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Abstract
& Key message Pronounced clonal variation and moderate to high broad-sense heritability estimates of susceptibility to
Neonectria neomacrosporawere found inAbies nordmanniana in three sites. Significant genotype by environment (G × E)
interaction was detected across sites.
& Context Nordmann fir, a widely used Christmas tree species in Europe, has, since 2011, been increasingly damaged by a canker
disease caused by Neonectria neomacrospora.
& Aims The objective was to study the genetic variation and genotype by environment interaction in the susceptibility of
Nordmann fir to N. neomacrospora.
& Methods Damage caused by N. neomacrospora was evaluated using a visual scale in three Nordmann fir clonal seed orchards
in Denmark, partly containing the same clones.
& Results Damage due to N. neomacrospora was substantial at all three sites, and no clone was completely resistant to
N. neomacrospora, but a large genetic variation in the susceptibility was detected among clones. Estimates of single-site
individual broad-sense heritability for susceptibility varied between 0.38 and 0.47. The average type-B genetic correlation for
damage score across sites was 0.34.
& Conclusion Genetic variation was very pronounced, and significant G × E interactions were detected for susceptibility. Further
investigations of narrow-sense heritability, expression of the trait in younger material, and identification of the cause of G × E for
N. neomacrospora susceptibility in Nordmann fir across different sites are recommended.
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1 Introduction

Nordmann fir (Abies nordmanniana (Steven) Spach) origi-
nates from the eastern coast of the Black Sea, including the
Caucasus of Russia, Georgia, and the northeastern parts of
Turkey (Liu 1971), and the species is of considerable ecolog-
ical and economic importance. Around 45 million Nordmann
firs are used as Christmas trees in Europe every year, and
Denmark is a major producer with around 11 million trees
produced per year (Claus Jerram Christensen Personal
Communication 2016). A Danish breeding program for
Nordmann fir has been ongoing since 1992 (Nielsen 1994)
and, under the auspices of the Danish Nature Agency, a num-
ber of mainly grafted seed orchards have been established. A
total of nearly 400 selected trees have been grafted so far. The
breeding program aims to create high-quality Christmas trees
that meet the needs of consumers in various markets (Nielsen
and Chastagner 2005).

However, since 2011, a canker disease caused byNeonectria
neomacrospora (Booth & Samuels) Mantiri & Samuels
(anamorph Cylindrocarpon cylindroides Wollenw.) (Mantiri
et al. 2001) has been detected in the true firs (genus Abies)
grown as exotics in Norway and Denmark, including in
Nordmann fir Christmas tree stands (Talgø et al. 2013).
According to a survey carried out by the Danish Christmas
Tree Association in 2013, the incidence of Neonectria canker
in Danish Christmas tree stands increased substantially from
2011 to 2013. In 2013, 26% of the Danish Christmas tree stands
were estimated to have symptoms of N. neomacrospora infes-
tation (Proschowsky 2014). The disease can be diagnosed by
symptoms like dieback from the tip of infected branches; can-
ker wounds with dead tissue below the bark, heavy resin flow,
and white conidial sporodochia (Cylindrocarpon); and red
fruiting bodies of N. neomacrospora on the bark of infected
trees (Talgø et al. 2012). The first observation of
N. neomacrospora (reported as Cylindrocarpon) was in 1910
on grafted Abies concolor in northern Germany (Wollenweber
1913), and later on, both Lang (1981) and John (2011) reported
outbreaks of the disease in Germany. In Norway, canker disease
caused by N. neomacrospora was observed on several Abies
species (Robak 1951; Talgø et al. 2012). Neonectria
neomacrospora has also been considered as a biocontrol agent
for hemlock dwarf mistletoe (Rietman 2004; Rietman et al.
2005), but to date, the origin of the fungus remains unclear.
The infection of N. neomacrospora has been shown to have a
spatial pattern in Christmas tree stands, which has led to the
hypothesis thatN. neomacrospora resembles the closely related
fungus Neonectria ditissima, which disperses ascospores via
rain and wind splashes and macroconidia via rain splashes
(Gómez-Cortecero et al. 2016). However, further studies need
to be carried out to confirm that.

Management of this canker disease is essential to ensure
profitable Christmas tree production. Compared to

conventional uses of forest trees, e.g., for timber production,
Christmas trees as a crop have a low tolerability threshold for
attacks by pests, since just minor damage can devalue the trees
or make them unsalable. Hence, it is desirable to identify
stable sources of resistance and exploit them to develop resis-
tant genotypes of Nordmann fir through breeding. A natural
infestation byN. neomacrospora in three Nordmann fir clonal
seed orchards (CSOs) containing shared genetic material gave
us the opportunity to study the genetic variation in suscepti-
bility to N. neomacrospora at the individual tree level. This
study provides important knowledge about genetic variation
that can be used to develop breeding based on testing of clones
or progeny for selecting more resistant parents for the next
breeding cycle.

The first step in resistance breeding must be to carry out a
simple field assessment to identify the extent and distribution
of disease infection across the forest area of concern, which
can assist in understanding the importance of the disease and
its effect on economic and ecological values (Carson and
Carson 1989). Visual scores can be cost-effectively used to
describe variation in susceptibility/resistance (Carson and
Carson 1989; Joshi et al. 2007; Kirisits and Freinschlag
2012; Lobo et al. 2014; McKinney et al. 2011). When using
natural infection to evaluate genetic differences, there is a risk
of higher environmental influence, due to more variable site
conditions, than seen in traditional planned field trial evalua-
tions (Fu et al. 1999; Resende et al. 2006), e.g., because of
variable infection pressure. In order to minimize the potential-
ly high spatial heterogeneity and to increase the accuracy of
the estimates of genetic effects, spatial analysis using the two-
dimensional separable autoregressive error model, with pa-
rameters estimated using restricted maximum likelihood
(REML) (Cullis and Gleeson 1991), has been increasingly
applied in forest field trials (Costa e Silva et al. 2001;
Dutkowski et al. 2002; Dutkowski et al. 2006; Ye and
Jayawickrama 2008). Studies of genotype by environment
(G × E) interactions provide knowledge of genotype perfor-
mance stability across different sites (Burdon 1977), which
helps in making decisions for breeding and deployment pro-
grams to select superior clones for specific sites or across
different sites (Ogut et al. 2014).

Since N. neomacrospora is a newly emerged disease in the
Abies genus, only two studies ofN. neomacrospora resistance
in Abies species exist. One is by Skulason et al. (2017), who
studied N. neomacrospora susceptibility in provenances of
A. lasiocarpa. The other is by Nielsen et al. (2017), who
studied species variation of the genus Abies in susceptibility
to N. neomacrospora. No study has evaluated the within-
species susceptibility of Nordmann fir to N. neomacrospora
nor the susceptibility at the individual tree level in any other
Abies species. Genetic variation at the individual tree level is
the “fuel” of tree breeding, and identifying Nordmann fir trees
with natural genetic resistance to this fungus may therefore be
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of great importance for Christmas tree production. From a
breeding point of view, it is also interesting to know if clonal
responses to a disease are stable across sites. Thus, estimating
the genotype by environment interaction (G × E) is also de-
sirable in developing breeding programs so that appropriate
decisions can be made about testing, deployment, and selec-
tion (Codesido and Fernández-López 2009).

The current study is based on a field visual score assess-
ment of natural N. neomacrospora infection in three
Nordmann fir CSOs in Denmark. Two objectives were ad-
dressed: (1) to evaluate potential genetic variation in suscep-
tibility to N. neomacrospora among clones of Nordmann fir
and estimate genetic parameters, such as genotypic variation
and broad-sense heritability within sites, and (2) to explore
genotype by environment interaction for N. neomacrospora
susceptibility between sites.

2 Material and methods

2.1 Materials

For the field evaluation study, a total of 4759 grafted trees from
125 Nordmann fir clones in three Danish approved CSOs (ap-
proval nos. FP.251, FP.259, and FP.272) (Danish Agrifish
Agency 2016) were included (Table 1; Fig. 1). Clones were
grafted from two selected materials, Tversted material and F.20
material. The Tversted material was selected in 1992 from two
Danish approved stands planted around 1900, Tversted Dune
Forest Departments 623 (F.527) and 599 (F.526), of presumed
Borjomi origin in the central Caucasus (Løfting 1973). The F.20
material originates from the Danish approved stand F.20 Boller,
also of presumed Borjomi origin, but clones were selected (in

1992) in middle-aged second-generation stands that were off-
spring from F.20. Selection criteria included good health, crown
shape, and dense branching. Among all three CSOs, 17 clones
overlap, while 49, 18, and 21 clones overlap between FP.259 vs.
FP.251, FP.272 vs. FP.251, and FP.272 vs. FP.259, respectively.
Only FP.272 contains clones from both the Tversted and the F.20
gene pool—FP.251 and FP.259 only have Tversted material.

At each site, ramets of each clone were grafted in a nearly
random pattern. Root stock was an open-pollinated commer-
cial seed source. Row and column coordinates of each indi-
vidual tree at the three sites were mapped on a regular grid.
Subsequently, the program PPGBlock (Greg Dutkowski
Personal Communication 2016) was used to create a complete
rectangular grid of positions to enable a spatial analysis to be
conducted in ASReml (Dutkowski et al. 2006).

Field evaluations in all CSOs were carried out in the winter
of 2014. A scale from 0 to 10, developed by Nielsen et al.
(2017), was used to perform visual evaluation of each tree:
score = 0: no sign of discolored shoots or dead branches;
score = 1–3: a few damaged twigs, but the overall impression
is still that of a rather healthy tree; score = 4–6: moderately
damaged including single damaged branches to more pro-
nounced damage, i.e., branches or part of the stem damaged,
but still less than 50%; score = 7–9: severely damaged includ-
ingmore than half of the tree damaged to large part of tree dead,
dead or dying branches, but still a few living parts; and score =
10: dead tree, judged to be related to N. neomacrospora due to
red fruiting bodies, heavy resin flow, etc.

Isolation of N. neomacrospora from trees in FP.251 and
FP.259 was done after the field assessment. Both the white
sporodochia of the anamorph stage and the red fruit bodies
(perithecia) from the sexual stage of the fungus were recog-
nized from trees that were cut down due to the canker symp-
toms in FP.251 and from living trees in FP.259 and FP.272.
Identity was further confirmed based on the morphology of

Table 1 Site characteristics of the three evaluated Nordmann fir (Abies
Nordmanniana) clonal seed orchards in Denmark

FP.251 FP.272 FP.259

Site Tuse
Næs

Skelhusmarken Silkeborg
Nordskov

Latitude 55° 45′ N 56° 46′ N 56° 09′ N

Longitude 11° 42′ E 09° 50′ E 09° 34′ E

Material Tversted Tversted/F.20 Tversted

Established year 2001 1997 1993

No. of trees evaluated 1413 2033 1313

No. of clones
evaluated

62 65 68

Mean no. of ramets 22 30 19

Min. no. of ramets 13 3 12

Max. no. of ramets 28 34 24

Area, ha 3.5 9.7 3.2

Fig. 1 Geographic location of the three evaluated Nordmann fir clonal
seed orchards (CSOs) in Denmark
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macroconidia and ascospores across three sites (Fig. 2). Mixes
of macroconidia and ascospores collected from branches with
the symptoms in FP.251 were used for an inoculation test of
Nordmann fir, and the fungus was re-isolated from the inocu-
lated shoots, thereby fulfilling Koch’s postulates (Xu et al. in
preparation).

2.2 Statistical analysis

2.2.1 Single-site analyses

In order to determine the most appropriate model for our data
from each CSO, the individual tree data regarding susceptibil-
ity to N. neomacrospora were first analyzed using a base
model including several possible variables, where
N. neomacrospora damage score acted as the response vari-
able; fixed effects included the grand mean, edge row effect,
and provenance effect; and random effects included clones.
The random term was assumed to be a Gaussian random var-
iable with an expectation of 0 and variance of G and R. R is
the variance-covariance matrix of residuals, and G is the
variance-covariance matrix of the random effect.

The (co)variance components were estimated by REML
(Patterson and Thompson 1971) using the average informa-
tion REML algorithm (Gilmour et al. 1995) implemented in
the ASReml-R 3.0 program (Butler et al. 2009). All the non-
significant variance parameters were eliminated from the

fitted models. Wald F statistics was used to test the signifi-
cance of fixed effects. The significance of the random effect
was tested using a two-tailed likelihood ratio test (LRT) com-
paring the log-likelihood of the model with and without the
random effect against the chi-square distribution with one de-
gree of freedom. From this, a reduced base model with fixed
effects of grand mean and edge row, as well as random effect
of clone, was fitted for site FP.251, while for sites FP.259 and
FP.272, reduced models with fixed effect of grand mean and
random effect of clone were fitted.

Normal distribution of residuals in the base model was
tested by a histogram of residuals in ASReml, and a plot of
residuals against predicted values was used to check the as-
sumption of homogeneity of residual variances. The visual
inspection of residual plots did not reveal obvious deviation
from normality and homogeneity.

After applying the reduced base model, a spatial analysis
model was fitted at each site. Spatial analysis allows the R
matrix to have alternative structures by partitioning the resid-
uals (e) into spatially correlated (ξ) and independent (η) resid-
uals. The covariance structure used in this study assumed sep-
arable first-order autoregressive processes in rows and col-
umns; the form of the R matrix is given by the following
(Costa e Silva et al. 2001):

R ¼ σ2
ξ AR1 ρcolð Þ⨂AR1 ρrowð Þ½ � þ σ2

ηI

Fig. 2 Typical signs and
symptoms of Neonectria
neomacrospora infection on
Nordmann fir. a Perithecia from
the sexual stage of
N. neomacrospora on trees cut
due to canker symptoms in
FP.251. b Ascospores from the
sexual stages of
N. neomacrospora. c
Macroconidia from the asexual
stage of N. neomacrospora.
(Photos: Jing Xu)
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whereσ2
ξ is the variance of spatially correlated residuals;AR1

(ρ) are first-order autoregressive correlation matrices with au-
tocorrelation parameters ρcol and ρrow for the columns and
rows, respectively; ⨂ is the Kronecker product; σ2

η is the

variance of the independent residuals; and I is an identity
matrix.

At each site, the significance of the improvement achieved
by using a spatial model was assessed using a LRTcomparing
the log-likelihood of the two models against the chi-square
distribution with three degrees of freedom (Dutkowski et al.
2006).

Sample variograms were created in order to diagnose glob-
al and/or extraneous trends (Gilmour et al. 1997) after fitting
the local trend in each CSO. The sample variogram is a plot of
the semi-variances of differences of residuals between pairs of
distances in the row/column directions. The nonstationary
trend in the row/column direction in the variogram reflects
the global trend.

2.2.2 Combined clonal seed orchard analyses

The expression of the same trait in different environments can
be thought of as a different character (Falconer 1952),
allowing for the study of genotype by environment (G × E)
interaction by estimating between-site genetic correlations. In
our study, the extent of G × E interaction for the susceptibility
to N. neomacrospora was evaluated using a multi-site spatial
analysis model:

y¼XbþZμþξþη

where y is the combined vector of N. neomacrospora damage

scores for three sites (y¼ yT1 ; y
T
2 ; y

T
3

� �T
—where T is the trans-

position of a vector); b is the combined vector of fixed effects
including the grand mean, site mean, and edge row effect at
site FP.251 with its design matrix X; μ is the combined vector
of genotype effect within each site with design matrix Z; ξ is
the combined vector of spatially correlated residuals from
each site; and η is the combined vector of independent resid-
uals from each site.

In the multi-site analysis, we can have different genetic
variances at each site. Therefore, a heterogeneous vari-
ance and correlation (CORGH) G structure was used to
directly estimate the type-B genetic correlation (rB) be-
tween sites:

CORGH G structure ¼
σ2
c1 ρ12 ρ13

σ2
c2 ρ23

σ2:
c3

2

4

3

5

where ρ12 estimates rB between sites FP.251 and FP.272,
ρ13 estimates rB between sites FP.251 and FP.259, ρ23

estimates rB between sites FP.272 and FP.259, and σ2
c1,

σ2
c2, and σ2

c3 estimate the variance components for clones
at each site.

2.2.3 Genetic parameters

Individual broad-sense heritability (H2) was estimated for
each CSO as:

H2¼ σ2
c

σ2
cþσ2

η

Standard errors were estimated using ASReml.
Best linear unbiased predictions (BLUPs) of genetic values

of clones were obtained from the predicted values file of the
spatial analysis at each site.

Data availability The data and the ASReml-R code are
available from the data storage facility of the University
of Copenhagen at the following addresses, respectively:
http://www.erda.dk/public/archives/YXJjaGl2ZS0ySFVsdlA=/
published-archive.html and http://www.erda.dk/public/
archives/YXJjaGl2ZS1pWVEzMzE=/published-archive.html.

3 Results

3.1 Infestation level

The level of N. neomacrospora infestation was quite variable in
the three studied CSOs. FP.259 was the most damaged site with
only one healthy tree observed among 1313 evaluated trees
(Fig. 3), and the best linear unbiased estimate (BLUE) for dam-
age score was 3.85 (Table 2). FP.251 was the site with the least
damagewith 18.5% of healthy trees observed among 1413 eval-
uated trees (Fig. 3), and the BLUE for damage score was 1.86
(Table 2). Damage symptoms caused by N. neomacrospora
were observed in all clones, but the damage extent (score) varied
considerably among clones at each site. The breeding values of
damage score ranged from − 0.66 to 3.01 in FP.251, from 2.18
to 7.46 in FP.259, and from 0.54 to 5.99 in FP.272 (Table 2).

3.2 Variance components and heritability

The estimates of spatial model parameters from single-site anal-
ysis are presented in Table 2. The results showed a significant
(p< 0.001) increase in log-likelihood by adding the spatially cor-
related residual term compared to the base model in all the anal-
yses (data not shown), thereby justifying the spatial adjustment.

Variograms for the damage score of N. neomacrospora after
fitting the spatial model are presented in Fig. 4. All three
variograms indicate nonstationarity with a tendency for system-
atic changes in variance for both row and column (Gilmour
et al. 1997), thereby revealing nonrandom spatial structures
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for N. neomacrospora damage in all three CSOs (Fig. 4). Put
simply, these variograms show that damage scores for nearby
trees were more similar than those for trees located far apart,
reflecting spatial autocorrelation. Autocorrelation coefficients
in column direction (ρcol) ranged from 0.85 to 0.95, while au-
tocorrelation coefficients in row direction (ρrow) ranged from
0.60 to 0.77 (Table 2). Clonal effect was significant (p < 0.001)
for the spatial models at all sites. Estimates of H2 for
N. neomacrospora susceptibility after spatial adjustment were
similar across the three sites, with values of 0.39 and 0.38 in
FP.251 and FP.259, respectively, while the estimate for FP.272
was slightly higher at 0.47.

Rank correlation between clonal BLUPs before and after
spatial analysis was, on average, 0.99 within each site, which
means that the two methods basically provide the same selec-
tions for further testing or deployment in new orchards.

3.3 Genotype × environment variation

All the CSOs were combined in a multi-site spatial analysis
in order to estimate type-B genetic correlation for
N. neomacrospora susceptibility. The average genetic corre-
lation was 0.34 (Table 3) for N. neomacrospora damage score
across sites, which represents significant (p < 0.001) G × E
interaction among all three CSOs. The low genetic correla-
tions between FP.251 and both FP.259 (0.24) and FP.272
(0.29) (Table 3) indicate that there is little compliance between
N. neomacrospora susceptibility at FP.251 and the other two
sites with regard to ranking of clones. The relatively higher
genetic correlation between FP.259 and FP.272 (0.49)
(Table 3) reflects relatively higher correspondence for
N. neomacrospora susceptibility between these two sites in
ranking of clones.

Scatter plots of clonal breeding values at each site after fitting
of the spatial analysis model forN. neomacrospora susceptibility
were used to evaluate G ×E interaction patterns (Fig. 5). It can be
concluded from the plots that the statistically significant G × E
interaction across the three sites is due both to scale effects and
changes in clone performance across sites (Fig. 5).

4 Discussion

4.1 Methodology

The applied evaluation scale from 0 to 10 for the
N. neomacrospora severity based on the damage symptoms
has been used by both Nielsen et al. (2017) and Skulason et al.

Fig. 3 Percentage of trees under
each damage score level for
Neonectria neomacrospora
damage in the three clonal seed
orchards in Denmark. Each bar
represents the frequency of
infected trees under each damage
score at each site

Table 2 Variance parameters from the spatial models

Site

Parameters FP.251 FP.272 FP.259

μ 1.86 ± 0.24 2.26 ± 0.15 3.85 ± 0.19

σ2
c 0.69 ± 0.14* 1.04 ± 0.19* 0.97 ± 0.18*

σ2
η 1.09 ± 0.05* 1.19 ± 0.04* 1.60 ± 0.09*

σ2
ξ 0.54 ± 0.12 0.29 ± 0.05 0.58 ± 0.11

ρcol 0.95 ± 0.01 0.95 ± 0.01 0.85 ± 0.04

ρrow 0.75 ± 0.06 0.60 ± 0.09 0.77 ± 0.06

H2 0.39 ± 0.05 0.47 ± 0.05 0.38 ± 0.05

Breeding value range [− 0.66–3.01] [0.54–5.99] [2.18–7.46]

μ best linear unbiased estimates (BLUEs),σ2
c clonal variance,σ

2
η andσ

2
ξ

independent and correlated residual variances, ρcol and ρrow autocorrela-
tion parameters for the columns and rows, H2 broad-sense heritability

*p value < 0.001
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(2017), and in both studies, it correlated well with in vitro
inoculation results. Therefore, we consider this damage eval-
uation scoring system to be a suitable measure of variation in
the susceptibility of Nordmann fir to N. neomacrospora.

Compared to a commercial Christmas tree stand, the seed
trees in a clonal seed orchard are established with larger spac-
ing. However, at the stage where the disease scoring was
made, the seed trees had reached a considerable size, and
branches from neighboring trees were often touching each
other. In that way, the infection conditions reflect the condi-
tions in a Christmas tree stand close to the point of harvest. We

have seen infection patterns in Christmas tree stands, but in-
fected trees in those are normally removed quickly through
sanitary cuttings, so it is difficult to draw a comparison.

Both the high autocorrelation between rows and columns
and the inclined variograms reflect the patchy structure of the
N. neomacrospora severity and incidence in all three CSOs,
showing that the probability and extent of infection was not
uniformly distributed within each site.

4.2 Damage levels

The abundance of healthy trees was very low in all three
CSOs. Only 11% of the 4759 evaluated trees displayed no
symptoms caused by N. neomacrospora in 2014 across the
three CSOs. This suggests that the fungus is very aggressive in
Nordmann fir. Talgø et al. (2013) pointed out that
N. neomacrospora is a very aggressive pathogen to Abies
species under both field conditions and in artificial
inoculation tests. Nielsen et al. (2017) confirmed that
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Fig. 4 Variograms showing
patterns of spatial variability for
Neonectria neomacrospora
damage in the three clonal seed
orchards in Denmark. Row and
col indicate distance lags in row
and column direction at each site.
The spatial trend is predicted for
missing trees based on the
correlation and values for
neighbor trees

Table 3 Type-B genetic correlation between sites and associated
standard errors

FP.251 FP.272 FP.259

FP.251

FP.272 0.29 ± 0.18

FP.259 0.24 ± 0.14 0.49 ± 0.18
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N. neomacrospora has a very broad range of hosts among
Abies species, both under natural field infestation conditions
and using in vitro inoculation tests. Skulason et al. (2017) also
found that natural N. neomacrospora infections developed
rapidly in three Danish provenance trials of A. lasiocarpa:
The percentage of damaged trees increased from 40% in
2011 to 80% in 2014.

4.3 Genetic variation in susceptibility

In light of the above, the identification and deployment of Abies
trees with natural genetic resistance to N. neomacrospora is
very important, as the economic value of several Abies species
used in Christmas tree industries around the world is substan-
tial. Fortunately, variation in susceptibility was observed in the
field and confirmed by in vitro inoculation among 39 Abies
species (Nielsen et al. 2017) and 26 A. lasiocarpa provenances
(Skulason et al. 2017). Our study detected a significant within-
species variation in Nordmann fir. The 125 clones evaluated in
the field responded very differently in terms of levels of symp-
toms following natural infections in each CSO. Although no
clone was totally free of damage symptoms, there were clones
with an average damage score close to 0, as observed, for

example, in clones 80 (mean score 0.3) and 70 (mean score
0.5) in FP.251 and clones 9021 (mean score 0.3) and 9045
(mean score 0.5) in FP.272. The clonal variance component
accounted for between 38 and 47% of the total phenotypic
variation in the CSOs.

Worldwide, 60% of research activities involving breeding
for insect and disease resistance in forest trees have shown
genetic variation in resistance in seedling or clonal screens
(FAO 2008). Clones tolerant to Dutch elm disease caused by
Ophiostoma ulmi and Ophiostoma novo-ulmi in Ulmus have
been observed across North America and Europe (Martín et al.
2015; Pinon et al. 2005; Solla et al. 2005; Townsend et al.
2005). Also, genetic variation in resistance to ash dieback
caused by Hymenoscyphus fraxineus in Fraxinus excelsior
has been reported from several countries in Europe (Kirisits
and Freinschlag 2012; Lobo et al. 2015; McKinney et al. 2011;
Pliūra and Baliuckas 2007; Pliūra et al. 2016; Muñoz et al.
2016; Stener 2013). In displays and tests of apple cultivars, a
continuous variation has also been seen for partial resistance to
canker disease caused by the fungus Neonectria ditissima in
Europe (Borecki and Czynczyk 1985; Garkava-Gustavsson
et al. 2013; Ghasemkhani et al. 2015; Sasnauskas et al. 2006;
Vandeweg 1989). The presence of natural genetic variation in

Fig. 5 Genotype by environment interaction for susceptibility to
N. neomacrospora of Nordmann fir clones shared between sites. a
Scatter plot of clonal values (BLUPs) of 18 clones shared between

FP.272 and FP.251. b Scatter plot of clonal values of 21 clones shared
between FP.272 and FP.259. c Scatter plot of clonal values of 49 clones
shared between FP.259 and FP.251
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susceptibility to N. neomacrospora opens up prospects for
adapting Nordmann fir to this canker disease through the se-
lection of less susceptible trees. Further analysis of progeny
tests may provide additional insight into the genetic inheritance
of resistance to N. neomacrospora.

4.4 Genotype by environment interaction

G × E interaction was found to be highly significant (p < 0.001)
for susceptibility of Nordmann fir to N. neomacrospora, indi-
cating that clonal resistance to N. neomacrospora was unstable
across the three environments. The largest G × E interaction
was between FP.251 and the other two sites, due to the low
genetic correlations between FP.251 and sites FP.259 (0.24)
and FP.272 (0.29). This indicates that there was hardly any
relationship between FP.251 and the other two sites in the rel-
ative ranking of clonal susceptibility to N. neomacrospora. As
mentioned above, clones 70 and 80 were almost without dam-
age symptoms in FP.251, while these two clones had an average
damage score of respectively 3.2 and 3.8 in FP.259, and clone
70 had an average damage score of 2.0 in FP.272, emphasizing
the instability of clonal performance of N. neomacrospora sus-
ceptibility across sites.

The significant G × E interaction found in our study
may have at least three explanations. First of all, the en-
vironmental heterogeneity among CSOs resulting from
biotic (e.g., pathogens, insects, and weeds) or abiotic
(e.g., temperature, rainfall, and soil quality) factors may,
to some extent, modulate the clonal performance in rela-
tion to N. neomacrospora. The difference in average dam-
age score among the three CSOs may, for example, be due
to different pathogen pressure among these sites, meaning
that the number of effective pathogen propagules was dif-
ferent among sites (Ennos 2015). McCracken et al. (2003)
stated that surrounding infected orchards were the major
source of inoculum of N. ditissima (syn. Neonectria
galligena), which cause European canker and fruit rot in
apples. We also believe that this is a potential reason for
the infection severity at our three sites. Sites FP.259 and
FP.272 are located in forest areas with a high density of
forest trees including Abies trees, and the chance of more
N. neomacrospora-infected trees in the surroundings is
therefore also higher than for FP.251, which is located
in an open farmland area. Compared with FP.259,
FP.272 is more open, with only two sides being connected
or close to forest areas and the other two sides being
connected to open farm land, so in this case, the inoculum
pressure is potentially lower in FP.272 than in FP.259. It
has been documented that temperature and moisture dura-
tion are important determinants of the risk of infection by
N. galligena in apples (Latorre et al. 2002; Xu et al.
1998), and rainfall is a major factor in the geographic
distribution of this disease (Latorre et al. 2002; Xu et al.

1998) since rain is an important vector for spore produc-
tion, spread, germination, and infection (McCracken et al.
2003). Thus, different amounts or frequencies of rainfall
could also cause different extents of infection by
N. neomacrospora. Additionally, a substantial amount of
damage caused by the silver fir wooly adelgid (Dreyfusia
nordmanniana) was observed (data not shown) in FP.251,
while only a few trees were observed with adelgid dam-
age at the other two sites. Many studies have shown that
insects possibly enhance fungal infection in host plants by
suppressing critical defenses (Agrios 1980; De Zutter
et al. 2017; Drakulic et al. 2015; Halik and Bergdahl
2002). Therefore, Nordmann fir susceptibility to
N. neomacrospora may be affected by an attack of
D. nordmanniana, so if there are clonal differences in
susceptibility to D. Nordmanniana as well, this may cause
the difference in ranking between FP.251 and the other
two sites with regard to N. neomacrospora susceptibility.
Skulason et al. (2017) found that damage caused by a
closely related adelgid, Adelges piceae, increased the risk
of infection on A. lasiocarpa by N. neomacrospora at an
early stage of the disease outbreak. In our study, FP.251
showed more damage caused by D. nordmanniana than
the other two sites, but the N. neomacrospora damage was
lower, which again suggests that the extent of
N. neomacrospora infection is not only affected by one
factor, but is the result of several potential factors.

A second potential cause of the different ranking of host
genotypes for resistance at different sites is possible variation
in pathogen virulence and different frequencies of virulence
genes in pathogen populations at different sites (Carson and
Carson 1989). Scheper et al. (2015) found that there are sig-
nificant differences in pathogenicity among three different
strains of N. ditissima. McKeand et al. (1999) hypothesized
that some Loblolly pine families’ unstable performance across
sites may be due to the interaction between their susceptibility
and specific pathogen virulence among sites. Therefore, un-
derstanding both the genetics of virulence and variability in
virulence of N. neomacrospora can assist in exploring the
underlying reasons for variation in disease expression across
environments (Carson and Carson 1989). Lastly, unknown
factors may have affected disease expression. Xu et al.
(1998) reported that several factors affect the artificial infec-
tion of apples byN. ditissima, such as inoculum dose, duration
of wet period, temperature, and wound age. Since N. ditissima
is closely related to N. neomacrospora (Talgø et al. 2012), we
think that similar factors may relate to the variation of clonal
susceptibility across sites and among individual trees.

In summary, the variation of clonal susceptibility to
N. neomacrospora across sites may be attributed to biotic
factors such as different pathogen pressure and different num-
bers of adelgids at those sites, to the variation of pathogen
virulence and different frequencies of virulence genes in
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pathogen populations across sites, to local or seasonal differ-
ences in precipitation and temperature, and to other unknown
factors. Selection for resistance to N. neomacrospora among
Nordmann firs should therefore consider the genotype stabil-
ity across sites. Attention also needs to be paid to the genetics
of virulence and variability in virulence of N. neomacrospora.

5 Conclusions

Neonectria neomacrospora damage was serious in all three
CSOs, and none of the Nordmann fir clones were completely
resistant to N. neomacrospora. Substantial and significant
clonal variation and moderate to high broad-sense heritability
estimates in damage scores at each site suggest a substantial
quantitative resistance to the disease, but further investigations
of narrow-sense heritability and expression of the trait in
younger material are desirable. The presence of significant
genotype by environment interactions and substantial ranking
changes in clonal performance between sites shows that the
susceptibility of Nordmann fir to N. neomacrospora is un-
equal across different environments, which may be due to
different pressures caused by either N. neomacrospora or
adelgids, or both, or due to the variation in pathogen virulence
or climatic factors at different sites. Further studies on the
variation of N. neomacrospora virulence also need to be
considered.
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