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Abstract—Results of application of different approaches to the data visualization during the study of alien
plant species have been analyzed and summarized, and the prospects of their use for different purposes have
been evaluated. The existing experience in the study of alien plant species shows that traditional methods used
to analyze their composition and distribution patterns in different regions are informative only for determin-
ing the main tendencies reflecting global processes of a phytobiota synanthropization. At the same time, new
state-of-art methods are required to reveal the latent patterns of plant migration and the processes of their natu-
ralization. The most promising approaches to analyzing large volumes of data are multivariate statistical methods.
The potential of these methods is determined by their capability to identify relationships between a wide range of
floristic and biological data and environmental characteristics, which can be visualized. These methods allow us to
present different data in the form of diagrams reflecting interactions between individual species or whole groups of
alien plants and climatic or environmental variables. They make it possible to create models of expansion of inva-
sive species. They reflect the current statistical distances and relationships between different objects of study, which
makes it possible to identify features of the group strategy of colonization of various natural and/or technogenic
habitats by alien species. These strategies depend mainly on the biological characteristics of species, level of anthro-

pogenic transformation of a regional flora, and environmental parameters.
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INTRODUCTION

The influence of alien organisms on the flora,
fauna, and the society as a whole takes on a global sig-
nificance, since now the problem of their global
expansion can be solved only at the international level.
Expansion of nonindigenous organisms does not
depend on state borders, so local measures are no lon-
ger efficient and require some efforts of international
organizations (Tokhtar, 2016). Invasive species cause
huge economic losses. Invasion of adventitious species
into the United States, India, and Brazil results in
annual losses of 137, 117, and 50 billion US dollars,
respectively (Vinogradova et al., 2010).

Import and expansion of alien species poses a
direct threat to the existence of indigenous species,
while yield losses caused by weeds, many of which rep-
resent adventitious species, may reach 9—30%. Bio-
logical invasion of alien plant species is of a global
character and reduces natural biodiversity. In addi-
tion, the relevancy of a study of alien species is deter-
mined by either their economic value or, on the con-
trary, their harmfulness as invasive species replacing
indigenous ones. Thus, today one of the most import-
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ant theoretical issues in the study of alien plant species
is a determination of basic patterns of their expansion
depending on a complex of natural and anthropogenic
factors. The solution of this problem may be signifi-
cantly simplified using methods providing visualiza-
tion of large volumes of heterogeneous data. In this
study, we analyzed and generalized results of the use of
various analytic and data visualization approaches to
the study of alien plant species and evaluated the pros-
pects of their use for different purposes.

MATERIALS AND METHODS

The model objects of our study were both separate
species widespread throughout different continents
(Ambrosia artemisiifolia L., Conyza canadensis L., and
species of the genus Oenothera L. (subsect. Oenothera,
Onagraceae)) and groups of alien species migrating
into different types of natural and anthropogenically
disturbed habitats. The first two of the listed species
are characterized by a wide ecological range mani-
fested during their intercontinental invasions. Oeno-
thera species are actively expanding in Europe and are
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characterized by intense speciation and microevolu-
tion processes occurring in their populations (Renner,
1917; Hudziok, 1968; Gutte and Rostanski, 1971;
Soldano, 1979; Jehlik and Rostanski, 1995). Therefore,
this genus is a good model for tracing features of the
expansion and microevolution of different phylogeneti-
cally isolated plant groups in Europe (Tokhtar et al.,
2011).

During the study of alien species, we summarized a
large volume of original, published, and herbarium
materials on the chorology of Oenothera species in
Western and Eastern Europe and on the distribution of
Ambrosia artemisiifolia and Conyza canadensis in dif-
ferent parts of Europe. We studied numerous plant habi-
tats in Germany (North Rhine-Westphalia, Hesse,
Baden-Wiirttemberg federal states), France (Alsace),
Czech Republic, Slovakia, Poland, Ukraine, and Rus-
sia (Wittig et al., 1999; Wittig and Tokhtar, 2002, 2003;
Rostanski et al., 2004). We also analyzed herbarium
materials from the Komarov Botanical Institute of the
Russian Academy of Sciences (St. Petersburg, Russia,
LE), Tsitsin Main Botanical Garden of the Russian
Academy of Sciences (Moscow, Russia, MHA), Moscow
State University (Moscow, Russia, MW), Moscow State
Pedagogical University (Moscow, Russia, MOSP),
Southern Federal University (Rostov-on-Don, Rus-
sia, RV), Institute of Botany of the National Academy
of Sciences of Ukraine (Kyiv, Ukraine, KW), Donetsk
Botanical Garden of the National Academy of Sci-
ences of Ukraine (Donetsk, Ukraine, DNZ), Univer-
sity of Silesia (Katowice, Poland, KTU), Institute of
Botany of the Czech Academy of Sciences (Prithon-
ice, Czech Republic, PR), Berlin-Dahlem Botanical
Garden (Berlin, Germany, B), Sekenbergianum
Museum (Frankfurt am Main, Germany, SNG), and
Museum of Natural History (Wiesbaden, Germany).

Studying the distribution of alien species in natural
and technogenic habitats of the southwestern part of
the Central Russian Upland, we tested both tradi-
tional methods of florogenetic analysis and multivari-
ate statistical methods, such as discriminant analysis,
factor analysis, principal component analysis, corre-
spondence analysis, and canonical correspondence
analysis (Chibrik and El’kin, 1991; Ter Braak, 1995;
Tokhtar, 2016; Tokhtar et al., 2017). Correlation struc-
tures of morphological traits were analyzed according
to methods developed by Rostova (2000).

Evaluation of the lists of alien plant species in tech-
nogenic and natural habitats was carried out on the
basis of correlation matrices; for each pair of floras,
Jaccard’s coefficients or Spearman’s rank correlation
coefficients (in the case of evaluation of plant commu-
nities and their species richness) were calculated. Data
visualization was performed by the arrangement of the
obtained correlation matrices in a factor space and their
treatment with the Microsoft Excel XP, Statistica 6.0,
Canoco for Windows 4.02, CanoDraw 3.1, and
CanoPost 1.0 program packages.
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RESULTS AND DISCUSSION

To date, a large number of methods intended to
evaluate the processes of a flora adventization and the
success of invasions of alien species have been devel-
oped. Some of these methods are based on traditional
approaches representing results of the taxonomic and
typological analysis of the structures of invasive flora
fractions, whereas other methods are based on statisti-
cal data analysis.

Use of any methods intended to study plant inva-
sions is determined by a general problem statement
and the scale of studies. Unfortunately, in many Rus-
sian publications devoted to the revelation of alien
plant species, the problem of factor determination is
usually not considered.

Many popular spatial and statistical methods of
study of alien species, such as GIS modeling, Bioclim,
and Domain, are based on a probabilistic, i.e., poten-
tial location of a particular species in new habitats
depending on the suitability of local climatic condi-
tions of these areas for its growth. For example, study
of Ambrosia artemisiifolia L. based on this principle
provided a design of two slightly differing forecast
models of expansion of this species in Europe (Pasier-
binski et al., 2011). Inaccuracy of such models is deter-
mined by the fact that successful invasion of alien spe-
cies into plant communities significantly depends on
the competitive abilities of plants, relations between
the components of a community, and the resistance of
local phytocoenoses to invasions (Pasierbinski et al.,
2011). In addition, models based only on climatic
parameters do not take into account the effect of
anthropogenic factors, though in many cases they pro-
vide a critical influence on the character and intensity
of a species expansion. Thus, climatic modeling of a
habitat of alien species makes it possible to determine
only potential capabilities of a plant for expansion and
often provides different results. Therefore, the devel-
opment of models based only on this principle requires
an accurate and selective approach.

Development and application of data visualization
methods is now very important for the explanation of
the features of expansion of alien species and the con-
struction of forecasting models. A choice of data visu-
alization methods during the study of alien species
expansion depends on the following factors:

(1) Object of study. It may represent (a) separate
species, (b) affiliated (related) groups of species (taxa),
and (c) groups of phylogenetically distant species
characterized by associated migration.

(2) Gradient of analysis. It may be geographical or
ecological (for example, colonization of ecotopes by
adventitious species along the “technogenic habitat—
natural habitat” gradient or processes occurring in the
opposite direction (if it is necessary to reveal features
of the expansion of such species into toxic technogenic
ecotopes)).
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Fig. 1. Visualization of correlation structures of quantitative morphological traits of Conyza canadensis populations obtained by a
principal component analysis. Letter symbols indicate population structures in technogenic (T), quasi-natural (Q), and natural
(N) ecotopes. One point reflects a correlation structure of 18 traits for each population.

(3) Problem of the development of a certain model
of species expansion.

Analysis of our results shows that invasion mecha-
nisms may be revealed by combining traditional and
statistical research methods, which supplement each
other and make it possible to analyze complex and
multilateral relations between ecological and biologi-
cal features of species and climatic and ecological
environmental factors (Tokhtar and Fomina, 2011).

Visualization of morphological differences
between geographically distant populations of the
same species may be achieved by a discriminant anal-
ysis, which is often used for these purposes. In the case
of such differences in the structure of local popula-
tions of the same region, which are formed along eco-
logically conditioned gradients, the use of a principal
component analysis providing visualization of struc-
tures of trait correlations for different alien plant pop-
ulations is preferable.

We ascertained that the mean values of trait cor-
relations and correlation matrices of Conyza canaden-
sis populations arranged in the factor space change as
the anthropogenic influence increases (Tokhtar and
Mazur, 2011) (Fig. 1). Populations from technogenic,
quasi-natural, and natural ecotopes are arranged in
the left, central, and right parts of the diagram, respec-
tively. Taking into account the distribution of correla-
tion structures of populations in the factor space, the
first statistical factor is interpreted as a factor of weak-
ening of the anthropogenic impact on populations.
These results confirm the data obtained earlier by
Rostova (2000) for different species and indicate good
prospects for the use of this method for evaluation and
visualization of changes occurring in correlation
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structures of morphological traits depending on the
type and intensity of an anthropogenic influence.

According to our studies of affiliated model groups
of species, arranged on a model genus Oenothera (sub-
sect. Oenothera L., Onagraceae) and intended to visu-
alize data and to reveal factors determining species
expansion (Wittig et al., 1999; Wittig and Tokhtar,
2002, 2003; Tokhtar and Groshenko, 2014), the best
results may be obtained in the case of a complex use of
both traditional and statistical methods of analysis.

Analysis of data on the species distribution and
richness in the anthropogenically transformed model
ecotopes of Western and Eastern Europe performed by
traditional methods (Wittig and Tokhtar, 2003)
revealed a large number of large- and small-flowered
species in Western Europe, whereas Eastern Europe
was represented mainly by medium-flowered species.
The reasons for such distribution of Oenothera species
were ascertained by multivariate statistical methods
(Tokhtar and Groshenko, 2014).

To study factors limiting the Oenothera distribu-
tion, we used a canonical correspondence analysis
(Ter Braak, 1995). This method allowed us to visualize
the dependences of a species distribution on certain
environmental conditions and to determine a spatial
location of the centroids of Oenothera ecological
niches in Eastern Europe in relation to factors limiting
their expansion. As a result, we found that the most
active invasive species of Eastern Europe, Oe. biennis,
Oe. rubricaulis, and Oe. depressa, are located not far
from the center of factors originating from a multidi-
mensional space (Tokhtar and Groshenko, 2014).
Therefore, ecological niches of these species are less
dependent on most of the analyzed natural and cli-
matic factors (where they have zero values), especially
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temperature conditions and factors of moistening.
Ecological niches of species common for Western
Europe and rare for Eastern Europe are located within
multidimensional space zones corresponding to the
values of factors which are typical of wet and warm
habitats (Tokhtar and Groshenko, 2014).

Thus, the canonical correspondence analysis
allowed us to explain why phylogenetically isolated
lines of small- and large-flowered species grow mainly
in Western Europe. These species include Oenothera
ammophilla, Oe. oakesiana, Oe. glazioviana, Oe. parvi-
flora, and Oe. perangusta. Medium-flowered Oenothera
species (Oenothera biennis, Oe. rubricaulis, Oe. depressa,
and Oe. hoelscheri) grow everywhere and are observed
in Eastern Europe much more frequently than other
species. Probably owing to this reason, their frequency
and abundance quantitatively decrease in the direction
from the western to eastern regions of Europe. On the
basis of these results, one may conclude that tempera-
ture and moistening conditions represent an import-
ant factor influencing on the species composition of
Oenothera plants growing in different regions of
Europe.

The revelation of distribution patterns for whole
groups combining different species, which migrate
together into different types of natural (in the case of
naturalization) and anthropogenically transformed
ecotopes, represents a significantly more complicated
problem than the determination of distribution pat-
terns for separate related alien species.

During a study of the colonization of various tech-
nogenic (including toxic) habitats with plants, one can
state that the efficiency of the use of traditional ana-
Iytic methods is rather insufficient. Taxonomic and
typological ratios between the life forms and biotypes
in the structure of such floral complexes are very
close, while differences between them are often almost
imperceptible. Therefore, it is difficult to make a con-
clusion about features of their formation and factors
influencing on the process of colonization of different
types of anthropogenically transformed ecotopes
(Tokhtar and Vinogradova, 2009).

The study of groups of alien species formed in differ-
ent types of technogenic ecotopes performed by the fac-
tor analysis of correlation matrices of Jaccard’s coeffi-
cients showed that colonization of technogenic ecotopes
with nonnative species has an ordered character.

Use of factor analysis made it possible to ascertain
that alien species colonize different anthropogenic
habitats using a group strategy determined by their tol-
erance to the level of a technogenic influence and
degree of anthropogenic transformation of an eco-
tope. Using multivariate statistical analysis, we deter-
mined that adventitious fractions of floras of techno-
genic ecotopes form three isolated groups in the factor
space (Tokhtar and Vinogradova, 2009). These groups
are formed under different conditions: (1) nontoxic
primarily and secondary technogenic ecotopes;

RUSSIAN JOURNAL OF BIOLOGICAL INVASIONS

TOKHTAR

(2) toxic secondary ecotopes (coking, chemical, and
metallurgical plants); (3) toxic primary ecotopes (ash-
disposal areas, slag and sludge dumps, mining and
processing plants, etc.).

In addition to the factor analysis, one can use
canonical correspondence analysis to specify the influ-
ence of environmental factors. Using this method, we
found that differences in the adventitious species com-
position of technogenic ecotopes are determined
mainly by the action of edaphic factors, such as the soil
acidity and fertility. Some of the ecological niches of
species are located on the ordination chart near the
axis characterizing low humus content in the soil
(Tokhtar, 2016). Species able to grow under such con-
ditions show the highest activity during colonization
of primary technogenic ecotopes corresponding to
these conditions.

Another important task of the study of alien plant
expansion is revealing the distribution patterns of
invasive species in natural habitats, i.e., naturalization
processes accompanied by species introduction into
natural communities.

To solve this task, we studied groups of invasive
species inhabiting various natural and anthropogenic
habitats of the southwestern areas of the Central Rus-
sian Upland along the gradient of decrease of the
anthropogenic influence: railroads, parks, forests,
steppe areas, ravine and gully habitats, chalk outcrops,
etc. (Tokhtar et al., 2017).

Jaccard’s coefficients and Spearman’s rank cor-
relation coefficients (for evaluation of plant commu-
nities with allowance for their species abundance)
were analyzed for the studied floral complexes. The
resulting correlation matrices were arranged in a factor
space that provided visualization of the features of
alien species expansion in various habitats.

Figures 2a and 2b show that the use of the principal
component method resulted in a clear division of inva-
sive species into different groups colonizing steppe and
forest habitats. The group of invasive species from
chalk outcrops is located separately from the other
groups. The distribution of the group of invasive spe-
cies from ravine and gully ecotopes was wider; species
from this group are also observed in the forest, chalk,
and anthropogenic (parks and railroads) habitats. This
fact is explained by the presence of tree species com-
mon to many habitats in the composition of such
groups. Anthropogenically transformed ecotopes
(parks and railroads) are located close to each other in
the factor space owing to the similar composition of
invasive species (Figs. 2a, 2b). Plants colonizing
steppe habitats are the most isolated. The similarity of
species compositions between the listed groups of
alien plants colonizing these habitats was determined
by a commonness of species marked on the diagram
(Figs. 2a, 2b). Within steppe habitats, these species
included Amaranthus retroflexus, Cyclachaena xanthii-
Jfolia, Conyza canadensis, and Alcea rosea. The major-
Vol. 9
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Fig. 2. Distribution of groups of alien species colonizing various natural and anthropogenic ecotopes in the factor space: (a) diagram
based on Jaccard’s coefficients; (b) diagram based on Spearman’s rank correlation coefficients. Designations: bl—b2, marshes; m1—
m7, chalk outcrops; f1—f8, forest habitats; 01—09, ravine and gully systems; pl1—p3, parks; r1—r4, railroads, s1—s6, steppe habitats.

ity of conifer forest ecotopes include species from the colonizing chalk outcrop habitats (Fig. 2b) is deter-
genus Oenothera, Robinia pseudoacacia, Acer negundo, —mined by the presence of Elaeagnus angustifolia, Hip-
Fraxinus pennsylvanica, and Ulmus pumila, whereas popha rhamnoides, Crataegus monogyna, and Cara-
broadleaf forest ecotopes include Impatiens parviflora, 8919 ar borescens.

Arrhenatherum elatius, and Parthenocissus inserta. The A similar picture was observed during the analysis
similarity of species compositions of invasive plants of a scatter diagram constructed on the basis of Spear-
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Fig. 3. Visualization of data reflecting proportions of life forms in the groups of alien plants colonizing various habitats,
obtained by correlation correspondence analysis. Designations: Hemi, hemicryptophyte; Thero, therophyte; Chame, cha-
maephyte; Phaner, phanerophyte; bl—b2, marshes; m1—m?7, chalk outcrops; f1—f8, forest habitats; 01—09, ravine and gully sys-

tems; pl—p3, parks; r1—r4, railroads, s1—s6, steppe habitats.

man’s coefficients with allowance for the abundance
of invasive species in plant communities.

The correspondence analysis makes it possible to
evaluate the participation of different structural com-
ponents in coenofloras of various habitats, such as
Raunkieer life forms, groups differing in the time of
invasion (archaeophytes, kenophytes, or eukeno-
phytes) or invasion status (Fig. 3), etc.

Results presented in Fig. 3 show that points which
designate structures of the species composition of
alien plants colonizing forest, ravine, and gully habi-
tats are located near the point designating the pha-
nerophyte category. This fact reflects domination of
phanerophytes in their structures. Groups of plants
growing near railroads and in parks belong to the zone
of influence of the “therophyte” category.

Thus, the performed analysis made it possible to
visualize structural features of alien plant groups colo-
nizing various ecotopes using correlations between
quantitative proportions of different life forms within
them. This analysis allows a user to determine the
position of each plant group in relation to the studied
categories of traits and to reveal their relative positions
on the basis of correlative interactions between their
structures. In the case of successful explanation of axis
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values in the factor space via the analysis of significant
factor loadings, one can determine not only the level
of their influence on alien species groups but also
exact distances between them in relation to the acting
factors.

CONCLUSIONS

The potential of the use of multivariate statistical
methods is determined by the possibility of a model
construction based on the establishment of interrela-
tions between a wide complex of horologic floristic
data and environmental characteristics, which can be
visualized. Depending on the research tasks, the
developed models may be classification, historical (for
a study of the dynamics of changes in a species compo-
sition), and forecasting.

The examined methods make it possible to evaluate
significant volumes of any heterogenecous data using
modern software packages and to determine the main
factors causing changes in the structure of popula-
tions, species, and groups of alien species colonizing
ecotopes of different types along various environmen-
tal gradients. Depending on factor loadings, statistical
factors may be identified. An additional advantage of
multivariate statistical methods is the possibility of
Vol. 9
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their use to study any correlation matrices and coeffi-
cients characterizing the biodiversity and environ-
mental parameters.

Understanding of the processes of expansion of
alien species into different natural and anthropogenic
habitats requires a deep analysis of internal mecha-
nisms, as well as the development and application of
new complex empirical and statistical approaches
based on the use of both traditional analysis and mul-
tivariate statistical methods to visualize large volumes
of data.

The mechanisms of invasions of alien species can
be revealed by a combination of traditional and statis-
tical approaches which allow a user to visualize
numerous and multilateral relations between the eco-
logical and biological features of species and the cli-
matic and ecological environmental factors.
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