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Abstract

Putative natural hybrids (Ulmus % hollandica) between the Smooth-leaved (Ulmus minor ssp. minor) and the Wych
elm (Ulmus glabra) were observed in mixed forests along the rivers and rivulets around the central part of Lithuania.
Eleven populations of elms (Ulmus L.) were studied to determine 1) the critical groups of phenotypes indicative for
their taxonomic identity, 2) the variability of taxa from contact zones. Three characteristics for the trees and twenty
one for their leaf, including nineteen applied by WinFOLIA 2004a programme, were used to describe each sample of the
fifty eight and to ascertain the degree of affinity between samples. As a result of this approach, four taxa could be
distinguished at the contact zones within elms. Three elm species and hybrids, Ulmus glabra, Ulmus minor, Ulmus
laevis, and Ulmus x hollandica, were fairly satisfactorily distinguishable, but there is much overlap between the Wych
elm and the Field elm in their characters that can be explained only by the equivalence of their statistically discriminant
phenotypic distinctness. On average, the putative natural hybrids between the Smooth-leaved and the Wych elm account
for less than two percent of all individuals within group U. minor — U. X hollandica — U. glabra. The possibility of
introgressive hybridisation is shown by the outstanding variability of morphological characteristics of the taxa from the

contact zones and by the presence of extreme or novel properties of hybrids.

Key words: Ulmus minor ssp. minor, Ulmus glabra, Ulmus minor, Ulmus % hollandica, Ulmus laevis, natural

hybridisation

Introduction

The most generalised treatment of the complex
taxonomical nature of European elms (Richens 1983,
Armstrong and Sell 1996), at least in continental Eu-
rope, considers the presence of three species in this
continent, the European white elm (Ulmus laevis Pal-
las), the Wych elm (Ulmus glabra Hudson =~ Ulmus
montana Stokes) and the Field elm (Ulmus minor Miller
sensu latissimo), the latter represented by a number
of varieties, and some hybrids (Richens 1983, Mittem-
pergher and La Porta 1991, Mackenthun 2007). Some
authors (e.g. Richens 1983) consider it a single varia-
ble taxon (the species concept adopted in this study),
whereas others have proposed narrower concepts in-
volving three species (Stace 1997), five species
(Melville 1975) to over 40 species (Armstrong 1992).
The Smooth-leaved elm (U. minor ssp. minor) is the
commonest type of the Field elm in continental Europe
today (Richens 1983, Mackenthun 2007). U. campes-
tris var. glabra Hartig, Planchon, Ascherson and
Graebner, U. campestris var. laevis Spach, Planchon,
U. foliaceae Gilibert, Sargent (also known as the
Mulberry-leaved elm), U. glabra (not Hudson) Miller,

Smith, Loudon, Reichenbach, Wilkomm, Schneider, Ley,
and U. nitens Moench are the synonyms of U. minor
ssp. minor. In Europe, this subspecies has a more
southerly distribution than U. glabra, and is unknown
in Denmark, Sweden, and Norway as a wild tree,
though it is said to occur, possibly planted, on the
island of Gothland, in the Baltic (Elwes and Henry
1913). Natural hybrids between the Wych elm and the
Smooth-leaved elm are common in Europe, as these two
species were the most widely planted in the country-
side, with the former in northern areas (Scandinavia,
northern Britain), and the latter further south. In ad-
dition, the Wych elm is sometimes divided into sub-
species (Uotila 1997, Myking and Yakovlev 2006), of
which the gl/abra (in the south of the species’ range)
has leaves that are relatively broad, short tapering,
with acute lobes present, trees often have a short,
forked trunk and a low, broad crown, the montana
(Stokes) Lindquist (in the north of the species’ range
— northern Britain, Scandinavia) has leaves that are
relatively long, long tapering, without acute lobes, the
upper surface of which are strigose (Sherman-Broyles
2007), trees commonly have a long single trunk and a
tall, narrow crown. The subspecies are not accepted
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by Flora Europaea (Tutin et al. 1968), as there is
much overlap between populations in these characters
and the distinction may be owing to environmental
influence, rather than genetic variation.

Hybridization is an important mechanism for pro-
ducing “evolutionary novelty” and is considered to
be a common mode of speciation in plants (Abbott
1992, Futuyma 1998). Morphological data can offer
actual information on hybridization related evolution-
ary and ecological phenomena, because hybrids are
not always intermediate between the parental species,
but often exhibit extreme and novel characters (Riese-
berg and Ellstrand 1993). The percentage of plants with
extreme or novel characters increases in later hybrid
generations as does the percent of characters that
show extreme. Hybrids often show characteristics that
are absent from the parents (Rieseberg 1995). At least
two independent markers are needed to demonstrate
that introgression is occurring, and at least one of
them must be able to define the two parental species
(Harrison 1990). In the case of Ulmus laevis, a major
advantage for detailed studies is the absence of in-
terfertile species within the distribution area, remov-
ing the complicating factors of hybridisation and in-
trogression. For this reason, U. laevis was taken as
‘datum-species’ in this study. Along with the Ameri-
can elm (U. americana), U. laevis belongs to the
Blepharocarpus section which seems genetically iso-
lated from the other sections of the genus (Heybroek
1968, 1993, Townsend 1975), whereas the other two
European elm species, U. glabra and U. minor, belong
to the subgenus Ulmus. U. laevis is the oldest elm
species in Lithuania (Stockmarr 1970).

It is customary, in sexually-reproducing organ-
isms, to distinguish between species and interspecif-
ic hybrids, the latter being usually few in numbers
compared with the putative parent species. The genus
Ulmus, however, is atypical in that, therefore the sub-
division of the genus into species must rest entirely
on the discovery of discontinuities (Richens 1955).
The approach taken here follows the lines being drawn
by R. Richens (1983), who followed a fairly simple
strategy. He claimed that there are just two species of
elms present in the British Isles, U. glabra and U.
minor, and both species hybridise to form the natural
hybrid elm, Ulmus x hollandica Mill. Unfortunately,
every individual within the U. minor — U. X holland-
ica — U. glabra group is able to hybridise again with
one of parental species. The process may be continu-
ously repeated from generation to generation and is
called introgressive hybridisation. It is suggested that
the most probable proximate outcome of such hybrid-
ization will be a collapse of hybridizing species and
subsequent loss of biodiversity (Seehausen et al.

2008). Decreasing landscape heterogeneity at all spa-
tial scales from microhabitats to biomes most likely
elevates the general likelihood of interspecific intro-
gressive hybridization by relaxing ecological divergent
selection among species and/or by removing ecolog-
ical barriers to gene flow between divergently adapt-
ed species. By introgression species may acquire new
adaptive characters that allow them to colonize new
habitats or increase their fitness in their existing niche
(Minder et al. 2007). The phenomenon of hybrids hav-
ing higher fitness than one or both of the parents is
known as hybrid vigour or heterosis. The effects of
introgressive hybridization among pure and hybrid
phenotypes on a morphological variability of the taxa
has not yet been studied in native elms. Therefore, the
main purpose of the present study was to character-
ize the phenotypic variability of native elms and to de-
termine 1) the critical groups of phenotypes indicative
of their taxonomic identity, 2) the variability of taxa
from contact zones. The novelty of the study is pre-
sented by the determination of critical group of elm
hybrids indicative of its taxonomic identity.

Materials and methods

Morphological Characterization of Elm Taxa

Morphological characters were the main tools
used for the identification of elm hybrids in this study.
Wych elms generally share a set of characters as fol-
lows: stout densely villous petioles, exceeding 2-7 mm
in length, the leaf base being strongly oblique with
the lowermost lobe strongly overlapping, covering the
petiole, leaves equally rough on the upper surface,
though rather downy beneath, the leaf margins with
few acuminate lobes at a broad apex, the blade hav-
ing 15 to 18 (20) pairs of lateral nerves, which are of-
ten forked up near the edges of the leaf, no corky wings
on the twigs, and the absence of sucker shoots. The
Wych elm (U. montana Stokes) shows little variation
in the wild state, but trees growing in dense woods
usually bear smaller and thinner leaves than those
which stand in the open (Elwes and Henry 1913). The
common name Wych comes from Anglo Saxon mean-
ing “with pliant branches” or from Gaelic meaning
“drooping”. The name glabra means smooth, a prob-
able reference to the fact that the bark of this tree is
smoother than that of the Field elm. The common
names of the Field elm, the Smooth-leaved elm, or the
Narrow-leaved elm (see Mittempergher 1996), contrast
the smooth upper surface and narrowness of the leaves
with those of the Wych elm, which are rough and broad
(Stace 1997, White and More 2003). But it has to be
remembered that the juvenile leaves in Field elms are
scabrous, and it would probably require only a slight
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physiological change for this character to persist to
the adult condition (Richens 1955). In this study atyp-
ical Wych elms having a long single trunk with smooth
bark and the very few leaves with some acute lobes
and no more than 16 pairs of lateral nerves were at-
tributed to atypical Wych elms (or non-Dutch elms)
or to the subspecies of the Wych elm (U. glabra ssp.
montana (Stokes) Lindquist). The Field elm is sup-
posed to be easily recognizable because of its thick
crown of branches that begin low on the long single
trunk and the leaves without acute lobes and no more
than 8-11 (14) pairs of lateral nerves, having white hair
on the back of the leaf blades where the veins meet.
The Smooth-leaved elm (U. minor ssp. minor) was
identified by corky ridges on young twigs — so called
‘winged twigs’. This subspecies is variable in the wild
state, in the amount of pubescence on the branchlets
and leaves, and in the presence or absence of corky
ridges on the twigs and branches (Elwes and Henry
1913). Leaves are very unequal at the base and acu-
minate at the apex. Their margins are biserrate and non-
ciliate; lateral nerves have about 12 pairs and are of-
ten forked. It was hypothesized by us that Smooth-
leaved elms with corky bark should have more pairs
of leaf lateral nerves in comparison to those with
smooth bark. The European white elm is easily recog-
nized by its leaf that has a single peak and a very
unequal basis, with strongly curled leaf-teeth with a
double cerrulation, and 12-13 (16) pairs of lateral
nerves, 1-2 (0-4) of which may be forked (Hempel and
Wilhelm 1889, Elwes and Henry 1913, Ozolin¢ius 2003,
Petrokas and Plitra 2007). No corky wings on the
branchlets of this species (Elwes and Henry 1913).
Unshapely leaf of natural hybrids between the Wych
elm and the Smooth-leaved elm (i.e. Dutch elms, Ul-
mus % hollandica Mill.; Heybroek 1987; Figure 1) is
somehow similar to that of European white elms. It is

Figure 1. The Dutch elm
— ‘Belgica’ (above) and
‘Groeneveld’ (below).
Photo by Leo Goudzwaard

curly, without acute lobes, the base being very une-
qual, leaf-teeth with a double-triple cerrulation, but
having more than 14 pairs of lateral nerves, which are
often forked up near the edges of the leaf. Dutch elms
may almost always be recognised by the large corky
ridges, which are developed only on the epicormic
branches of the trunk (Elwes and Henry 1913). In the
Cork-barked elm (U. minor ssp. minor var. suberosa
Henry = U. suberosa Moench = U. campestris var.
suberosa Wahlenberg), which is the variety of the
Smooth-leaved elm, the branchlets in the crown of trees
are all corky.

Study Sites and Plant Material

Putative natural hybrids between the Smooth-
leaved elm and the Wych elm were observed in mixed
forests along the rivers and rivulets around the cen-
tral part of Lithuania. The research sites of the native
elms have been chosen to grasp their coexistence at
natural habitats, normally moist or temporarily wet
particularly fertile sites, preferably where the taxa are
occupying the same or overlapping areas. During the
mid-summer of 2011, randomly chosen fully expanded
leaves from mature shoots were collected. In total, it
was evaluated 399 leaves (5-7 for each individual) from
58 elms from 11 localities (Table 1).

Data on putative natural hybrids between native
elms were obtained from transects of three independ-

Table 1. Elms (Ulmus spp.) summary. ¢ — number of trees,
n —number of leaves, / — % of leaves measured by the Win-
FOLIA 2004a programme

Forest Lati- Longi-

Taxon population tude tude Tree No. t n !

Sugve 55°12°  23°50° 1,2,3,4,6

Ulmus minor  Juodki$kiai 55°17  24°02 13,14,16 10 70 94.3
Eleonoravas  55°09' 23°03’ 44,45
Juodkiskiai 55°17  24°02 15
U. minorssp. Mikytai 56°077 21°50° 40

minor Dukstyna 55°16'  24°50° 1819 ° 3% 970
Eleonoravas  55°09°  23°03’ 46
Kunioniai 55°12°  23°47 8,10, 12
. o4 m oaps 21,22,23,
Silas 55°15  24°15 24,26
TurloviSkés 54°47  24°2T 28, 30, 31

Ulmus glabra Juodé 54°54"  25°08’ 33,34 20 137 737
Dikstos 54°50'  24°57’ 37,38
Mikytai 56°077 21°50' 39, 41,43
Eleonoravas  55°09'  23°03’ 47
Juodgiris 55°29  24°42 54
Turloviskés 54°47  24°2T 29

U. glabra Ju_oc!e 54°54  25°08’ 32 6 40 825
ssp.montana  DukS$tos 54°50"  24°57’ 36
Eleonoravas  55°09°  23°03’ 48, 49, 50
Susve 55°12"  23°50' 5
Kunioniai 55°12°  23°47 7,9, 11

Ulmus‘x Sllasw 55°15"  24°15’ 25, 27,56 13 91 85.7
hollandica  Dikstos 54°50'  24°57° 35,57,58
Mikytai 56°07° 21°50' 42
Eleonoravas  55°09° 23°03’ 51, 52
. Diukstyna 55°16°  24°50’ 17, 20

Ulmus laevis o giris 5509  24°42 53,55 ¢ B 893
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ent contact zones at the Silas, Eleonoravas, and Daks-
tos forests (Figure 2, Table 2).
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Figure 2. The transects (in zip lines) for the observation of
elm hybrids at the contact zones of Silas, Eleonoravas, and
Diikstos forests (from top to bottom)

I 2012, Vol. 18, No. 2 (35)
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Table 2. The approximate figures of elms at the contact
zones of Lithuanian forests

Site Transect . Elms Field Hybrids Wych

Forest types* size. m intotal elms elms
’ Number of trees per hectare

Silas Ndp 235x 5 1991 1804 8 179

Eleonoravas Lds, Lfs 359x 5 1855 774 95 986

Dukstos Ncl 332x 5 3747 2169 66 1512

*N — normally moist, L — temporarily wet, ¢ — fertile, d —
very fertile, f — particularly fertile, 1 — light rocks, s — heavy
rocks, p — twin rocks (light on heavy)

Evaluation and variables

Three descriptors for the trees and twenty one for
their leaf, including nineteen applied by the WinFO-
LIA 2004a program, were used to evaluate elms in this
study.

Stem form and forking was evaluated as the dom-
inance of stem axis whereby the main central stem of
the plant is dominant over (i.e. grows more strongly
than) other side stems. Ultimate shapes of stems were
as follows (Petrokas 2008a): 1 — multi-dominant axes
of order one: the union of several stems/branches at
the root neck/branch base, 2 — co-dominant axes of
order one: at the basal zone of stem/branch — the di-
ameter of any side axis is about half the diameter of
the base of union, 3 — decurrent main axis: the axis is
bifurcated or trifurcated; lower offshoot of supposed
axis is prevailing, 4 — apparent main axis: some off-
shoot of supposed axis is prevailing at the furcations,
5 — excurrent main axis: there are no furcations of axis
— rectilinear axis is prevailing at full height/length.

The privileged repartition of sibling shoots (Troll
1937) on the upper, lateral or basal position of a slanted
or horizontal parent shoot is referred to, respectively,
as epitony, amphitony or hypotony. In the elms the
privileged repartition of sibling axes from order two
to the ultimate orders or branching trend (Petrokas
2008b) was defined as the amphitony-epitony, amphi-
tony, or amphitony-hypotony. Amphitony is a frequent
feature in rectilinear branches (Caraglio and Barthélémy
1997), e.g., fastigate, upright, and spreading branch-
es, whereas epitony and hypotony are characterized
by the predominant development of lateral axes on the
convex side of the curved, downwardly or upwardly
orientated branches. Tree branching habit (Szalatnay
2006) was defined as 1 — fastigate, 2 — upright, 3 —
spreading, 4 — drooping or 5 — weeping branches.

For this study fairly uniform leaf samples which
showed consistent characters were collected so that
comparisons between elm populations could be made
more feasible. Nineteen morphology characteristics of
summer leaves were measured or scored by WinFO-
LIA 2004a program: lamina area in cm? (A), leaf perim-
eter in cm (P), vertical leaf length in cm (L), horizontal

ISSN 2029-9230 I
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leaf width in cm (W), leaf aspect ratio (W/L), form
coefficient (=4piA/P?), blade length in cm, maximum
perpendicular width in cm, position in % of blade
length where maximum perpendicular width has been
measured, perpendicular width at 50 % of blade height,
perpendicular width at 90 % of blade height, lobe an-
gle in degrees at 10 % of blade height, lobe angle (in
degrees) at 25 % of blade height, petiole length in cm,
petiole area in cm? (Figure 3).

Figure 3. Outline of elm leaf illustrating the characteristics
measured (from top to bottom): perpendicular width at
90 % of blade height (W90 %), perpendicular width at 50 %
of blade height (W50 %), maximum perpendicular width
(WMax), lobe angle at 25 % of blade height, lobe angle at
10 % of blade height, and blade length

Additionally, the leaves were evaluated in relation
to the number of lateral nerves and forked lateral nerves
at the left and right from the underside of blades. Sub-
sequently, the ratios of all lateral nerves to forked lat-
eral nerves were calculated to obtain characteristics of
leaf nervation. Ultimate shape of leaves (Petrokas 2008b)
between annual shoots of strongest axes of sequenc-
ing orders was evaluated as the number of leaf peaks:
1 — one tip, 2 — two (three apparent tips), 3 — three (3-
tipped leaf or five apparent tips), 4 — four (five appar-
ent tips), 5 — five (5-tipped leaf or seven apparent tips),
6 — six (seven apparent tips), 7 — seven or over (7-tipped
leaf with seven peaks or over).

Statistical analysis

In order to determine the critical groups of elm
phenotypes indicative for their taxonomic identity
Stepwise method of SAS Stepdisc procedure was used

for selecting variables (SAS Institute, Inc., SAS/STAT
software Release 8). Fourteen variables that best dis-
criminated the four taxa population of Wych elms, Field
elms, Dutch elms, and European white elms (present-
ed in Table 3) were then used to perform SAS Factor
and G3D procedures and to assess multivariate mor-
phological differentiation between the taxa. Interequiv-
alence of the taxa was predicated on the influence of
the strongest factors dominating over the whole of
variance explained in principle. Clustering of elm trees
based on the three factorial estimates of morphologi-
cal traits significantly influencing differences between
the taxa was realised by applying SAS Cluster (Aver-
age method) and SAS Tree procedures. Fourteen var-
iables that were found to differentiate the four taxa
population were used to calculate means, standard
errors, standard deviations, and the 95 % level confi-
dence intervals for the means (Explore procedure of
SPSS 16.0 for Windows®) per taxon and to analyse
traits useful for identifying putative hybrid individu-
als of the Dutch elm.

Table 3. The pattern of factors dominating over the whole
of variance explained of four taxa population investigated -
Wych elms, Field elms, Dutch elms, and European white elms

Characteristics Factor1 Factor2  Factor3
Variance explained, % 56 22 13
Stem dominance -0.33 -0.22 -0.69
Tree branching habit 0.03 -0.18 0.68
Forked lateral nerves of leaf at the left 0.63 -0.71 -0.07
Lateral nerves of leaf at the right 0.53 0.34 -0.23
Forked lateral nerves of leaf at the right 0.63 -0.73 -0.07
Leaf peaks 0.52 -0.28 0.25
Ratio of leaf nervation -0.17 0.92 0.05
Vertical leaf length 0.96 0.17 0.02
Horizontal leaf width 0.95 0.18 0.01
Leaf aspect ratio 0.94 0.15 -0.12
Position of blade maximum perpendicular width 0.95 0.15 -0.07
Blade perpendicular width at 50 % of blade height 0.92 0.24 0.11
Leaf lobe angle at 25 % of blade height 0.41 0.28 -0.11
Leaf petiole length -0.12 -0.00 0.58

Results

Ulmus minor and Ulmus glabra are two closely
related Lithuanian elm species with partially overlap-
ping distributions. Within the area of overlap, there
are localities at the forests around the central part of
Lithuania where morphological intergradation occurs.
Approximate figures of the elm taxa from contact zones
are given in Table 2. On average, the putative natural
hybrids account for less than two percent of all Ul-
mus minor — Ulmus * hollandica — Ulmus glabra
individuals within this group. Every individual within
this group is able to hybridise again with its next
neighbour. This process is shown not only by the
coexistence of those individuals in the same or over-
lapping populations but also by the outstanding var-
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iability of their morphological characteristics and by
the presence of extreme or novel characters of hybrids.

The WinFOLIA 2004a programme has analyzed
most of the leaves (Table 1). The worst measureabili-
ty of leaves was characteristic for the Wych elm, be-
cause of its multiple leaf-tips, the best — for the
Smooth-leaved elm (73.7 vs. 97 %). The results of fac-
tor analysis of six taxa population pointed out that the
taxa of U. minor — Ulmus x hollandica — U. glabra
group were largely overlapped under the influence of
strongest factors dominating over the whole of vari-
ance explained. The group of four European white elms
was easily recognizable though. So, it was purposive
to reduce six taxa into four — to subsume atypical Wych
elms (non-Dutch elms, the subspecies montana of the
Wych elm) into Wych elms, Smooth-leaved elms into
Field elms, European white elms and Dutch elms leav-
ing separately as before. Now the factor analysis pro-
cedure was repeated on the fourteen of the variables
that best discriminated the four taxa population. Var-
iation in morphology is shown in coordinates of the
first, second, and third factors representing, respec-
tively, 56 %, 22 % and 13 % of variance explained
(Table 3). European white elms remained together, the
putative hybrids, i.e. Dutch elms, passed into sepa-
rate group, excluding some individuals appearing dis-
tant from their group average (Figure 4).

Figure 4. The grouping of elm trees (Ulmus spp.) by the
strongest factors dominating over the whole of variance ex-
plained: U. glabra (pyramids), U. minor (diamonds), U. lae-
vis (balls), hybrids (crosses). The filled symbols show the
average of the group specified. Some individuals distant from
their group average are indicated with tree No.

Tree No. 57 from Dikstos forest, the most extraor-
dinary individual from the elms, has been taken as a
putative first-generation hybrid between the Wych elm
and the Smooth-leaved elm, because of its huge leaves.
The biggest leaf (No. 274, Figure 5) having lamina area
of 585.4 ¢cm? and leaf perimeter of 167.7 cm was like
no one from the rest of elm leaves (see all the leaves
in the Figure 5, which are intercomparable).

we
o'

(T Y

Figure 5. Leaves (in groups indicated by letter and tree No.)
of putative hybrids between the Wych elm and the Smooth-
leaved elm (H57 — above, left and middle, and H27 — above,
right), those of Wych elms (G43 — below, left, and G41 —
below, middle), and those of Smooth-leaved elm (M40 —
below, right)

A

0,9°%08
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Our estimations on first-generation hybrid nature
of tree No. 57 were further supported by clustering of
the elms based on the three factorial estimates of
morphological traits significantly influencing differenc-
es between the species (Figure 6).

Putative hybrids No. 40 and 41 from Mikytai for-
est, developed from stump shoots, were most contro-
versial from the beginning (Figure 5). Consequently,
tree No. 40 was subsumed into the Field elm (M), tree
No. 41 — into the Wych elm (G). In addition (see the
least average distances between clusters in Figure 6),
Field elm No. 43 (M) was corrected to Wych elm (G)
because of its obovate leaves with long-acuminate to
cuspidate apices, and Wych elm No. 27 (G) was cor-
rected to the hybrid (H) because of its self-evident
variability of leaf shape (Figure 5). As the last step,
the variability of various characters of elm taxa was
determined. In general, of the 14 characteristics, only
stem dominance, tree branching habit, number of lat-
eral nerves of leaf at the right (from the underside of
blades), leaf aspect ratio, and lobe angle at 25 % of
leaf blade height (see Table 4) of putative natural
hybrids between the Smooth-leaved elm and the Wych
elm, i.e. Dutch elms, did not overlapped with those of
Field elms and Wych elms. Tree branching habit,
number of leaf lateral nerves at the right, and leaf
aspect ratio overlapped exclusively with those of Eu-
ropean white elms. This is because of partial coinci-
dence of the 95 % confidence intervals for the means.
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Figure 6. Clustering of elms (Ulmus spp.) based on the three factorial estimates of morfological traits significantly influ-
encing differences between the taxa. The letters indicate: L — U. laevis, G — U. glabra, M — U. minor, H — hybrid. All

corrected indications are in callouts

The lowest standard deviations of leaf aspect ratio and
stem dominance indicated that the data points tended
to be very close to the respective means. On average,
the best stem dominance was observed for Dutch elms,
the worst — for European white elms (excurrent vs.
apparent main axes). Leaf aspect ratio (horizontal leaf
width / vertical leaf length) of Dutch elms was 0.5
while that of the others — 0.6. Dutch elms were remark-
able for their leaf lobe angle at 25 % of blade height —
37.3£0.6 vs. 41.3+£0.6 (and 41.2+0.7) degrees for Euro-
pean white elms (and Field elms).

Discussion and conclusions

As a result of this approach, four taxa could be
distinguished within the genus Ulmus L. at the con-
tact zones of Lithuanian forests. Three elm species and
hybrids, Ulmus glabra, Ulmus minor, Ulmus laevis, and
Ulmus x hollandica, were fairly satisfactorily distin-
guishable, but there is much overlap between the Wych
elm and the Field elm in their characters that can be
explained only by the equivalence of their statistical-
ly discriminant phenotypic distinctness. The latter
species differ in some traits and habitat preferences,
but hybridize in nature where they grow in close prox-
imity. The two species were found to be porous and
moderately differentiated, with the notable exception
of some species specific morphological markers that

could point to the existence of genomic regions that
are sheltered from introgression.

Putative natural hybrids between the Smooth-
leaved elm and the Wych elm account for less than
two percent of all individuals within group U. minor
— U. x hollandica — U. glabra. Such low proportion
of hybrid progenies in the contact zones is inconsist-
ent with the high rates of hybridization detected in
Europe between native U. minor and naturalized U.
pumila using isozymes (Cogolludo-Agustin et al. 2000)
and dominant DNA markers (RAPD and ISSR; Goodall-
Copestake et al. 2005). On the other hand, identifica-
tion of natural hybrids within the native elms is ex-
ceedingly difficult and caution is needed when mak-
ing taxonomic interpretations. Therefore, in contrast
to W.P. Goodall-Copestake et al. (2005), we suggest
that introgressive hybridisation within the elms should
be verified through extremity and novelty of morpho-
logical characters of hybrids (sympatric distribution
and morphological intermediacy is not enough), be-
cause the verification is conducted on unknown phe-
notypes at natural habitats. Morphological studies
carried out in the course of this investigation (Figure
4) show clearly that the Field elm and the Wych elm
are distinguished by a number of characters, whose
range of variation of each one of them is not entirely
separate and distinct. In total, the characters of stem
dominance and lobe angle at 25 % of leaf blade height
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of hybrid elms, i.e. Dutch elms, did not overlapped with ~ Lithuania. Now we can ask the following questions

those of Lithuanian elm species, which may show tax- (according to Minder et al. 2007): (1) what is the ge-
onomic dissimilarity to them (Table 4, in bold). netic structure of the elm hybrid zones? Do they con-

Table 4. Variability characteristics of Lithuanian elms: the means, standard errors, and standard deviations of data sets. N
= the number of leaves evaluated. Not overlapping characters of Dutch elm hybrids with those of Lithuanian elm species

are in bold

Taxon Characteristics*

N) 1 2 3 4 5 6 7 8 9 10 1 12 13 14
The Wych elm 3.8+0.1 3.2:01 7.260.1 15302 7.3:01  20:01  22t0 224304 13.0:0.2 06+0 11.4:03 12.5t02 40.2:0.4 1.040.1
(172) 08 09 16 2.0 1.7 1.3 0.4 43 24 01 29 23 42 1.2
The Field elm 41201 3.3:0.1 6.1:0.1 15.3+0.2 6.1:01 1 (constant) 2.6:0 18.1%0.4 10.5:0.2 0.6:0 8.4:0.2 10.10.2 41.2:0.7 2.1%0.1
(115) 10 09 13 1.8 1.2 0 05 4.1 24 01 23 23 6.8 1.6
The Dutch elm 4950 26+0.1 7.1402 16.5¢0.2 7.0%0.2 1.1#01  24%0 22.3+05 11.940.3 0.5:0 10.7+0.3 11.5:0.3 37.320.6 2.0:0.2
84) 03 06 18 2.1 1.8 07 05 48 31 01 27 2.9 5.2 1.7
;r: Europeanwhite 5 5,01 3.0501 23502 17.0604 22403 1 (constant) 11.6:2.2 20.205 12.3t0.4 0.6:0 9.8:03 11.8:0.4 41.3t0.6 0.70.1
28 04 07 09 2.1 1.4 0 10.9 23 22 0.1 1.6 2.0 3.1 0.6

*1 = stem dominance (1 - multi-dominant axes of order one, 2 — co-dominant axes, 3 —

decurrent main axis, 4 — apparent main axis, 5 — excurrent main axis)

2 =tree branching habit (1 — fastigate, 2— upright, 3 — spreading, 4 — drooping, or 5 — weeping branches)

3 =number of forked lateral nerves of leafat the left (from the underside of blades)
4 =number of lateral nerves of leaf at the right

5 =number of forked lateral nerves of leaf at the right

6 = number of leaf peaks

7 =ratio of leaf nervation

8 = vertical leaf length in cm (L)

9 =horizontal leaf width in cm (W)

10 =1leafaspect ratio (W/L)

11 = position (in % of blade length) of blade maximum perpendicular width (Figure 3)
12 =Dblade perpendicular width (in cm) at 50 % of blade height

13 =1eaf lobe angle (in degrees) at 25 % of blade height

14 =leaf petiole length (in cm)

The investigated contact zones revealed some
extraordinary phenotypes of putative natural hybrids
within the elms. Morphological similarities between
Dutch elm tree No. 57, and European white elm trees
(see U. laevis in Figure 6) suggest a hybrid origin of
the latter species. Interestingly, Klotzsch, who seems
to have been the first botanist to make experiments in
crossing forest trees and who was curator of the Ber-
lin Herbarium, crossed the European white elm with the
Smooth-leaved elm in 1845, and raised seedlings from
both the cross-fertilised seeds and from the seeds of
the parent trees, and after eight years’ growth under
similar conditions the hybrid seedlings were one-third
taller than the others (Elwes and Henry 1913). Never-
theless, the contrary seems to be the case of unique
crossability barrier, which was found to exist among
the European white elm and the European elm species
which belong to a different section of the genus (Hey-
broek 1968, 1993, Townsend 1975, Mittempergher and
La Porta 1991, Collin 2003).

We were not able to find the discontinuity of
characters that would sufficiently define hybrid phe-
notypes, however, the individuals mistaken for the
hybrids between the Smooth-leaved elm and the Wych
elm were identified. Not every finding in this study may
be in line with current taxonomic knowledge but the
study aims to give an idea of the scope of elms in

sist primarily of intermediate hybrids or of backcross
hybrids? (2) Is there evidence for introgression and if
yes, is it uni- or bidirectional? (3) What is the extent
of introgression? Is it limited to a small proportion of
markers? (4) Can morphology be used to predict the
structure of hybrid zones? (5) What can we learn about
the nature of the species boundary between the two
study species based on the analysis of natural hybrid
zones? A model for such research has been provided
by J.E. Zalapa et al. (2009), who suggested the poten-
tial broad applicability of microsatellite markers for
hybridization and introgression studies in the genus
Ulmus. Altogether, biochemical markers, including iso-
zymes (Cogolludo-Agustin et al. 2000), flavonoids
(Santamour 1972, Sherman and Giannasi 1988), and
DNA markers (Wiegrefe et al. 1994, Kamalay and Carey
1995, Whiteley et al. 2003, Pooler and Townsend 2005),
have proven useful to classify Ulmus species and to
determine genetic identity.

In general, introgression of morphological char-
acters is more restricted than introgression of molec-
ular markers (Rieseberg and Wendel 1993), but molec-
ular markers may provide a good tool to characterize
the genetic architecture of hybrid zones. It is meant a
baseline for new elm research project in Lithuania is
already drawn. For hybridization and introgression
studies the data on biochemical and molecular mark-
ers should be used to distinguish elm species and their
hybrids in contact zones based on phenotype.
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ECTECTBEHHASA I'MbPUIN3ALIUA UJIBMOBBIX (ULMUS L.) B JIMTBE

P. Ilerpokac u B. bBamounkac

Pe3siome

IMpennonaraemele ecrecTBeHHBIE THOPUILI — Ulmus % hollandica — mexny Bs13oM npoOxoBeM (Ulmus minor ssp. minor)
1 Bsi3oM mepiiaBeiM (Ulmus glabra) HaOmogannuck B CMEIIaHHBIX JiecaX BJOJb PEK U pedylIeK B [EHTPaIbHONW YacTH JINTBHI.
Uccnenosano 11 momymsnuii uneMoBeiX (Ulmus L.) ¢ nensio onpenenuts: 1) KpUTHUECKUE I'PYNIbl (HEHOTUIIOB,
MOKa3aTeJIbHBIE ISl MX TAKCOHOMUYECKOTO TOXKAECTBAa, 2) U3MEHUYMBOCTh TAKCOHOB M3 KOHTaKTHBIX 30H. J{JIs1 omucaHus
Kaxaoro obpasma (onucano 58 o0pas3IoB) M YCTaHOBJICHUS CTEHNEHH OIM30CTH MEXIYy HUMHU OBUIM HCIIOIB30BaHBI 3
XapaKTEePUCTUKHM JUIS AepeBbeB U 21 XapaKTepHCTHKA JUIS UX JIMCTHEB, B TOM YHCIe 19 XapakTepUCTHK HCIIOJB3Ys IPOrpamMMy
WinFOLIA 2004a. B pesynbraTe nccieqoBaHUS B 30HaX KOHTaKTa BBIAEICHO 4 TakCOHa MIBMOBHIX: 3 BHAa Bsiza (Ulmus
glabra, Ulmus minor, Ulmus laevis) n tubpun (Ulmus % hollandica). TaxcoHa ZOBOJBHO yIOBJIETBOPUTENBHO Pa3lIu4HMBbI,
OJIHAKO TPUCYTCTBYET 3HaUMTEIbHOE nepekpsitue Mexny Ulmus glabra w Ulmus minor, KOTopoe MOXHO OOBSICHHUTD JIUIIb
HKBHBAJICHTHOCTHIO X CTATHCTUYECKH TUCKPHMHHAHTHOH ()eHOTUIIMIECKON ONpeeNIeHHOCTH. B cpexneM, npeamnonaraemMele
ecTecTBeHHbIe THOpUABI Mexny Ulmus minor ssp. minor n Ulmus glabra cocTaBISioT MeHee JBYX NPOLEHTOB BCEX
WHAUBUIOB BHYTpHU rpynnsl Ulmus minor — Ulmus X hollandica — Ulmus glabra. Bo3aMOXHOCTh HHTPOTPECCUBHOM
rudpuIM3aliy MOKa3aHa He3aypsAHON M3MEHYHBOCTHIO MOP(HOJIIOTHYECKUX XapAKTEPUCTHK TAKCOHOB M3 KOHTAKTHBIX 30H M

HaJIMIMUEM Yy FI/I6pI/I)10B OKCTPEMAJIbHBIX UJIA HOBBIX Ka4Y€CTB.

KumroueBbie caoBa: Ulmus minor ssp. minor, Ulmus glabra, Ulmus minor, Ulmus x hollandica, Ulmus laevis,

€CTCCTBCHHAA m6pnzmsaum1
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