant population effect in
the present study could be due to a high
among-family  variation  within  the  tested
populations  and  a  low  number  of  tested
populations. In contrast, the results of our
previous  study  on  resistance  of  340  F.
excelsior half-sib families from ten Lithua-
nian and fourteen west European popula-
tions showed significant population effects
on  disease  resistance  traits  (Pliura  et  al.
2011).

Joint  ANOVA  revealed  significant  family
effects (P < 0.05) for disease incidence and
health condition (both assessed before the
treatments) in the ash seedling batch assi-
gned for the spring frost treatment (Tab.

3). Similarly, significant family effects were
detected  for  disease  incidence  (assessed
before  the treatments)  and health  condi-
tion (assessed  both  before  and after  the
treatments) in the seedling batch assigned
for  the  summer  drought  treatment  (Tab.
4). The lack of significant family effects on
the  rest  of  the  assessed  traits  may  be
attributed to the presence of  a  family by
environment  (G×E)  interaction.  Following
spring frost treatment, this interaction was
found  to  be  significant  (P  <  0.05)  for  di-
sease incidence, seedling survival ratio and
length  of  necrotic  leader  and  lateral
shoots, while before the treatments, a sig-
nificant  interaction  was  found  only  for
total length of necrotic lateral shoots (Tab.
3).  This  G×E interaction  indicates  genetic
variation in plasticity and reaction norms of
families across environments (treatments),
providing that resistance of ash families to
the dieback disease unequally depends on
environmental  conditions.  Studies  perfor-
med  with  F.  excelsior clones  in  Denmark
(McKinney et al. 2011) and Sweden (Stener
2013)  showed  weak  G×E interaction,  al-
though each of those studies covered only
two clonal  trials  growing in rather similar
environments.  In  our  previous  study  on
resistance  of  F.  excelsior half-sib  families,
G×E was  also  weak  and  non-significant
(Pliura et al. 2011). The lack of G×E for resis-
tance  traits  can  be  due  to  differences  in
natural environment conditions of progeny
field  trials  that  were  not  sufficiently  pro-
nounced to facilitate differing performance
of families across environments.

ANOVA performed on data separately for
each  treatment  (Tab.  2)  showed  much
stronger family effects than in joint ANOVA
(Tab.  3 and  Tab.  4).  The  family  variance
component in health condition was signifi-
cant (P < 0.05) and increased substantially
following spring frost (from 26.86 ± 14.51
to  35.98  ±  18.60%)  and  summer  drought
(from 9.57 ± 6.46 to 17.29 ± 9.90% - Tab. 2).
The  coefficients  of  additive  genetic  varia-
tion (CVa) and heritability (ha

2) also increa-
sed  following  both  treatments  compared
to control (Tab. 2), showing that the indu-
ced stress has contributed to the expres-
sion  of  differences  in  disease  resistance
traits  among  the  tested  families.  Despite
much smaller amount of the genetic mate-
rial tested in the present study, CVa coeffi-
cients  were  within  a  range of  values  ob-
tained  in  progeny  studies  performed  in
Denmark (CVa =  37-61% -  Kjær  et  al.  2012)

and Lithuania (CVa  = 30-39% -  Pliura  et  al.
2011).  High  CVa values  calculated  for  ash
health condition under stressful conditions
show good possibilities for resistant fami-
lies’ selection. High heritability coefficients
in turn indicate that the most precise de-
tection of resistant tree genotypes by their
phenotype  can  indeed  be  done  under
stressful environmental conditions.

For disease incidence trait, family varian-
ce components  also largely increased fol-
lowing  spring  frost  and  summer  drought
treatments, although CVa values decreased
due to the increase of  mean disease inci-
dence rate (Tab. 2). Heritability of this trait
also  increased  following  both  treatments
(Tab.  2).  Meanwhile,  in  the  control  treat-
ment,  the  family  effect  for  disease  inci-
dence became insignificant in autumn 2014
(after  the treatments),  as  all  families  had
equally high infection (Fig. 1, Tab. 1). In ge-
neral,  significant  additive  genetic  control,
which  is  characterized  by  CVa and  ha

2 of
resistance traits obtained in this study, cor-
responded  well  to  the  results  of  recent
studies  performed  in  Lithuania,  Denmark
and Sweden at  a family level,  where nar-
row-sense  heritabilities  ranged  between
0.40-0.49 (Pliura et al.  2011) and between
0.37-0.52  (Kjær  et  al.  2012),  and  broad-
sense heritabilities obtained in clonal  stu-
dies ranged from moderate to high (Stener
2007, 2013, Olrik et al. 2007, McKinney et al.
2011, Pliura et al. 2014).

Family  variance  components  for  the
length  of  necrotic  part  of  leader  shoot
increased also both following spring frost
and summer drought treatments from low
and non-significant estimates before treat-
ments  to  very  high  estimates  after  treat-
ments  (Tab.  2).  Coefficients  of  additive
genetic  variation  and  heritability  also  be-
came very high (Tab. 2). It can be noticed
that family variance components,  CVa and
ha

2 for  this  trait  increased  in  the  control
environment as well. Therefore the increa-
se of genetic parameters for the length of
necrotic  part  of  leader  shoots  cannot  be
attributed to the impact of stressors (i.e.,
spring  frost  or  summer  drought),  but  ra-
ther to the general development of disease
in all the environments studied.

Genetic  parameters  for  the total  length
of  necrotic  lateral  shoots  increased  (by
September  2014)  in  the  control  environ-
ment and following spring frost treatment,
while  they  decreased  following  summer
drought treatment (Tab. 2). Family variance
components and other genetic parameters
for  the  total  length  of  necrotic  lesions
increased  following  treatments  (by  Sep-
tember 2014), although remained non-sig-
nificant probably due to the low number of
observations for this trait.

B-Type genetic correlations among family
means of health condition scores recorded
following all treatments (assessed on Sep-
tember  3,  2014)  were  moderate  to  high
(Tab.  5),  indicating  that  both  stress  envi-
ronments had a similar impact on seedling
health condition, which was generally bet-
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Tab. 5 - B-Type genetic correlations between health condition scores and total lengths
of  necrotic  shoots  estimated following spring frost,  summer  drought and control
treatments (estimates made in September 3, 2014) of the ten tested  Fraxinus excel-
sior families. For the definition of traits, see Materials and methods.

Trait Treatment FROST DROUGHT
Health condition 
score

CONTROL 0.447 ± 0.118 0.642 ± 0.096
FROST - 0.933 ± 0.017

Length of necrotic 
lateral shoots

CONTROL 0.096 ± 0.162 -0.193 ± 0.183
FROST - -0.111 ± 0.169
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ter in frost- and drought-treated seedlings
than in the control. B-Type genetic correla-
tions  between  length  of  necrotic  shoots
across treatments were very low and non-
significant, thus indicating that G×E interac-
tion plays an important role in the variation
of disease damage expression (Tab. 5).

Even though the low family by treatment
interaction  (G×E)  variance  component  in
the variation of health condition score and
significant B-type genetic correlations sho-
wed  that  performance  of  the  tested  ash
families across treatments was rather sta-
ble, four out of ten tested families (B078,
Z049, Z060 and Z061) had significant (P  <
0.05) Shukla stability variances, thus signifi-
cantly contributed to  G×E interaction with
Wricke  ecovalences  (Tab.  6).  The  highest
ecovalence  values  were  obtained  for  the
second  most  damaged  family  B078
(29.84%) and for the second healthiest fa-
mily  Z061  (20.48%).  The  best  performing
family Z049 showed moderate ecovalence
(13.30%),  and  the  most  heavily  damaged
family B069 showed very low and non-sig-
nificant  ecovalence  (0.63%  -  Tab.  6).  The
characteristics of reaction norms and eco-
valence  estimates  of  families  were  not
always interrelated,  e.g., family B078 with
the  highest  ecovalence  and  phenotypic

plasticity values had the lowest slope coef-
ficient of  linear regression,  meanwhile fa-
mily Z061 having the second highest ecova-
lence  value  had  the  highest  slope  coeffi-
cient (Tab. 6).

Significant (P < 0.05) G×E interaction va-
riance  component  in  the  variation  of
length of necrotic shoots and the absence
of  significant  B-type  genetic  correlations
showed  that  disease  damage  in  families
across  environments  (treatments)  was
quite variable. Seven out of ten tested fam-
ilies significantly contributed (P < 0.001) to
G×E interaction,  with  Wricke  ecovalences
ranging from 5.27 to 26.08% (Tab. 7). It can
be noticed that the slope coefficient of lin-
ear regression for the tested families was
very  different,  which  indicates  different
family behavior across treatments.

No generalizations  can  be  made on  ge-
neral plasticity of families, as their perfor-
mance in terms of different disease dama-
ge  traits  was  quite  different.  In  general,
high  plasticity  in  disease  resistance  traits
should  be  considered  non-adaptive  as  it
reflects a deterioration in plant health con-
dition and fitness.  Eriksson (2001) empha-
sized  that  high  phenotypic  plasticity  in
adaptive traits may be useful under chan-
ging conditions in a short-time period, but

it  may  be  detrimental  in  the  long-term,
since  natural  selection  is  misguided  and
cannot be fully efficient. In the case of  F.
excelsior, high phenotypic plasticity would
aid natural selection in eradicating the least
resistant  genotypes.  This  contradicts  the
conclusion by Ghalambor et al. (2007), who
claimed that only plasticity that enhances
fitness can facilitate adaptive evolution. In
some  cases,  when  environmental  condi-
tions are not favorable for disease develop-
ment, natural selection in such an environ-
ment may be misguided, and genotypes of
high  or  average  plasticity  (e.g.,  family
Z060)  would  probably  survive  and  show
similar resistance (damage levels) as in the
most  resistant  genotypes  (e.g.,  families
Z049 and Z054) with low phenotypic plas-
ticity.

Concluding remarks
None  of  the  tested  F.  excelsior families

were completely resistant to  H. fraxineus,
although  the  significant  among-family  va-
riation  detected  in  disease  incidence  and
health condition in each treatment points
to the additive mode of gene action, thus
to a quantitative resistance to the disease.
Such a resistance might be durable in long-
term as it combines different plant defense
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Tab. 6 - Stability characteristics (for the definition see Materials and methods) of the ten tested  Fraxinus excelsior families from
Biržai and Zeimelis populations driven from tree health condition scores (assessed on September 3, 2014) following spring frost,
summer drought and control treatments.

Family 
code

To
ta

l 
Ls

m
ea

n
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vi
at
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n Treatments’ Lsmeans

deviations

P
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ec
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al
en
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e,
%

) Shukla stability variance Finlay-Wilkinson parameters

Control Frost Drought Variance F P Intercept Slope
coefficient

Residual R2

B078 -0.626 -1.238 -0.264 -0.376 0.974 29.85 0.342 10.40 0.000 1.752 0.086 0.134 0.030
Z061 0.494 1.001 0.289 0.193 0.808 20.48 0.230 7.01 0.001 -1.197 1.650 0.170 0.890
Z049 1.280 0.869 1.484 1.486 0.617 13.30 0.145 4.41 0.012 2.762 0.430 0.084 0.530
Z060 -0.059 0.031 0.187 -0.395 0.582 9.54 0.100 3.05 0.047 0.468 0.797 0.160 0.670
B072 -0.109 0.211 -0.264 -0.273 0.483 8.08 0.082 2.51 0.081 -1.251 1.439 0.053 0.950
B076 -0.189 0.031 -0.428 -0.169 0.459 5.57 0.053 1.61 0.199 -1.363 1.452 0.000 1.000
Z053 -0.122 -0.184 0.118 -0.301 0.419 4.93 0.045 1.38 0.251 0.717 0.677 0.040 0.860
B080 -0.138 -0.301 -0.194 0.082 0.383 4.11 0.036 1.09 0.338 0.050 0.928 0.076 0.860
Z054 0.357 0.474 0.146 0.451 0.328 3.54 0.029 0.88 0.416 -0.515 1.335 0.009 0.990
B069 -0.920 -0.843 -0.920 -0.997 0.154 0.63 -0.006 -0.18 - -1.085 1.063 0.010 0.980

Tab. 7 - Stability characteristics (for the definition see Materials and methods) of the ten tested  Fraxinus excelsior families from
Biržai and Zeimelis populations driven from total length of necrotic shoots (measured on September 3, 2014) following spring frost,
summer drought and control treatments

Family 
code

To
ta

l 
Ls

m
ea

n
de

vi
at

io
n Treatments’ Lsmeans

deviations

P
h
en
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yp

ic
pl
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ti

ci
ty

W
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e

ec
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e,
%

) Shukla stability variance Finlay-Wilkinson parameters

Control Frost Drought Variance F P Intercept Slope
coefficient

Residual R2

B078 11.74 39.98 -3.02 -1.74 43.00 26.08 716.2 19.53 0.000 146.14 -2.786 325.95 0.590
B072 5.34 -14.47 -0.37 30.85 45.32 23.43 640.4 27.65 0.000 -140.55 5.110 49.28 0.970
B080 -0.54 -16.32 24.56 -9.86 40.89 21.05 571.9 23.40 0.000 -21.48 1.590 945.04 0.140
Z060 12.99 16.97 25.25 -3.23 28.48 9.35 236.3 10.21 0.000 77.97 -0.830 225.56 0.160
Z061 -0.62 -8.96 -6.30 13.41 22.37 6.51 154.8 8.09 0.000 -72.61 3.028 48.69 0.920
Z049 -15.49 -3.50 -16.86 -26.10 22.59 5.62 129.5 4.71 0.009 57.28 -1.050 2.77 0.960
B069 5.20 -0.85 -1.44 17.89 19.33 5.27 119.3 3.25 0.039 -55.15 2.700 66.30 0.870
Z053 -10.59 -3.89 -12.17 -15.72 11.83 1.60 14.1 0.67 0.509 27.49 -0.073 3.69 0.080
Z054 -5.49 -2.48 -10.36 -3.63 7.88 0.78 -9.3 -0.40 - -1.77 0.895 35.54 0.580
B076 3.68 4.54 5.75 0.73 5.02 0.30 -23.3 -1.11 - 15.94 0.654 6.48 0.800
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mechanisms,  thereby diminishing the pro-
bability  of  breaking the resistance due to
mutation or adaptation of a pathogen. Nei-
ther  disease  incidence  rates,  tree  health
condition scores, nor survival rates differed
significantly among the applied treatments
(including control),  indicating  a  negligible
effect of the simulated adverse conditions
on health  status  of F.  excelsior.  However,
the  presence  of  significant  genotype  by
environment (family × treatment) interac-
tions for disease incidence, total length of
necrotic shoots and seedling survival ratios
implies that susceptibility of ash families to
the dieback disease unequally depends on
environmental  conditions.  This  indicates
the presence of genetic variation in plasti-
city  and  reaction  norms  across  different
environments  (treatments).  Different  le-
vels of damage among the ten tested fami-
lies  in  two  stress-induced  events  (spring
frost and summer drought treatments) and
control  indicated variable adaptive poten-
tial of different families, and warrants tes-
ting  of  material  across  range  of  environ-
ments  in  tree  breeding  for  resistance.  In
general, the plasticity in disease resistance
traits  should  be  considered  as  non-adap-
tive as it  reflects a  deterioration of  plant
health condition and fitness, and adaptive
significance of plasticity will  depend upon
reaction norms and performance of  fami-
lies  under  certain  environmental  condi-
tions.

In  general,  health  condition  scores  and
seedling  survival  ratio  showed  rather
strong  positive  correlations  with  the  bud
flushing  phenology  scores,  in  that  early-
flushing clones are less susceptible to dis-
ease caused by H. fraxineus.

Simulated  stress  conditions  may  notice-
ably  contribute to expression of  the tree
traits  which  are  used  to  rank  tested  ash
individuals, families or populations for their
susceptibility to the dieback. Subsequently,
this  should  enable a  better  evaluation  of
the  performance  of  different  families,
effective family selection, and achievement
of a marked genetic gain. High heritability
coefficients obtained indicate that stressed
environment  conditions  aid  in  the  detec-
tion  of  resistant  tree  genotypes  by  their
phenotype for recruiting individuals within
families for crossing.
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