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ABSTRACT

Inter- and intrapopulational morphological variability of Elymus repens, a cool-season perennial grass and a te-
nacious weed that spreads both by seeds and rhizomes forming a thick and stout net, was examined. Multivariate
statistical analysis of 48 initial morphological characters obtained from 44 population samples (1180 specimens)
collected in different habitats revealed the conspicuous variation within E. repens. Principal Component Analysis
revealed three extremes of the morphological gradient that were referred to as three varieties of E. repens: var. re-
pens, var. aristatus and var. subulatus, not correlated with the habitat type or geographical location. Canonical Dis-
criminant Analysis proved the taxonomic usefulness of characters such as awned or awnless glumes and lemmas
as well as the shape of glumes for variety distinction. Results of morphological analysis, in relation to the low le-
vel of genetic variation showed in the previous studies, suggest that the extensive morphological variation of
E. repens can be caused by its plasticity where different morphological patterns are realized on the same genome
basis. Additionally, the open-pollinated system of mating results in new combinations of morphological charac-
ters of plants that further reproduce vegetatively by rhizomes. The nomenclature, taxonomic descriptions and
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a key to the three varieties are provided.
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INTRODUCTION

Elymus repens (L.) Gould [Syn.: Triticum repens L., Agro-
pyron repens (L.) P. Beauv., Elytrigia repens (L.) Desv. ex
Nevski], quackgrass, is a common, perennial grass consi-
dered to be one of the worst weeds worldwide (Holm et al.
1977). The species is native to entire Europe and Asia
(Melderis 1980; Hultén and Fries 1986). Introduced to
North America and South America, it also grows south of
the tropic of Capricorn in South Africa (Bowden 1965;
Tsvelev 1984). In Poland, the species occupies a wide ran-
ge of habitats and is widespread throughout the entire area
from lowlands to the mountain belt, occasionally surviving
even above the timberline (Zajac and Zajac 2001). E. re-
pens is a characteristic species of the Agropyretea interme-
dio-repentis class and the Agropyro-Rumicion crispi, a ni-
trophilous alliance that naturally occurs in damp habitats of
pond banks and river banks, fields, and along forest roadsi-
des (Matuszkiewicz 2005). Likewise, E. repens inhabits
dry sandy sites or roadsides, waste tips, and anthropologi-
cally transformed sites or cultivated land (Falkowski 1982;
Brej 2001; Szczepaniak 2002a).

Elymus repens s. lato is exceedingly morphologically va-
riable and this characteristic has been used to distinguish

intraspecific taxa at points along its broad geographic ran-
ge (Szabo 1981; Prokudin 1982; Mizianty et al. 2001;
Szczepaniak 2002a, b). Frequently, subspecies and many
varieties or forms have been determined, mainly on the ba-
sis of the plant colour, the lengths of the culm, spike and
spikelets, leaf width and pubescence as well as the presen-
ce or absence of the awns of glumes and lemmas (Fernald
1933; Melderis 1978; Love 1984; Tsvelev 1984; Rothma-
ler 1994; Rutkowski 1998). In Flora Europaea, Melderis
(1980) distinguished five subspecies of E. repens of which
only subsp. repens occurs almost throughout entire Europe
and is also a unique subspecies in Poland. The distribution
of the other subspecies which are found in north-western
Europe (subsp. arenosus), southern Europe (subsp. calca-
reus) and in Ukraine and Russia (subsp. pseudocaesius and
subsp. elongatiformis) is limited. Additionally, Conert
(1998) provided the findings on the occurrence of E. re-
pens subsp. littoreus on the coast of the Mediterranean Sea
and the Baltic Sea.

Elymus repens is an allohexaploid species (2n = 42)
which arose in result of complex pattern of reticulate evo-
lution by hybridization and introgression not only within
Triticeae, but also from other divergent sources beyond the
tribe (Mason-Gamer 2004). It is a highly self-sterile spe-
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cies, and cross-pollination is necessary for seed production
(Taylor and Aarssen 1988). In its natural habitat, E. repens
hybridizes at random with other species of the Agropyron-
Elymus complex and also with representatives of other ge-
nera, e.g. Triticum L. and Hordeum L. (Hansen 1959; Ma-
helka et al. 2007; Szczepaniak et al. 2007).

In Polish studies of grasses, attention is paid to the great
variability of Elymus repens (Mizianty et al. 2001); howe-
ver, descriptions of intraspecific taxa are fragmentary and
lack morphological details (Rostafinski 1873; Szafer 1919;
Falkowski 1982; Rutkowski 1998). On the other hand, so-
me authors do not even distinguish intraspecific taxonomic
units within E. repens (Prokudin 1982; Kosina 1995). They
regard it as an evolutionary young species whose high po-
lymorphism is caused by numerous genome recombina-
tions and mutations. Combined morphological and AFLP
data were recently used to demonstrate that the genetic di-
versity of E. repens is considerably lower than its morpho-
logical variability which can be caused by vegetative re-
production by rhizomes, somatic mutations in particular ra-
mets of one genet, and species plasticity (Kosina 1995;
Szczepaniak et al. 2002; Szczepaniak and Cieslak 2003).
However, preliminary morphological examinations focu-
sed only on selected populations and the continuum of
morphological variation across this entire range was not
studied in detail.

The main aim of the present study was (/) to analyse the
morphological variation within Elymus repens s. lato on re-
gional scale, i.e. in Poland, with the use of numerical taxo-
nomy methods. Further aims were (2) to find and to descri-
be morphotypes within E. repens, and (3) to explain phene-
tic relationships between them, based on the results of the
above analyses. Finally, (4) the taxonomic status of E. re-
pens morphotypes was identified using the results of intra-
specific genetic variation given in the authors’ previous
studies (Szczepaniak et al. 2002, 2009; Szczepaniak and
Cieslak 2003).

MATERIAL AND METHODS

Material

The taxonomic concept of Elymus repens of Melderis
(1978), applied in Flora Europaea (Melderis 1980), was ac-
cepted in the present study. According to the concept, only
the typical subspecies, E. repens subsp. repens, occurs in
Poland. The majority of herbarium specimens deposited in
Polish herbaria (BIL, BSG, BYDG, GDMA, KRA,
KRAM, KTC, KTU, LBLM, LOD, OLSZ, POZ, SLTC,
SZCZ, TRN, UGDA, WA, WRSL, WSRP; acronyms ac-
cording to Mirek et al. (1997)) were studied to delimit the
range of morphological variability and distribution of the
species.

Morphometric analyses were conducted on 44 population
samples of Elymus repens (each sample comprising 23-30
specimens; 1180 specimens altogether) collected in Poland
(Appendix). Sampling was performed in the areas where
taxa with epithets: repens, aristatus, subulatus, caesius, and
pubescens are thought to occur in Poland (Conert 1998).
The prior use of any strict taxonomic rank was defined.
The full range of morphological and eco-geographical va-
riations encountered in the species was represented in the
study material. The habitats in which E. repens occurred
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were classified according to Davies et al. (2004). As E. re-
pens reproduces by rhizomes, specimens were chosen at le-
ast 6 m apart to increase the likelihood of picking ramets
from different genets. A spatially separated, generative
shoot with its own root system was treated as a specimen,
even if it showed connections with other shoots through
underground organs (cp. Corradini et al. 2002). In natural
habitats, specimens were collected from the margins as well
as the centre of populations, where accessible. In addition,
to standardizing growth factors, rhizome fragments from
the same populations (from 5 places along the margin and
in the centre of a population) were cultivated under identi-
cal environmental conditions in plots in the Botanical Gar-
den of the Jagiellonian University in Krakéw, and the va-
riability and stability of morphological characters were ob-
served. Specimens (5-10) from garden plots were collected
in the next vegetative season after its planting and all their
measurements were included in the multivariate analyses.
Voucher specimens from all the study populations were de-
posited in the herbarium of the W. Szafer Institute of Bota-
ny, Polish Academy of Sciences, Krakéw (KRAM).

Data analyses

In morphometric analyses, specimens from populations
were treated as Operational Taxonomic Units (OTUs, Sta-
ce 1989). As required by the assumptions of numerical ta-
xonomy (Sneath and Sokal 1973), variations of a great
number of morphological characters were examined to pro-
vide the basis of the intraspecific classification. A set of
characters was selected basing on previous taxonomic treat-
ments, the knowledge of characters presumed to differen-
tiate intraspecific taxa (Szafer 1919; Szabd 1981; Prokudin
1982; Kosina 1995; Conert 1998), the authors’ field obser-
vations and herbarium material analysis. Fully developed
and not wasted culms were analyzed. In pre-analysis, mor-
phological characters were not rated or classified according
to their importance, and a total of 48 characters were mea-
sured and estimated on each specimen (cp. Mizianty et al.
2001). The characters of the lower and upper glumes, the
lemma and palea of the lowest flower in the middle spike-
let of the spike and characters of the leaf of the middle part
of the culm were analyzed. Finally, eleven most informati-
ve characters were chosen for evaluation of morphological
variation within and between Elymus repens populations
(Table 1). Samples were studied and characters were mea-
sured using a light microscope Nikon Eclipse E600.

Phenetic relationships among and within intraspecific
groups were examined using univariate statistics and multi-
variate morphometric analyses. The samples of Elymus re-
pens were characterized by univariate statistics of charac-
ters: minimum, maximum, arithmetic mean and standard
deviation. All characters followed a normal or log-normal
distribution, confirmed by Shapiro-Wilk tests (Royston
1982). Characters deviating from the normal distribution
were log,, transformed before analyses (Sneath and Sokal
1973). The morphometric data matrix was standardized,
i.e. the variation in each character was scaled between O
and 1. Standardization of variables was used to reduce the
effects of different measurement scales for different cha-
racters which could then be compared. The complete data
matrix can be obtained from the author upon request.

In the first step, Principal Component Analysis (PCA) of
the total characters’ correlation matrix was used to summa-
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TABLE 1. Characters used in multivariate morphological analyses of Elymus repens.

No. Abbreviation Characters
SPIKE
1 SPIKLEN length of the spike
2 INTERLEN length of internode in the middle part of spike

SPIKELET
3 SPIKELLEN
spikelet)

4 NOSPIKELFLO number of florets per spikelet

length of the spikelet, without awn (measured from the base of rachilla up to the palea apex of the highest floret of

LOWER GLUME

5 LGLULEN length

6 LGLUWID width

7 LGLULEN/ LGLUWID ratio: length / width (5 / 6)

8 LGLUAWN length of the lower glume awn
LEMMA

9 LEMLEN length

10 LEMAWN length of the lemma awn
PALEA

11 PALLEN length

rize variation in multivariate character space within and
among the Elymus repens samples. PCA was used as the
ordination method of the population samples studied into
some naturally distinguishing groups, without any a priori
taxonomic classifications, and was applied to the reduction
of the total number of morphological characters. Hence,
some characters (i.e. those with the highest values of cha-
racter loadings) that greatly contributed to the differences
among the distinguishing groups of populations and explai-
ned the existing variation the best were selected (Sneath
and Sokal 1973).

Next, Canonical Discriminant Analysis (CDA; in this
analysis more than two categories were tested) was perfor-
med to evaluate the respective character importance for the
separation of Elymus repens morphotypes (Sneath and So-
kal 1973). CDA (with stepwise procedure) was used to de-
termine whether specimens from each distinguished group
identified a priori (in contrast to PCA) are efficiently dis-
criminated on the basis of the morphometric character set
chosen. CDA is a multivariate technique that determines
the linear combination of input variables, maximizing the
ratio of variance among groups (morphotypes in this paper)
to the variance within groups based on F statistics (Snede-
cor 1956). The number of discriminant functions that add
significantly to the discrimination between groups and
a chi-squared test of their significance were assessed. The
squared Mahalanobis distances among the groups and
a test of significances between centroids was also calcula-
ted. The discriminant functions were then used to estimate
the percentage of correct specimen classifications into se-
lected intraspecific taxa (Sneath and Sokal 1973). Additio-
nally, a cross-validation, assessing the predictive accuracy
of the obtained model in a test sample relative to its predic-
tive accuracy in the learning sample, was performed. For
this analysis, 20% (236) specimens of whole studied mate-
rial was randomly selected and excluded from the dataset
and the discriminant functions were calculated for the re-
maining species. The 236 excluded specimens of E. repens
were then used to evaluate the CDA classification validity

by comparing their estimated variety to their true variety
(a priori and post hoc predictions).

In order to show the intraspecific variation of Elymus re-
pens, box plots of diagnostic quantitative characters of
morphotypes and scatter diagrams of specimens along
principal components (PCA) for some, heterogenous popu-
lation samples, were performed. Finally, non-parametric
Kendall tau correlations were counted to express the rela-
tionship between the habitat type (according to Davies et
al. (2004)) and E. repens morphotypes (Kendall 1975). Nu-
meric analyses of morphometric characters were conducted
using STATISTICA, version 8.0 (StatSoft, Inc. 2007).

RESULTS

Interpopulational morphological variability

Morphological similarities and differences among popu-
lation samples were analyzed in PCA based on the total 48
characters’ correlation matrix. However, only the results of
the next stage of the analyses are shown in the present pa-
per due to the large range of the study material and for the
sake of graph clarity. Morphotypes within Elymus repens
are distinguished, including particular population samples,
but they are not marked individually on the graph.

The PCA showed that eleven generative, structural spike
and spikelet characters, with the highest scores by the three
first principal components, provide the greatest contribu-
tion to explain variation among distinguishing groups wi-
thin Elymus repens (Table 2). PC1 reflected differences in
the overall size and distinguished specimens with large spi-
kes and spikelets from small individuals, with short spikes
and small spikelets (Table 2, PCA graph not shown). PC2
separated awned populations from unawned or short-aw-
ned ones (Table 2, Fig. 1). Awned individuals can be both
small and robust; similarly, unawned populations are also
considerably diverse with respect to size. PCA ordination
of individuals along the PC1 and PC2 showed a continuous
variation pattern without distinguishing clear-cut groups.
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Fig. 1. Principal Component Analysis (PCA)
of Elymus repens specimens based on 11
'3:2 2 12 02 0.8 18 28 38 morphological characters (see Table 2). The

PC 2 (16.29%)

However, the groups corresponding to the three morphoty-
pes, repens, aristatus and subulatus, are evident on the
scatter diagram of the 1180 specimens of E. repens along
the PC2 and PC3 (Fig. 1). PC3 distinguished a group of
specimens with narrow, elongated glumes (i.g. subulate),
unawned or short-awned. There was some overlap among
individuals of the three morphotypes in the centre of the
scatter diagram, but these morphotypes were displaced in
relation to each other, and they had a centre of gravity to-
wards the second and third PCA axis. The first three prin-
cipal components accounted for 77.62% (PC1 — 46.93%;
PC2 — 16.29% and PC3 — 14.40%) of the total variance of
the character set.

The stepwise procedure of CDA with specimens as
OTUs and the morphotypes as groups confirmed the discri-
minating power of 9 (out of 11) quantitative characters
from PCA. Low Wilks’ lambda (= 0.1013) suggested a re-

TABLE 2. Results of the Principal Component Analysis (PCA) for the
specimens of Elymus repens as OTUs — cumulative variance and the 11
morphological characters showing the highest factor loadings on the first
three principal component (PC1, PC2, PC3). The bold type marks the
high correlations (r > 0.60) of characters with principal components. (For
character abbreviations see Table 1.)

three intraspecific varieties are delineated by
95% confidence ellipses.

latively high predictability of tested model. The first two
canonical discriminant functions added significantly to the
discrimination between groups (chi-squared test for func-
tion 1 = 2684 and for function 2 = 1018; p < 0.001), and
they explained 98% of the total variance in the original da-
ta set. Values of partial Wilks’ lambda and correlation co-
efficients showed that the length of lemma’s awns was the
most discriminating character for the separation of the aris-
tatus group along the first canonical discriminant function,
while the shape of glumes separated specimens of subula-
tus along the second canonical discriminant function (Ta-
ble 3, Fig. 2). These are the same characters with the hi-
ghest loadings in PCA. The other characters provided wea-
ker discrimination between E. repens morphotypes, but can
be used in their description. The length of the lower glume
awn and the number of florets in the spikelet do not diffe-
rentiate E. repens morphotypes. Using CDA, post hoc cor-
rect classifications of specimens into repens, aristatus and
subulatus groups were at level of 94% (616 of 654), 93%

TABLE 3. Canonical Discriminant Analysis (CDA) of specimens of Ely-
mus repens varieties; values of partial Wilks’ lambda for the discrimina-
ting characters for the varieties; the factor structure coefficients represent
the correlations between the characters and the canonical discriminant
functions (CAN1, CAN2). The significant differences at p < 0.001, p <

Principal component PC1 PC2 PC3 0.01 and p < 0.05 are marked by asterisks ***, ** and *, respectively; ns
—non significant: p > 0.05. (For character abbreviations see Table 1.)
Cumulative variance % 46.93 16.29 14.40
: No. Character partial CANlI  CAN2
No. Character Loadings : Wilks’ lambda

1 SPIKLEN 0.76 -0.06 0.01 10 LEMAWN 0.27%%* 0.93 -0.11
2 INTERLEN 0.74 0.13 0.01 7 LGLULEN /LGLUWID 0.837#5#* -0.13 -0.90
3 SPIKELLEN 0.89 0.08 -0.12 5 LGLULEN 0.927##* -0.12 -0.34
4 NOSPIKELFLO 0.74 0.04 -0.34 6 LGLUWID 0.927%%* -0.03 0.31
5 LGLULEN 0.88 -0.16 0.10 1 SPIKLEN 0.98##* -0.03 -0.15
6 LGLUWID 0.47 -0.09 -0.81 11 PALLEN 0.99%#* -0.05 -0.24
7 LGULEN /LGLUWID 0.42 -0.08 0.88 3 SPIKELLEN 0.99%** -0.04 -0.14
8 LGLUAWN 0.10 0.92 0.05 2 INTERLEN 0.99* 0.00 -0.14
9 LEMLEN 0.90 0.08 0.09 9 LEMLEN 0.99* -0.04 -0.32
10 LEMAWN -0.01 0.93 -0.06 4 NOSPIKELFLO 1.00 ns -0.02 0.01
11 PALLEN 0.84 0.08 0.04 8 LGLUAWN 1.00 ns 0.45 -0.12
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Fig. 2. Canonical Discriminant Ana-
lysis (CDA) of Elymus repens speci-
mens as OTUs defined as intraspe-
cific varieties, based on 9 morpho-
logical characters (see Table 3).
First three canonical discriminant
functions explain 98% of the total
variation. Morphological details of
E. repens varieties: E. repens var.
repens (A), E. repens var. aristatus
(B), E. repens var. subulatus (C);
spikelet (a), lower glume (b), upper

-8 6 4 -2 0

(329 of 353), and 93% (161 of 173), respectively. Cross-
validation resulted in a reduced classification success from
94% to 89% in total, and in details, 96% of repens speci-
mens (130 of 136), 80% of aristatus (45 of 56) and 79% of
subulatus (35 of 44) were correctly classified. All squared
Mahalanobis distances among the three groups were highly
significant (p < 0.001). Hence, the repens, aristatus and
subulatus morphotypes were distinguished against the me-
an values of diagnostic characters (Figs 2 and 3). The data
therefore support the hypothesis that the morphotypes of E.
repens are morphologically distinct and could be treated as
separate taxa. Additionally, morphometric analyses of the
specimens collected in the garden plots showed that discri-

3:0 J_ J_
28 1

0.0 1 1

#* outside values
(4]
[4;]

[ 7 ratio: lower glume length / width

[ 10 length of lemma awn

var. aristatus var. repens var. subulatus

Fig. 3. Diagnostic, morphological characters distinguishing varieties of
Elymus repens; means, one standard deviation of the mean and ranges of
the length of lemma awn (open box) and the ratio: lower glume length /
width (shaded box). Characters were measured for spikelet at the middle
part of the spike (see Table 1).

2 glume (c), lemma (d) and palea (e).
Scale bar = 10 mm.

minating characters of morphotypes were invariable and
therefore they do not depend on ecological conditions such
as light, humidity, etc.

The majority of the analysed characters either displayed
a weak correlation with a particular habitat type (Kendall
tau r < 0.1) or lacked it. The lengths of the culm and the
spike, the number of nodes per spike, the length of spike
internodes, as well as the leaf length and width, were wea-
kly but significantly correlated (0.1 > r < 0.3) with the type
of habitat. Thus, robust plants with long culms and spikes
and with long and wide leaves are more frequent in wet
shrubs on rivers and streams, a fairly obvious fact, mostly
resulting from background fertility. Aristatus specimens
originally inhabited different sites, on dry soil (R-67 and
R-88) as well as in wet shrubs (R-65; Appendix), but re-
present the same morphotypes. Similarly, the type entities
of repens occurred e.g. on the edge of the forest (R-56) and
also along a field (R-86). However, subulatus specimens
more often grew within dense and moist scrubs on the ri-
vers and on forest edges, although the other morphotypes
also occurred in such sites. The colour of whole plants, the
hairiness of leaves and the spike rachis and the leaf length
and width were the most variable characters of E. repens.
These characters were present in different combinations in
plants and did not distinguish any particular morphotypes.
The occurrence of individual morphotypes was not signifi-
cantly correlated with habitat types (Kendall fau 0 < r <
0.1, p>0.05).

Intrapopulational morphological variability
— homogenous and heterogenous populations

A detailed analysis of the range of intrapopulational di-
versity within Elymus repens was conducted using selected
population samples in connection with the total variation
range observed. The majority of population samples of E.
repens were slightly diversified and morphologically ho-
mogenous. Specimens from individual populations were
scattered within range of variation of repens, aristatus and
subulatus morphotypes (PCA graph not shown).
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On the other hand, different morphological forms often
grow together in the same habitat in Elymus repens popula-
tions. Thirteen of the 44 study samples were defined as he-
terogeneous, which was clearly shown on the PCA scatter
diagram (Fig. 4). As the population material examined sho-
wed, specimens of repens and aristatus mostly occur toge-
ther, as observed in the following populations: R-1, R-10,
R-16, R-35, R-55, R-64, R-72 and R-95. Population sam-
ples R-55 and R-95 were more or less divided into two se-
parate sub-groups on the basis of the lengths of the lower
glume awn and the lemma awn that referred to as repens
and aristatus morphotypes (Fig. 4, Table 2). More interme-
diate specimens were found in samples R-1 and R-72. In
samples R-8 and R-13, the occurrence of repens and subu-
latus individuals was confirmed (graph not shown). In
samples R-48 and R-49, the three morphotypes of E. re-
pens were distinguished. Likewise, it was shown that spe-
cimens of individual samples were differentiated by the
hairy rachis, marked by black, filled symbols on scatter
diagram (Fig. 4). The hairy rachis was not correlated with
other characters and was present in various character com-
binations in individuals in the same population.

Overall, obtained results showed a relatively continuous
pattern of morphological variation of Elymus repens in the
geographical scale of Poland. The character sets significan-
tly distinguish the three morphotypes that do not depend on
environmental conditions and geographical locations, and
often occur in the same habitat. Thus, it is more appropria-
te to treat these taxa as varieties: E. repens var. repens, var.
aristatus and var. subulatus.

DISCUSSION

Morphological variation versus genetic diversity
Morphological variation within Elymus repens s. lato is
conspicuous and complex, and difficult to interpret taxono-
mically. Two extremely different plants of this species
could be identified as two distinct taxa in the natural habi-

hairy rachis of spike are marked with filled
symbols.

tat. The main aim of my study was to determine the effi-
ciency of intraspecific morphotypes distinction using nu-
merical taxonomy.

A large number of morphological characters were scored
and numerical methods (PCA and CDA) were applied to
examine relationships among Elymus repens morphotypes
and to assess the level of intraspecific variation. PCA revea-
led considerable inter- and intrapopulation morphological
variation of E. repens. There are no clear discontinuities
between the three separating groups of the population sam-
ples studied, but differing, extreme morphotypes can be di-
stinguished. CDA tend to support the recognition of three
taxonomic units. However, my results highlight the diffi-
culty with drawing objective limits between those putative
taxonomic units. The difficulty arises from the extensive
polymorphism found both within and among populations.
Unawned or awned lemmas and the shape of glumes are
the most important characters supporting clustering of the
material into groups (characters no 10 and 7). Other mor-
phological characters are taxonomically not reliable eno-
ugh, and numerous individuals with intermediate charac-
ters and with various combinations of characters exist.

A typical specimen of Elymus repens is characterized by
unawned, sharply-pointed glumes, or glumes with rough
awns up to 3.5 mm. Specimens of aristatus are distingui-
shed by having long-awned lemmas while those of subula-
tus have long, subulate glumes with a narrow membraneo-
us margin. The variation ranges of discriminating charac-
ters do not overlap and mean values and standard deviation
differ among particular taxa. The analysis of the herbarium
material showed that long-awned specimens of E. repens
were often misclassified as Elymus caninus (L.) L. Previo-
us, detailed morphometric analyses of the representatives
of the genus Elymus occurring in Poland displayed an inva-
riable character set that clearly differentiated E. caninus
from E. repens. The most important character distingui-
shing these species is the number of veins per glumes: E.
caninus always has 3-veined glumes, whereas E. repens is
characterized by glumes with more than 3 veins (Mizianty
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et al. 2001). The finding that all long-awned specimens of
E. repens have glumes with more than 3 veins was also
supported in the present study.

The great morphological variation of Elymus repens can
result from its open-pollinated system of mating (Prokudin
1982). Specimens of particular morphotypes can easily
crossbreed among themselves or with other representatives
of the Triticeae tribe, which can affect diverse patterns of
morphological types (Szczepaniak et al. 2007). For exam-
ple, hybrids between E. repens and Elymus hispidus are re-
latively common in the field (Melderis 1980; Mahelka et
al. 2007) and propagate vegetatively by rhizomes, and at
least some gene flow via backcrossing to the parents can be
expected. Thus, hybrids often cannot be morphologically
identified with certainty due to their great similarity to ei-
ther E. repens or E. hispidus (Szczepaniak et al. 2007).

Morphological differentiation of clonal species can also
be caused by the accumulation of mutation during peren-
nial life of somaclonal genets (Corradini et al. 2002). Ely-
mus repens is a persistent, perennial grass wide creeping by
long-lived rhizomes. Populations of this species consist of
one or only few genotypes, with high levels of genetic he-
terogeneity among populations (Szczepaniak and Cieslak
2003). New populations are established by few fragments
of rhizomes or seeds, subsequently spreading mostly vege-
tatively. The germination of E. repens populations is slow,
rarely exceeds 50% of total seeds capable of germination,
and seedlings are also little vigorous (Szab6 1979). Howe-
ver, analysis of RAPD variation showed that despite the
high importance of vegetative reproduction in E. repens,
gene flow between populations and repeated seedling re-
cruitment might be more frequent than commonly conside-
red (Szczepaniak et al. 2009).

Studies conducted on Elymus repens suggest that its abi-
lities of genomic expression into very different phenotypes
are considerably greater than genetic diversity (Szabd
1981; Taylor and Aarssen 1988; Szczepaniak et al. 2002;
Szczepaniak and Cieslak 2003). E. repens can form physio-
logical ecotypes and exhibits variability along the ecologi-
cal gradient, but morphological and genetic analysis results
did not support the occurrence of a particular morphotype
in a given habitat (Brej 2001, Szczepaniak 2002a; Szczepa-
niak and Cieslak 2003). This species occurs in a continuo-
us series of overlapping habitats in nature, and local popu-
lations are genetically adapted to different environmental
factors, which is also confirmed by the high genome mobi-
lity of E. repens (Kosina 1995; Szczepaniak and Cieslak
2003). Taylor and Aarssen (1988) demonstrated the greater
plasticity of genotypic variation within populations of E.
repens, for some treatments represented a range of impor-
tant biotic and abiotic conditions that the species may en-
counter in the field. These authors proved that the older po-
pulations of E. repens tended to show a greater degree of
plasticity than the younger populations, which may be the
consequence of past selection for more plastic genotypes in
a variable or unpredictable environment in the former case.
An alternative interpretation of greater variance of perfor-
mance in older populations may state that natural selection
favoured genotypes which are specialized to particular
environmental conditions (Taylor and Aarssen 1988).

Adaptation abilities of Elymus repens to variable envi-
ronmental conditions are to some extent genetically prede-
fined (Taylor and Aarssen 1988; Brej 2001). It is a noxious
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weed, coping with interaction of various factors induced by
human weed-control activity. Natural selection favoured
more plastic genotypes of E. repens, resulting in the gene-
ration of genotypes specific to individual populations that,
however, differ at a small number of loci. These small ge-
netic differences guarantee the survival and reproduction
progress of a population under particular environmental
conditions. Scholz (1993) claims that E. repens originated
by hybridization of steppe grasses, and the later diversifi-
cation of species sensu stricto took place in response to hu-
man activity, connected with field cultivation and weed
control. Such “homeless” European plants are defined by
Scholz (1993) as “indigenophyta anthropogena” that are
stimulated to genetic changes unintentionally by artificial
changes of habitats.

Genetic variation of Elymus repens assessed by AFLPs
markers (Szczepaniak et al. 2002; Szczepaniak and Cieslak
2003), including individuals from the same populations
studied morphologically in the present paper, showed the
absence of significant genetic differences between morpho-
types. Results of the Mantel test in the above studies also
revealed that genetic variability was not significantly corre-
lated with morphotypes (r = -0.58, p > 0.13; Szczepaniak
and Cieslak 2003). Prokudin (1982) and Tsvelev (1979)
confirm that the morphology of E. repens is not affected by
ecological and geographic conditions. E. repens is a spe-
cies of a wide ecological amplitude, and conspicuous mor-
phological differentiation can be caused by intensive evo-
lution processes occurring within it.

Taxonomic implications

A critical assessment of intraspecific variation and its
expression in taxonomic categories are required to provide
an appropriate name of a taxon, and to draw attention to its
separate position (Stace 1989). Moreover, hypotheses con-
cerning migration roads and present-day diversification of
taxa may be formulated basing on character variation ana-
lysis, especially if a restricted study area is considered
(Grundt et al. 2001). The use of intraspecific categories has
varied greatly and various definitions have been applied
(Stace 1989; Hamilton and Reichard 1992; Grundt et al.
2001).

Overall, the present results showed a intricate pattern of
morphological variation of Elymus repens in Poland. Cha-
racter sets significantly distinguish three morphotypes that
do not depend on ecological conditions and geographical
locations, and often occur in the same habitat. Additional-
ly, the low level of intraspecific genetic differentiation
(Szczepaniak et al. 2002; Szczepaniak and Cieslak 2003)
indicates a wide species circumscription. It is therefore ap-
propriate to treat these intraspecific taxa as varieties: E. re-
pens var. repens, var. aristatus and var. subulatus due to
the morphological, ecological and genetic variation pattern.
This treatment corresponds with the criterion of variety na-
ming as defined in the International Code of Botanical No-
menclature by Du Rietz (1930): it is “a population of one
or several biotypes, forming a more or less distinct local
facies of a species” (according to Stace 1989). The entities
defined as var. caesium and var. pubescens in the previous
taxonomic treatment could not be recognized in multivaria-
te analyses. The characters used to determine these varie-
ties appear in many combinations with other characters of
E. repens individuals. Thus, I suggest that only the pube-
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scens form, E. repens var. repens f. pubescens, E. repens
var. aristatus f. pubescens, E. repens var. subulatus f. pube-
scens, should be proposed on the basis of the presence of
the hairy spike rachis in all the varieties.

Based on the original biometric study of the Polish mate-
rial, I propose the following key to distinguish the three va-
rieties of Elymus repens.

Key to the varieties of Elymus repens

1. Glumes up to 3/4 of the spikelet’s length, lanceolate to
lanceolate-oblong, awned or unawned, with wide mem-
Draneous Margin ......ccceecveeeeerieeneeniieenieenieeneesseessseennns 2
2. Lemmas acute, unawned or with awn up to 3 mm

length.....ccoovienciinniiniiiiieeieee, E. repens var. repens
2*, Lemmas acute with awn from 3 to 10 mm
length ..ooceeviiiiiiiieniiiieen, E. repens var. aristatus

1’*. Glumes up to above 3/4 of the spikelet’s length and/or
enclose almost whole spikelet, subulate, elongate, with
narrow membraneous margin, unawned or with short
AWI 1eenvieeieeeeeeeieesreeaeeseeeeaeenneas E. repens var. subulatus

Taxonomy and nomenclature of Elymus repens varieties

Elymus repens (L.) Gould,

Madrorio 9(4): 127 (1947) var. repens

Lectotype: “Habitat in Europae cultis”, Linnaean herba-
rium no. 104/7 (LINN). Lectotype designated by Bowden
(1965).

Synonyms: Triticum repens L., Sp. pl. 1: 86 (1753); Zeia
repens (L.) Lunell, Amer. Midl. Naturalist 4: 227 (1915);
Agropyron repens (L.) P. Beauv., Ess. Agrostogr. 102
(1812); Elytrigia repens (L.) Desv. ex Nevski, Trudy Bot.
Inst. Akad. Nauk SSSR, ser. 1, Fl. Sist. Vyssh. Rast. 1: 14
(1933).

Perennial, forming extensive, wiry rhizomes, creating
thick and stout net. Culm: up to 170 cm (100), erect, stout,
smooth, with 3-7 (5) nodes. Leaf: blade: dull green or blu-
ish-greyish-green, 3.0-12.0 mm (6.0) wide, flat, sometimes
slightly convolute on the margins in plants growing in dry
habitat, with slightly prominent and very scabrid veins, ha-
irless, rarely with sparse long hairs on the adaxial surface,
glabrous on the abaxial surface with more prominent veins,
shiny; sheath: open, hairless in the upper part of culm and
always very densely pubescent in the lower part, with over-
lapping auricles; ligule: 0.2-0.8 mm (0.4) long, dentate,
membranous. Spike: erect, 4.8-19.5 cm (11.0) long, stiff,
equally dense except the more lax part at its base; rachis:
tough, with 10-31 (18) nodes, very rough on the margins,
usually hairless, sometimes pubescent, spikelets in the
middle part of spike usually 2.5x longer than associated in-
ternode (sometimes in specimens with very dense spike,
where spikelets are almost 5x longer than associated inter-
node). Spikelet: sessile, 7.0-19.0 mm (13.0) long, 2-8 (4)-
flowered, solitary, rarely double or triple on the spike’s no-
de, hairless, at maturity disarticulating below glumes, so-
metimes reddish or with waxy covering; rachilla: widening
toward the apex, with marked groove on the apex, minute-
ly hairy; glumes: similar, nearly equal; lower glume: 5.5-
12.7 mm long, 1.0-3.0 mm wide (8.5 x 1.9); upper glume:
5.5-13.5 mm long, 1.1-2.8 mm wide (9.0 x 2.0), lanceolate
to lanceolate-oblong, acute, unawned or with rough awn up
to 3.5 (1.1) mm, with wide membraneous margin, usually
up to 3/4 of the length of the spikelet, hairless, with 3-7 (5)

Szczepaniak M.

rough veins and prominent central keel, sometimes veins
are breaking off, but always convergent at the tip; lemma:
6.0-12.5 mm (9.5) long and 1.7-3.8 mm (2.6) wide, wide-
lanceolate, sharply pointed, awnless or with awn up to 3.0
(1.0) mm, shiny, hairless, convex, 5-veined; palea: 5.8-10.0
(8.0) mm long and 1.0-2.6 (1.3) mm wide, rounded or sli-
ghtly concave, ciliate on veins up to about 3/4 of its length,
fine, distinctly shorter than lemma. Chromosome number
2n = 28 (own studies: population R-56; Singh 1964; Mi-
zianty et al. 2001) and 2n = 42 (own studies: populations
R-33 and R-78; Bowden 1965; Mizianty et al. 2001).

Elymus repens (L.) Gould var. aristatus (Schreb. ex
Baumg.) Melderis and D.C. McClint.

D. McClintock, Suppl. Wild Flow. Guernsey 48. 1987
Basionym: Agropyron repens var. aristatum Schreb. ex
Baumg., Enum. Stirpium Transs. 3: 269 (1816).

Synonyms: Triticum repens var. aristatum DOoll, Fl.
Gross. Baden 128 (1855), hom. illeg.; Elytrigia repens var.
aristata Prokudin, Proc. Bot. Inst. Kharkov 3: 189 (1938);
Triticum repens var. aristatum Schumach., Enum. Pl. Part.
Saell. Septentr. Orient. 1: 38 (1801); Agropyron repens fo.
aristatum (Schumach.) Holmb.; Hart. Handb. Skand. FI. 2:
274 (1926) — nom. illeg., non Agropyron repens var. arista-
tum Schreb. ex Baumg. (1816); Elytrigia repens fo. arista-
tum (Schumach.) Beetle, Phytologia 55(3): 211 (1984) —
nom. illeg., non Elytrigia repens var. aristata Prokudin
(1938).

The variety similar to typical, distinguished by having
clearly awned glumes and lemmas. Glumes: similar, nearly
equal; lower glume: 4.9-11.0 mm long, 1.1-2.5 mm wide
(8.5 x 1.8); upper glume: 5.2-11.3 mm long, 1.1-2.8 mm
wide (9.0 x 2.0), lanceolate, acute with awn up to 6.0 (2.7)
mm, with membraneous margin, usually up to 3/4 of the
length of the spikelet, hairless, with 3-7 (5) rough veins;
lemma: 6.9-13.0 mm (9.6) long and 1.7-3.7 mm (2.6) wide,
wide-lanceolate, sharply pointed, with rough awn from 3.0
up to 10.0 (5.4) mm, shiny, hairless, convex, 5-veined; pa-
lea: 5.5-10.0 (8.1) mm long and 1.0-2.6 (1.3) mm wide, ro-
unded or slightly concave, ciliate on veins, shorter than
lemma. Chromosome number 2n = 42 (own studies, popu-
lation R-67 from Gorzedziej near Tczew, on the Vistula ri-
ver).

Elymus repens (L.) Gould var. subulatus (Roem. and
Schult.) Szczepaniak, comb. nova
Basionym: Agropyron repens var. subulatum Roem. and
Schult., Syst. Veget. 2: 754 (1817).

Synonyms: Triticum repens var. subulatum (Roem. and
Schult.) Nees, Fl. Brasil. Enum. PL. 2: 450 (1829); Elytrigia
repens var. subulatum (Roem. and Schult.) Prokudin, Tru-
dy Naucho-Issledovatel’skogo Inst. Bot., Kharkiv. De-
rzhav. Univ. Gor’kogo 3: 189 (1938); Triticum subulatum
Schreb. ex Schweigg. and Korte, Fl. Erlang., ser. 2, 1: 143
(1811) — nom. illeg., non Triticum subulatum Banks and
Sol. in Russell (1794); Elytrigia repens (L.) Nevski var.
subulatum (Roem. and Schult.) Seberg and G. Petersen,
Bot. Jahrb. Syst. 120(4): 538 (1998) — nom. illeg., non Ely-
trigia repens var. subulatum (Roem. and Schult.) Prokudin
(1938).

The variety distinguished from typical by subulate glu-
mes and larger spikelets, somewhat longer and narrower
lemmas, paleas and glumes; glumes are almost equal to the
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length of the spikelet. Glumes: similar, nearly equal; lower
glume: 6.5-12.2 mm long, 1.1-2.0 mm wide (9.9 x 1.7),
upper glume: 7.2-13.6 mm long, 1.2-2.8 mm wide (10.4 x
1.9), subulate, gradually narrowing from the middle to-
wards to the apex, acute, unawned or with awn up to 5.0
(1.5) mm, with narrow, convolute membranous margin, ha-
irless, with 3-7 (5) rough veins, always enclose almost
whole spikelet; lemma: 8.0-13.0 mm (10.7) long and 1.7-
-3.1 mm (2.6) wide, lanceolate, sharply pointed, unawned
or with rough awn up to 9.5 (1.8) mm, shiny, hairless, co-
nvex, 5-veined; palea: 6.6-10.1 (8.8) mm long and 1.0-2.1
(1.3) mm wide, rounded, ciliate on veins, shorter than lem-
ma. Chromosome number 2n = 42 (own studies, population
R-69 from the Hel Peninsula).
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Collection data for the 44 sampled populations of Elymus repens. N — number of specimens used in morphological analysis. Habitat types with code accor-
ding to EUNIS habitat classification (Davies et al. 2004): 1 — coastal dunes and sandy shores (B1); 2 — sandy inland habitats and Pinus sylvestris lowland
woods (G3.4); 3 — constructed, industrial and other artificial habitats (J); 4 — at the edge along regularly or recently cultivated agricultural habitats (I1); 5 —
deciduous woodland with Betula, Populus tremula or Sorbus aucuparia (G1.9) and termophilous woodland (G1.7); 6 — wet sites on the rivers and streams
in riparian woodland (G1.1); 7 — dry grasslands (E1).

Taxon / Geographic area!: locality Latitude (N) / N Habitat types
population abbreviation longitude (E)

E. repens var. aristatus

R-31 the Southern Wielkopolska Lowland: Czaple Wolne near Kluczbork ~ 50°59” / 18°08’ 25 4
R-35 the Szczecin Coastline: Szczecin 53°26° / 14°34° 25 2
R-57 ML: Mniszew 51°51°/21°18’ 25 4
R-60 ML: Btonie near Leczyca 52°05° /19°08” 30 6
R-65 PLD: Krag near Starogard Gdanski 54°01° /18°27° 28 6
R-67 PLD: Gorzedziej near Tczew 54°02° / 18°50” 30 2
R-75 LU: J6zeféw near Zamos¢ 50°29° /23°04° 25 2
R-838 the Lithuanian Lake District: Stary Folwark 54°05°/23°05” 25 6
R-106 NB: Smoniowice near Miechéw 50°17° /20°14° 25 4
E. repens var. repens

R-7 SB: Sandomierz 50°41° /21°45° 26 2
R-11 LU: Gigbokie near Chetm S1°17°/23°07° 24 3
R-32 SL: Mazurowice near Sroda Slaska 51°137/16°27° 25 5
R-33 the Lubuskie Lake District: Lugéw near Swiebodzin 52°16” / 15°30° 30 2
R-56 KU: Suchedniéw near Skarzysko Kamienna 51°03° /20°50” 30 5
R-61 TE: Raciazek near Torun 52°51°/18°48’ 25 3
R-63 MLD: on the Szelag Wielki lake near Ostréda 53°42° /20°06” 28 2
R-71 KC: Gaski 54°14° /15°55° 30 1
R-73 the Wielkopolska Lake District: Mieszkéw near Jarocin 52°01° /17°28’ 25 3
R-78 LU: Udrycze near Zamos¢ 50°18°/23°16° 30 4
R-81 VU: Grédek on the Bug river 50°48° /23°58’ 25 4
R-86 PL: Dubiny near Hajnéwka 52°47° [ 23°35° 30 4
R-89 PL: Grajewo 53°39° /22°27° 25 4
R-91 ML: Gluchéw near Gréjec 51°55°/20°51° 30 6
R-94 SL: Gipsowa Géra near Dzierzystaw 50°03° /17°59° 23 7
R-101 the Western Pomeranian Lake District: Cedynia 52°517 /14°12° 25 5
E. repens var. subulatus

R-14 SB: Ksigzpol near Bitgoraj 50°25” / 22°44° 27 6
R-46 GC: Rzucewo on the Zatoka Pucka Bay 54°42° /18°28° 25 1
R-47 the Lower Vistula Valley: Dolna Grupa near Grudziadz 53°29° /18°39’ 25 2
R-69 GC: the Hel Peninsula, between Jastarnia and Chatupy 54°36° / 18°48’ 27 1
R-70 KC: Maszewo Leborskie 54°28° / 17°42° 25 5
R-99 the Tatra Mts.: the Dolina Strazyska Valley 49°16’ / 19°56° 25 7
Heterogeneous populations (with two or three varieties)

R-1 the Krakéw-Czgstochowa Upland: Michatowice near Krakéw 50°10° /19°42° 27 6
R-8 SB: the Géry Pieprzowe Mts. 50°40’ / 21°46° 25 7
R-10 the Western Beskid Mts.: Siotkowa near Grybéw 49°37° /20°54° 30 6
R-10% LU: Prawiedniki near Lublin 51°09° /22°31° 29 6
R-13 VU: Werbkowice near Hrubieszow 50°45° /23°46° 25 6
R-16 the Central Beskid Foothills: Ropczyce 50°03” /21°37° 25 4
R-43 GC: Chtapowo near Wiadystawowo 54°48° /18°22° 25 1
R-48 TE: Torun 53°02° / 18°37° 25 2
R-49 NB: Szczepanowice 50°19° /20°03” 30 4
R-55 KU: Smykéw near Chmielnik 50°49° /20°52° 30 2
R-64 MLD: Dylewska Géra Mt. , alt. 312 m a.s.l. 53°33°/19°56° 29 5
R-72 the Southern Pomeranian Lake District: Lomczewo near Szczecinek ~ 53°34° /16°53° 29 5
R-95 the Central Sudetes Mts.: the Kamienne Mts., alt. 799 m a.s.l. 50°41° /16°16° 28 7
Total sample size 1180

! Geographic area (according to Kondracki (1981): GC — the Gdansk Coastline, KC — the Koszalin Coastline, MLD — the Mazurian Lake District, PLD —
the Eastern Pomeranian Lake District, TE — the Torun-Eberswalde proto-valley, ML — the Central Mazovian Lowland, PL — the Northern Podlasie Low-
land, SL — the Silesian Lowland, NB — the Niecka Nidzianska Basin, SB — the Sandomierz Basin, KU — the Kielce Upland, LU — the Lublin Upland, VU —
the Western Volhynia Upland.
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