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Abstract: The height growth dynamics of three interspecific crosses with Greek fir (Abies cephalonica Loud.)
acting as mother and a control variant from self-pollination were followed throughout a period of 30 years.
The hybrid combination A. cephalonica X A. nordmanniana exhibited enhanced growth relative to the selfed
control at stage of 4-year old seedlings already, whereas the hybrid A. cephalonica X A. alba only at stage of
9-year old saplings. At age of 30, the heterotic growth persisted only in the latter, the hybrid A. cephalonica X
A.nordmanniana was comparable in height growth parameters with a selfed control. The interspecific cross
A. cephalonica X A. numidica was remarkable by its accelerated growth during early stages of the develop-
ment. At age of 4 years it has surpassed in height growth both A. cephalonica x A. alba and control but
has declined profoundly during subsequent stages of its development. A conspicuous feature of the hybrid
needle anatomy were abundant resin canals and reduced size of some anatomical traits of its needles. In
spite of variable growth potentials, all the three interspecific hybrids are recommended for planting in
Slovakia, especially at densely polluted areas where domestic silver fir cannot withstand emission pressure.
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Introduction

The circum Mediterranean firs are taxonomically
divided into two separate sections (Liu 1971). The
Abies section involves five closely allied species of A.
alba, A. cephalonica, A. nebrodensis and A. cilicica which
are distributed in a wide area around the northern
shore of the Mediterranean coast along with A. nord-
manniana distributed around the east coast of Black
sea. Their leaves are distinctly hypostomatic and
usually emarginated at apex. The section Piceaster
consists of two closely allied species of A. pinsapo and
A. numidica occurring in the mountains of SE Spain,
N Marocco and N Algeria. Their leaves are short
and thick, more or less amphistomatic and radially
spreading around the shoots. The different ecology
and differences in needle structure of both the above
sections correlate well with their ecophysiological
characteristics. According to Aussenac (2002), A.
alba, A. cephalonica, A. cilicica and A. nebrodensis are
characterized by a low aridity index in comparison
with the high indices of the kind shared by A. pin-
sapo and A. numidica. Except for the close taxonomic
relationship between Abies and Piceaster sections
postulated on the needle-anatomy basis (Farjon
and Rushforth 1989), a high hybridological afini-
ty between species of these two sections has also
been proved by the extensive crossing experiments
involving nearly all the species mentioned above
(Kormutdk 1985). An overwhelming majority of the
hybrids obtained was shown to exhibit somatic het-
erosis during early development what was reported
to be a common feature of Abies interspecific hybrids
(Klaehn and Winieski 1962). We have observed very
distinct heterotic symptoms of heterosis in the 3-year
old progenies of such hybrids as A. alba x A. pinsapo,
A. alba x A. cephalonica, A. alba X A. numidica, A. ceph-
alonica X A. nordmanniana, A. pinsapo X A. numidica, A.
concolor X A. grandis and in their reciprocal combina-
tions (Kormutak 2004). However, its intensity may
vary in individual combinations of species depend-
ing on taxonomic status of the parental species. We
have followed this aspect of Abies hybridization on
a long-term scale using three interspecific hybrids of
Greek fir. The objective was to evaluate the dynamics
of their height growth under conditions of increased
emission pressure as a prerequisite for their more
extensive introduction into polluted localities in Slo-
vakia. Some needle-anatomy traits have in addition
been provided for individual crosses.

Material and methods

Plant material

The hybrid material subjected to comparative
study was represented by the full-sib progenies of

Abies cephalonica X A. alba, A. cephalonica X A. nord-
manniana and A. cephalonica X A. numidica obtained
during artificial crossing experiments in arboretum
Mlynany in1979 (Kormutdk 1981). One tree of taxo-
nomically verified Greek fir (Abies cephalonica Loud.)
growing in arboretum Mlyfany was used in the ex-
periment as a mother tree. The place of its origin is
not known but according to Bencat (1982) it has be-
longed among the foundation trees introduced from
the Mediterranean region and planted in arboretum
since the time of its foundation in 1892. The above
mentioned mother tree was pollinated artificially
using pollen from one individual of each A. alba, A.
nordmanniana and A. numidica growing on the same
locality. Owing to the absence of additional taxonom-
ically indisputable individuals of A. cephalonica, the
self-pollination of mother tree was made serving as
a control instead of commonly used controlled out-
crossing.

Growth potential measurements

The study on height growth dynamics of individ-
ual types of progenies has been initiated at stage of
4-year old seedlings in the nursery followed by the
measurement of the height growth parameters of 7-
and 9-year old saplings and 20- and 30- year old juve-
nile trees on the permanent test plot in Kamenec p.
Vta¢nikom (Middle Slovakia). Each crossing variant
was represented on the plot as a separate block with
rows of seedlings planted at 2 m distance. Different
individuals and different number of individuals of
a given crossing variant were involved into measure-
ments during individual stages of their development.
Because of technical difficulties, only limited num-
ber of juvenile trees was used in the measurement at
stages of 20 and 30 years. The data collected during
individual stages of investigated period do not refer
to the same individuals. A ruler and a simple gauged
rod with centimeter scale were used during the
measurement of seedlings and saplings, whereas the
juvenile trees were measured with a folding gauged
rod. The latter was pushed out alongside a stem of
the tree and after reaching its top the respective val-
ue of the tree height was recorded. Except for height
growth, a breast height diameter (dbh) has also been
measured in the hybrids at age of 20 and 30.

Cytological and anatomic studies on
needle anatomy

Cytological study concerned stomata and anatom-
ical traits of needles in all the three interspecific hy-
brids and in control. One-year old needles were col-
lected from 30-year old trees late in autumn 2009
and processed subsequently in the lab. Five needles
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per tree were analyzed using 10 randomly chosen
trees of each cross. The number of stomata lines on
both dorsal and ventral sides of a needle together
with the number of stomata per 3 mm segment on
the needle ventral side were recorded using binoc-
ular dissecting microsccope. Anatomic structure of
needles was studied on cross-sections using perma-
nent cytological slides as described by Liu (1971).

Statistical analyses

One-way analysis of variance (ANOVA) was used
to analyze the height and diameter growth parame-
ters of tested hybrids at age of 20 and 30 years. The
differences in stomata characteristics and needle an-
atomic traits of individual crosses were statistically
tested using the Duncan test.

Results

Comparative study on height growth dynamics in
three interspecific hybrids of Greek fir revealed a dif-
ferential effect of the paternal species A. alba, A. nord-
manniana and A. numidica on growth potentials of the
respective hybrids. During the first 9 years of devel-
opment it was the hybrid combination A. cephalonica
X A. nordmanniana which prevailed in height growth
over remaining two hybrids and selfed control (Table
1).

The hybrid has averaged at this stage at 72.90 cm
height differing slightly from A. cephalonica x A. alba
(63.10 cm) but more profoundly from A. cephalonica
X A. numidica (56.66 cm) and selfed control (57.00
cm). However, during the period which followed the
hybrid combination A. cephalonica X A. alba had be-
gun to dominate in height growth reaching 451.66
cm height at age of 20 and/or 11.16 m height at age
of 30. The corresponding values of the hybrid com-
bination A. cephalonica X A. nordmanniana and control

averaged at 10.71 m and 10.84 m at age of 30. Among
the crosses attempted so far the hybrid combination
A. cephalonica X A. numidica was remarkable by its
slowest growth rate at most of the ontogenetic stag-
es scored. The 4-year old seedlings of the hybrid have
overgrown selfed control and A. cephalonica X A. alba
seedlings but during subsequent period its growth
was hindered considerably and resulted at the aver-
age height of 7.73 m at the end of investigated period
(Table 1). Variance analysis confirmed statistical sig-
nificance of the differences in height growth perfor-
mance of the hybrids at age of 20 years (F=15.48"";
Kormutdk et al. 2005) and 30 years (F=36.08"").
The dbh values of individual crosses were scored
at the ontogenic stages corresponding to 20- and 30-
year old trees. It is apparent from Table 2 that these
values have paralleled the height growth parameters
of the crosses only partially.The hybrids A. cephalonica
X A. alba and A. cephalonica X A. nordmanniana were
comparable in this respect exhibiting similar dynam-
ics of their height growth and diameter increment
during these stages. At age of 30 they have reached
16.66 cm and 17.83 cm diameters, respectively. On
the contrary, the progeny from selfing and that of A.
cephalonica x A. numidica behaved in a different way.
Retarded height growth of the former at age of 20
was accompanied by a reduced radial growth as well
(11.96 cm) but at stage of 30 years its stem diam-
eter averaged at 19.80 cm surpassing all the three
interspecific hybrids. The hybrid A. cephalonica x A.
numidica was exceptional exhibiting retarded height
and radial growth since the stage of 7 years already.
Strangely, we have registered only negligible increase
in radial growth of the hybrid during the last 10 years
of evaluated period (Table 2). At age of 20 years its
diameter has reached 13.74 cm whereas at age of 30
years only13.80 cm. The 20-year old trees of A. ceph-
alonica X A. numidica occupied intermediate position
between selfed control and the remaining two inter-
specific hybrids (F=9.36"", Kormutak et al. 2005)

Table 1. Height growth parameters of A. cephalonica hybrids measured at five ontogenic stages

4 years 7 years 9 years 20 years 30 years
Crossings N Mean=+ SD N Mean=+SD N Mean=+SD N Mean=+SD N Mean+SD
(cm) (cm) (cm) (cm) (m)

A.cephalonica — selfing
A.cephalonica x A.alba
A.cephalonica x A.nordmanniana

A.cephalonica X A.numidica 62 16.20 = 3.04

54 1520 £2.45 153 33.42+7.89 200 57.00 = 15.75 30 333.83 +43.26 30 10.84 = 1.10
100 11.80 +2.33 156 31.64 +£6.86 255 63.10 = 14.02 30 451.66 + 53.08 30 11.16 + 1.31
54 20.90 £3.16 153 39.86 = 10.10 322 72.90 = 19.90 30 441.33 + 63.84 30 10.71 + 1.38
65 30.67 = 7.71

70 56.66 = 18.68 30 325.83 = 63.28 21 7.73 +£1.24

Table 2. Breast growth diameter parameters of A.cephalonica hybrids measured at age of 20 and 30

20 years

Crossings 30 years
N Mean =+ SD (cm) N Mean =+ SD (cm)
A.cephalonica — selfing 30 11.96 = 2.16 30 19.80 = 3.60
A.cephalonica x A.alba 30 14.05 = 1.79 30 16.66 = 3.32
A.cephalonica X A.nordmanniana 30 14.15 + 1.26 30 17.83 £2.48
A.cephalonica X A.numidica 30 13.74 = 1.90 30 13.80 + 3.04
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Table 3. Stomata lines and stomata density in A.cephalonica hybrids

Stomata lines number

Stomata number per segment

Crossings Mean =+ SD Dunc.an Mean =+ SD Duncan grouping
grouping
A.cephalonica — selfing 16.86 = 1.32 B 382.90 + 29.16 B
A.cephalonica x A.alba 13.84 = 1.70 D 362.94 + 44.32 C
A.cephalonica X A.nordmanniana 17.60 = 1.81 A 443.58 = 68.52 A
A.cephalonica X A.numidica 14.32 + 1.67 C 360.02 * 29.16 C

but at age of 30 the hybrid growth retardation was
even more profound (F=15.60"").

Individual crosses have also differed by their nee-
dle traits. An increased number of stomata bands
was found in the needles of A. cephalonica-selfing
and A. cephalonica X A. nordmanniana, whereas the
lower number of the bands in A. cephalonica x A. alba
and A. cephalonica X A. numidica (Table 3). Based on
Duncan grouping, all the crossing variants differed
mutually in this character. The same applies to the
number of stomata per unit of a needle length with
the highest number of stomata found in A. cephalon-
ica X A. nordmanniana and lowest in A. cephalonica
X A. numidica and A. cephalonica X A. alba. The two
last mentioned hybrids were mutually comparable
in this respect.

The variation in needle anatomy on cross sections
is illustrated on the example of A. cephalonica x A.
numidica hybrid and its parents. As shown in Fig. 1,

the avicular shape of needles in mother tree A. ceph-
alonica (Fig. 1a) and rectilinear needles of the father
tree A. numidica (Fig. 1¢c) contrasted with the carinate
shape of needles in A. cephalonica X A. numidica hy-
brid (Fig. 1b).

Accordingly, the latter may be classified as an in-
termediate type between the parental species. Con-
spicuous feature of the A. cephalonica x A. numidica
needle anatomy was the presence as many as 10
resin canals around the circumference of a needle.
Typically, there are two resin canals in Abies with ei-
ther marginal or median position between dermal
tissue and vascular bundles. It is apparent that above
mentioned hybrid deviates considerably from this
pattern. All its supernumerary resin canals are of
marginal types resembling mother tree A. cephalonica
rather than father tree A. numidica with two median
canals (Fig. 1c). Still other anatomical traits and their
quantitations are given in Table 4.

Fig. 1. Needle cross-sections of A. cephalonica (a), A. cephalon-

ica X A. numidica (b) and A. numidica (c); i - intercellular
space, e — epidermis, f — phloem, rc - resin canals, p — pali-
sade parenchyma, h - hypodermis, x — xylem, en — endoder-
mis; bar — 200um.
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Table 4. Needle anatomic traits in A. cephalonica hybrids

Needle width

Needle height

Resin canal di- Vascular bundle

Endoderm layers

Crossings ameter width
Mean Duncgr. Mean Duncgr. Mean Duncgr. Mean Duncgr. Mean Duncgr.
(um) (um) num. (um) num.
A.cephalonica - selfing 1939.0 A 602.0 A 69.8 AB 430.1 A 1.46 A
A.cephalonica x A.alba 1973.7 A 567.6 A 62.2 B 464.1 A 1.47 A
A.cephalonica X A.nordmaniana 1767.3 B 576.2 A 75.0 A 491.3 A 1.48 A
A.cephalonica X A.numidica 1634.0 C 559.0 B 49.4 C 357.0 B 1.45 A

Needle width was very similar in A. cephalonica
progeny from selfing and in the interspecific hybrids
A. cephalonica X A. alba ranging between 1939 um and
1973 um. The hybrids A. cephalonica X A. nordmanni-
ana and A. cephalonica X A. numidica have deviated in
this trait possessing needles with average width of
1763.3 um and 1634.0 um only. The same was true
of needle height which was comparable in three of
the four crossing variants evaluated. A selfed control
along with A. cephalonica X A. alba and A. cephalonica
X A. nordmanniana were statistically indistinguisha-
ble from each other (567.6 — 602.0 um) whereas A.
cephalonica X A. numidica was characterized by a re-
duced needle height (559 um). The last mentioned
hybrid has deviated from the rest of crosses by hav-
ing the lowest diameter of resin canals (49.4 um) and
lowest width of its vascular bundles (357 um). No
differences between the crosses were found in num-
ber of needle endoderm layers. It follows from the
data presented above that among compared crossing
variants it was the hybrid A. cephalonica X A. numidica
which shared the lowest parameters of needle size,
resin canals, vascular bundles and endodermis.

Discussion

Introduction of exotic firs into middle Europe for-
ests along with production of hybrid firs was offered
by some authors as a possible solution to the exten-
sive die-back of silver fir in the region. The species A.
nordmanniana, A. cephalonica, A. cilicica and A. concolor
have accordingly been recommended by Tokar (1973)
based on their growth potentials and pest resistance.
Among the hybrids, Mayer (1981) has mentioned A.
borisii-regis (A. alba x A. cephalonica), A. bornmiilleriana
(A. cephalonica x A. nordmanniana) and A. equi-trojani
(A. cephalonica x A. bornmiilleriana) as the most prom-
ising candidates for introduction into the silver fir
stands. It is believed that hybrids share a higher de-
gree of heterozygosity and adaptability than silver fir
whose populations in middle Europe were reported
to exhibit low genetic variation (Larsen 1986). As far
as the hybrids are concerned, the primary motive for
the artificial crossing experiments was heterotic na-
ture of an overwhelming majority of the Abies inter-
specific hybrids (Klaehn and Winieski 1962; Mergen
et al. 1964). At present, this feature of hybrids has

become of secondary importance, the emphasis being
given on the adaptability of hybrids towards climat-
ic changes and on their pest resistance (Kobliha and
Stejskal 2009). Arbez et al. (1990) postulate a great
potential of the hybrids between the Mediterranean
firs in preserving fir forests in the region under glob-
al warming. With special reference to the situation
in Slovakia, the present legislation does not permit
introduction of interspecific hybrids of firs into natu-
ral stands of A. alba because of the danger of species’
gene pool contamination. Owing to this limitation,
the permanent testing plot with interspecific hybrids
presented in this study was established at the altitute
of 997 m a. s. l. in the area contaminated by indus-
trial pollutants where silver fir declined dramatically
during the last four decades. All the species involved
in the crosses are of Mediterranean origin what en-
dows them with a status of the valuable solution for
replacement of other species in more northerly zones
with humid temperature climates which would no
longer be adapted to new climatic conditions (Aus-
senac 2002). A. cephalonica exhibits a wide tolerance
to different types of soils (Panetsos 1975), whereas
A. numidica grows on high mountains of the Algeri-
an Atlas on calcareous and rocky soils (Liu 1971).
Together with Spanish fir A. numidica is considered
to be the most drougt-resistant species of the genus
Abies (Aussenac 1980). The species A. nordmannia-
na occurs naturally in the mountains around Black
Sea where it grows on soils derived from igneous
and granitic rocks (Liu 1971; Krylov et al. 1986).
All the three interspecific hybrids of these species
exhibit a very good survival rate under new ecologi-
cal conditions. Throughout a 30 year period we have
registered only minimal number of dessicated trees
(Data not presented). The height growth parameters
scored at the end of evaluated period have not con-
firmed the generally maintained view about heterotic
nature of Abies interspecific hybrids. This feature was
only shared by the hybrid combination A. cephaloni-
ca X A. alba that has overgrown at age of 30 all the
tested variants but which has grown until the age of
9 more slowly than A. cephalonica X A. nordmanniana.
On the contrary, the interspecific cross A. cephalonica
x A. numidica lagged considerably behind the rest of
tested crosses with a hint of heterotic growth at age
of 4-year old seedlings only. The combination A. ceph-
alonica X A. nordmanniana exhibited superior growth
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until the age of 20 but at the end of scored period its
height growth parameter was comparable with that
of a selfed control. Regarding the selfed progeny of A.
cephalonica, this finding corroborates the data about a
weak effect of self-pollination on germination capac-
ity of the seeds in the species what may indicate the
absence of pronounced inbreeding in A. cephalonica
(Mergen et al. 1964).

It follows from the described height growth dy-
namics that somatic heterosis of studied A. cepha-
lonica interspecific hybrids cannot be denied but its
symptoms may vary during ontogeny and/or may
be of transient duration only. According to Panetsos
(1975) seedlings of A. cephalonica require 4 to 5 years
to reach the height of 20 cm under natural habitats
in Greece. They do not grow more than 50 to 60 cm
during the first 10 years. Corresponding values of the
crosses tested by us ranged between 11.80 cm and
20.90 cm at age of 4 and between 56.66 cm and 72.90
cm at age of 9 years depending on species combina-
tion. All the three interspecific hybrids of A. cepha-
lonica may be classified as heterotic also in relation
to the native species A. alba. The hybrids have per-
formed at 56.66 — 72.90 cm height at age 9 as com-
pared with the 10-year old saplings of the 40 A. alba
provenances from Germany, Czech Republic and Slo-
vakia whose height growth parameters ranged under
conditions of Slovakia between 28 cm and 68 cm av-
eraging at 50.03 cm (Paule et al. 1985). At age of 22,
the height growth of these provenances varied be-
tween 2.4 m and 4.9 m with an average value 3.9 m.
The corresponding values of 20-year old hybrids of
A. cephalonica have ranged within a span of 3.2 - 4.5
m. In the light of these findings a positive evaluation
of the artificial hybrid performance is fully justifable.
Being involved into the taxonomic section Abies, the
hybrids A. cephalonica x A. alba and A. cephalonica x
A. nordmanniana exhibit a more pronounced somatic
heterosis than the hybrid combination A. cephalonica
x A. numidica with the male species belonging to the
section Piceaster. The effect of slower growing spe-
cies A. numidica on growth potential of the hybrids
is obvious. However, in spite of a hindered growth,
the hybrids A. cephalonica x A. numidica might be of
potential ecological importance. As pointed out by
Aussenac (2002), A. numidica along with A. pinsapo
exhibit increased resistance to the drought and this
property might be equally shared by their hybrids.
Under conditions of global warming both these spe-
cies are offered as an alternative to the regression of
more water demanding species in the more northerly
zones (Aussenac 2002). We may say that to a certain
degree this applies also to the hybrid A. cephalonica
X A. numidica. The latter deviates from the rest of
crosses in having diminished structural characteris-
tics of its needles. In particular, it is true of stomat-
ic bands, stomata density, needle height, resin canal

diameter, width of vascular bundles and endodermis
layer. According to Dickinson (2000), it is the great-
er dimensions of the internal structures of fir nee-
dles which endows them a greater xeromorphism.
We suppose that in case of this hybrid the reduced
parameters of needles are due to a strong effect of
the paternal species A. numidica which itself is one of
the most xeromorphic representatives of the genus
Abies. At the intraspecific level, the enhanced xero-
morphic features of needles were reported in silver
fir seedlings exposed to increased radiation of sun
(Robakowski et al. 2004). With needle characteris-
tics mentioned above contrasted abundancy of res-
in canals in A. cephalonica X A. numidica resembling
the species A. hickeli where as many as 12 resin ca-
nals may be occasionally found (Liu 1971). Evolu-
tionary significance of this feature of fir needles was
discussed by Klaehn and Winieski (1962). Panetsos
(1992) has undergone a detailed analysis of the po-
sition of resin canals in A. cephalonica and its hybrid
swarm A. cephalonica X A. alba. The author revealed
either marginal or median location of 2 resin canals
in firs depending on position of needles in the crown
and on a latitude. A clear tendency was observed in
the frequency of marginal resin canals of A. cephaloni-
ca provenances to decline from the south to the north
where species is strongly introgressed by A. alba. The
hybrids produced artificially by us, including the hy-
brid combination A. cephalonica x A. alba possessed
exclusively marginal resin canals what may be attrib-
uted to the juvenile nature of the individuals tested.
As pointed out earlier by Panetsos (1975), marginal
location of resin canals in juvenile stage is a common
feature of the genus Abies. Rather unexpected and
striking feature of A. cephalonica X A. numidica needle
anatomy is only abundancy of resin canals. Its impact
on physiological function of needles and adaptability
of the hybrid trees should be tested further. On the
contrary, the height growth performance of the re-
maining two interspecific hybrids tested substantiate
the idea expressed by Mayer (1981) and postulating
utility of both A. cephalonica X A. alba and A. cepha-
lonica X A. nordmanniana hybrids in the middle Eu-
rope climatic conditions. Still other conclusion can
be made regarding introduction of Mediterranean
firs into our climatic conditions and their effective
utilization in breeding programmes oriented towards
production of hybrids with increased tolerance to in-
dustrial pollution.
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