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ABSTRACT

This study focuses on the influence of motor transport on various indicators of park ecosystems and Taraxacum
officinale Web., as well as on their applicability to the bioindication of the urban environments in the largest mega-
lopolis of Ukraine, namely, Kyiv. Our investigations were carried out in 14 park ecosystems exposed to different
levels of aerotechnogenic loading: low pollution level in Pushcha-Vodytsya (park) and outskirts, average pollution
level alongseven roads with medium traffic and high pollution level along eight highways. Pollen indication, integra-
tion and statistical methods were used to identify the most sensitive indicators of the impact of air pollutants. The
aim is to assess the impact of vehicle emissions on the state of park ecosystems in the metropolis using bioindication
and GIS technologies. The effects of air pollution on green infrastructure at the level of cells, organisms, groups and
ecosystems in time and space are revealed. Under the influence of aerotechnogenic pollution, there is a deteriora-
tion of trees, their drying, defoliation of crowns and deterioration of integral indicators of park ecosystems. Using
QQIS (Free open source geographic information system, version 3.12.3 , Bucuresti”, May 15, 2020), we have created
maps for the spread of air pollutants. The highest levels of air pollution and damage to parks were concentrated in
the central part of the city with dense buildings and near heavy traffic roads. The average daily maximum allowable
concentration (MAC) of phytotoxicants exceeded 1.5 MACa.d. and depended on the terrain and directions of the
prevailing winds. We registered degradation of the megalopolis ecological state by 19.3% for 7 years.
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INTRODUCTION 2021a). Aerotechnogenic pollution of the environment

through rapid urbanisation that has led to increase in the
In cities, air pollution is one of the main problems that number of vehicles is one of the strongest factors inhibit-
affect the biological systems and the quality of residents’ ing the development of green infrastructure in the city

life (Lavrov et al. 2019; Jaung et al. 2020; Lavrov et al. (Fuller and Quine 2016; Ferreira et al. 2016; Celebi and
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Gok 2018; Grodzinskaya et al. 2019; Vacek et al. 2020).
The negative human impact is manifested in changes in
physiological processes, restructuring of links and food
chains, destruction of biotic groups, changes in function-
ing, degradation of natural biotopes and global changes
in landscapes and climate (Cuinica et al. 2014; Azzazy
2016; Livesley et al. 2016; Pietras-Couffignal and Roba-
kowski 2019). The area of contact and intensive gas ex-
change with the environment cause high sensitivity of
plants to various pollutants (Cuinica et al. 2015; Livesley
et al. 2016; Vieira et al. 2018). The most dangerous for the
green areas of cities are excessive concentrations of aero-
phytotoxicants NH;, NO, (mixture of gases NO, NO,,
NO,), SO,, formaldehyde, phenol, soot and heavy metals.
Their sources of entry into the environment are industrial
enterprises and motor transport (Nikolaevsky 1998; Mi-
roshnyk 2018; Rao et al. 2014; Nowak et al. 2014; Vacek et
al. 2020). Air phytotoxicants cause leaf burns, disruption
of physiological processes in plants, toxic and teratogenic
effects. Emissions from vehicles make up the bulk of all
emissions into the atmosphere of megacities (especially
NO,, CO). They enter the air in the surface layer, which
reduces their scattering by winds and poisons most liv-
ing organisms. The presence of narrow streets and tall
buildings is an obstacle to scattering and also contributes
to the accumulation of harmful air pollutants in urban air
in the breathing zone of pedestrians and greenery (Piet-
ras-Couffignal and Robakowski 2019; Voordeckers et al.
2021). Accumulating in the surface layer of the atmos-
phere, some components of exhaust gases are involved in
photochemical reactions (Kiptenko and Kozlenko 2016;
Livesley et al. 2016; Vieira et al. 2018; Vacek et al. 2020)
and cause significant damage to plants and humans. Air
in cities is characterised by high dynamism due to the
movement of air masses in the horizontal and vertical di-
rections. Low car operation indicators, fuel quality, road
density and throughput also contribute to increase in air
pollution, which leads to reduced speed, congestion and
increased emissions of pollutants (Klebanova and Kle-
banov 2011; Van Wittenberghe et al. 2012). Air pollutants
settle on the surface of soils and plants, and thus enter
the trophic chains (soil-plant—animal-human) (Cuinica
et al. 2014, 2015; Livesley et al. 2016; Leghari et al. 2018;
Grodzinskaya et al. 2019).

In Europe, North America and China, tree spe-
cies, herbaceous, including Taraxacum officinale Web.,
are used as indicators of the state of urban environ-

ment (Leghari et al. 2018; Martines 2018; Zajecka and
Swiercz 2021). In studies of the impact of air pollutants
and heavy metals on the environment, various plant in-
dicators are used, in particular, palynoindication (Cui-
nica et al. 2014, 2015; Ivanchenko and Bessonova 2016;
Leghari et al. 2018; Petrushkevych and Korshykov
2020; Mazura et al. 2020; Bessonova and Sklyarenko
2020), life status of plantations (Nock et al. 2013; Vieira
et al. 2018; Rybakova and Glazunov 2020; Vacek et al.
2020; Jaung et al. 2020), the level of defoliation of the
crown (Vacek et al. 2020; Miroshnyk 2018), leaf damage
(chlorosis—necrosis) (Miroshnyk 2018; Pietras-Couffig-
nal and Robakowski 2019), changes in anatomy, con-
tent and ratio of photosynthetic pigments (Ivanchenko
and Bessonova 2016; Suskalo 2018), enzymes (Suskalo
2018) and other physiological processes. The correla-
tion between the concentrations of NO,, SO, and the
number of passing cars and defoliation of trees (Vacek
et al. 2020) have been established. The relationship be-
tween the impact of distance to the highway, damage to
the leaves of woody plants and the degree of defoliation
of crowns (Miroshnyk 2018; Rybakova and Glazunov
2020; Vieira et al. 2018; Vacek et al. 2020) have been es-
tablished too. An increase in the impact of motor trans-
port with the approach from rural areas to large cities
has been identified (Monok et al. 2020; Ferreira et al.
2016). Impact of soil pollution by heavy metals on veg-
etation in parks have been associate with the number of
cars on the roads (Kijewska et al. 2016; Khan et al. 2016;
Ali et al. 2017; Gasiorek et al. 2017; Mazura et al. 2020).
Air pollutants in the concentration from 1 maximum al-
lowable concentration (MAC) and above cause necrosis
on the leaves, reduce the linear growth of shoots, reduce
the age of needles in conifers, shorten the life of trees
(Nikolaevsky 1998; Polyakova and Gutnikov 2000;
Vieira et al. 2018; Rybakova and Glazunov 2020) and
destroy the pigment complex of plants (Ivanchenko and
Bessonova 2016; Mazura et al. 2020; Pietras-Couffignal
and Robakowski 2019). Therefore, for plants, normali-
sation of the content of air pollutants is lower than for
humans (Nikolaevsky 1998; Furdychko et al. 2008).
Hazard indexes (HIs) of pollutants have been stud-
ied in 11 parks in Pakistan (Khan et al. 2016) and in
Kyiv, where the concentration of heavy metals in soils
increases with increasing traffic intensity (Grodzins-
kaya et al. 2019). The quality and characteristics of tree
seeds have significantly deteriorated with the increase
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in the number of vehicles (Aliyar et al. 2020; Vacek et
al. 2020). Results of 18-year monitoring of Larix de-
cidua Mill. and Picea abies (L.) Karst. in the zone of
influence of the highway with a load of 9000 cars per
hour showed a significant inhibition of growth of stands
in height, trunk diameter and crown parameters (Ryba-
kova and Glazunov 2020; Vacek et al. 2020).
Possibilities of using a geographic information sys-
tem (GIS) for the analysis of pollutant emissions into
the atmosphere from transport are considered (Lee et
al. 2006; Khan et al. 2016; Zak 2017). The high level of
air pollution in Kyiv as one of the consequences of ur-
banisation poses a threat to public health and the natural
environment. The main source of air pollution in Kyiv
is motor transport — 86% of emissions or 144.3 thousand
tons per year (Kiptenko and Kozlenko 2016; Ecological
passport 2020). In 2019, 22.3 thousand tons of pollut-
ants and greenhouse gases or 26.7 tons per 1 km? were
released into the atmosphere of Kyiv. Also, 7.5 kg of
pollutants were emitted per person in the city. The high-
est level of air pollution (2.0 MAC and above) with phy-
totoxicants NO,, SO,, formaldehyde, and heavy metals
causes a catastrophic state of street greenery (necrosis,
leaf dechromation, significant defoliation of the crown,
drying of trees). The total emissions of the most dan-
gerous substances for park plantings in the air of Kyiv
in 2019 were: dioxide and other sulphur compounds
— 12.6 thousand tons, nitrogen oxides — 31.9 thousand
tons and dust — 7.5 thousand tons. The general level of
air pollution in Kyiv is estimated to be more (Ecologi-
cal passport, 2020). Soils with heavy metal content are
highly contaminated (Grodzinskaya et al. 2019). Thus,
air pollution in the metropolis has become one of the
most important problems, as the man-made load on the
city’s ecosystems has a dangerous rate and form. The
climate of the metropolis contributes to the negative im-
pact of air pollution on urban ecosystems, biodiversity,
comfort and public health. Ecological and microclimat-
ic zoning of Kyiv urban area indicates climate change
(decrease in humidity, increase in temperature inside
the city compared to its surroundings [about 5°C]) and
the formation of temperature inversions and prevailing
winds, typical for megacities — dominated by southern
(17.4%), northern (16.8%) and western (16.7%) winds.
Northwest and southwest winds have an average of 11%
(Shevchenko and Snizhko 2008; Weather archive). An-
nual amount of precipitation decreased by ~10%. Due

to the effect of climate decontinentalisation in the 20th
century on the territory of Ukraine, in particular, sig-
nificant warming in the summer months (July—August)
has been proved, and over the last 45 years, there has
been a significant decrease in precipitation by ~15% in
April-May and July (Boychenko et al. 2017). Bioindica-
tion studies in the anthropogenic load gradient of Kyiv
were performed (Rabosh and Kofanova 2019; Mirosh-
nyk 2018; Mazura et al. 2020). Because greenery is im-
portant for maintaining air quality and microclimate in
cities (Jaung et al. 2020; Jin et al. 2021; Wei et al. 2021),
it is important and necessary to comprehensively study
the viability of park ecosystems (PEs) under anthro-
pogenic pressure. That is why we chose Kyiv city — as
a landmark — because it is the largest city in the country
with a population of 3 million people. However, there
have been no comprehensive studies using a variety of
integrative bioindicators and reflecting the impact of air
pollution from motor transport. Therefore, the purpose
of the study was to assess the impact of vehicle emis-
sions on the state of PEs in the metropolis (Kyiv) using
bioindication and GIS technologies.

MATERIAL AND METHODS

PE was investigated in 2018—2020 on the Kyiv territory.
The state of PE was assessed with the principles of com-
parative ecology (Anuchin 1982). The spatial structure,
species composition and sanitary condition of the stand
by tiers were studied on temporary trial plots (TPs) (not
less than three TPs in each ecosystem, area 0.2—0.6 ha)
in the middle-aged and ripening plantations (Anuchin
1982; Monitoring and increasing the resilience of an-
thropogenically disturbed forests 2011; Sanitary rules
in the forests of Ukraine 2016). The degree of damage
for mixed stands was assessed by the weighted index of
stand state (/) of the first tier (Monitoring... 2011):

ky(ng+ny+...+n)+
thky(n,+ny+...+n)+ ...+
+ks(n,+ny+...+n)
N

Is= 1

where:
I — the stand state index,

ki—k¢ — the category of trees state (from I to VI) (Sani-
tary rules in the forests of Ukraine 2016),
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g, Ny, ..., n; —the number of different tree species in
one state category, individuals,

N — the total number of evaluated trees in the
TP, individuals.

Stands with an index of 1.00-1.50 were considered
healthy (no damage), 1.51-2.50 (weak damage) weakened,
2.51-3.50 (average damage) severely weakened, 3.51-4.50
(severe damage) wilting and 4.51-6.00 (the damage is
very strong) dead (Monitoring and increasing the resil-
ience of anthropogenically disturbed forests 2011).

The names of the families are given according to
the system of Takhtajan (2009). The grass tier non-na-
tive plant index (/,,) was established as a share of alien
plants from the total number of species on the TP. To
assess the a-diversity of plants, we used index of Shan-
non’s diversity (Magurran 2004):

H =—=3(P; x LnP,) @

where:

the relative number of species or guilds P; = N/N,

N; — the number of each species,

N —id the total number of individuals (number of indi-
viduals per hectare).

Pollen indication was performed according to 7. of-
ficinale (L.) Weber ex F.H. Wigg because it is an unpre-
tentious plant that grows in many habitats of the city. For
the study, 7. officinale pollen was taken at the stage of
mass flowering. Considering that fertile and sterile cells
of pollen differ in starch content, the quality of pollen
was determined by the iodine method (Gram staining)
(Pausheva 1980). All pollen grains without typical signs
of morphological structure (i.e. everything except nor-
mally developed ones) were considered teratomorphic
(Dzyuba 2006). Laboratory studies were carried out us-
ing a Nikon ECLIPSE E100 microscope and a Canon
DS 126291 camera. Biometric sizing of 7. officinale
pollen grains was made in the AxioVision program at
a magnification of 40x in micrometres.

Pollen sterility (S) was calculated using equation (3):

S=

x 100% 3)

where:
G — the amount of sterile pollen (pieces),
N — the amount of pollen being examined (pieces).

The mean error was calculated as:

- / S x (100 — S)
m=+ — C))

The sterility index (S, %) was translated into a sin-
gle dimensionless system of conditional indicators of
damage (CIDs) of biosystems according to Kudryavska
and Dychko (2013).

Sr al = S, m
CID = ‘ eal co f| (5)
‘Scrit - Scomf|
where:
CID —a conditional indicator of damage caused
by adverse environmental conditions for

each PE,

Seomp Scrit — the experimentally established values of
sterility (S, %) in comfortable and critical
conditions for the organism, respectively,

Steal — the value in the studied PE.

This approach makes it possible to perform an in-
tegrated assessment of the environment and determine
the levels of environmental hazards to humans and bio-
ta (Kudryavska, Dychko, 2013). If the sterility of 7. of-
ficinale pollen is less than 30% (CID < 0.30), the level
of damage is characterised as below average and the
category of territory on a toxic—mutagenic background
is ‘safe’, with possible self-healing of biological systems
after exposure to adverse factors. At CID = 0.31-0.69,
the level of damage of the phytoindicator is above aver-
age and the category of ecological safety of the territory
is ‘Dangerous’; at CID > 0.70, the state of damage of
the bioindicator is defined as high and the category of
ecological safety of the territory on a toxic—mutagenic
background is ‘Extremely dangerous’ (Kudryavska,
Dychko, 2013).

The indicator of teratomorphism (7' + m, %) was
used as an additional criterion for assessing the state of
the atmosphere:

T =t/N x 100% 6)

where ¢ is the number of teratomorphic pollen grains
(pieces).

The average values of the characteristic (M) and
the coefficient of variation (') were calculated. Varia-
tion of the trait was considered weak at V' < 11%, me-
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dium at V' = 11%-25% and strong at V' > 25% (Zaitsev,
1990).

We proposed an integral indicator of the impact
significance (W), which reflects the state of PE depend-
ing on the type of anthropogenic impact and trends in
changes (eq. 7):

(Z,": 1RiSi) (Z';: |RiCj)

W= (7
nxm

where:

R — the score of the state by a single dynamic indi-
cator,

S — the score of trends in changes by a single indi-
cator,

C — the score of other environmental indicators,

j
n =8 —the number of estimated dynamic indicators,

m =2 —the number of other indicators (Lavrov et al.
2021b).

The following environmental indicators (C)) were
assessed:

1) in the presence of visual signs of grass tier digression,
to characterise the integrity of the ecosystem and
tiers — projective grass cover (C)): up to 30% of the
test area — 1 point, 30-50% — 2 points, more than
50% — 3 points;

2) in the presence of seedlings of major and associated
tree species, to assess the ability of the stand to nat-
ural regeneration (C,): the number of reliable seed-
lings and undergrowth plants: up to 10,000 pieces
per 1 ha — good (3 points), to 5000 pieces per 1 ha
— satisfactory (2 points), up to 3000 pieces per | ha
—weak (1 point), absent (0 points).

The index of structural diversity of PE (H,) was
calculated according to Lavrov et al. (2021b). To obtain
a complete picture of the natural value of an individ-
ual PE, we aggregated these estimates of the PE state
through the integral natural value index (Inv) (eq. 8):

Inv=Wx H.

str

x I/, @®

where:

W —the integral indicator of the impact significance,
I, —the index of the stand state,

H, —the index of structural diversity in PE.

We calculated the size of the class interval for the
indices by equation (9) (Zaitsev, 1990):

(Xmax - Xmin) X 1g2
IlgN

W= )

where:

Xax — the maximum value of the index,

Xpnin — the minimum value,

N —the sample size corresponding to the number of
index values within the interval (min —max).

The level of air pollution of the metropolis from ve-
hicles was determined on the basis of the calculation
presented in Methods for determining vehicle emis-
sions for summary calculations of urban air pollution
(1999) using the service videoprobki.ua and own videos
of traffic. The road load (number of cars per hour) and
the average daily amount of emissions of harmful sub-
stances (NO,, hydrocarbons [C,H,,], soot (C,H), SO,,
lead compounds and formaldehyde, mg/m?) were calcu-
lated. On the territory of Kyiv, 14 monitoring points of
the main highways near PEs were selected, taking into
account the distance from the roadside to the beginning
of the park, road width, number of lanes, car speed and
prevailing wind directions (Weather archive). Also, two
points were calculated for better coverage and model-
ling — 19k, 20k (3.n = 16) (Fig. 1).

The hazard factors of air pollutants were deter-
mined by equation (10):

HQ = Ci/S;, (10)

where:

HQ — the hazard quotient,

Ci —the average concentration of the i-th pollutant
(mg/m’),

Si  —the MAC of the i-th pollutant in mg/m? (Environ-
mental Protection 2005).

MAC:s of air pollutants were established by Ukrain-
ian legislation as the reference value for the national
criteria (Order of the Ukraine ministry 2020). Cumula-
tive risk, that is, the probability of developing a harmful
effect due to the simultaneous entry of chemicals with
a similar mechanism of action into living organisms by
all possible routes (Environmental Protection 2005),
was determined using the HI; for conditions of simulta-
neous entry of several substances in the same way (e.g.
from air pollution),
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Figure 1. Location of observation and measurement points, relief and altitude, where: 1 — park named after Pushkin,

2 — Mariinsky park, 3 — Syretsky park, 5 — Pushcha-Vodytsya (park), 6 — NBG named after Hrishko, 7 — Lysa Mountain,

9 — Nyvky park, 10 — Peremoha park, 12 — park of Partisan Glory; 14 — Park of Eternal Glory, 15 — Babyn Yar, 16 — Feofania
park, 17 — park DSHK, 18 — Holosiivskyi NNP, 19c — Camera 19, 20c — Camera 20. 4, 8, 11, 13, points did not have cameras;

NNP — national nature park

HI =Y HO, (1)

where HQ; is the hazard quotient for individual pollut-
ants.

The data were statistically evaluated following the
method of Zaitsev (1990) and using Statistica 10, Mi-
crosoft Excel. To build a map of the city, we used a GIS
package Golden Software Surfer 19.2.213 with the
method of kriging and QGIS 3.16.3. The data were ex-
amined for normality using the Student’s #-test (P-value
0.95).

Resutts

Kyiv is the largest city, capital, industrial, scientific and
cultural centre of Ukraine, located in the centre of East-
ern Europe, in the north of Ukraine and on the border
of Polissya and forest-steppe zone on both sides of the
Dnipro River. The area of the city is 836 km?, including
the green zone (460 km? or 55%), water areas (62 km?,
7%), artificial urban ecosystems (314 km?, 38%) and
built-up lands of the city (364.0 km?, 43.5%) (A re-
gional report..., 2016). The territory of Kyiv is charac-

terised by a complex relief, in the conditions of which
air masses with a high concentration of pollutants are
formed (Fig. 1). Most of the city lies on the high right
bank of the Dnipro, and the Kyiv plateau is cut by a net
of ravines (Babyn, Voznesensky, Protasov and others).
Characteristic forms of the relief on the right bank are
mountains-remnants. The smallest part is on the lower
left bank of the Dnipro. The lower parts of Kyiv (left
bank) correspond to the water level in the Dnipro and
make up about 92 m of the altitude (Ecological pass-
port, 2020). On the right bank of Kyiv, the height above
the sea level is about 144—181 m and above (Fig. 1). The
city has a powerful system of green infrastructure and
objects of the natural reserve fund.

The system of ecological indicators of the PE state
is built on the basis of indicators of the state of PE (/)
and biodiversity characteristics (H, + W), which takes
into account the presence and dynamics of natural re-
generation of the main tier of the stand as an indicator
of natural ecosystem stability. The structural biodiver-
sity index (H,,,) takes into account the presence of forest
and protected species in PE, the presence of old trees,
the density of undergrowth, understorey and so on. The
following values of class intervals were obtained for the
studied PEs (Tab. 1). The ranges of experimentally de-
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Table 1. The value of integrated indices (environmental indicators) of the PE state

21

Index H, W Ic Tny ﬁggcem;zn HI
Very good 247 9.26-12.00 1.00-1.50 >8.67 <0.020 <1.060
Good 221246 6.51-9.25 151250 5.79-8.67 0.021-0.040 | 1.061-2.121
Satisfactory 1.97-2.20 3.76-6.50 251350 2.90-5.78 0.041-0.060 | 2.122-3.181
Bad <1.96 1.0-3.75 3.51-4.50 <2.89 0.061-0.08 3.182-4.242
Very bad - - 451-6.00 - ~0.081 4242

termined concentrations of air pollutants NO, in the air
of Kyiv coincide with those for the urban ecosystem of
Moscow (Bednova et al. 2015) (Tab. 1).

The studied PEs and suburban forests of Kyiv are
formed mainly by deciduous species, less often by
Pinus sylvestris L. In all studied parks with 100% in
the main tent, there are the following species: Fraxi-
nus excelsior L., Tilia cordata Mill., Quercus robur L.,
Quercus rubra L., Aesculus hippocastanum L., Carpi-
nus betulus L., Ulmus laevis Pall., Acer platanoides L.,
Acer pseudoplatanus L., Acer negundo L., Acer camp-
estre L., Acer tataricum L., Populus tremula L., Rob-
inia pseudoacacia L., Juglans regia L. and Juglans
cinerea L. The frequency of occurrence of the species
Tilia platyphyllos Scop., Pyrus communis L., Malus
sylvestris Mill. and Prunus cerasus L was 60%—80%.
The frequency of occurrence 31%—59% was Populus
nigra L., Morus L., Betula pendula Roth., Salix alba L.,
Salix caprea L., Acer saccharum Marshall, Gleditsia
triacanthos L., Ulmus laevis Pall., Ulmus glabra Huds.,
Populus alba L., Platanus x acerifolia (Aiton) Willd.,
Fagus L., Picea L. The frequency of occurrence 10—
20% was Thuja L., Juniperus L. in the studied PEs.

The undergrowth is most often formed by C. betu-
lus L., R. pseudoacacia L., Juglans L., T. cordata Mill.,
Acer L., P. cerasus L., Cerasus avium Moench, Padus
avium Mill., Q. rubra L. and less often by P. sylves-
tris L., Q. robur L., A. hippocastanum L. The under-
storey most often consists of Rosa canina L., Sambu-
cus nigra L., Sambucus racemosa L., Frangula alnus
Mill., Corylus avellana L., Sorbus L., Rubus idaeus L.,
Rubus caesius L., Rhamnus cathartica L. Euonymus
europaeus L., Forsythia Vahl, Crataegus monogyna
Jacq., Viburnum opulus L., Prunus divaricata Ledeb.,
Prunus spinosa L. and Swida sanguinea (L.) Opiz. Less
common in the understorey were the following: Eriphia
verrucosa Scop., Berberis vulgaris L., Syringa vulgaris

L. and Lonicera xylosteum L.; rare species were Spi-
raea japonica L. f., Ptelea trifoliata L., Philadelphus
coronarius L., Crataegus pentagyna Waldst. & Kit. ex
Willd. and Symphoricarpos Blake. Trees affected by
mistletoe (Viscum album L.) were found in 66.3% of the
studied PEs.

Species saturation of the grass tier was 3.0-202.3
pieces/ha (most common were Chelidonium majus L.,
Urtica dioica L., Urtica urens L., Erodium cicutari-
um (L.) UHer., T. officinale (L.), Erigeron annuus (L.)
Pers., Chenopodium album L., Impatiens parviflo-
ra DC., Galium aparine L., Stellaria media (L.) Vill.,
Poa L.; Trifolium L., Polygonum aviculare L., Lamium
L., Xanthium strumarium L., Plantago L., Capsella
bursa-pastoris (L.) Medikus, Senecio L., Ambrosia
artemisiifolia L. and Calamagrostis epigeios (L.) Roth.
(Table 3). The share of nitrophils in the grass tier was
42%—64%. Less than 50% of nitrophils were in PE 5, 9,
10 and 12 (Pushcha-Vodytsya, Nyvky, Peremoha, Par-
tisan Glory parks); in all other parks, more than 50%
of species consisted of nitrophilous stenobionts (most
common were Melandrium album (Mill.), Garcke,
S. media (L.) Vill,, T. officinale Wigg., Asarum europae-
um L., Torilis japonica (Houtt.) DC., Lamium album L.,
Geum urbanum L., Chelidonium majus L., Poa annua
L., I parviflora DC., U. urens L., U. dioica L., Bidens
tripartita L. and C. epigeios (L.) Roth). The non-native
plant index (7,,) was 9%—40%, and it does not depend
on aerotechnogenic pollution. The most common alien
plants were L. album L., A. artemisiifolia L., E. ann-
uus (L.) Pers., I. parviflora DC. and S. media (L.) Vill.
Trees’ mortality rate was 9.5%—40% of the PE planta-
tions. The largest share of dead trees (30%—40%) was
in PE 5, 6, 10 and 16 (Tab. 2). The maximum value of
the Shannon index (H°), more than 3.0, as a generalised
measure of phytodiversity was in PE Pushcha-Vodytsya
park, Victory, Partisan Glory, Feofania park and DSHK
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park. All other values of H” were less than 3.0 (64.3%
of the studied PE) and showed a small degree of phy-
todiversity of the grass tier. The sanitary condition of
the main tent trees was weakened and severely weak-
ened (Tab. 2). According to the integral indicator of the
impact significance (W), 50.0% of PEs were in criti-
cal danger and 35.7% were in a threatening condition.
Only two PEs (14.3%) were in the group of ‘vulnerable’
(NBG named after Grishko, Babyn Yar), which, due to
the large area and sufficient closure of the plantation
tent, had more than three tiers and a high biodiversity.
The structural diversity index (H,) was the largest, that
is, the best condition, in the NBG named after Grishko,
park of Partisan Glory and Babyn Yar. According to
Hy,, satisfactory conditions were found in 42.9% (six
parks) and bad conditions in 57.1% (eight parks) of the
parks. The category ‘very good’ was absent among the
studied PEs. The state of the stand (/;) was the largest,
that is, the worst condition of plantations, in PEs Push-
cha-Vodytsya park, park named after Pushkin, Lysa
Hora tract, Victory park, Partisan Glory park and Ba-
byn Yar. Inv, W and tent closure had the same dynam-
ics in the studied PEs. According to Inv, it was ‘bad’ in
four PEs (28.6%), ‘satisfactory’ in 57.1% of the studied
parks (eight parks) and ‘good’ in 14.3% of the parks (two
parks; NBG named after Grishko and Babyn Yar). By
the gradient of Inv, growth and increase in the natural
values of parks were PE 14,2, 1, 10, 3, 5, 12, 7, 9, 16, 17,
18, 15 and 6 (Tab. 2). The last three PEs were large for-
ests with partial recreational human impact and a large
buffer capacity of ecosystems, which explains their high
coefficient of natural value. The load of highways was
significant (maximum 7161.0 cars per hour in the city
centre near the park named after Pushkin and Nyvky
park). Sums of average daily concentrations of aerial
emissions from cars were in the range 0.053—0.216 mg/
m? (Tab. 2). The difference in concentrations between
the most and the least polluted areas of the city reached
four times by the amount of air pollutants from vehicles,
mg/m> — 0.051 (Pushcha-Vodytsya park)/0.216 (park
named after Pushkin) — and 8.3 times by the number
of cars — 859.5 (Pushcha-Vodytsya park)/7161.0 cars per
hour (park named after Pushkin).

According to Rybakova and Glazunov (2020), on
one of the largest highways in the European part of
Russia, the load is about 9000 cars per hour (Moscow
Ring Road, Moscow). In the centre of Kyiv, the load

Table 3. Average daily content of air pollutants in the Kyiv park ecosystems
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humans and high load characteristics by NOx was in bold.
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was 21.1% less than on the Moscow Ring Road. Number
of lanes in one direction was one to four. The average
speed of cars was 51.9 km/h and the speed range was
34.6-73.5 km/h. Frequent traffic jams in the city centre
(Mariinsky, named after Pushkin parks), near the Hol-
osiivskyi NNP, the NBG named after Grishko and Lysa
Hora cause a decrease in the average speed of traffic, es-
pecially at traffic lights, which increases the number of
emissions. For example, near heavily loaded highways,
the numbers of points 2, 19c¢, the average traffic speed
was 36.3-39.9 km/h.

HI of vehicle emissions was good only in Pusha-
Vodytsya park, satisfactory in seven observation points
(43.8% of all points), bad in three points (18.8%) and
very bad in five points — range of value of HI 4.787-5.490
(31.3% of PEs; these are named after Pushkin, DSHK
park, NBG named after Grishko, Lysa Hora tract and
Holosiivskyi NNP), which corresponds to the total
concentration of air pollutants of 0.207-0.216 mg/m>.
Exceedance of MAC concentrations of NOx, C,H,, and
lead compounds for humans was determined (Tab 3).
HQ); aver. was more than 1.0 in the city for aerial emis-
sions of NOx and lead compounds. NOx load charac-
teristic was very bad and bad (six PEs, i.e. 37.5% of all
Pes). These are parks 1, 6, 7, 15, 17 and 18.

The phytotoxicant NOx had the largest share of
vehicle emissions, which was 1.5 MACa.d. near PEs
1, 6, 7, 17 and 18. Since MACa.d. is two times lower
for green plantations, the concentration of this pollut-
ant in the air is 2.9 MACa.d. for plants (Tab. 4). Such
concentrations of air pollutants pose a direct threat to
green infrastructure. The highest concentrations of hy-
drocarbons (C,H,,) nears PE 1, 6, 17 and 18 were 1.56
MACa.d. for humans and 0.56 MACa.d. for plants. The

Table 4. Assessment of air quality in Kyiv

highest concentrations were near the following observa-
tion points: for soot (C,H) — at points 9, 15, 16, 19c¢; for
SO, — points 6, 7, 17 and 18; for formaldehyde —at points
1, 15, 16 and 19c; and for lead compounds — near points
1, 6,7, 15, 17 and 18. The lowest amount of NOx emis-
sions was near PEs 2, 3, 5, 12, 14, 16 and 19c, although
at some of these points, this concentration still exceeded
the MACa.d. for humans and plants. The lowest amount
of emissions of lead compounds was near the points 5,
12 and 16 — 0.0002-0.0003 mg/m?, which is equal to
the MACa.d. for humans. Presence of constant con-
centrations of air pollutants at the level of MACa.d. is
also harmful. MACa.d. for plants differs according to
different authors: for vegetation of parks (Polyakova,
Gutnikov, 2000): NO, — 0.03 mg/m?, SO, — 0.04 mg/m?
(Tab. 4).

According to our data, exceeding the MAC a.d. for
humans and plants for formaldehyde, hydrocarbons,
NO, has been obtained. Average annual concentrations
of NO, (3.5 MACa.d.), SO, (1.5 MACa.d.) and formal-
dehyde (1.9 MACa.d.) exceeded the MACa.d. for hu-
mans and plants (Tab. 4).

With HQ < 1, there is no risk of adverse effects
on human health. With an increase in HQ > 1, the
probability of adverse effects increases in propor-
tion to the increase in HQ (Environmental Protec-
tion, 2005). Since air pollution standards are lower
for plants (Tab. 4), they can be applied to PEs. HQ
for NO, and lead compounds significantly exceeded
1 and posed a threat to human health and the condi-
tion of green infrastructure. Values of phytotoxicant
concentrations by HQ were in the following range: HQ
(NO,) - 0.526-2.251, HQ (C,H,,) — 0.028—0.119 (out-
skirts of Pushcha-Vodytsya/park named after Push-

. Actual average annual1 The average daily . MACa.d. [mg/m?] MACa.d.3
Air pollutants concentrations for 2019' | concentration, our calculations 5
3 3 for humans for plants
[mg/m’] [mg/m’]
NO, converted to NO, 0.14400 0.0570 0.0400 0.020
SO, 0.07500 0.0039 0.0500 0.015
Formaldehyde 0.00560 0.0006 0.0030 0.003
Saturated hydrocarbons (C H,,) - 0.0754 0.0500 0.140
Soot (C,H) 0.03500 0.0005 0.0500 0.050
Inorganic lead compounds 0.00003 0.0005 0.0003 -

Notes: ! Ecological passport (2020), 2 Order of the Ukraine ministry (2020), * according to Furdychko et al. (2008).
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kin, city centre), HQ (C,H) — 0.003-0.007, HQ (SO,)
—0.029-0.094, HQ (formaldehyde) — 0.075—-0.201 and
HQ (lead compounds) — 0.582-2.818. It was found
that in comparison with the control in PE 5, Pushcha-
Vodytsya (park) PE state (W), Shannon biodiversity
index, part of dead trees in the plantations, Hstr, spe-
cies saturation of the grass tier decrease; and the num-
ber of nitrophils in the grass tier was increase. Thus,
with increasing air pollution level, the state of planta-
tions and PEs deteriorates. An increase in the num-
ber of nitrophils occurs in the grass tier as a result of
significant pollution by NO, emissions (Fig. 2). With
the liquefaction of the main tent, the condition of the
plantations deteriorates (» = —0.46); with the deteriora-
tion of the plantations’ condition, species saturation of
the grass tier increases (» = 0.46). With an increase in
the main canopy density and a decrease in the number
of species of grass tier, the proportion of nitrophils in-
creases (» = 0.52 and r = —0.62, respectively). W and
H, have a strong relationship with canopy density
(r = 0.54 and r = 0.46, respectively). Hy, and Inv have
a strong relationship with W (r = 0.48 and r = 0.75,
respectively). There is no reliable correlation with the
distance to the highways.

Correlations between air pollution and the state of
PE are presented in Table 5.

Table 5. Correlation of the investigated PE parameters
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Figure 2. Assessment of the PE state compared to control
(PE 5 — Pushcha-Vodytsya park)

As the number of cars increases, W (r = 0.45) and
Inv (r = 0.44) increase. With increasing concentration
of air pollutants and the number of lanes, species satu-
ration of the grass tier decreases (r = —0.58) and Inv
increases (r = 0.54). With increasing HI and the num-

Number C
P I Mt L Nt w H, Inv D of cars [mg/m’] HI
per hour
1
1, 046 | 1
Mt 009 | 0.13 1
L 037 | 046 | 041 1
Nt 052 | —033 | —0.01 | 062 | 1
W 054 | 027 | 018 | 005 | 025 1
H, 046 | 0.13 | 040 | 031 ] 021 | 048 1
Inv 038 | o012 | 003 ] -030] 042 | 075 | 0.03 1
D 026 | 021 | —0.46 | 021 | 024 | 0.12 | —0.06 | 0.20 1
i‘;?s:rrﬁ(fur 0.59 | 021 | —0.19 | =036 | 027 | 045 | 002 | 044 | 075 1
C [mg/m’] 034 | 000 | 024 [ 058 ] 023 | 026 | 016 | 054 | 049 | 0.72 1
HI 029 | —0.04 | =026 | =057 | 0.19 | 0.16 | 021 | 045 | 051 | 072 | 099 1

Note: medium and strong correlations are highlighted.
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ber of cars, species saturation of the grass tier decreases
(r=-0.57).

HI was carried out based on the determination of
the number of vehicles, the amount of emissions of air
pollutants, the intraterritorial zoning of the urban eco-
system, (Fig. 3-5). Zones were selected as in Table 1.

Figure 3. Amount of air pollutants’ emissions (mg/m?) from
vehicles and distribution by prevailing wind directions,%

Figure 4. HI of air pollutants from vehicles (HI — hazard
index)

Zones by the concentrations sum of aerial emissions
and HI (Fig. 3, 4) are concentric and coincide — the larg-
est air pollution was at the points of NBG named after

Grishko, Lysa Hora, Holosiivskyi NNP; and in the city
centre Pushkin, Nyvky parks. The least air pollution
from cars was near Pushcha-Vodytsya (PE 5, although
the condition of plantations here is greatly weakened
and the mortality of trees is significant [35%]) because
here, most of the plantations consisted of P. sylvestris
L., which is less resistant to phytotoxicants. Also, the
lowest level of air pollution was near Mariinsky, Syret-
sky, Eternal Glory Park and Feofania park. The scat-
tering of air pollutants coincides with the directions of
the prevailing winds in north and south directions. In
east, there is more scattering of air impurities, although
the prevailing winds blow in the opposite direction, due
to rising terrain — airborne impurities spread into the
Dnipro River valley by lowering the terrain (Fig. 3, 4).

Mapping GIS by the number of cars per hour is
slightly different from mapping the concentrations of
air pollutants. The worst areas were near the parks Ny-
vky, Syretsky, Mariinsky, named after Pushkin, NBG
named after Grishko, Holosiivskyi NNP and Lysa Hora
(Fig. 5). This can be explained by the peculiarity of the
roads’ locations, their smaller width and capacity, the
features of the old city centre, more congestion and re-
duced speed of cars in traffic jams, when the engine is
idling, where the number of cars is less. The concentra-
tion of air pollutants depends on shares of prevailing
wind directions West, South, too.

Figure 5. Number of cars per hour

Verification of the division of the HQ and HI indi-
ces obtained for PE into groups depending on the level
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Figure 6. Clustering of PE in Kyiv by concentrations of air pollutants. A — NO, concentration in the air, mg/m3;

B - concentration of SO, in the air, mg/m?3
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Figure 7. Clustering of PEs according to the parameters of air pollutants: A — cars per hour and B — HI (PE — park ecosystem,

HI — hazard index)

of air pollution was performed by cluster analysis us-
ing Euclidean distance, and Ward’s method was used to
combine the clusters (Fig. 6).

It was found that based on the NO, concentration,
the measurement points of PEs can be divided into two
groups — the largest pollution was found in the PEs
NBG named after Grishko, Lysa Hora tract, Holosiivs-
kyi NNP and DSHK park (Fig. 6A). According to the
SO, concentration, the measurement points are divided
into two groups — the largest air pollution was near four

PEs (NBG named after Grishko, Lysa Hora, Holosi-
ivskyi NNP and DSHK park; Fig. 6B). The maximum
values of HI are found near five PEs — park named after
Pushkin, NBG named after Grishko, Lysa Hora tract,
Holosiivskyi NNP and DSHK park (Fig. 7).

The largest number of cars was found in the city
centre near the Park of Eternal Glory, NBG named after
Grishko, Lysa Hora and Holosiivskyi NNP. On the left
bank, air pollution was less and the highest concentra-
tion of pollutants was near the DSHK park. The inten-

Folia Forestalia Polonica, Series A - Forestry, 2022, Vol. 64 (1), 15-37

27



§ sciendo

28

Nataliia Miroshnyk, Tatiana Grabovska, Marina Mazura, Igor Teslenko

Biplot (axes F1 and F2: 60.30%)

1o

20
50

Hstr

010

012

o17

016

C[mg/m3

F2 (28.45%)

50

H o7

o14

o15

o013

@ active variabies

O active observations

Biplot (axes F1 and F2: 53.38%)

F1(31.84 %)

15

20

H
60

50 20

120

140

170 180 HI

T w
A‘é-/g[mg /m3]

F2 (28.45%)

Hstr

P

100

150
160

@ active variabies

O active observations

F1(31.84 %)

15

Figure 8. PCA using integrated indices for the PE state(PCA — principal component analysis, PE — park ecosystem)

Table 6. Sterility of Taraxacum officinale pollen in the conditions causing pollution in metropolis

20

NopE |, s [ Namberotens) LIS | v | ol i | vt | St e
M+m M+m

238 860.0 1785 + 8.86 34 236 +£2.74 21 13.00 0.21

2 226 2010.0 1715 +£9.26 33 342 £2.57 20 19.92 0.58
10 80 2357.0 1589 £ 6.68 28 344 £2.71 19 22.00 0.73
15 5 4989.0 1396 £ 11.26 44 361 £3.21 25 25.86 0.91
16 1000 5085.0 2035+7.75 34 235+4.53 27 11.55 0.17

7 143 6059.0 1506 £9.77 43 361 £3.27 24 23.97 0.86

Notes: CID — conditional indicator of damage, PE — park ecosystem, V' — coefficient of variation, M — average values of the sign, m is the mean error.

Mean values differ significantly in the Student’s #-test (P < 0.05).
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sity of traffic here was 3.2 thousand cars per hour; there
were frequent traffic jams (the average speed of traffic
was 36 km/h) (Fig. 7).

HI of vehicle emissions and the concentration of air
pollutants (component F1) generated 32% of the vari-
ability of PE state integrated indices. Also, 28% of the
variability of signs was formed by the F2 component
(Hy,, P, W). Component F3 (I, H’) generated 21.5% of
the variability of integral indicators (Fig. 8).

We studied the impact of vehicle emissions on the
generative sphere of plants — the proportion of sterile
and teratomorphic pollen grains of 7. officinale (Tab. 6).

In addition to the typical pollen grains of 7. offici-
nale (symmetrical, round shape), teratomorphic pollen
with anomalies such as dwarfism (dwarf pollen; pollen
grains with a diameter of less than 18 pm), gigantism
(diameter of the pollen exceeds 48 pm) and shell defor-
mation (crumpled or torn) were found (Fig. 9).

10 um
~
P
%- .
" %
3
.
A B
. 1 o 2 . 3 2 5 ,
74-87% 13-26% Share of pollen in PE 16-41%

Figure 9. Pollen of Taraxacum officinale in the conditions
of Kyiv: 1 — fertile pollen grain (38.2 pm); 2 — sterile pollen
grain (24.8 pm); 3 — pollen gigantism (51.1 pm); 4 — pollen
dwarfism (17.8 um); 5 — anomalies of the shell (A — torn,

B — crumpled)

It was found that the lowest level of 7. officinale pol-
len sterility (11.5%) was recorded in PE 16 Feofania park
and the amount of pollutants here was 0.1137 mg/m’,
but the distance to the road with active traffic was the
largest of all studied PEs (about 1000 m); also, PE was
separated from the forest by a fence (Fig. 9). Therefore,
the best conditions for plant growth are found here. In
this point, there was a high percentage (88.5%) of nor-
mally developed pollen (sterility S 11.5%), the share of
teratomorphosis was the lowest — 16.5%, and the rate of
CID was 0.17, that is, the level of the bioindicator damage
is characterised as below average. Approximate values
of pollen variability (sterility — 13.0%, teratomorphism
— 19.7%) were recorded in PE 5 — Pushcha-Vodytsya
(Tab. 6). Near this PE, there was the lowest transport load
(859 cars per hour) and the lowest sum of pollutant con-
centrations in the air (0.0513 mg/m3); CID bioindicator
was equal to 0.21 (below average). Near PE 5 and 16, the
lowest HIs for humans and plants were 2.62 and 1.24, re-
spectively (Fig. 10). The territory of the Pushcha-Vodyt-
sya and Feofania parks, according to the fuel indication,
belongs to the category of ecological safety — ‘safe’ urban
ecosystem. The level of the bioindicator damage in PE 2
(Mariinsky park) was average and the CID indicator was
0.58 — ‘moderately safe’ category by the toxic—mutagenic
background. Indicators of variability of T officinale pol-
len were found to be average here (sterile pollen — 19.9%,
teratomorphic pollen — 30.8%) (Fig. 10).

50
[ pollen sterility. M [%]
45 [ teratomorphism of pollen. M [%] 10.24
[ the sum of pollutants. mg/m?
404 0D e———————————— s JTT T Lo 5.12
— == Hifor humans _ =T
T i Y e i
35 ,——‘t' _________ 1 2.56 2
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Figure 10. Indices of pollen variability in Kyiv by Taraxacum officinale (PEs are arranged in ascending order of air pollutant
concentration, mg/m?). Mean values differ significantly in the Student’s #-test (P < 0.05) (HI — hazard index, PE — park

ecosystem)
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Table 7. Correlation of air pollution and pollen indication

i voud (]| cars pe hour | ot 1oy | S | AL D | e | S|
Distance to the road [m] 1.00
Number of cars per hour 0.21 1.00
V by amount of S [%] 0.57 0.80 1.00
S [%] —0.78 0.36 —-0.14 1.00
T [%] —0.78 0.40 —0.11 0.99 1.00
CID —0.75 0.41 —0.11 1.00 1.00 1.00
Inv 0.17 0.68 0.84 0.15 0.16 0.16 1.00
C [mg/m?] —-0.25 0.89 0.48 0.72 0.76 0.76 0.53 1.00
HI —-0.29 0.86 0.44 0.76 0.80 0.80 0.49 1.00 1.00

Note. A strong correlation is highlighted. CID — conditional indicator of damage, HI — hazard index.

With increasing concentration of air pollutants, the
number of teratomorphic pollen grains increases. As in
PE 2, sampling was performed at a distance of about
226 m from the roads, so the HI index was 2.26 (satis-
factory).

In PE 7, 10 and 15, there was a significant excess
of the studied indicators, which shows an additional
negative impact of aerotechnogenic factors. PE 7
(Lysa Hora) and PE 15 (Babyn Yar) showed ‘extremely
dangerous’ characteristics of the urban environment,
which is confirmed by the highest amount of sterile
pollen T. officinale (23.97% and 25.86%, respectively).
The share of teratomorphic grains was 40.24% and
41.40% (highest), respectively (Table 6, Fig. 10). Here,
the CID of pollen was 0.86 and 0.91, respectively. Such
critical indices of the phytoindicator directly depend
on the amount of pollutants released from transport
(for 0.211 and 0.176 mg/m3, the value of HI was very
bad and bad, respectively) and high activity of mo-
tor traffic (4989 and 6058 cars per hour, respectively)
(Tab. 7).

With increasing distance to roads and the num-
ber of cars, the coefficient of variation in the amount
of sterile pollen increases (» = 0.57 and 0.80, respec-
tively). As the distance to the road increases, the share
of sterile, teratomorphic pollen and CID decreases
(r = —0.78 and —0.75, respectively). As the natural
value index (Inv) increases, the coefficient of varia-
tion of the amount of sterile pollen increases (r = 0.84).
If the number of cars increases, Inv increases as well
(r = 0.68). With increasing amount of a.d. concentra-

tion of pollutants, the number of cars (» = 0.89), the
share of sterile (» = 0.72) and teratomorphic (» = 0.76)
pollen, CID (= 0.76) and Inv (» = 0.53) increase. With
an increase in HI, the number of cars (» = 0.86), the
share of sterile (» = 0.76) and teratomorphic (» = 0.80)
pollen and CID (r = 0.80) increase.

DiscussioN

Climate change within the metropolis compared to
its surroundings, terrain, loss of green areas in recent
decades, the spread of areas covered with asphalt and
concrete, significant construction and loss of heating
networks increase the temperature of ground layers,
reduce relative humidity and change the wind regime.
High density of highways causes intense gassiness
and air pollution (Shevchenko and Snizhko 2008; Van
Wittenberghe et al. 2012; Wei et al. 2021). Stagnant
phenomena contribute to the intensive accumulation
of impurities in the city. High air temperature and so-
lar radiation contribute to the photochemical reactions
of formaldehyde formation, and stagnant air leads
to an increase in its concentration. Thus, within the
city, there is a significant differentiation of meteoro-
logical indicators. In urban conditions, the wind speed
decreases significantly, which is associated with an
increase in the roughness of the underlying surface.
There is also a relative increase in wind speed on some
streets and massifs (Shevchenko and Snizhko 2008;
Vieira et al. 2018; Arghavani et al. 2021). These in-
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dicators in the complex have different effects on the
dispersion of harmful impurities from vehicles and
their deposition on the edge of the forest and within
the green infrastructure and spread over large areas.
Our research has shown that although the prevailing
winds in the metropolis are in north, west and south
directions, the spread of air pollutants occurs in the
direction of east — in the valley of the Dnipro. There-
fore, the process of air pollution should be considered
as probable and the concentration of impurities at each
point as random functions of coordinates and time
(Kiptenko and Kozlenko 2016; Bonilla-Bedoya et al.
2021). In our research, the highest level of pollution
was associated with the terrain and building features
of the city, the specific conditions of location and ca-
pacity of roads, and aggregated green infrastructure.
Greenery is important for urban systems because it
absorbs air and dust pollutants (Pietras-Couffignal
and Robakowski 2019; Jaung et al. 2020; Jin et al.
2021); additionally, it cools and humidifies the air,
regulates the microclimate and mitigates the urban
heat island effect (Vieira et al. 2018; Jaung et al. 2020;
Wei et al. 2021). In summer, greenery helps to reduce
the air temperature by 4°C—6°C and increase the hu-
midity by 10%—15%. The presence of trees reduces
the air temperature in summer (1.1°C), significantly
cools the surface (12°C) and reduces wind speed by
45% (Georgi and Tzesouri 2008). Single- and double-
row greenery, 5—10 m wide, reduces air pollution by
5%-25%. A strip of tree—shrub plantations 10—14 m
wide reduces the concentration of carbon dioxide by
40%—45% and the sound level by 2—-8 dB (Polyakova
and Gutnikov 2000; Jaung et al. 2020). PE reduces the
level of air pollution by 40%—70%, depending on the
plant height and completeness. The larger the area of
green infrastructure, the better the air quality in urban
areas (Van Wittenberghe et al. 2012; Jaung et al. 2020;
Bonilla-Bedoya et al. 2021) and the lesser the mani-
festations of near-surface turbulence or air stagnation
(Arghavani et al. 2021).

The zone of negative impact of vehicles on the
greenery of cities is 20—60 m and in some cases,
up to 100 m in the depth of plantings. This is due
to a complex of natural and anthropic factors: veg-
etation stability, the influence of microclimatic fea-
tures, geochemical soil conditions, landscape char-
acteristics and planning structure of the territory

(Polyakova and Gutnikov 2000; Pietras-Couffignal
and Robakowski 2019). In the roadside, about 20% of
the particles (size >0.005 mm) settle near the road,
about 60% (<0.001 mm) settle in the area of 10-100
m and the rest are carried by the wind over long dis-
tances (Jin et al. 2021). Dispersion of pollutant emis-
sions is influenced by the azimuth of the route and
the prevailing wind direction. On the leeward side of
the road, the accumulation of heavy metals in the soil
increases by 2 times (Pietras-Couffignal and Roba-
kowski 2019; Polyakova and Gutnikov 2000; Bonilla-
Bedoya et al. 2021). It is proved that the intensity of
traffic has a negative impact on growth in height, di-
ameter of trees and their living condition (Miroshnyk
2018; Pietras-Couffignal and Robakowski 2019). The
intensity of traffic flow over 300 cars per hour and
the distance less than 100 m from the carriageway of
streets are considered to be dangerous for biota and
humans (Klebanova and Klebanov 2011). According
to our data, the average traffic intensity on the high-
ways of Kyiv is 4219 cars per hour and exceeds the
optimal by 92.9%. Interestingly, in 2010, the load of
roads near PE 6 (NBG named after Grishko) was 3.2
thousand cars per hour (Rud, 2013), that is, 2 times
less than now. The average traffic intensity in the city
in 2018 was 4.1 thousand cars per hour (Rabosh and
Kofanova 2019), and according to our data in 2020, it
was 4.2 thousand cars per hour.

Under the influence of aerotechnogenic pollution,
there is a deterioration of trees, their drying, defolia-
tion of crowns and deterioration of integrated indicators
of ecosystems (Bednova et al. 2015; Miroshnyk 2018;
Lavrov et al. 2019; Pietras-Couffignal and Robakowski
2019; Vacek et al. 2020). We also observed similar pro-
cesses. We studied the correlations between the param-
eters of pollen indication in Kyiv (Mazura et al. 2020),
but now, it is found that compared to studies in 2013
(Kudryavska and Dychko 2013), there has been a de-
terioration of the environmental situation in the inte-
grated indicator of CID by 19.3% for 7 years. We have
shown that there is a process of nitrification in PEs with
excess nitrogen from the emissions of vehicles through
phytoindication (Miroshnyk 2020). Indicators of crown
defoliation, the share of premature yellowing of leaves
and dechromation of leaves of 7. cordata L. were the
lowest in parks compared to linear plantings near high-
ways (Miroshnyk 2018). Changes in the floristic com-
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position of the grass cover under the influence of air
pollution (Simmons et al. 2016; Lavrov et al. 2019), an
increase in the number of nitrophils and alien species
in the grass cover are indicated. Our research also con-
firms this.

We found that in the conditions of the urban eco-
system of Kyiv, the vital state of 14 PEs and the state of
the generative sphere of 7. officinale were significantly
different from each other and were worse than the con-
trol (Pushcha-Vodytsya park). The highest indicators
of hazard and pollution indices were recorded in the
city centre, where there is dense construction and high-
traffic roads, and were lower in the suburbs, where the
area of green infrastructure is larger. Concentrations of
air pollutants here exceed the control by 4 times, and
the intensity of traffic by 8 times. The average excess
MACa.d. of phytotoxicants for humans is 1.5 MACa.d.
and depends on the terrain and directions of the pre-
vailing winds. The PE natural value index (Inv) had
a strong correlation with the total concentration of phy-
totoxicants in the air (r = 0.54).

Pollutants significantly affect plant pollen, accom-
panied by changes in the morphological parameters of
pollen grains, increasing the abnormal pollen fraction
and reducing fertility and viability (Cuinica et al. 2014,
2015; Azzazy 2016; Mazura et al. 2020; Leghari et al.
2018). Cuinica et al. (2015) indicated that even at low
levels of pollutants below the standard level of safety for
human health, pollen viability decreased to 25%. The
total amount of teratomorphic pollen increased with
increasing concentration of air pollutants and reached
11.1% (Ivanchenko and Bessonova 2016; Petrushkevych
and Korshykov 2020). The percentage of natural poly-
morphism of pollen grains in plants under favourable
conditions usually does not exceed 5%—10% and rarely
exceeds 20% (Dzyuba 2006; Ivanchenko and Bessono-
va 2016). In our studies, the amount of teratomorphic
pollen reached 41.4% and increased with increasing
concentration of contaminants (» = 0.76). The share of
fertile pollen grains decreased by 11%-26% with in-
creasing concentration of air pollutants (Ivanchenko
and Bessonova 2016; Petrushkevych and Korshykov
2020). The share of fertile pollen near the parks in Kyiv
decreased with an increase in aerotechnogenic load on
an average by 11% (r = 0.72). Thus, the results of pollen
indication confirm significant contamination with aer-

ophytotoxicants and the reaction of 7. officinale Web.
plants to it.

PE is divided into two groups according to the
level of air pollution. Green infrastructure is highly
responsive to air pollution, as it has been experimen-
tally proven that the concentration of air pollutants for
plants, which leads to damage, is less than for humans
(Nikolaevsky 1998; Polyakova and Gutnikov 2000;
Furdychko et al. 2008; Cuinica et al. 2015). Our bioin-
dication results show that the state of PEs depends on
the amount of vehicle emissions, but not all indicators
have a linear relationship, which requires further re-
search. Under the influence of pollutants on the same
organs or systems of the body, the most likely type
of their combined effect is summation or additivity.
Although this approach may exaggerate the health
hazards, it has a greater advantage than a separate
assessment of each component. In the case of a com-
bined presence in atmospheric air, the effects of sum-
mation of biological action for NO,, NO, SO, and fuel
oil ash; NO,, formaldehyde; and SO, and NO, were
established (Environmental Protection 2005; Order of
the Ukraine Ministry 2020). Therefore, the total emis-
sion concentrations from vehicles and the HI are indi-
cators that describe the impact on urban ecosystems. It
is important to create a system of informative indica-
tors for assessing the state of the environment and for
the long-term monitoring of urban systems (Cuinica
et al. 2015; Azzazy 2016; Vacek et al. 2020). We have
developed the rationing and parameters of indication
values of biotic indices and abiotic characteristics of
the urban system of Kyiv. Value of NO, concentration
in the air <0.020 mg/m? is very good and >0.081 is
very bad; value of HI <1.060 is very good and >4.242
is very bad.

The analysis indicates the complex nature of air
pollution in Kyiv from vehicles and its distribution, tak-
ing into account the influence of prevailing winds and
the terrain of the city, and the reaction of PEs to it. The
results of our study emphasise the importance of green
infrastructure for improving air quality in megacities.
There is a need to plan the expansion of green areas to
improve the quality of ecosystem services, urban mi-
croclimate, air, human life and health.
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CONCLUSIONS

For the first time, for the urban ecosystem of Kyiv,
zoning and analysis of the spread of aerial emissions
from vehicles using GIS technologies was conducted.
The state of green infrastructure was integrated and its
dependence on the level of air emissions from vehicles
was proved. Our research indicates the dependence of
the response of living systems to air pollution at the
level of the cell, organism, group and PEs in time and
space. Therefore, it is recommended to use integrated
indicators of the state of PEs as a response of ecosys-
tems to aerotechnogenic pollution.

In our research, the primary information about the
state of green plantations was systematised into the fol-
lowing blocks: the state of the stand, grass tier and the
structural diversity of PE. As parameters of the abiotic
environment, the levels of air pollution from vehicles
were recorded. The ranges of values of ecological in-
dicators of the state of PEs in the conditions of the
metropolis were developed, tested and defined. It was
found that a high and above-average level of damage to
the generative sphere of plants is characteristic of the
areas with the highest level of pollution. Green infra-
structure needs to be expanded to improve the urban
environment and reduce pollution. For this purpose, it
is necessary to optimise the transport infrastructure
(expand transport interchanges to reduce congestion,
build bypass roads or highways to increase the speed of
vehicles, which will reduce the emission of air pollut-
ants when braking at traffic lights and in traffic jams),
plant protective plantings of four to six rows along high-
ways, design new microdistricts taking into account the
microclimate, terrain and prevailing winds to increase
aeration, and improve the air quality for humans to
breathe clean air.
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