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The Melampyrum sylvaticum group is a complex of three closely related species. This group is most
variable in the Carpathian region. Interactions among different levels (within-population to inter-
specific) of genetic variation and influence of the environment are considered to be the main sources
of the complicated morphological variation in this region. Morphological variation in the
M. sylvaticum group was studied in mountain ranges of the Hercynian Massif and in the Western
and Ukrainian Carpathians. Several populations were sampled at different altitudes within each
mountain range. Hierarchical partitioning of morphological variation at different levels (within pop-
ulations, among populations within a mountain range and among mountain ranges) was calculated.
Correlations among groups of morphological characters and altitude were calculated. The largest
proportion of variation on a large geographic scale (i.e. among mountain ranges) was detected in an-
ther length and several corolla characters (length of the lower corolla lip, height of upper corolla
lip), whereas these traits were homogeneous at a local scale (within populations and among popula-
tions in one mountain range). An opposite pattern (i. e. high proportion of variation at the low levels,
which blurred possible large scale differences) was found in bract traits and several calyx charac-
ters. Moreover, a strong correlation between bract length and altitude was observed. The observed
changes in the proportions of morphological variation and response to altitude suggest a close con-
nection between bract characters and environmental factors (or lower levels of genetic variation).
On the other hand, some of the flower characters seem to be genetically determined and thus might
reflect evolutionary processes (early diversification, potential hybridization, introgression) on
which the taxonomic treatment of the group should be based. The most distinct differences were de-
tected between samples from the Ukraine and south-western part of Bohemia. Populations from the
the Sudeten Mts and the Western Carpathians were variable and morphologically intermediate,
forming a continuum between the two extremes.

Keywords: Melampyrum herbichii, Melampyrum sylvaticum, morphometrics, Sudeten Mts,
taxonomy, variance components, Western Carpathians

Introduction

The genus Melampyrum L. belongs to the family Orobanchaceae (Olmstead et al. 2001),
which consists of species mostly having a (hemi)parasitic life cycle. Diversification of in-
dividual microspecies within relatively distinct species complexes in most of the genera is
supposed to have taken place in the late Pleistocene. Quaternary climatic cycles (gla-
cial/interglacial periods) and consequent migration are thought to have played an impor-
tant role in the diversification and distribution pattern of individual microspecies
(Wesselingh & van Groenendael 2005). Their recent origin by various evolutionary pro-
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cesses (hybridization, introgression) may complicate the identification and delimitation of
particular taxa (Wesselingh & van Groenendael 2005).

Three probably closely related species are distinguished in the M. sylvaticum group.
These species have usually been delimited from each other on the basis of flower traits, es-
pecially length of the anthers, colour and size of the corolla (Baumgarten 1816,
Woloszczak 1888, Jasiewicz 1958). Typical specimens can be classified appropriately us-
ing these characters. Melampyrum sylvaticum L. is characterized by a yellow and rela-
tively small corolla, (5—) 7-9 (—11) mm long and the shortest anthers, (1.4-) 1.6-2.1 (-2.3)
mm long, within the group (Jasiewicz 1958). This species is the most widespread of the
three microspecies. Its geographical range corresponds to the range of the whole group,
i.e. it covers the European boreal zone and mountains in the European temperate zone
from the Pyrenees to the Urals (Meusel et al. 1978).

Melampyrum herbichii Wol. is similar to the previous species, particularly in corolla
colour. The length of the anthers and corolla, which reach (2.0-) 2.4-3.6 (—4.2) mm and
(7.0-) 9.0-12.5 (-14.0) mm respectively, are supposed to be the main diagnostic charac-
ters differentiating this species from M. sylvaticum s. str. (Jasiewicz 1958) although signif-
icant overlaps are obvious in both characters. This species was first described from three
localities in the Ukrainian Carpathians by Wotozsczak (1888). The description of the spe-
cies is based on samples from three localities including the Hoverla massif in the
Chernogora region. Its geographical range was believed to be restricted to the Eastern and
Southern Carpathian region (So6 & Webb 1972). However, populations classified as
M. herbichii are reported from the regions of the Western Carpathians and the Sudeten Mts
(e.g. Jasiewicz 1958, Siposova 1997, Stech 2000) together with specimens featuring diag-
nostic characters with values transitional between M. herbichii and M. sylvaticum (Stech
1998, Stech & Drabkova 2005). In addition, significant variation in bract shape has been
detected in samples from this region (Stech 1998). Bract morphology was investigated in
the most recent studies (Stech 1998, Stech & Drabkova 2005) suggesting that bract pro-
portions can be used to discriminate between species in the transitional (potential hybrid)
zone. Beside the morphological differentiation, a significant difference in habitat prefer-
ences between M. herbichii and M. sylvaticum is described by Siposova (1997). Accord-
ing to this taxonomical treatment, the habitat preferences of M. sylvaticum are supposed to
be relatively wide, as it grows in mountain spruce forests up to the dwarf-pine communi-
ties at the tree-line. By contrast, M. herbichii appears to be restricted to montane meadows
around the tree-line (Sipoéové 1997). However, Jasiewicz (1958) also reports M. herbichii
from forests at lower altitudes.

The third species, M. saxosum Baumg., is characterized by a white corolla. Quantitative
morphological characters seem to overlap completely those of M. herbichii; thus the co-
rolla colour is the only diagnostic trait separating these two species (Jasiewicz 1958).
Melampyrum saxosum occurs in the Eastern (and probably Southern) Carpathians (Sodé &
Webb 1972), any overlap with the other species reported elsewhere can be considered as
a misidentification (Stech 2000).

Although several authors have attempted to elucidate and interpret morphological vari-
ation in the M. sylvaticum group (the exact delimitation between M. herbichii and
M. sylvaticum, and relationships among transitional populations are usually considered to
be the most important questions), their effort have never been completely successful, be-
cause a few factors confuse the large-scale morphological variation gradient. A high
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phenotypic plasticity is expected to have a great impact on the overall morphology of
plants; however its impact is unlikely to be the same for all morphological traits. So-called
seasonal variation, a specific type of low-scale genetic variation affecting plant architec-
ture, characteristic of many hemiparasitic Orobanchaceae (Wettstein 1895, Soéo
1926-1927, Zopfi 1993a, 1993b, 1995, 1997, 1998a, 1998b), is another phenomenon with
considerable influence on morphology. Seasonal variation produces polytopic locally
adapted ecotypes, which differ primarily in stem internode number (Zopfi 1993b); how-
ever, some flower and bract traits might be directly correlated with this character.
Phenotypic plasticity together with seasonal variation and their interactions produce local
gradients in morphological variation, which can interfere with large geographical gradi-
ents in variation resulting in the geographical distribution of individual morphotypes
showing a very complex pattern (Stech & Drabkova 2005, T&itel 2005). Thus, neglecting
the low-scale variability of phenotypic factors (e.g. building a taxonomical treatment of
the group on the basis of sampling a single population within individual mountain ranges)
may lead to biased conclusions.

There exist many environmental gradients that may affect the morphological features
of specimens of the M. sylvaticum group (e.g. light conditions, climate, host plant species
and competition with other species). But the major factors are directly connected to alti-
tude and seasonal variation (Stech 1998, T&itel 2005). The altitudinal gradient is suitable
for direct analyses and easy to interpret, which is why this variable was chosen as a refer-
ence for gradients in low-scale morphological variation in this study.

The aim of the current study is to elucidate patterns in morphological variability in the
M. sylvaticum group in the Western Carpathian and Sudeten regions, where transitional
morphological types between M. sylvaticum and M. herbichii prevail (typical specimens
of individual species were also included for reference). Detailed analysis of variation in
morphological traits is a crucial part of this assessment. It should help to exclude the char-
acters, which were considered discriminatory by previous authors but display significant
low-scale variation. Consequent analysis of geographical distribution of morphotypes can
be used as a basis for formulating phylogeographic hypotheses and a taxonomic treatment
of the group. Population sampling differed slightly and was more complex than in other
recent studies (Stech 1998, Stech & Drabkova 2005). The objective of this was to obtain
a more robust data set suitable for such a rigorous assessment.

Material and methods
Material

Morphometrical data were collected from 24 populations (658 plants) of the M. sylvaticum
group within the transitional zone between M. sylvaticum and M. herbichii (Fig. 1 and Ap-
pendix 1). The localities were selected to cover the whole transitional zone including typi-
cal populations of the microspecies. Several populations within a homogeneous geograph-
ically-defined mountain range were sampled in order to evaluate the distribution of varia-
tion among these geographical units (further referred to also as regions) and among popu-
lations within them. Populations from the Sumava Mts and the Brdy massif were com-
bined into one region named “South and Central Bohemia” due to the low number of local-
ities studied (two and one, respectively) and overall morphological similarity among the
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Fig. 1. — Map of the localities of the Melampyrum sylvaticum group included in this study. Borders of Central Eu-
ropean countries are also displayed. CZE — Czech Republic, SVK — Slovakia, UKR — The Ukraine, ROM — Ro-
mania, HUN — Hungary, AUT - Austria, GER — Germany, POL — Poland. + populations included in
morphometric analyses, @ additional populations referred to in Discussion . populations of M. saxosum.

plants growing in these districts, which were always classified as typical M. sylvaticum
(Stech 2000). Considering the other end of the geographical gradient, all the population
samples collected in the Ukrainian Carpathians are a priori classified as M. herbichii, as
this species was described from this region (Wotozsczak 1888). Beside the specimens in-
cluded in the analyses, several additional populations were included in a survey of the geo-
graphical distribution of variation. These are the specimens collected in the Orlické hory
Mts and the Rychlebské hory Mts, for which data on bract shape are lacking, and popula-
tions of M. saxosum, which were used as a reference. The sampling was conducted over
a short period of time at the start of the flowering season in order to minimize the influence
of phenological divergence on the morphology of the flowers (1st to 3rd, exceptionally 4th
lowermost flower of all the plants were taken and analyzed). The only exception was the
sample of plants from the Bukovské vrchy Mts, which were collected at a later
onthogenetical stage and 5th or 6th lowermost flower had to be taken.

A population sample of 21-30 (- 38) plants were collected at every locality (see Ap-
pendix 1 for the exact number at each locality). The calyx and corolla of one flower of each
plant were put into an Eppendorf-tube filled with ethanol and stored until measured. The
first and the fifth bracts were stuck on a sheet of paper using a transparent tape. The other
parts of the whole plants were processed as standard herbarium specimens and are kept in
the herbarium of the Faculty of Biological Sciences, University of South Bohemia
(CBFS).
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Fig. 2. — Morphological characters of the corolla, calyx, lower lip of corolla and bracts. See the “Morphological
characters” paragraph in the methods section for definitions.

Morphological characters

Morphological characters were obtained by a series of measurements conducted on each
plant. Twelve traits were measured on flowers (anther length — AL, corolla length — CL,
length of the corolla tube — CTL, length of the lower corolla lip — LCL, length of the upper
corolla lip — UCL, height of the upper corolla lip — UCH, width of the lower corolla lip —
LCW, width of the lower corolla lip at the base of corolla teeth — LCW2, width of the mid-
dle tooth of lower corolla lip — MTW, length of the middle tooth of lower corolla lip —
MTL, calyx tube length — KL, width of the upper calyx tooth at its widest point — KTWW)
and three traits (length — L, width — W, distance of the widest part from its base — D) on the
Ist and 5th bract (see Fig. 2). Some of the traits were not available in a few cases due to
damaged material. This happened rather frequently for the fifth bract which was often not
developed, particularly when the plants were sampled at an early ontogenetic stage (i.e.
immediately after flowering).

Statistical analyses

Multivariate statistical techniques were employed to investigate the morphological varia-
tion in all characters together. An unconstrained ordination method, principal component
analysis (PCA, Lep§ & Smilauer 2003), based on the matrix of correlations among the trait
values (and thus centered and standardized data), was used to display general patterns in
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the variation. The patterns were correlated with the altitude of the sites, the most obvious
environmental gradient in the data, using a constrained ordination method, redundancy
analysis (RDA, Leps & Smilauer 2003). Furthermore, Pearson correlation coefficients
were calculated to quantify the relationships detected.

Proportional variation was estimated for single traits at different geographical levels by
extracting the variance components from a linear mixed effect model (Quinn & Keough
2002). The regions and populations were random-effect terms in this model. Expected
mean squares estimation (EMS) and restricted maximum likelihood estimation (REML;
Quinn & Keough 2002, Pinheiro et al. 2005) were employed for processing multivariate
and univariate data, respectively.

Multivariate statistical analyses were performed using Canoco for Windows, version
4.52 (terBraak & Smilauer 2002). Variance components were computed with the R pack-
age, version 2.2 (R Core Development Team 2005), package nlme version 3.1-65
(Pinheiro et al. 2005). Statistica for Windows, version 6 (StatSoft 2001) was used for cor-
relation analyses and other basic statistics.

Results
Overall variation in morphological characters

Within-population morphological variation of all characters accounted for 48.6% of the
total variation. Regarding particular characters, considerable differences can be identified
in their patterns of variation (Fig. 3, Table 1). A highly significant proportion of the varia-
tion among populations was detected in all traits (see fourth and fifth column in Table 1).
However, the structure of this variation differed noticeably among individual traits. The
length of anthers (AL) had the largest proportion of variation connected to the among-re-
gion level but the lowest proportion of within-regional variability and within-population
variation. Some corolla traits (LCL, UCH, LCW, CL, and CTL) appeared to have a similar
pattern of variation, but the proportion of within-population and within-regional variation
was substantially higher. In contrast, there was no bract trait with a significant variance
component based on the differences among regions. Variation in these characters was con-
centrated at the within-regional and within-population levels.

Two independent groups of traits can be distinguished in PCA plots based either on the
variation among individual plants, or on the means of character values within particular pop-
ulations (Figs 4 and 5, respectively). These show a rather strong correlation with the first or
the second principal axes. The group correlated with the first axis is formed entirely by
flower traits whereas the second group consists of bract characters. Populations from differ-
ent regions appear not to be clearly separable from each other using these morphological
traits, but there is only a very small overlap in the morphological features of the populations
from the regions at the opposite sides of the gradient of the first PCA axis (Figs 5, 6).

Morphological variation in relation to altitude

Morphological variability induced by differences in environmental conditions was investi-
gated by evaluating the relationships between morphometric trait values and altitude. Re-
sults of the RDA (Fig. 7) indicate that variation in most flower traits (except for LCW,
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Table 1. — Likelihood-ratio test results for the variance components of individual morphological traits (see Fig. 3).
Significant results (P < 0.05) are displayed in bold.

Morphological character Variation among Variation among
regions populations
Likelihood- P Likelihood- P
ratio ratio

Anther length (AL) 37.13 <0.0001  796.73  <0.0001
Length of the lower corolla lip (LCL) 19.43 <0.0001 583.01 <0.0001
Height of the upper corolla lip (UCH) 13.96 0.0002 41590 < 0.0001
Width of the lower corolla lip (LCW) 11.31 0.0008 44899 < 0.0001
Corolla length (CL) 12.57 0.0004 490.30 < 0.0001
Width of the lower corolla lip at the base of corolla teeth (LCW?2) 11.77 0.0006 410.41 < 0.0001
Length of the corolla tube (CTL) 10.44 0.0012 356.58 < 0.0001
Length of the upper corolla lip (UCL) 6.37 0.0116 558.78 <0.0001
Width of the middle tooth of lower corolla lip (MTW) 5.28 0.0216 210.69 < 0.0001
Calyx tube length (KL) 5.76 0.0164 248.54 < 0.0001
Distance of the widest part of the 5th bract from its base (D5) 1.64 0.2007 250.44 < 0.0001
Length of the middle tooth of lower corolla lip (MTL) 2.37 0.1239 203.96 <0.0001
Width of the upper calyx tooth at its widest point (KTWW) 0.65 0.4213 34091 <0.0001
Length of the 1st bract (L1) 0.45 0.5040 351.84 < 0.0001
Distance of the widest part of the 1st bract from its base (D1) 0.13 0.7139 294.17 < 0.0001
Length of the 5th bract (L5) 0.00 0.9440 32226 < 0.0001
Width of the 5th bract (W5) 0.00 0.9995 283.73 < 0.0001
Width of the 1st bract (W1) 0.00 0.9995 300.59 < 0.0001
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Fig. 3. — Variance components of individual characters corresponding to the hierarchical geographical levels.
Variance component estimates are based on a random effect extraction from a linear mixed effect model using re-
stricted maximum likelihood estimation (REML). See Table 1 for significance tests of the variance components.
See Fig. 2 and the “Morphological characters” paragraph in the methods section for definitions of the traits.
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Fig. 4. - PCA plot based on individual plants. Directions of changes in morphological characters are displayed in
relation to the first two principal component axes. The first and second ordination axes explain 39% and 18.6% of
the variation, respectively.
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Fig. 5. — PCA plot based on means of character values within populations. Directions of changes in the morpho-
logical characters are demonstrated. Regional geographical distribution of the populations is depicted using dif-
ferent symbols for the ordination scores of individual populations. First two ordination axes are displayed. First
axis explains 46.7% and the second 21.0% of the total variation.



Tésitel & Stech: Morphological variation in Melampyrum sylvaticum 91

10
- o

] &

o o
o
(o]
N
— ]
1 =]

-1.8 3.0

O south & Central Bohemia + Mala Fatra Mts A Nizke Tatry Mts
| Vysoké Tatry Mts <% Jeseniky Mts O Ukrainian Carpathians

Fig. 6. — PCA plot of individual plants. Ordination scores of the plants are displayed. Regional geographical dis-
tribution of the specimens is displayed using different symbols for the ordination scores of individual plants. The
first and second ordination axes explain 39% and 18.6% of the variation, respectively.
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Fig. 7. — RDA plot describing directions of changes in morphological characters in relation to altitude. RDA is
based on mean trait values for individual populations thus only among-population variation is considered. The
constrained (horizontal) axis explains 14.6% of the variability. Monte-Carlo permutation test of significance of
the canonical axis: F =3.76, P = 0.012 (with 999 permutations).
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LCW2 and MTW, for which there is a weak correlation) are independent of altitude,
whereas bract traits (especially L1 and L5) seem to be correlated with this environmental
variable. A more detailed survey of these relationships is provided by a correlation analysis
(Table 2) confirming the pattern visible on the RDA plot (Fig. 7). A significant correlation
was detected for most of the bract traits (except for W5 and D5), whereas LCW, LCW2 and
MTW were the only flower characters for which there were significant correlations.

Table 2. — Pearson correlation coefficients (r) and significance of the correlation (p) between the means of mor-
phological trait values within the populations of the Melampyrum sylvaticum group and altitude. Significant (P <
0.05) relationships are displayed in bold.

Morphological character Correlation with altitude
r P

Corolla length (CL) 0.11 0.5975
Length of the corolla tube (CTL) 0.14 0.5066
Length of the upper corolla lip (UCL) 0.07 0.7378
Height of the upper corolla lip (UCH) 0.27 0.2081
Length of the lower corolla lip (LCL) 0.29 0.1647
Width of the lower corolla lip (LCW) 0.50 0.0125
Width of the lower corolla lip at the base of corolla teeth (LCW?2) 0.53 0.0077
Width of the middle tooth of lower corolla lip (MTW) 0.47 0.0191
Length of the middle tooth of lower corolla lip (MTL) 0.20 0.3480
Anther length (AL) 0.19 0.3821
Calyx tube length (KL) -0.12 0.5887
Width of the upper calyx tooth at its widest point (KTWW) 0.26 0.2274
Width of the 1st bract (W1) -0.52 0.0098
Distance of the widest part of the 1st bract from its base (D1) -0.45 0.0265
Length of the Ist bract (L1) -0.73 0.0001
Width of the 5th bract (W5) -0.33 0.1182
Distance of the widest part of the 5th bract from its base (D5) -0.28 0.1795
Length of the 5th bract (L5) -0.59 0.0026
Discussion

Evaluation of morphological characters

The distribution of variation in particular morphological characters (Fig. 3, Table 1) pro-
vides an important baseline for further considerations. Assuming that a great genetic di-
vergence manifests itself at the higher geographical levels, the traits that vary most at the
among-mountain-range level are the only potentially appropriate diagnostic characters for
delimiting M. sylvaticum and M. herbichii. Variation in the length of anthers (AL) and
some of the corolla traits (LCL, UCH, LCW, CL and LCW2) appear to show such a pat-
tern, whereas an opposite constellation was detected in most bract traits. The PCA plots
(Figs 4, 5, 6) imply that the first principal axes on these diagrams correspond to higher-
scale variation, whereas the second axes can be interpreted as lower-scale morphological
variation gradients (resulting either from low-scale genetic variability or phenotypic plas-
ticity).
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In accordance with the analyses of overall variation, the correlation analyses compar-
ing values of the morphological traits with altitude (Table 2, Fig. 7) suggest that the pro-
portions of bracts (especially the length) and the width proportions of the lower corolla lip
(LCW, LCW2, MTW) are mostly related to either phenotype plasticity or small-scale ge-
netic variation. In contrast, the stability of anther length (AL) and lower corolla lip length
(LCL) in relation to altitude confirms the results of previous analyses and suggests that
these traits reflect high-scale genetic divergence more closely than any of the other
characters.

This pattern of variation supports the delimitation of M. sylvaticum and M. herbichii on
the basis of anther length, as found in previous studies (Jasiewicz 1958, So6 & Webb
1972). However, corolla length, another trait frequently used for determination (e.g.
Jasiewicz 1958, Siposova 1997), is obviously less robust in differentiating among popula-
tions from different regions than some other corolla characters. This might be caused by
differences in the curvature of the corolla base (see Fig. 2) which adds some error variance
in its values. Using another trait, the length of the lower corolla lip (LCL), instead of sim-
ple corolla length for classification seems to be more appropriate as this character appears
to reflect geographical distribution pattern more precisely than any other corolla trait.

These conclusions do not agree with those of Stech (1998) and Stech & Drabkova
(2005). In these studies, within-population variation seemed to blur substantially the dif-
ferences between individual species (even considering the traits considered diagnostic
such as AL or CL), which led to a search for other traits, which can be used to delimit
M. sylvaticum and M. herbichii. This disagreement can be explained by a difference in the
sampling technique. As stated in the methods section, plant specimens for the current
study were collected over a short period of time at the beginning of the reproductive sea-
son. Thus, the 1st—3rd (exceptionally 4th) lowermost flower from the main inflorescence
was collected for measurement. In the previous studies (§tech 1998, Stech & Drabkova
2005), the sampling continued over the whole flowering season. Flowers for measurement
were chosen randomly within the plant (i. e. flowers from higher nodes on the main inflo-
rescence and from branch inflorescences were also processed). Hence, this flower trait
values may have included additional variance associated with differences in the morpho-
logical features of flowers from different positions on a plant. This explanation is further-
more supported by the genetic variation detected by RAPDs (Stech & Drabkova 2005).
The proportion of within-population variation detected in the whole set of morphological
characters in the current study coincides closely with that obtained by a RAPD marker
analysis (48.6% versus 47.6% for RAPD data) but is considerably larger (68.5%) for the
set of morphological characters analyzed by Stech & Drabkova (2005).

Variation in the proportions of bracts needs detailed evaluation. The length of bracts
(L1 and L5) does not seem to differ between the two species. However, this trait was found
to have a great discriminatory power between the two species in the most recent study
dealing with variation in the M. sylvaticum group (Stech & Drabkova 2005). Such a dis-
crepancy might be caused by slight differences in the environmental conditions experi-
enced by the populations analyzed by Stech & Drabkova (2005) and those analyzed in the
current study. The populations chosen as training data-sets for classification by
discriminant analysis by Stech & Drabkova (2005) differed not only in their geographical
distribution but also in the environmental conditions at the sites from which the samples
were collected. The samples of M. herbichii from the Ukraine and the Bukovské vrchy



94 Preslia 79: 83-99, 2007

36 |
34

O 4
- D .
[o]
32t 8 e 1
30+ o i

28 ¢ o o o

o
28} %]
24t o 9
5

o

o

22}
20t
18 1 lg

16 | &
T O S S S R B B SS

Anther length {mm)

—
1 <
o O

H_#—
o
o
*]
o
o
o

70}

50}
45 ¢

40 ¢
35}

o
T

Lower corolla lip length {mm)
h (=] (=]
oo
o
D — ¥ 0
o
o
o
¥
— ¥ 3 i A
@
o
-

L oo ST
Mala Fatra hts | T ¥ O

o T F +—
So—T %0
P ] 1 O
F o
[+
o
[+
e
o

O o—F 1 EE

30}
25

oo

Mizke Tatry Mts |

Median

25%-75%
Mon-Outlier Range
Cutliers

# Extremes

{incl. Jesenily Mts) |t
Wiysoké Tatry Mis |+
[+ |—||:| +

South & Central Eochemialf
Sudeten Mts.
Bulovské vrchy hts I

Ukrainian Carpathians|q
Melampyrum saxosum|t
+

Fig. 8. — Box-and whisker plots displaying the values of anther length (AL) and lower corolla lip length (LCL) at
individual localities in different regions. The populations are displayed along the horizontal axes in the order
(from left to right) of the descriptions of localities in Appendix 1.
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Mts included in that study were collected from alpine meadows at altitudes, mainly be-
tween 1150 and 1580 m a.s.l., whereas specimens of M. sylvaticum from the western
group of localities (the Alps and Bohemian Forest) originated from both meadows and for-
ests at altitudes between 500 and 1100 m a.s.. (see Appendix in Stech & Drébkova 2005).
Two populations from the Alps, at 1600 and 1900 m a.s.l., were the only exceptions, but
these included a very small number of plants (4 and 6, respectively) and had little influence
on the coefficients of the discriminatory function. This difference in environmental condi-
tions between the training data-sets must have biased the discriminatory function so that
their consequent classification was not only based on the morphological divergence be-
tween the typical samples of the two species but also on the basis of morphological differ-
ences induced by the environment (altitude and habitat type). The a priori classification of
plants from the Bukovské vrchy Mts as M. herbichii poses another problem because there
is no evidence that these populations are closely genetically related to the Ukrainian popu-
lations of M. herbichii, they even seem to be morphologically more proximate to plants
from the Vysoké Tatry Mts than to plants from the Ukraine (Fig. 8). It is obvious that other
bract characters (W1, W5, D1, D5) are also strongly affected by various environmental
conditions (e.g.the bract width is influenced by the presence of bract teeth, which was ob-
served to be more frequent at sites exposed to direct sunlight; Stech 2000); however, it is
still likely that they also reflect some large-scale genetic differences. Specimens of
M. sylvaticum tend to have narrower bracts and the distance of the widest point of the bract
from its base is usually greater than in M. herbichii, moreover significant differences are
expected regarding frequency and shape of bract teeth (Stech 1998, 2000).

Obviously, conclusions on the pattern of variation in particular traits cannot be made
based only on the data presented in this study. In particular, it is not possible to decide
whether the low-scale variation detected is due to phenotypic plasticity or low-level ge-
netic divergence (local adaptations), because these factors are correlated with each other.
However, future transplantation experiments are expected to differentiate between
phenotypic plasticity and genetically determined morphological variation and thus
provide useful information.

Geographical distribution of variation

Regarding variation in the morphological characters (Figs 4, 5, 6), it is clear, that differ-
ences among populations form a continuum within which no obvious split can be identi-
fied. The Ukrainian populations appear the most diverse compared to the other regions.
The population from Rakhiv (no. 28) is the most distinct not only from the other Ukrainian
populations but from the complete set of populations studied. This could suggest some
kind of differentiation from the other populations of the same region; however the mor-
phological differences are based mainly on bract traits and some flower characters which
are strongly intercorrelated, which increases the weight of a single independent measure.
This biased the PCAs and made the differentiation more apparent than it is. Considering
the traits reflecting large-scale variation (AL, LCL), the differentiation between the
Rakhiv population and other Ukrainian populations is negligible (Fig. 8).

The largest differences in anther and lower corolla lip length can be found between popu-
lations from the Ukraine and the south-western part of Bohemia (Fig. 8). The Ukrainian
plants, described as M. herbichii, had significantly higher values for both of these characters.
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The overlap between the two morphological extremes was negligible. The other populations
display intermediate values and form a continuum between them. Differentiation among
these regions was substantially smaller, although same slight differences can be detected and
interpreted. Plants from localities in the Vysoké Tatry Mts, Bukovské vrchy Mts, Orlické
hory Mts, Rychlebské hory Mts and Jeseniky Mts appear to have longer anthers and lower
corolla lips. In some of these populations, values of these traits reach those of Ukrainian
plants. Thus, populations in these regions are slightly less distinct from M. herbichii than
other populations. This supports the conclusions of previous studies (Jasiewicz 1958,
Siposova 1997, Stech 1998, 2000, Stech & Drabkova 2005), which report plants similar to
M. herbichii in the Western Carpathians and the Sudeten Mts (Jasiewicz 1958, Siposova
1997). Lower values for both anther length and lower corolla lip length were detected in the
population from the Bukovské hory Mits than reported by Stech & Drabkova 2005. This can
be explained by the sampling of plants at later onthogenetic stages (see methods section) and
consequent analyzing of flowers from higher nodes (which are sometimes reported to differ
slightly from the basal ones; T&Sitel 2005).

The background of this pattern in morphological variation remains to be resolved.
There are two hypotheses. The morphologically transitional populations may have arisen
through hybridization between different groups of plants migrating from their glacial ref-
uges in the early Holocene. The alternative explanation is based on the evolution of differ-
ent morphotypes within isolated mountain ranges after the immigration of a common vari-
able ancestor. Application of molecular tools is the only way to decide which of these hy-
potheses is correct because only a phylogeographic, genetically-based analysis can recon-
struct the migratory pathways of particular groups of populations in the Holocene and
explain their origin.

The stability of diagnostic traits within different mountain ranges and the lack of a cor-
relation between their values and altitude suggest that there are hardly any differences in
habitat preferences between M. sylvaticum and M. herbichii. Both species were found to
grow in both montane forests and meadows at the tree-line, even though typical samples of
M. herbichii growing in the Transcarpathian Region in the Ukraine seem to be rare at low
altitudes. Considering transitional morphotypes from the Western Carpathians and
Sudeten Mts, no ecological differentiation can be found between populations proximate to
M. herbichii and populations similar to M. sylvaticum. Thus, the ecological differences be-
tween the two species reported in the past (Siposova 1997) should be reconsidered. In con-
trast, the pattern of morphological variation and its connection to their ecology described
by Jasiewicz (1958) appears to correspond well with the results of our study.

It is not possible to evaluate the morphological variation in M. saxosum on the basis of
two population samples. The overlap in quantitative morphological characters with
M. herbichii reported by Jasiewicz (1958) was recorded in these specimens. Difference in
anther length between the two populations may suggest the possibility of a significant pat-
tern of variation in M. saxosum.
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Souhrn

Melampyrum sylvaticum agg. patii mezi velmi variabilni a taxonomicky problematické skupiny flory Stiedni Evro-
py. Komplikovana morfologicka variabilita je zptisobena interakcemi mezi riznymi Grovnémi genetické variability
a vlivy prostedi. Cilem této studie bylo oddélit jednotlivé trovné variability a nalézt tak morfologické znaky, které
vykazuji malou variabilitu v lokalnich méfitkach (na Grovni vnitropopulacni ¢i mezi populacemi v rdmci jednoho
pohofi), minimalni zavislost na podminkach prosttedi v riznych biotopech a zaroven dostate¢nou variabilitu na vys-
§i geografické Skéle. Geograficka Skala tak byla pouZita jako reference vyjadiujici priblizné i genetickou rozdilnost
mezi vzorky. Za Gcelem zjisténi, jaké rozdily v morfologii odpovidaji jednotlivym geografickym trovnim (mezi ho-
mogennimi, geograficky definovanymi pohotimi, mezi populacemi v rdmci pohofi, uvnitf populaci), byl proveden
hierarchicky rozklad variability jednotlivych znakd. Zavislost morfologie rostlin na vlastnostech biotopu v némz
rostou byla testovana pomoci korelaci mezi hodnotami znaki a gradientem nadmoiské vysky, s nimZ jsou tésné ko-
relovany i dalsi potencidlni rozdily mezi podminkami prostiedi v jednotlivych biotopech.

Délka prasniku a spodniho korunniho pysku se ukazaly jako znaky nejlépe odraZejici variabilitu ve velkych mé-
fitkach, coz Caste¢né odpovida vysledkim nékterych starSich studii (jako diagnosticky znak se vSak tradi¢né pouZi-
va celkova délka koruny, jeji hodnota v§ak vykazovala pomérné velkou vnitropopulacni variabilitu). Hodnoty téchto
znaku byly navic dostate¢né odlisné v riznych regionech, cozZ umoznilo provést zhodnoceni geografického rozloze-
ni variability v populacich a vytvorit zaklad pro taxonomické hodnoceni skupiny. Naopak se ukéazalo, Ze prevazna
Cast variability ve tvaru listent je zapii¢inéna bud fenotypovou plasticitou anebo velmi lokalnimi genetickymi roz-
dily. Zaroveri byla zjisténa i silna korelace znaku na listenech s gradientem nadmoiské vysky.

Znaéné rozdily v délkach prasniki a spodnich korunnich pyski byly zjistény mezi populacemi M. herbichii z
Ukrajiny a M. sylvaticums. str. ze Sumavy a Brd. Populace ze Zapadnich Karpat a Sudet dosahuji v téchto znacich
intermediarnich hodnot, které v konkrétnich piipadech ponékud bliZi bud ukrajinskym populacim (rostliny z Vy-
sokych Tater a Sudet) anebo Sumavskym a brdskym populacim (rostliny z Malé Fatry a Nizkych Tater). Mezi té-
mito skupinami vSak neexistuje Zadna ostra hranice, kterd by prerusila kontinuum v morfologické variabilité.
Otézka druhové klasifikace téchto rostlin tak zustava oteviend, piestoZe v nékterych starSich studiich jsou tyto
rostliny pfifazovany k druhu M. herbichii.
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Appendix 1. — List of localities of the Melampyrum sylvaticum group studied. Those marked with asterisk are
only discussed, not included in the analysis.

Czech Republic. Southern & Central Bohemia (Sumava Mts and Brdy Massif): 1 — Sumava Mts,
Ovesna: spruce forest next to the railway station; 48°48'26"N, 13°56"21"E, 740 m a.s.1.; 10. 7. 2004; 30 specimens
analyzed. 2 — Sumava Mts, Kvilda: group of spruce trees on a knoll in valley of Kvildsky potok stream 0.5 km E of
the village; 49°01'04"N, 13°35'02"E, 1045 m a.s.1.; 11. 7. 2004; 29 specimens analyzed. 3 — Brdy Massif, Zalany:
spruce forest at the N border of the village; 49°38'35"N, 13°51'25"E, 645 m a.s.1.; 12. 7. 2005; 26 specimens ana-
lyzed. Orlické hory Mts (Sudeten Mts): *4 — Destné v Orlickych horach: forest border between ski slopes ca 0.5
km S of the village; 50°17'49"N, 16°21'59"E, 730 m a.s.l.; 7. 6. 2003; 37 specimens analyzed. *5 — Rokytnice
v Orlickych horach: forest border ca 100 m N of the Hanicka settlement ca 5 km NE of the town; 50°11'22"N,
16°30'38"E, 750 m a.s.l.; 7. 6. 2003; 38 specimens analyzed. Rychlebské hory Mts (Sudeten Mts): *6 — Velké
Vrbno: forestedge ca 0.5 km W of the village; 50°11'56"N, 16°59'09"E, 840 m a.s.1.; 6. 6. 2003; 37 specimens an-
alyzed. Jeseniky Mts (Sudeten Mts): 7 — Karlov: small forest on the left bank of the Moravice river in S part of the
village; 50°01'12"N, 17°18'12"E, 670 m a.s.1.; 7. 7. 2004; 21 specimens analyzed. 8 — Karlov, Velk4 kotlina Val-
ley: montane spruce forest ca 1.5 km SE of peak of Mt Vysoka Hole; 50°03'10"N, 17°14'52"E, 1110 m a.s.l.; 7. 7.
2004; 28 specimens analyzed. 9 — Karlov, Mt Vysoka hole: montane meadows on the E slope of the mountain;
50°03'31"N, 17°14'30"E, 1290 m a.s.1.; 7. 7. 2004; 30 specimens analyzed.

Slovakia. Mala Fatra Mts: 10 — Mt Velky Rozsutec: spruce forest on the N slope of the mountain;
49°1420"N, 19°0620"E, 1385 m a.s.l.; 22. 6. 2004; 29 specimens analyzed. 11 — Terchova: NW slope of the
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Sokolie massif; 49°14'42"N, 19°02'11"E, 695 m a.s.l.; 23. 6. 2004; 28 specimens analyzed. Nizke Tatry Mts:
12 — Trangoska: margin of pathway in spruce forest between Trangoska settlement and Stefanikova chata chalet;
48°55'34"N, 19°37'58"E, 1375 m a.s.l.; 25. 6. 2004; 30 specimens analyzed. 13 — Trango$ka: montane meadows
on the S slope of Mt Chopok, ca 100 m N of the Kosodrevina Hotel; 48°55'57"N, 19°3528"E, 1525 m a.s.l.; 26. 6.
2004; 28 specimens analyzed. 14 — Magurka: montane meadows near the summit of Mt Mestska hora E of the vil-
lage; 48°56'51"N, 19°27'06"E; 1505 m a.s.l.; 28. 6. 2004; 29 specimens analyzed. 15 — Magurka: clearing in
spruce forest on the W slope of Mt Mestska hora on E of the village; 48°56'46"N, 19°2623"E, 1175 m a.s.1.; 28. 6.
2004; 24 specimens analyzed. 16 — Magurka: margins of a road next to Kapustisko settlement 1 km E of the vil-
lage; 48°56'S0"N, 19°25'09"E, 960 m a.s.l. ; 29. 6. 2004; 25 specimens analyzed. 17 — LuZn: montane shrubs on
the summit of Mt Salatin above the village; 48°58'53"N, 19°21'47"E, 1615 m a.s.1.; 30. 6. 2004; 30 specimens an-
alyzed. Vysoké Tatry Mts: 18 — Huty: montane forest near a starting point of a pathway leading to Mt Biela
skala, ca 2 km E of the village; 49°1324"N, 19°35'59"E, 930 m a.s.1.; 1. 7. 2004; 30 specimens analyzed. 19 —
Zuberec: montane forest near Zverovka chalet ca 4,5 km E of the village; 49°14'33"N, 19°42'36"E, 985 m a.s.l.; 3.
7.2004; 25 specimens analyzed. 20 — Zuberec: montane forest around road leading to Zverovka chalet, ca 1 km E
of the village; 49°15'37"N, 19°38'10"E, 820 m a.s.l.; 3. 7. 2004; 29 specimens analyzed. 21 — Lysd Polana:
montane forest at a tourist shelter ca 3 km S of the village; 49°14'53"N, 20°06'07"E, 990 m a.s.1.; 4. 7. 2004; 25
specimens analyzed. 22 — Lysa Polana: meadow at the road leading from the village to a gamekeeper’s lodge, ca
3.5 km S of the village; 49°14'27"N, 20°06'05"E, 1005 a s. 1.; 6. 7. 2004; 29 specimens analyzed. 23 — Tatransk4
Lomnica: montane spruce forest on the N border of the town; 49°10'11"N, 20°16'31"E, 910 m a.s.l.; 6. 7. 2004; 26
specimens analyzed. Bukovské Vrchy Mts: 24 — Runina: alpine pastures at Sedlo pod Durkovcom Saddle, 3.2
km NNE of the village; 49°05'08"N, 22°2524"E, 1128 m a.s.1.; 8. 7. 2005; 29 specimens analyzed.

Ukraine. Ukrainian Carpathian Mts: 25 — Chernogora Mts, Lazeshchina: alpine pastures between Mt
Hoverla and Mt Pietrosh ca 2.75 km W of the Hoverla summit, ca 12 km S of the village; 48°09'37"N, 24°27'50"E,
1570 m a.s.l.; 11.7.2003; 21 specimens analyzed. 26 — Svydovets Mts, Yasinya: alpine pastures at NE slopes of
the Mt Blyznitsa ca 1.75 km N of the Blyznitsa summit, 48°1425"N, 24°1424"E, 1410 m a.s.1.; 12. 7. 2005; 30
specimens analyzed. 27 — Svydovets Mts, Yasinya: forest edge by ski slopes at tourist base ca 8 km W of the town;
48°14'50"N, 24°14'11"E, 1375 ma.s.l.; 12.7.2003; 29 specimens analyzed. 28 — Rakhiv: montane forest on slope
ca 2 km ESE of the town; 48°02'36"N, 24°15'13"E; 950 m a.s.1.; 30. 6. 2005; 27 specimens analyzed.

Localities of Melampyrum saxosum:

*#29 — Ukrainian Carpathians, Chivchin Mts, Burkut: alpine meadows at Mt Chivchin, ca 0.5 km N of the summit,
ca 8.5 km S of the village; 47°52'09"N, 24°42'38"E, 1640 m a.s.l.; 9. 7. 2003; 26 specimens analyzed. *30 — Ro-
mania, Muntii Rodnei Mts: Statiunea Borsa: N slope below mountain edge ca 6 km S of the village; 47°34'15"N,
24°48'00"E, 1848 m a.s.l.; 12. 8. 2004; 26 specimens analyzed.



