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Introduction

Lykholat, Y., Khromykh, N., Didur, O., Alexeyeva, A., Lykholat, T., & Davydov, V. (2018). Modeling the invasiveness
of Ulmus pumila in urban ecosystems under climate change. Regulatory Mechanisms in Biosystems, 9(2), 161-166.
doi:10.15421/021824

Climatic change can influence the boundaries of the natural and alien plant species distribution. Fluctuations in air
temperature, relative humidity and other factors can become a stimulus to initiation and / or intensification of the invasive
nature of some adventive plant species, especially in areas with a high degree of anthropogenic transformation. This paper
presents an analysis of the current state and a forecast of the invasiveness of the alien species Ulmus pumila L. (Asiatic
elm) in the Northern Steppe Dnieper under conditions of climatic change. Two local U. pumila populations consisting of
young different age trees were found during a route survey in the territory of the large industrial city Dnipro (48°28'00" N,
35°01'05" E) in its left-bank and right-bank parts.The seed origin of both local populations of Asiatic elm is confirmed by
the fact that the young plants were spaced at a distance of 50 to 120 m from adult trees, which could potentially be parent
plants. Both the left-bank and right-bank populations of U. pumila were located on abandoned construction sites, where
there were numerous reinforced concrete slabs, piles and abundant construction debris. In both U. pumila local
populations, 100 different-aged trees were randomly selected throughout the site, and their age and the morphometric
parameters were measured to simulate the development process of the detected populations, provided the current trends of
climate change continue. Analytical dependence of the number of trees in the left-bank local U. pumila population on
development time was described by a polynomial model with a determination coefficient of 98.3%. The graphic
representation of this model had a sinusoidal character, and a similar dynamic of left-bank population growth in the
subsequent years was suggested. The dynamic of the number of trees in the right-bank local Asiatic elm population was
described by an exponential model with a determination coefficient of 84.4%, and its graphical representation was
exponential. According to the forecast, by 2020, the number of plants in the right-bank local population of U. pumila can
increase 4-fold in comparison with 2015 while maintaining the current dynamic of population development. Thus, the
created mathematical models adequately described the dynamics of development of both local populations during the last
15 years and predicted their subsequent intensive growth, confirming the initiation and intensification of the invasive
nature of the alien species U. pumila by climatic change in the Steppe Dnieper.
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etal., 2012; Wagner et al., 2017). The consequences of introducing
invasive plant species into phytocenoses are numerous and not only

Penetration of organisms into new territories has long acquired a
global character and often provokes severe consequences for natural
ecosystems, primarily, threatening the conservation of biodiversity at all
levels (Blackburn et al., 2014; Dumalisile & Somers, 2017; Fateryga &
Bagrikova, 2017; Foxcroft et al., 2017). Identification of invasive
species and the ways of their introduction and spreading, implementa-
tion of measures to regulate or eradicate priority invasive species are
today one of the urgent general tasks specified in a number of internatio-
nal documents. The European Convention on the Conservation of Wild
Fauna and Flora and Natural Habitats (Berne, 1979) ratified by Ukraine
in 1999, and the UN Convention on Biological Diversity (1992) ratified
by Ukraine in 1994 call for the prevention of invasions, control or
destruction of those alien species that threaten ecosystems, habitats,
groupings and species.

In view of the above problem, the attention of researchers is attra-
cted by the significant rate of degradation of the natural phytocenoses
due to constant invasion of alien plant species in the natural commu-
nities (Py3ek and Richardson, 2006; Chytry et al., 2009; Richardson &
Rejmanek, 2011; Vila et al., 2011; Kowarik & Py3ek, 2012; Pysek
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ecological (Lockwood et al., 2006; Abramova, 2012), but also econo-
mic (van Wilgen et al., 2001; Olson, 2006) and social (Pimentel et al.,
2005; Olson, 2006). The economic consequences of invasions, directly
caused by human economic activity, usually lead to financial losses (de
Lange et al., 2010). Social consequences mainly affect human health
and safety, as well as the quality of life in general (Lykholat et al.,
2016); cultural heritage and other aspects of the social order (Marbuah
et al., 2014). Thus, alien species damage agriculture (Pratt et al., 2017)
and forestry (Borisova, 2016), negatively transform the functioning of
urban ecosystems and adversely affect human health by becoming a
source of allergies and other diseases (Guzzetti et al., 2017; Pismarkina
& Silaeva, 2018).

Alien species displaced by human activity beyond their native
geographical range (Blackburn et al., 2014), behave differently in their
new habitats. Some of the aliens quickly drop out of plant communities,
others capture a significant part of the new territory, beyond which they
do not or very rarely venture, others acclimatize, naturalize, displace the
native species, and even take their place in the natural plant communi-
ties. Thence, invasive alien species are rightly considered the second
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most important threat to biodiversity after the destruction of habitats.
Habitat transformed under the influence of invasive species creates
opportunities for the manifestation of aggressive qualities of those native
species that can change their range, moving northward or appearing in a
favourable environment for them in the urban phytocenoses and in
private plots as well. Therefore, studies of the transformation of biologi-
cal diversity (Nazarenko et al., 2018) and the geography of invasions
(Maslyakov & Izhevsky, 2009; Lykholat et al., 2017; Pismarkina & Si-
laeva, 2018) are critically important. One of the key aspects of study of
invasions is their quantitative assessment to determine the effect of
different stages of invasion from species penetration (introduction) to
the time when direct environmental impact occurs (Rouget et al., 2016).

The highest concentration of alien and invasive plant species is
observed in urbanized areas (Trentanovi et al., 2013; Baranova & Bralgi-
na, 2015; Baranovski et al., 2017), where the invasive processes mani-
fest themselves specifically, differing from invasions in the natural com-
munities (Gaertner et al., 2017). The variety of immigration paths for
plants and their sprouts, the large number of disturbed habitats, high
mobility of the human population and many similar factors lead to the fact
that urbanized territories become the plots for the emergence of plant
invasions and their further settlement (Fuentes et al., 2015; Lykholat
etal., 2017).

Changes in the climatic conditions in the direction of increasing
temperature and aridity that have occurred over the past decades have led
to altered population dynamics of the native plant species (Hou et al.,
2014; Bahguna & Jagadish, 2015; Sperlich et al., 2015; Mech et al.,
2018). However, climate change can affect the likelihood of alien species
invading a territory, as well as their chances of naturalization. In previous
studies, we established the extremely high sensitivity of the autochthonous
(Lykholat et al., 2016a) and alien (Lykholat et al., 2016b) woody plant
species, even to minor fluctuations in the microclimate and illumination in
the Steppe Dnieper. Given the continental nature of the regional climate,
one should expect that strengthening of its aridity traits may be an effective
stimulus in influencing the boundaries of plant species distribution. We sug-
gested the possibility for some plant species to gain advantages for their
survival and spread in the conditions of climatic change over recentt years.
To test the hypothesis, the present distribution of the alien woody plant
species with an early association with artificially created habitats was
investigated. The aim of this work was to identify, assess the current state
and predict the dynamics of increase in the number of plants of alien tree
species Ulmus pumila L. under the conditions of climatic change.

Materials and methods

Study area. Population studies were conducted in 2017 by the field
route method in the territory of the large industrial city Dnipro
(48°28'00” N, 35°01'05" E), which covers an area of 405 km? within
the geographic zone of the Northern Steppe Dnieper. The city of Dnipro
is divided by the Dnieper River into the right and left parts, so two study
sites were selected, respectively, in the right-bank and left-bank part of
the city (Fig. 1).

Considering that most of the research on the impact of climate
change on plants is focused on the effects of temperature increase (Wal-
ther et al., 2009; Bahuguna & Jagadish, 2015), a comparative analysis
of air temperature, precipitation level and number of dry days (relative
humidity below 30%) during the vegetation period of woody plants was
carried out. In this paper, the analysis was based on the data of the
Hydrometeorological Service in Dnipropetrovsk region. Fluctuations in
temperature (Fig. 2a) and in precipitation (Fig. 2b) in the recent years
have been correlated with the climatic norm, which reflects the avera-
ged data of 50 years of observations.

Data collection. The test objects were local populations of alien woody
plant species of Asiatic elm (Ulmus pumila L.),which is of Central
Asian origin and was introduced into the Steppe Dnieper in the middle
of the last century. This species requires a lot of sunlight, demonstrating
rapid growth, and does not tolerate shading. U. pumila plants also are
rather intolerant of wet soil conditions, preferring well-drained soils.
While this species is very resistant to drought and severe cold and is
able to grow on poor soils, its short period of dormancy, flowering in

early spring, and subsequent continuous growth until the first autumn
frosts, makes it vulnerable to the influence of cold.
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Fig. 1. Local populations of alien pies Ulmus pumila L.
in the city of Dnipro: o — investigated sites in the urban areas
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Fig. 2. Fluctuations in air temperature (a) and rainfall (b)
relative to the climatic norm

The urban left-bank local population of U. pumila (48°30'58.5" N,
35°02'46.3" E) was found during a survey of an abandoned construction
site on which piles were heaped and reinforced concrete construction
panels were laid. The site was rectangular in shape with dimensions of
80 x 90 m, and it was covered with herbaceous vegetation represented
by ruderal-steppe and ruderal-meadow species of plants. The pipes of
the heating main were located along the two sides of the plot, and the
other two sides adjoined steep slopes. The local population of U. pumila
contained a large number of young trees of different ages, dispersed
across the abandoned construction site. Adult, artificially planted plants
of Asiatic elm were discovered outside the site at a distance of more than
50 m, which indicates the seed origin of the young plants of U. pumila.
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The urban right-bank local population of U. pumila (48°26'07.9"
N, 35°02'07.8" E) was identified on a site with unfinished construction
on the territory of Gagarin Park. The size of the plot was about 80 x 70
m; the original soil cover (ordinary chernozem loam moderately low
humus content, or Calcic Chernozem in WRB) was anthropogenically
transformed due to the laying of concrete slabs at a depth of 5 to 20 cm,
as well as due to the presence of construction debris. The different-aged
young plants of Asiatic elm were spaced at a distance of 50 to 120 m
from a single adult 50-year-old tree, which could potentially be the
parent plant. This circumstance is a convincing proof of the seed origin
of the local population of U. pumila on the plot in Gagarin Park.

In the left-bank and right-bank local populations, 100 young
different-aged plants of Asiatic elm were randomly selected throughout
the site. For each of U. pumila trees, the age, tree height, tree stem
diameter at the level of 1.3 m, as well as the diameter of the root collar
of the stem were measured.

Data analysis. The invasive status of U. pumila was determined in
accordance with the generally accepted interpretation (Blackburn et al.,
2014) as the ability of the species to form the populations of seed origin
at a considerable distance from the parent plants.

In modern scientific research, mathematical modeling is used to
study systems of varying complexity and nature, including biological
ones. Simulation is carried out to achieve one of two purposes: either to
predict the behaviour of various objects, or to optimize their functioning
(Zamin et al., 2013). Since the models of prediction of species propa-
gation are standard instruments in environmental studies used to solve a
number of applied and conservation-related problems (Hanspach et al.,
2010), we applied a standard approach. For this, the regression analysis
methods implemented in the Excel and Statgraphics Centurion space
were applied. The use of regression allows us to display the relationship
of two variables in an analytical expression, to select a model with the
best approximation of the data, and to make a prediction about the
dependent variable (Frye, 2013). In our study, a forecast was carried out
on the possible growth in the number of plants in the local populations
of U. pumila at the study sites until 2020.

Results

The local population of young U. pumila, found in the left-bank
part of the city of Dnipro on the abandoned construction site, was repre-
sented by trees of different age status and the morphometric parameters
aswell (Table 1).

Table 1
Morphometric parameters of plants
of the U. pumila left-bank local population

Tree age, Numberof ~ Tree height, Rootcollar  Stem diameter,
year trees, % of total m diameter,cm  cm(@1.3m)
4 4 06-15 06-25 02-09
5 14 08-30 13-55 04-14
6 23 14-34 14-40 09-19
7 10 14-41 12-45 04-25
8 15 14-35 25-6.0 06-25
9 20 15-35 25-100 06-46
10 3 18-20 35-55 10-20
11 11 31-180 40-300 18-126

The largest part of the left-bank local population of Asiatic elm was
composed of trees that are in the age range from 5 to 9 years.
Morphometric indices of the young plants in the local population of
U. pumila varied in a fairly wide range, which may reflect differences in
growing conditions. Here we can talk about the unevenness of anthro-
pogenically transformed soil conditions, the influence of the heating
main and other factors. For instance, it was established that a group of
young trees of U. pumila, represented for the most part by 11-year-old
plants, grew in close proximity to concrete slabs laid on the abandoned
building site (Fig. 3).

Thus, the local population of U. pumila young plants found on the
abandoned building site in the left-bank part of the city of Dnipro had a
seed origin and was formed over the last 12 to 15 years at a considerable
distance from the potential parent plants, which indicates the invasive

nature of the population. Since the most important stage of this study
was to predict the further development of the invasiveness of alien
species, the obtained results were used to create a mathematical model
of the invasion process in the local populations of U. pumila during
conditions of change the regional climatic conditions.

Fig. 3. Growth of the young trees of U. pumila
in the left-bank local population

The analytical dependence of the number of young plants of
U. pumila on the time, during which the trees in the left-bank local
population had been growing on the construction site, was described by
the following equation:

y=0,1063x - 1281,8C +6 - 1054 -2 - 10'%¢ +
+3-10%¢ -2 10" +7- 10" (R*=98.3%),

where, y is the number of plants (a specimen); x — study period (year).

Several different types of simple regression models (linear,
polynomial, and logarithmic) were created, but they had a very low
degree of data approximation. Of these, the polynomial model has
revealed acceptable statistical estimates that allow predicting the
development of invasiveness of the alien species Asiatic elm, provided
that the current trends of climate change are maintained, in particular if
the air temperature rises compared to the climatic norm. The graphic
representation of the proposed polynomial model of the dependence of
number of the trees on the formation time of the left-bank local
U. pumila population has a sinusoidal character (Fig. 4).
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Fig. 4. Empirical and theoretical distribution of number of the trees by

the years in the left-bank local population of alien species U. pumila:

the thin solid line is empirical data, the thick line is a theoretical curve,
and the discontinuous line is a predicted curve

The creation of this graphic model was based on the assumption
that during the two years preceding the year of research (that is, in 2015
and 2016), the number of young plants in the left-bank local population
of U. pumila continued to increase, in other words, the tendency to
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increase in the invasiveness of the alien species persisted. The young
trees of Asiatic elm on the abandoned construction site in the right-bank
part of the city of Dnipro (the territory of the Gagarin Park) formed
dense thick thickets of seed origin, in which the plants” density reached
alevel of 11,875 pieces « ha™,

The age of the Asiatic elm young plants that formed the right-bank
local population ranged from 2 to 13 years. The wide range of variabi-
lity of height and stem diameter of U. pumila young plants was revealed
during the survey of the right-bank local population in the Gagarin Park
(Table 2).

Table 2
Morphometric parameters of plants
in the U. pumila right-bank local population

Treeage,  Number of trees, Tree Rootcollar  Stem diameter,
year % of total height, m  diameter,cm  cm(at1.3m)
2 10 24-54 18-20 04-06
3 26 51-69 20-23 05-0.7
4 10 6.7-9.0 20-24 06-09
5 16 32-49 12-22 08-14
6 10 6.0-7.2 28-39 12-20
7 6 40-46 38-55 28-40
8 5 68-7.3 6.8-78 6.8-73
9 4 6.2-65 72-80 63-69
10 4 65-6.9 78-84 68-75
11 4 57-66 138-155 95-112
12 3 91-98 165-18.0 115-126
13 2 89-93 210-225 122-125

Young plants aged from 3 to 5 years constituted the dominant
group in the right-bank local population of Asiatic elm on the site with
unfinished construction in the Gagarin Park. The obtained results testify
to intensive development of the right-bank local population during the
last 15 years preceding the research. The revealed dynamics of develop-
ment of the young plants’ local population indicates a progressive
character of the population and confirms the invasive status of the alien
species U. pumila.

The results of the study were used to create a mathematical model
for the development of the right-bank local population of U. pumila.
Various regression models were used to find the analytical expression
of the dynamics of the invasive process in the local population of the
alien species on the site in Gagarin Park. In comparison with other types
of regression models (linear, polynomial, logarithmic, and others), the
exponential model revealed acceptable statistical estimates. This model
allowed us not only to get an idea of the dynamics of the number of
Asiatic elm plants, but also to predict the development of invasiveness
in the case of the current trends of climate change.

The analytical dependence between the number of young plants of
seed origin in the right-bank local population of U. pumila and the time
of population development was described by the following equation:

y = exp (0.266653*x — 533.977) (R? = 84.4%),
where, y is the number of plants (a specimen); x — study period (year).

The mathematical model calculated for the right-bank local populati-
on of Asiatic elm has a high coefficient of determination (84.4%) and ade-
quately approximates empirical data with a significance level (P < 0.001).

The graphic representation of the proposed model, describing the
dynamics of the development of U. pumila local population on the site
in Gagarin Park, was of an exponential nature (Fig. 5).

According to the created mathematical model, the number of the
young plants of seed origin in the right-bank local population of Asiatic
elm on the territory of Gagarin Park tends to increase up to 2020 inclu-
sive. The forecast was made that in 2020 the local population of the alien
species U. pumila on the site with unfinished construction in Gagarin Park
will increase 4 times in comparison with 2015, 15 times in comparison
with 2010, and more than 50 times in comparison with 2005.
Discussion

The specific feature of the Asiatic elm is that the phenological
phases of tree flowering and seed formation occur in early spring, and
that the seeds have a very short life span. Like recalcitrant seeds of other
plant species, seeds of U. pumila lose their ability to germinate after a

few months in the open air (Copeland & McDonald, 2012). Conse-
quently, the abundant appearance of U. pumila young plants of seed
origin could be due to the favourable climatic conditions for the
germination of seeds, the rapid growth of seedlings and the successful
wintering of young plants. It follows that the necessary conditions for air
temperature, relative humidity and other climatic factors should have
been present in the area of research at a time when the local populations
of U. pumila began to form, that is, in the last 15 years.
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Fig. 5. Empirical and theoretical distribution of number of the trees
by years in the right-bank local population of invasive alien species U.
pumila: circles are empirical data, the thick line is a theoretical curve,

and the discontinuous line is 95% confidence interval

Analysis of temperature curves (Fig. 2a) allows us to state that over
the previous years, an excess of the temperature norm was observed
during the periods corresponding to the beginning and the end of the
Asiatic elm plants’ vegetation. It is likely that this rise in air temperature
could have played a key role in initiating the invasion of alien species
U. pumila and the formation of both local populations on the abandoned
construction sites found simultaneously in two different parts of the city
of Dnipro. Our conclusion is supported by the results of an experiment
with 8 different species of shrubby and herbaceous plants, which
showed that the most common response to the effect of warming was
the acceleration of spring growth (Prieto et al., 2009).

Comparison of the graphic model of the Asiatic elm invasion process
in the left-bank local population with the meteorological data given above
(Fig. 2b) allowed us to conclude that the increase or decrease in the num-
ber of young plants of seed origin coincides, respectively, with the increa-
se or decrease in the amount of precipitation during the growing season.
Obviously, the functional traits of plants that determine the development
dynamics of the U. pumila left-bank local population were more sensitive
to the moisture of the environment, including anthropogenically transfor-
med soil on the site. Similar conclusions were made in studying the
relationship between leaf anatomy variations and local climatic conditions;
it was found that an approach that focuses on the functional traits of plants
can be an effective modeling tool for assessing the potential consequences
of climate change impacts on plant communities (Ksteret al., 2011).
These assumptions are consistent with the data (Zamin et al, 2013; Lind-
ner et al., 2014) on the high level of influence of both rainfall and tempera-
ture on forest development.

Thus, the tendency for the increase in invasiveness, common to
both local populations of alien species U. pumila, was found to differ in
the nature of its manifestation due to the soil and microclimatic
conditions of the given urbolandscape. The growth in the number of
young plants of seed origin in the left-bank local population of Asiatic
elm has positively correlated with the amount of precipitation during the
vegetative period, together with an increase in air temperature relative to
the climatic norm. With regard to the right-bank local population of
U. pumila, we should expect an exponential growth in the number,
provided that the current trends of climate change continue. Differences
in the dynamics of two local populations of one species, located in
different microclimatic and soil conditions, do not contradict the data of
other authors. According to a report (Hanspach et al., 2010), generalized
linear models created using data on the distribution of the European
plant species and climatic parameters had different levels of reliability.
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The reason for this, according to the authors, was the dependence of the
reliability of the model on the functional characteristics of plants, as well
as the effect of ecology of the species.

At the same time, our study reflected the common problems that ac-
company the use of simple predictive models to assess the effects of
global phenomena, and which are are inevitable at the moment. So, accor-
ding to Prieto et al. (2009), extrapolation of the consequences of global
climate change to plant phenology is fraught with difficulties and inaccu-
racies, since various combinations of environmental factors occur simulta-
neously. Hanspach et al. (2010) take a similar view, believing that when
creating temporal or spatial predictions, uncertainty is inevitable, and pre-
diction errors can depend not only on the quality of the data and on the
modeling algorithm used, but also on the different characteristics of the
Species.

Conclusion

Local populations of Asiatic elm found during the route surveys had a
seed origin, were at a considerable distance from the potential parent adult
trees, and consisted of young virgin and generative plants. It has been
established that the number of the young plants in the local populations
has been steadily increasing during the last 10-15 years, demonstrating the
invasive nature of the alien species U. pumila. Mathematical models of the
local population’s dynamics in two different ecotopes confirm the increase
in invasiveness of the alien species and predict the preservation of this
trend in the subsequent period of development of local populations of
U. pumila under the influence of climatic changes in the teppe Dnieper.

This work was carried out with the support of the State Fund for Fundamental
Research of the Ministry of Education of Ukraine (Grant No. F76/103-2017).
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