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Abstract: All cities globally are growing considerably as they are experiencing an intensive urbaniza-
tion process that leads to high soil consumption and pollution of environmental components. For
this reason, cities are required to adopt measures to reduce these impacts and tree planting has been
suggested as a cost-effective strategy. In our study, we implemented for the first time in a Southern
Caucasus city the i-Tree Eco model to quantify the main ecosystem services provided by urban forests.
Trees in two parks in Tbilisi, EXPO Park (694 trees) and RED Park (1030 trees), have been measured,
and a model simulation was performed for the year 2018. These green infrastructures store large
amounts of carbon in their woody tissues (198.4 t for EXPO Park and 126.5 t for RED Park) and each
year they sequester 4.6 and 4.7 t of CO, for EXPO Park and RED Park. They also remove 119.6 and
90.3 kg of pollutants (CO, NO,, O3, PM; 5, SO;), and reduce water runoff of 269.5 and 200.5 m>,
respectively. This analysis highlights the key role of urban forests in improving the environmental
sustainability of the city of Tbilisi and provides important decision support for tree species selection
in this geographic area.
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1. Introduction

The fast urbanization process occurring globally has emphasized the importance of
interactions between people and nature. Urbanization has enhanced human detachment
from nature and drastically reduced natural areas inside city limits. Green spaces such as
parks, gardens, and tree-lined streets are typically the only chance for citizens to enjoy and
connect with nature [1] and supply essential services for people and the environment [2].

Currently, urbanized areas (built-up areas with human settlement and high population
density) cover only a small fraction of the global surface area, ranging from approximately
1% to 3% [3], although they account for a large share of anthropogenic impacts on the
biosphere [4]. Urban sprawl (a city development without proper planning) causes large
negative effects on the environment in terms of increased energy consumption, greenhouse
emissions and degradation of the natural environment [5]. Cities produce only a small
fraction of total goods and ecosystem services compared to the ever-increasing demand
from urbanized areas [6], where half the global population currently lives and about 60%
of humanity will live in 2030 [5].

The major threat to urbanized areas is posed by climate change, and cities are expected
to be among the most affected ecosystems [7]. Urban areas are characterized by high-levels
of air pollution caused by anthropogenic sources such as from stationary (manufacturing,
home heating, energy generation, other industrial sources) and mobile sources (automo-
biles and transport) [8]. In addition to polluted air, the Urban Heat Island Effect (UHI)
contributes to increased temperatures in cities, further deteriorating the negative results of
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global climate change [9]. Urban expansion plays significant role in changing and degrad-
ing rural lands surrounding the urban areas, resulting in large-scale land acquisitions for
new development, changes in land use status, and further inclusion of semi-natural and
agricultural lands in urban sprawl, as a collateral process of the intensive urbanization [10].

Urban forests and green spaces contribute to the uptake of carbon dioxide, remove
gaseous pollutants and fine particulate matter from the air [11], mitigate extreme tempera-
tures [12] by shading and evapotranspiration [13], and slow down soil erosion processes,
reducing water run-off and facilitating the filtration process in the soil [14]. Furthermore,
urban trees can reduce stormwater runoff, which is particularly evident in cities due to
the high presence of impervious areas, through canopy rainfall interception, soil water
infiltration, and evapotranspiration [15], reducing flood hazards [16]. They also preserve
the animal and plant biodiversity, promoting the pollination process and the biological
control of populations [17], and the presence of mixed vegetation and tree cover in city
settlements provides a significant barrier to reducing and masking offensive noise from
busy urban areas [18]. In addition to environmental services, urban green spaces have
an important social function as they are essential recreational and cultural spaces for the
city [19], providing positive impacts on human health and wellbeing [20].

Most studies on ecosystem services and urban greenery come from the USA, UK,
Australia, Germany, and China [21], and are focused on North American, Western/Central
European, East Asian, and Australian countries/territories. At the same time, the research
about these topics is very rare in Southern/Eastern Mediterranean countries [22] and in
the former Soviet states, especially in the South Caucasus region.

Forests in Georgia cover an area of 2.6 million hectares, which represents 40% of the
land area, a value comparable to European average [23]. Around 95-98% of Georgian
forests are natural and about 98% are located on the slopes of the Greater and Smaller
Caucasus Mountain ranges [24].

During the last two centuries, Tbilisi has experienced several phases of urban de-
velopment and expansion, transforming from a strategically located trading town into
a city with over a million inhabitants, with its own distinctive culture and an important
socio-economic role in the Caucasus. Along with the processes of economic downfall,
nationalism, and dramatic changes of the social fabric, which are characteristic of the post-
Soviet transition process (in the states of former USSR), Thbilisi today is a modern globalized
metropolis. The expansion of Tbilisi’s territory started during the Soviet Era (1921-1991),
when intensive urbanization occurred and the municipal area increased tenfold, and the
population sixfold [25].

The urban green spaces of Tbilisi are mainly represented by man-made and natural
green zones, such as parks, public gardens, and tree-lined streets. Green areas include about
145 km?, which is 28.9% of the total area of Tbilisi Municipality (502 km?), and are lower
than the impervious (i.e., urbanized) areas (158 km?, or 31.47% of the total) [26]. Other
land use areas of Tbilisi municipality include water bodies (2.86% of total), agricultural
lands (3.29% of total) and the category of other areas (32.88%), comprising bare soil,
rocks, grassland, etc. [27]. Moreover, the major parks (Mtatsminda Park, Lisi Lake Park
and Thilisi Dendrological Park) in Tbilisi are mainly located in suburbs and places with
complex topography, and therefore are difficult for the population to access on a daily basis.

The impact of climate change in Georgia and Tbilisi was recently discussed by the
United Nations Framework Convention on Climate Change [28], reporting a 1.3 °C increase
in average temperature (12.7 °C) and 60 mm in annual precipitation (about 500 mm
annual rainfall) over the past 25 years (1990-2015). The highest greenhouse gas emitting
categories in Georgia are transport (38%), oil and natural gas (17%), energy industries
(15%), manufacturing industries and construction (10%) and other sectors (18%) [28].

The transport sector is a major air polluter in Thbilisi, the main hub of social and
economic activities in Georgia (51.2% of Gross Domestic Product of Georgia) [29]. The
increasing number of second-hand passenger vehicles, manufactured before the year 2000
(48% of approximately 1.4 million vehicles, registered in the country) is further exacerbating
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the air quality. According to air pollution data of 2017, the average annual concentration of
particulate matter in some locations of Thilisi exceeded, in given periods, the EU standard
norm for PM; 5 and PM;j in ambient air (0.025 mg/ m?> and 0.04 mg/ m?, respectively).
High concentrations of particulates have been detected near construction sites (1.5 of the
standard norm) and busy urban road intersections [30].

In Georgia’s context, until recent years, green infrastructure as an essential part of the
complex and diverse fabric of the city was not considered as part of the agenda for urban
spatial planning, design and/or as a necessary tool for city resilience. However, in 2019, the
Tbilisi Land Use Plan was approved, including priorities for urban green infrastructure de-
velopment. This document envisages the protection of natural and man-made landscapes,
supporting their protective and restorative functions, enhancing biodiversity protection
measures, and minimizing natural and industrial hazards. Furthermore, the increase in
and development of new green recreational areas along the Kura River and in densely
populated residential zones is also planned. In this regard, Tbilisi City Hall adopted a list
of recommended tree species, best suited to the Tbilisi municipal landscape and climate, as
a guidance for urban green infrastructure planning and development, distinguishing tree
species marked as “priority” species, and others, marked as “recommended” [31].

This study aims to evaluate and quantify the air quality and climate-related ecosystem
services of two public parks of Thilisi and the role of urban forests in improving the
environmental quality of the city. The analysis has been carried out using i-Tree Eco model,
which for the first time has been applied in a scientific study of urban ecosystem services
in the South Caucasus. This software uses detailed field-measured tree data to calculate
urban forest structure and the multiple ecosystem services they provide to the city. The
model is widely used because of its adaptability to add new locations, it is freely available,
and requires no programming experience for parametrization compared to other models
(ENVI-met, CFD) [32]. Based on this thorough assessment of the multiple environmental
benefits of urban trees, most common species were evaluated and compared, for a detailed
selection for future afforestation programs.

2. Materials and Methods
2.1. Study Area

The city of Thilisi presents a stretched geographical layout (from North to South-
East), with most of the built-up area squeezed between the mountains. In 2019, Thbilisi
Municipality had a population of 1.171 million inhabitants, which is about 31.45% of the
total population of Georgia (3.723 million in 2019) [33].

Thilisi is situated in the valley terraces of the Mtkvari (Kura) river at altitudes of
410-370 m above sea level (a.s.l.). The Mtkvari river divides the city into two distinct parts,
the left and right banks, surrounded by the mountain gorges. On the right bank, the Trialeti
Range (770 m, part of the Lesser Caucasus Mountains) sharply descents to the river valley
shaping the highest part of the city, while the left bank is limited by the Makhata mountain
(630 m) forming the widest part of the river valley.

Tbilisi has a humid subtropical climate (Koppen climate classification: Cfa) with
considerable continental and semi-arid influences. The average annual temperature is
12.7 °C, with average temperature of 0.9 °C in January, and 24.4 °C in July. The absolute
minimum and maximum temperatures, historically recorded, were —23 °C, and +40 °C. The
annual precipitation varies from 400 to 560 mm. The rainiest month is May (90 mm), and the
driest month is January (about 20 mm). The snowfalls may happen for 15-25 days per year,
without forming a stable snow cover. Thilisi has experienced many catastrophic events due
to heavy rains; on 6 June 1969, 330 mm of rain (more than half of the annual amount) fell in
3 h. The most recent flash flood was recorded on 13 June 2015, which, accompanied by the
destructive flooding of Tbilisi Zoo with human and animal fatalities [34]. North-westerly
winds dominate in most parts of Tbilisi throughout the year, but south-easterly winds
are common as well. Generally, given the proximity of The Greater Caucasus Mountains
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Range (further to the north), which prevents the intrusion of cold air masses from Russian
planes, Thbilisi experiences a mild and pleasant climate.

The study area includes two urban forests, Vaso Godziashvili Park (also known as a
‘RED Park’) with a total area of around 3.3 ha (on the right bank of the river Kura, 455 m
a.s.l.), and Expo Georgia Park with an area of around 3.2 ha (on the left bank of the river
Kura, 418 m a.s.L.). They are located within the urban area of Tbilisi and are 2.7 km apart
from each other (Figure 1).

These two parks were designed in the 1950s-1960s. RED Park is an urban public park,
developed in the densely populated district of Saburtalo and mainly used for recreational
and sports activities. EXPO Park is located in the Didube district and is a part of Georgia
EXPO, an exhibition space owned by a private company with free access for the public.
The area of EXPO Georgia consists of buildings, exposition pavilions and the park, created
for the exhibition space in 1958.
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Figure 1. Vaso Godziashvili and EXPO Georgia parks, based on Thbilisi aerial photograph.

2.2. Tree Inventory

Field work was conducted during the 2019 growing season (July-September) and was
designed according to the i-Tree Eco v6 guidelines [35]. A complete tree inventory was
sampled in both RED Park (Vaso Godziashvili Park) and EXPO Park (EXPO Georgia Park).
This project approach allows to quantify the complete structure of the urban forest and
calculate a total output for each ecosystem service. Tree parameters collected from field
data included species identification (scientific names), diameter at breast height (DBH),
tree height, height to live top of crown, crown base height, crown width, percentage of
canopy missing (relative to crown volume), percentage canopy dieback, and crown light
exposure [36]. Model equations are described in detail in Nowak 2020 [37].

2.3. Model Settings

The city of Thilisi was introduced in the i-Tree database, including location informa-
tion, weather and pollution data, and is openly available in the software for simulations
(http:/ /www.itreetools.org/ accessed on 1 August 2021).

Model simulation was performed for 2018, the latest year available in i-Tree Eco, using
hourly meteorological data (air temperature, radiation, wind speed) registered at the Thbilisi
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Airport weather station (Tbilisi/Lochini Airport) and hourly precipitation data, provided
by the National Environmental Agency (NEA) of Georgia.

Hourly air pollution concentration data (2018) were provided by NEA, from the
operational monitoring station at Kazbegi Avenue in Tbilisi. The station is located at the
entrance of RED Park, ensuring accurate data for air pollution concentration of Oz, NO,,
SO,, PM;g and PM; 5 (fine particulate matter that is 10 microns and with a diameter equal
or less than 2.5 microns). Tree inventory information, air pollution concentrations, and
meteorological data were processed using i-Tree Eco software (i-Tree Eco v6).

These two datasets (Supplementary Materials) were used to analyze ecosystem ser-
vices provided by urban forests in sequestering and storing the carbon, improving the air
quality (pollution removal), and avoiding rainwater runoff.

Finally, the performance of tree species occurring in these parks and selected for
future reforestation programs in the city of Thilisi in providing environmental services was
evaluated and compared based on the model results.

3. Results
3.1. Weather and Pollution Data

In 2018, the average daily temperature in Tbilisi was 15.3 °C, with a minimum daily
average at the end of December (—0.6 °C) and a maximum in July (31.2 °C). The mean
Photosynthetically Active Radiation (PAR) was 330.1 W m~2, with the lowest value in
December (77.5 W m~2) and the highest in June (572.5 W m~2). Precipitation was dis-
tributed relatively evenly (a monthly average of 33 mm) though with seasonal features,
with maximums in June, August, and November (73.2, 64.4, 63 mm, respectively), and the
lowest value in February (6.2 mm) (Figure 2).
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Figure 2. Weather data used for model simulation of Thbilisi in 2018. From top to bottom: daily
average photosynthetically active radiation (PAR), daily average air temperature, and total monthly
precipitation.
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The average CO concentration in 2018 was 388 jg m~3 with higher values in the
winter months (max value = 1712.5 ug m~3). SO, showed average values of 7 ug m—3
with frequent peaks during the year up to 30.4 ug m~3. The concentration of PM, 5 and
PM;y was relatively constant throughout the year (15.8 and 40.3 ug m~2 on average,
respectively) with the highest values in December (70.8 and 196.9 g m~3, respectively).
Additionally, another peak (177.9 pug m~2) was registered for PMjo on 27 July due to the
spread of the dusty air masses from the south in all Eastern Georgia, including Tbilisi (NEA,
Georgia). O3 annual mean was 33.8 pug m~3 with higher values in spring and summer
(max value =78.8 pug m~3). On the other hand, NO, showed an opposite trend with higher
values in the winter months (75.7 ug m~3) and an annual average of 34.5 ug m~3. A peak
concentration of NO, (108.8 ug m~2), as with PMyg, was recorded on 27 July (Figure 3).
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Figure 3. Daily average pollution concentration of CO, SO,, PM; 5, PMy, O3, and NO; in Thbilisi
(year: 2018).

3.2. Urban Forests

For the evaluation of ecosystem services provided by urban forests, we analyzed their
structural characteristics. A total of 1030 trees (tree cover: 1.5 ha) for RED Park (Table 1)
and 694 trees (tree cover: 1.8 ha) for EXPO Park (Table 2) were measured.
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Table 1. Dominant species in RED Park with a relative number, canopy cover, leaf area, and basal area greater or equal to

1%, 300 m2, 1000 m2, and 0.3 m?.

Species Number Canopy Leaf Basal
Trees (N°) Cover (m?) Area (m?) Area (m?)

Italian cypress (Cupressus sempervirens L.) 125 2265.5 9496.2 6.3
Oriental arborvitae (Platycladus orientalis (L.) Franco) 79 406.5 1105.1 04
Deodar cedar (Cedrus deodara (Roxb.) G. Don) 61 2327.2 10,895.5 10.7
European ash (Fraxinus excelsior L.) 60 595.1 1749.2 11
White ash (Fraxinus americana L.) 41 475.4 1631.4 0.3
Bigleaf linden (Tilia platyphyllos Scop.) 32 306.5 1028.3 0.4
Japanese pagoda tree (Styphnolobium japonicum (L.) Schott) 30 844.5 2679.2 22
Oriental planetree (Platanus orientalis L.) 23 1462.4 8757.8 3.3
White mulberry (Morus alba L.) 17 612.4 2768.4 1.2
White poplar (Populus alba L.) 15 1478.1 6942.2 5.6
TOT urban forest 1030 14,625 55,917.6 32.7
TOT dominant species 483 10,773.6 47,053.3 31.5
Relative number of dominant species (%) 46.9 73.7 84.1 96.3

Table 2. Dominant species in EXPO Georgia park with a relative number, canopy cover, leaf area, and basal area at least 1%,

300 m2, 1000 m2, and 0.3 m?2, respectively.

Species Number Canopy Leaf Basal
Trees (N°) Cover (m?) Area (m?) Area (m?)
Italian cypress (Cupressus sempervirens L.) 116 3311.3 17,373.0 10.3
Deodar cedar (Cedrus deodara (Roxb.) G. Don) 58 3726.7 14,477.1 20.9
Horse chestnut (Aesculus hippocastanum L.) 54 1090.5 5883.6 13
Japanese privet (Ligustrum japonicum Thunb.) 47 909.3 3307.8 0.6
Oriental planetree (Platanus orientalis L.) 23 1142.3 6913.0 2.9
Blue spruce (Picea pungens Engelm.) 13 297.0 1930.8 0.9
White ash (Fraxinus americana L.) 12 616.5 44549 1.3
White mulberry (Morus alba L.) 11 399.9 1629.4 0.9
Little leaf linden (Tilia cordata Mill.) 11 621.4 3401.2 1.6
European ash (Fraxinus excelsior L.) 7 713.9 2983.2 3
TOT urban forest 694 17,866.4 79,992.2 53.6
TOT dominant species 352 12,828.8 62,354 43.7
Relative number of dominant species (%) 50.7 71.8 78.0 81.5

In RED Park there are 52 different tree species. The most common tree species are
Italian cypress (Cupressus sempervirens, 12.1% of total tree population), Pomegranate (Punica
granatum, 7.9%), Arizona cypress (Cupressus arizonica, 7.7%) and Oriental arborvitae (Platy-
cladus orientalis, 7.7%). The overall tree density in RED Park is 312 trees/ha with a tree
cover of 44.3%. Dominant species in terms of canopy cover, leaf area, and basal area are
Deodar cedar (Cedrus deodara), Italian cypress (C. sempervirens), White poplar (Populus alba),
and Oriental plane tree (Platanus orientalis) (Table 1).

EXPO Park’s tree population includes 62 different species. The most abundant species
are Italian cypress (16.7% of total), Deodar cedar (8.4%), and Horse chestnut (Aesculus
hippocastanum) (7.8%). The overall tree density in EXPO Park is about 217 trees/ha with a
tree cover of 55.8%. Dominant species in terms of canopy cover, leaf area, and basal area
are the Deodar cedar, Italian cypress, Oriental plane tree, and Horse chestnut (Table 2).

3.3. Carbon Storage and Sequestration

Trees are estimated to store 126.5 and 198.4 t of carbon in RED and EXPO Parks,
respectively. C. deodara (27%), C. sempervirens (24.6%), and P. alba (15.8%) are the species
that accumulated the most carbon in RED Park. In EXPO Park, C. deodara (33.8%) and C.
sempervirens (20%) store more than half of the total carbon (Figure 4).
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Figure 4. Species that store (carbon storage) and sequester (carbon sequestration) the most carbon in
EXPO and RED park.

The gross sequestration is about 4.7 and 4.6 t of carbon per year for RED and EXPO
Parks, respectively. Similar to carbon storage, C. deodara (23.4%), C. sempervirens (19.1%),
and P. alba (11.3%) in RED Park; and C. sempervirens (29%) and C. deodara (25.6%) in EXPO
Park, are the species that sequester more than half of the total carbon per year (Figure 4).

3.4. Pollution Removal

The i-Tree Eco model calculates pollution removal considering a deposition velocity
range for all pollutants (the bar in Figure 5) except for CO removal that is not related to
transpiration compared to other gaseous pollutants [38]. Additionally, for the removal of
fine particulate matter (PM; 5), the model considers an average deposition velocity based
on wind speed and a range (max and min) based on the standard error calculated from the
deposition differences of several tree species. The larger bar width for PM; 5 is due to the
effect of resuspension, which reduces the accumulation of particulate matter on leaves and
thus net removal [39].

In 2018, trees in RED Park and EXPO Park, remove 90.3 and 119.6 kg of pollutants,
respectively. Ozone (O3) is the most removed pollutant from trees (48.9 kg in RED Park
and 63.8 kg in EXPO Park), particularly in summer, with a maximum in June (7.7 kg in
RED Park and about 10 kg in EXPO Park). Nitrogen dioxide (NO;) removal is nearly
constant during the year with an average of 2.1 & 0.4 kg (in total 24.6 kg) for the RED
Park and 2.8 £ 0.5 kg (in total 33.1 kg) for the EXPO Park. The annual amount of total fine
particulate matter (PMj 5) removed, is 6.6 kg for RED Park and 9.5 kg for EXPO Park, with
the highest values in June, March, and December (1, 0.8, 0.7 kg for RED Park and 1.5, 1.1,
1.2 kg for EXPO Park). Additionally, trees remove 8.2 and 10.8 kg of sulfur dioxide (SO,) in
RED Park and EXPO Park, respectively, with the highest values in February, March, April,
and October. Finally, carbon monoxide (CO) is mostly removed during the growing season
of trees (in total 2 kg in RED Park and 2.4 kg EXPO Park) with a peak in October (Figure 5).
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Figure 5. Monthly pollution removal of CO, NO,, O3, PM; 5, and SO, from EXPO and RED Park
of Thilisi in 2018. The range indicated by the bar for all pollutants (except CO) shows the removal
calculated by the model using a minimum and maximum deposition velocity.

In 2018, trees emitted an estimated 69.9 (45.9 kg of isoprene and 24 kg of monoterpenes)
and 55.7 kg (20 kg of isoprene and 35.7 kg of monoterpenes) of volatile organic compounds
(VOCs) in RED and EXPO Parks, respectively. About half of the VOC emissions from
urban forests were from P. alba, C. deodara in RED Park, and C. sempervirens and C. deodara
in EXPO Park (Figure 6).
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Figure 6. Monthly isoprene and monoterpenes emitted by EXPO and RED park of Tbilisi in 2018.

3.5. Hydrology Effects

Trees in RED and EXPO Parks, in 2018, transpired 3039.6 and 3334.2 m?> of water,
respectively, with the highest values in July (651.8 m® for RED Park and 715.6 m? for
EXPO Park). The presence of impervious surfaces in urban areas can generate water
runoff that is prevented by the interception and evaporation from tree canopies [40]. The
model calculates the amount of rainwater intercepted, based on LAI, and that evaporates,
according to the potential evapotranspiration (Figure S1). The annual avoided runoff was
200.5 m® in RED Park and 269.5 m? in EXPO Park, with the highest values in Summer,
particularly in June (28.6 and 37.5 m® for RED and EXPO Parks, respectively) (Figure 7).

B Expo park ®mm Red park  Transpiration

Avoided Runoff

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 7. Monthly transpiration and avoided runoff by trees in EXPO and RED Park of Tbilisi in
2018.

3.6. Selected Species Performance for Urban Reforestation in Tbilisi

Some of the suggested tree species in the list of Tbilisi City Hall are also among the
dominant species in the RED and EXPO parks and marked as “recommended” or ”priority”
for future afforestation programs (Table 3). The results showed that for carbon sequestra-
tion, C. deodara, C. sempervirens, and Fraxinus americana are the species that accumulate
more carbon per unit of canopy cover. F. americana, Picea pungens and P. orientalis, allow for



Climate 2021, 9, 157

11 of 18

a greater reduction in stormwater runoff; F. americana, P. pungens and Tilia cordata contribute
to the removal of higher amounts of air pollutants; F. americana, Fraxinus excelsior, T. cordata,
and Tilia platyphyllos are non-emitting species of VOCs, thus contributing to lower levels of
ozone concentration.

Table 3. Results per unit of canopy cover of dominant species in RED and EXPO parks. [** EXPO Park, * RED Park;
R = Recommended, P = Priority].

Suggestion Carbon Avoided Pollution Total
Dominant Species Parks Tbilisi City Sequestration Runoff Removal VOCs
Hall (gm=2yr1) (Im=2yr1) (gm—2yr1) (gm—2yr1)
Aesculus hippocastanum ** R 259.1 18.2 8.1 0.3
Cedrus deodara * P 4734 16.8 7.6 4
Cupressus sempervirens ** R 403.1 17.7 7.8 41
Fraxinus americana ** 397.9 243 10.8 0
Fraxinus excelsior ** p 242.8 10.5 47 0
Ligustrum japonicum ** P 10 123 5.4 12.9
Morus alba * 212.1 16.2 7.3 1.8
Picea pungens ** R 314.8 21.9 9.7 14.5
Platanus orientalis ** P 219.4 20.4 7.6 45
Platycladus orientalis * 352.8 9.7 4.4 17
Styphnolobium japonicum * p 181.9 114 5.1 59
Tilia cordata ** 349.4 18.4 8.2 0
Tilia platyphyllos * p 248 12 5.4 0

4. Discussion
4.1. Urban Forest Structure and Ecosystem Services Provision

Our modeling analysis shows that RED and EXPO Parks supply important environ-
mental services to the city of Tbilisi. These urban forests are located in the urban fabric
and have a similar size (3.3 ha for RED Park vs. 3.2 ha for EXPO Park) but have a different
number of trees (1030 for RED Park vs. 694 for EXPO Park). There are more species in the
EXPO Park (62) than the RED Park (52), although with only a few trees each, and about
half (=247%) are evergreen in both urban forests, with some conifers dominating such as C.
sempervirens and C. deodara.

Despite the different tree density (312 trees/ha for RED Park vs. 217 trees/ha for
EXPO park), tree cover in EXPO Park (1.8 ha) is greater than RED Park (1.5 ha) because
there are larger trees as shown by basal area (32.7 m? for RED Park vs. 53.6 m? for EXPO
Park) and this clearly affects the amount of carbon stored by the forests (126.5 t for RED
Park and 198.4 t for EXPO Park) [11]. However, RED park’s annual carbon sequestration
(4.7 t) is slightly higher than EXPO Park (4.6 t). This result is mainly due to a higher number
of trees in open light conditions (Crown light exposure (CLE) 4-5) which have a larger
growth base (Nowak et al. 2008) (RED Park, CLE 0-1: 125, CLE 2-3: 535, CLE 4-5: 370
vs. EXPO Park, CLE 0-1: 98, CLE 2-3: 338, CLE 4-5: 258). Despite the higher tree density,
the smaller size of the trees reduces the competition for light, which promotes growth in
diameter and thus, carbon sequestration.

The total pollution removal rate was 6.1 and 6.7 g m~2 for RED and EXPO Park,
respectively. The highest removal rate was for O3 (3.3 g m~2 for RED Park and 3.6 g m 2
for EXPO Park), then NO, (1.7 g m~2 for RED Park and 1.9 g m~2 for EXPO Park),
SO, (0.6 g m~2), PM,5 (0.5 g m~2), and CO (0.1 g m~2). Comparing these values with
other modeling studies, the total removal rate per unit tree cover is higher than in other
European cities, such as Munich (5.3 g m~2) [41] or Strasbourg (5.1 g m~2) [42], but lower
than in London (8.7 g m~2) [43] or the calculated average for the US cities (7.5 g m~2) [44]
considering PM; 5 removal rate instead of PM;g [39]. Regarding the VOC emissions from
trees, it is interesting to note that the two parks, which have similar composition, differ
greatly in isoprene emissions (20 vs. 45.9 kg) due to the presence of P. alba in RED Park as
the dominant species, which is a high emitter [45].

Trees in RED and EXPO Park also provide a beneficial cooling effect by transpiring in
the warmer months up to 1.7 L m~2 day ! in July. Similar results have been modeled [46]
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and measured in Germany on broadleaves, showing an energy reduction through cooling of
75 W m~2 and an air temperature reduction of 3° within the canopies [47]. Furthermore, the
presence of these green infrastructures within the city, promotes soil infiltration and reduced
water runoff [48] (35.9 and 33.7 m® ha~! yr_1 per unit of leaf area in RED and EXPO Park,
respectively). These values are high in terms of efficiency, considering the total precipitation
of 397.6 mm in 2018, and are in the same range of London (32.6 m3 ha~! yr’l) [43], but
lower than Kyoto (130.3 m3 ha=! yr~!) [49], where the amount of precipitation is higher
(1770 mm per annum).

4.2. Tree Measurements and Model Uncertainties

Tree measurements are essential to properly assess the urban forest structure (leaf area,
biomass, basal area) which is directly related to ecosystem services (pollution removal,
carbon storage and sequestration, rainfall interception) provided by trees in cities [50].
Several parameters per individual tree, such as their size (height and diameter), canopy
size-conditions, as well as species, are required by i-Tree Eco. Data can be collected, as in
this study, through a complete inventory of the population, in which all trees are measured,
or with sample plots, where subsets of the population are measured to estimate total
forest value. The complete tree inventory is adopted to measure parks and urban forests
with a limited area, while the sample area approach is used to quantify the structure and
ecosystem services of the citywide urban forest. In the first case, there is no estimation of
variance or sampling error in the total population because all trees are measured, whereas
in the second, the model calculates the standard error of the population estimate [37]. The
number and size of sample plots affects the precision of the estimate, but at the same
time increases the time and cost of sampling. It has been assessed that on average two
people can measure around 200 (0.04 ha) plots during 14 field weeks resulting in a relative
standard error of about 12% on the total number of trees [51].

Accurate tree measurements are also important because these data, along with en-
vironmental variables, influence model outputs [52]. For example, VOC emissions are
strongly related to genus, and it is evident from our analysis how a different dominant
species, within the park, can affect the total value. Diameter at breast height influences
carbon storage and sequestration, but also tree condition and crown light exposure (CLE)
play an important role [41].

Based on the results of a study that analyzed i-Tree Eco model outputs from 15
U.S. cities, an uncertainty of 12.3% was observed for leaf area, 13.4% for carbon storage,
11.1% for carbon sequestration, 40.7% for isoprene emissions, and 25.0% for monoterpene
emissions, summing the input, sampling, and model contributions [53]. Furthermore,
in addition to potential errors related to sampling methods or model functioning, it is
critical to validate results with experimental studies to improve parameterization and
estimates of ecosystem services. Only a few studies in the literature have compared the
model-calculated pollutant deposition flux for gaseous and particulate pollutants. Morani
et al. 2014 [54] compared ozone deposition flux with Eddy covariance measurements
showing a larger error during the dry summer period in a Mediterranean forest, due to
stomatal closure of leaves and thus less O3 uptake. A similar result was also observed
by Pace et al. 2021 [55] in a comparison with sap flow measurements in two squares in
Munich, showing that taking into account the soil water balance results in a better match
with the assessments by improving the calculation of transpiration and cooling effect of
trees. Regarding particulate matter removal, a recent study compared the calculation of
i-Tree Eco with the accumulation of fine particulate matter on Quercus ilex leaves measured
by vacuum filtration and scanning electron microscopy, highlighting the need to improve
the current model parameterization by taking into account the different leaf traits on
deposition, resuspension, and washing [56].

In our study, tree species with greater basal area accumulate and sequester more
carbon in both urban forests, in particular C. deodara, C. sempervirens and P. alba for the
RED Park, and C. deodara and C. sempervirens for the EXPO Park. Some species (e.g., C.
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arizonica, F. americana for the RED Park and A. hippocastanum for the EXPO Park), while
relatively smaller in diameter, remove a greater amount of carbon, because there are enough
trees in a better light and health condition [36,52]. However, the model dependence of
tree growth solely on light conditions, represents a strong assumption, because especially
in cities, additional factors such as drought [57] or high ozone concentration [58] can
negatively affect the tree growth. Furthermore, regional and urban tree-specific allometric
equations for urban trees can improve the estimates of urban forest biomass [59]. To
increase the reliability of the model estimates and for greater awareness of the limitations
and uncertainties of the outputs, it would be desirable to integrate these improvements
into the parameterization and processes of the model, highlighting the degree of error
associated with the estimation of each ecosystem service.

4.3. Urban Green Planning in Tbilisi and Future Perspectives

Increasing tree cover in cities can mitigate the extreme health effects of climate change,
such as extreme heat [60] or the impact of flooding in urban areas due to heavy rainfall [61],
which also result in significant economic implications.

Decision support tools, such as the i-Tree Eco model, allow quantifying the amount
of ecosystem services provided by trees and thus help in the management and species
selection for planning effective urban green spaces [62].

Our analysis showed that evergreen species in Tbilisi, despite an extended leaf-on
season and thus the possibility of longer interaction with pollutants and precipitation,
are not able to provide more ecosystem services than deciduous species. For example,
rainfall is abundant in the spring-summer season, which allows for greater fine particulate
matter removal [39,56,63], as well as greater rain interception and thus reduced runoff
(Figures 5-7). Furthermore, rainfall allows to increase the soil water content and ensures
a higher stomatal conductance and therefore, a cooling effect and uptake of gaseous
pollutants [55]. Another important selection criterion is the choice of non-VOC emitting
species [64], such as the species within the genus Acer, Fraxinus and Tilia, to ensure high
ozone removal [65] by preventing its formation [66]. Some species within these genera
are already included in the list of suitable trees for the landscape and climate of Tbilisi
(Table 3) and according to their environmental services should therefore be supported in
establishing new urban forests in the city.

The development of green areas in the city of Tbilisi requires thorough planning
based on quantitative criteria, such as the ability of trees in providing essential ecosystem
services, to effectively mitigate the effects of climate change and air pollution. In the current
landscape, green spaces are confined to surrounding areas of the city, thus reducing the
accessibility of people and potential benefits to human health and the environment. Urban
forests such as RED and EXPO parks, represent limited spots in the urban fabric, but the
results of this study demonstrate how capable these green infrastructures are of providing
multiple environmental benefits. In light of the current urban planning policy, the use of
software such as i-Tree Eco can help to quantify the current urban forest structure of the
city and its ecosystem services and support future afforestation programs. In particular,
it is recommended to increase tree cover in the downtown area, in densely populated
residential areas, and near sources of pollution such as busy roads through a specific plant
selection [67]. Although the i-Tree Eco model was developed in the United States, the
simulation presented in this study was performed with input data (meteorological and
pollution) measured in Tbilisi. Additionally, all measured species were parameterized in
the model database, opening up the chances to utilize the model for the research of bigger
parks of Thilisi, such as Mtatsminda Park (approx. 150 ha), Tbilisi Dendrological Park
(about 163 ha) and National Botanical Garden in Thbilisi (161 ha), located in the suburbs
of Thilisi. The future use of the i-Tree Eco model for studying the bigger parks of Tbilisi,
may become a good example of transferability of the modeling exercise, for evaluating the
ecosystem services provided by the urban parks. In the cases of Tbilisi Dendrological Park
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and The National Botanical Garden, the modeling could give different results due to richer
and more diverse composition of tree species in those two sites.

4.4. The Value and Role of Urban Forests

The concepts of green infrastructure, urban forests, and ecosystem services, defined as
the multiple benefits flowing from nature to society, are relatively new topics in scientific
research. Despite their inclusiveness and participation, these approaches often find diffi-
culty in implementation and applicability, especially in urban planning and management
stages [68].

Urban parks, gardens and other green areas give cities a greater identity and unique-
ness by contrasting with the surrounding urban fabric. Notable examples are the Englischer
Garten in Munich, Germany, or Central Park in New York City, USA. Nevertheless, they are
very often, not considered as drivers or determinants in the city’s land use policies, city
development, or sustainable urban practices.

The ecological value and capacity of urban parks to provide ecosystem services, based
on the type or quality of vegetation, is often neglected, and the presence of green spaces
in cities is generally described only as a per capita share [69]. However, relatively small
urban forests, such as EXPO Park, can offset CO, emitted by more than 80 Georgian
citizens (2.14 t per capita, www.worldometers.info accessed on 1 August 2021) and fine
particles of more than 200 diesel cars EURO VI (PM limits of 4.5 mg/km according to
Commission Regulation (EU) No 459/2012 of 29 May 2012) with an annual mileage of
20,000 km (assuming the concentration of PMj, 5 is half of the total mass of particles).

These results show a limited ability of urban trees to mitigate greenhouse gas emis-
sions and air pollution in light of tree canopy space constraints and the magnitude of
emissions [70]. Therefore, tree planting should be part of the integrated planning of cities
that aim to reduce environmental impacts and introduce proper management of urban
forest to maximize their benefits and reduce possible disservices [71]. The Sustainable
Development Goals (SDGs) focus much attention on reducing the impact of cities on the
environment and mitigating the effects of climate change. In this regard, the study of the
biotic component of urban forests and their ecosystem services will be of great support for
de-carbonization and minimization of pollution in urban areas.

The effects of climate change have strong economic impacts, particularly in cities and
surrounding areas. Extreme events such as floods, hurricanes, wildfires, severe drought,
air pollution and related impacts on the health of city dwellers, increased infrastructure
and disaster recovery costs, leading to an overall increase in public spending [72].

Moreover, it is also very important to consider the contribution of urban parks to
human health and well-being, producing multiple benefits such as increasing physical
activity, increasing life expectancy, reducing health problems, and promoting psychological
wellness [73,74]. These essential social and psychological services contribute directly and
indirectly to the liveability, comfort, positive image, and attractiveness of the city [75].
Therefore, the provision and availability of urban green spaces, as a common and shared
natural good for all city residents, raises the questions of ethics and environmental justice,
equitable distribution of urban green infrastructure, and its accessibility to various urban
population groups [76].

Urban trees produce multiple benefits for people and the environment, producing
externalities with a positive economic impact such as reduced health care costs, energy
use or stormwater control [77]. On the other hand, urban trees can lead to disservices and
thus costs, such as asthma due to pollen emission or infrastructure damage [78], which can
be minimized through comprehensive urban forest planning [71], including the costs of
maintenance (planting, management, removal) [79].

The assessment of economic impact and socio-environmental services provided by
urban green spaces in Thilisi, Georgia, deserves further investigation in future studies, to
ensure effective green infrastructures and sustainable development of the city.
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5. Conclusions

Urban forests and trees contribute to improving air quality and mitigating climate
change and its effects in cities. These services of urban vegetation are well recognized
though less implemented in urban planning decisions from local administrations. In this
study, we showed the impact and the environmental importance of two parks in Tbilisi by
implementing the i-Tree Eco model for the first time in a Southern Caucasus city. Another
finding of this study is the utmost need to preserve old and develop new parks and
other green infrastructures in Tbilisi, where the availability of green space is insufficient
(per capita values, or overall accessibility). Scientific studies and economic evaluation of
ecosystem services, provided by parks and urban vegetation, can support decision-making
processes in urban planning and development, thus contributing to increased attention
and more effective efforts for sustainable environmental management in Tbilisi. Accurate
field measurements and the implementation of tools such as models, allow quantifying
the urban forest structure and related environmental benefits. These results support the
selection of suitable and effective tree species for future reforestation and afforestation
programs. Through comprehensive and quantitative assessments of trees, proper planning
and management of urban green spaces can be adopted, providing detailed information on
the type, quality, and services of vegetation, contributing to the sustainable development
of rapidly expanding and growing cities such as Thilisi.
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