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GREEN INFRASTRUCTURE INDICATORS FOR URBAN
PLANNING: APPLYING THE INTEGRATED APPROACH FOR
RUSSIAN LARGEST CITIES

ABSTRACT. Modern approaches to urban planning assume the dualistic nature of urban green infrastructure (Gl). On the
one hand, green infrastructure is as an integrated network of natural and semi-natural areas, featuring a delivery of various
benefits to humans. On the other hand, Gl is multifunctional and provides the residents by complex of ecosystem services to
be user-oriented. Most official reports and programs use common indicators that do not characterize distribution, dynamics
or state of Gl. In our research, we assessed the quality of Gl in 15 largest Russian cities by using an integrated assessment
of 13 indicators that make up three groups: the ones 1) characterizing general Gl availability; 2) supporting a comfortable
urban environment («recreational indicators»); and 3) forming a stable ecosystem («integrity indicators»). The cities were
ranked by values of every indicator from 1 to 15 and then the results were summed and normalized to get a total mark
(max. 100). To assess the development of Gl elements of each group, we also ranked cities separately by values of different
groups indicators. Thus, our study revealed that satisfactory marks for both recreational and integrity indicators have Ufa,
Nizhny Novgorod, Kazan, Ekaterinburg, Perm and Voronezh. In contrast, Saint Petersburg, being a densely built-up city in
an auspicious natural zone, got the worst result. According to the final assessment, the quality of green infrastructure in
Krasnoyarsk, a large industrial city, and four cities from the steppe zone (Rostov-on-Don, Samara, Omsk, Novosibirsk) is also
unsatisfactory. Our method does not cover all Gl aspects (like vegetation health) and since it is based solely on remote
sensing data and statistics data, there is definitely a room for improvement. However, this method, while being relatively
quick and simple to accomplish, allows to assess not only general availability of Gl, but its quality and distribution as well,
which are essential for urban spatial planning.
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INTRODUCTION 2014; Ahmad 2014). Remote sensing enables us to evaluate not
only a current share of different green infrastructure types within
Urbanization of megacities meets a lot of different environ-  the city, but to reveal its changes as well (Cheng et al. 2011; Li et
mental, economic and social problems and risks (Kotter et al. ~ al. 2015).
2009). As a remedy to some of these negative consequences of Based on remote sensing data, land cover models can be
urbanization, the installation of green infrastructure as opposed  interpreted as a variation of this indicator (Cheng et al. 2011,
to grey infrastructure is identified as an alternative nature-based ~ Zeng 2016; Huang et al. 2017). When combined with land use
and cost-effective solution forimproving the sustainability of the  statistics, they are used to assess ecosystem services (Green In-

urban development (Ahern 2013; Alberti 2008). frastructure and Territorial cohesion 2011). Projects like Urban

Green infrastructure is described as an integrated network of ~ Atlas and CORINE Land Cover offer an open access for this data
natural and semi-natural areas and features which deliver a vari- ~ on European cities. Such algorithm was applied to evaluate sim-
ety of benefits to humans (Naumann 2011). Modern approaches ilar indicators for Moscow (Klimanova et al. 2018). Some other
to urban planning assume the dualistic nature of urban green  countries develop national standards to regulate urban land use
infrastructure (Benedict and McMahon 2012; Austin 2014; La-  in functional zones. Thus, in China, permitted ranges of the per-

fortezza et al. 2013). In the context of landscape ecology, green  centages of urban land are allocated for different uses are es-
infrastructure preserves its integrity due to the reasonable struc-  tablished for residential, industrial, administrative use and green
ture and internal links and interactions (Alberti 2008; Forman spaces (MOHURD 2010).

2015). At the same time Gl is multifunctional and provides the Usually the indicators of this group are not regulated by
residents by complex of ecosystem services to be user-oriented  general international standards, but rather by local state or city
(Gill et al. 2007; Hansen et al. 2014). government. For example, London Department for Communi-

In the past years, an increasing number of studies have been  ties and Local Government requires 40% of green area within the
conducted on green infrastructure indicators, which can be gen-  city, including green roofs and household gardens. This indicator
erally categorized into two groups. The first one includes «gener- - the percentage of urban green infrastructure — is often referred
al» indicators that generally characterize the quantity and types  to by different European manuals for urban planning (like Han-
of urban green space (Green infrastructure and territorial cohe-  dley 2003, Good Practice Guidance for Green Infrastructure and
sion 2011; Gomez et al. 2011; Kabisch et al. 2013; Huang 2017). Biodiversity, TCPA 2012), Urban Green Infrastructure Planning: A
Data for them, mainly the share of vegetated area in the city,can ~ Guide for Practioners (Hansen 2017). In China, key goals for the
be collected from remote sensing (Huang et al. 2017; Yang et al. ~ national garden city scheme was to ensure that the percentage

251



GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY

2020/01

of green spaces in urban areas should be higher than 36% and
have potential opportunities to achieve more than 40% in the
future (MOHURD 2010). Russia also has its national standards
for urban green infrastructure. According to them, green space
must occupy at least 40% of the city’s area (Sanitary Regula-
tions and Standards 2003).

Another «general» indicator from the first group is urban
green infrastructure per capita. World Health Organization rec-
ommends the minimum of 9 m? green space per capita, while
an optimum is about 50 m? per capita (WHO 2016). These regu-
lations may vary in different countries (Russia, China), depending
on nature zones, but they must not be below international rec-
ommendations.

The second group of «special» indicators describes the qual-
ity of green infrastructure. Generally speaking, it determines how
well urban green areas fulfill their functions. It is common knowl-
edge that vegetation removes air pollutants, reduces urban heat
island effect and street noise. However, the efficiency of these
functions depends on the vegetation health, particularly on the
density and condition of the leaf cover. These parameters are
assessed by matching NDVI with field data (Ahmad 2014; Chen
2002). Another common indicator to assess green infrastructure
quality is Leaf Area Index (LAI), varying from 1 to 10. It is defined
as the green leaf area per unit ground surface area, and mea-
sured by using either field date at the local scale or remote sens-
ing for large territories (Fang 2014).

The accessibility of green areas promotes active lifestyle and
outdoor activities, positively effecting physical and mental health
(Annerstedt et al. 2016; Ekkel et al. 2017). To assess how much
green infrastructure influences the conditions for urban recre-
ation, the availability of green space within easy walking distance
from residential area is measured. A number of works, including
(WHO 2016) reports, turn to Accessible Natural Greenspace
Standard (ANGSt) (Ma 2016), according to which the accessibili-
ty indicator can be assessed at three levels: 5 minutes walk from
home —400 m, 10 minutes —800 m, 15 minutes — 1200 m (Pauleit
2003). Moreover, ANGSt recommends that citizens should have
at least 1 accessible ha of green area within 300 m of residential
area, 20 ha within 2000 m, 100 ha within 5000 m, and 500 ha
within 10000 m (Handley 2003). General green infrastructure ac-
cessibility is defined as a ratio of the population with an access
to green area in the 300 m buffer to the total city’s population
(WHO 2016). This standard was also partially used to evaluate
accessibility in Google Earth Engine system (2005-2015) for 28
world megacities (Huang et al. 2017).

Special fragmentation/cohesion indicators are used to as-
sess the integrity of urban green infrastructure (Andersson et
al. 2008; Werner 2011). Basically, fragmentation is a process in
which large elements are divided into smaller isolated segments
with their geometric shape becoming more complex due to the
economic activity (McGarigal 1995). As fragmentation disrupts
the interchange of energy and matter between green areas, it
primarily affects supporting and regulating ecosystem services
(Zhang 2017). Of course, urban forests lack the sustainability of
natural ecosystems and are more vulnerable. Still, GI connectivity
and integrity allows species (mostly birds and insects) to move
through all the green network and thus to create stable popula-
tions (Shavnin 2011). At the same time, however, high fragmen-
tation means an even distribution of green elements in the city,
and that is important for Gl recreational role. Thus, when dealing
with Gl fragmentation, both sides of its interpretation should be
considered.

European Environmental Agency (EEA 2017) also uses a
similar fragmentation indicator in their reports — a distribution of
green urban areas (GUA), that is defined as the relationship be-
tween green area boundaries (edges) and all the other elements
present in the city. The total length of the edges is compared
with the city’s urban area. The edge density provides an indica-
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tion of the distribution of GUAs. A high edge density in a city
indicates a relatively high number of green areas that border
residential, commercial, industrial or other public buildings. Con-
sequently, a higher value for the indicator may be due to a long
boundary length, i.e. more small patches. The agency, however,
does not establish certain values of indicators.

Finally, the green infrastructure integrated assessment is of-
ten considered a part of urban sustainability (or urban ecosys-
tems health) research (Bell et al. 2008; Mell 2009; Pakzad et al.
2016; Zeng 2016). For instance, urban ecosystems health of Chi-
nese megacities is described by parameters like per capita green
area, built-up area green coverage rate, percentage of different
type of land system (cropland, forest cover, grassland, water area
and unutilized land) (Zeng et al. 2016). All of them, though, be-
long to the assessment of the facility and land systems.

In most cases, the common method for assessing urban
green infrastructure incorporates an index system and weight
determination for a final value that reflects the green infrastruc-
ture status of each city. Other works have attempted (Cheng
2011; Yang 2014; Klimanova 2018) to combine the advance-
ments made in urban natural ecosystem assessment with the
distinct purposes for recreation of urban green areas. Measures
of availability and accessibility have been integrated, whereas
the link between these components and Gl fragmentation is
still weak. The assessment of urban green infrastructure requires
both groups of indicators and also the accounting of spatial dis-
tribution of green spaces.

In this study, we aimed to assess the current state of urban
green infrastructure by establishing an indicator system associ-
ating Gl general indicators their quality. These approaches were
applied to the 15 largest Russian cities to evaluate their status
quo and facilitate future urban management.

MATERIALS AND METHODS

Study area

The objects of our research are the largest Russian cities with
population over one million people. Eight out of fifteen cities are
situated in the European part of the country, four in the Urals and
three in Siberia. Their social-economic data is shown in Table 1.

The largest and most populated city is the capital - Moscow.
It is the only Russian city that, according to the international in-
dicators, can be considered a megacity and that is one of top-
25 world cities with the highest GDP and GDP growth (Dobbs
2011). Saint Petersburg is the second most populated city in
Russia and like Moscow is also a city of federal importance. The
highest rate of population increase is found in Voronezh and
Krasnoyarsk, while in Nizhny Novgorod the population is rapidly
dwelling. Population growth is an important factor to consider
when investigating urban Gl and particularly its dynamics, since
green area may not change a lot, but considering a significant
population increase, it is not a positive result. A growing pop-
ulation means a growing demand for green infrastructure, so
the «protection and conservation policy» is not sufficient. More
measures for green area enhancement should be applied.

Omsk, Chelyabinsk, Ufa and Krasnoyarsk are big industrial
cities with significant emissions from point source. The share of
transport emissions varies from 34% in Krasnoyarsk to 94 in Mos-
cow (Rosstat 2016). Unfortunately, while industrial centers need
regulating and purifying green infrastructure first and foremost,
they lack it most than others.

All of the studied cities are administrative centers of federal
subjects of Russia, with most of them being the main drivers of
regional economic development. They undoubtedly demon-
strate the best practice of urban planning in their regions, but
they still face a lot of environmental problems and need a num-
ber of measures to improve urban green infrastructure.
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METHODOLOGY

The system of indicators

To assess the present state of urban green infrastructure, it is
basically crucial to develop a system of indicators. Notably, indi-
cators for urban planning should have some standard values to
serve as reference when deciding on measures for improvement.
It was the basic principle during the selection of indicators in our
research. Moreover, indicators should be quite easy to evaluate,
interpret and regulate. The aim is to choose comprehensible in-

struments that can characterize both strong and weak points of
urban green infrastructure, indicate the most and the least effec-
tive strategy for its enhancement.

Our systemization of indicators bases on the idea that green
infrastructure does not only fulfill the citizens'needs, but also sup-
ports itself as a system of integrated elements. Thus, we divided
all indicators into three groups: those that 1) characterize general
green infrastructure availability; 2) support a comfortable urban
environment; 3) form a stable integrated system of green infra-
structure. The groups and their indicators are present in Table 2.

Table 1. Socioeconomic development of largest cities in 2016

ciy el zone | e8| Populaton | O BeTSGT. | Populatondensy | GOP et
per cent
Moscow Mixed forest 2432 12.381 +1.05 5091 21315
St Petersburg Coniferous forest 1439 5.282 +14 3670 61.5
Novosibirsk Forest-steppe 481 1.603 +1.38 3333 11.5
Ekaterinburg Coniferous forest 401 1456 +0.97 3631 13.8
Perm Coniferous forest 806 1456 +0.53 1806 8.1
Nizhny Novgorod Mixed forest 317 1.262 -0.11 3981 1.6
Kazan Mixed forest 635 1232 +0.94 1940 8.5
Chelyabinsk Forest-steppe 504 1.178 +0.89 2337 8.5
Samara Forest-steppe 543 1.170 +0.24 2155 9.2
Rostov-on-Don Steppe 355 1.125 +0.64 3169 9.3
Ufa Mixed forest 667 1.116 +0.83 1673 8.6
Krasnoyarsk Coniferous forest 378 1.083 +1.52 2865 89
Voronezh Forest-steppe 601 1.040 +2.15 1730 6.5
Omsk Steppe 580 1.016 +0.35 1752 7.3
Volgograd Steppe 861 1.015 +0.27 1179 6.0
Source: Russian Federal State Statistics Service (2016) and Institute of Urban Economics (2015)
Table 2. Indicator system for green infrastructure integrated assessment
Group # Indicators and units of measurement
1.1 Total urban green infrastructure, per cent
1.2 Green infrastructure availability, sg. m per capita
1. General green . L s .
infrastructure 1.3 Green infrastructure availability of the least vegetated city district, sq. m per capita
availability " Difference between urban green infrastructure per capita in the most and the least vegetated city
' districts, sq. m per capita
1.5 Change of the percentage of total green infrastructure, per cent
2. Comfortable 2.1 Urban green infrastructure for recreation availability, sg. m per capita
env?r;bnar:ent 2.2 Share of residential area without green infrastructure in the 300-meter buffer, per cent
formation 23 Share of residential area without green infrastructure in the 800-meter buffer, per cent
3.1 Tree vegetation in green infrastructure, per cent
3 Green 32 Agricultural lands in green infrastructure, per cent
infrastructure 33 Green infrastructure fragmentation index
sustainability 34 Urban protected areas, per cent
35 Change of tree cover share in green infrastructure2, per cent
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Indicators assessment

Integrated assessment consists of three stages (fig. 1).
Stage one includes the preparation of spatial data for the
evaluation. We used materials on tree cover within cities
for 2000-2016 (Hansen 2013) and land use categories (from
OpenStreetMap (OSM) to define agricultural lands and
green areas. The administrative borders for the cities are
also taken from corresponding OSM layers. To assess the
per capita green infrastructure for recreation, we used the
following OSM layers and categories: vegetation (wood),
landuse / vegetation (forest, orchard, grass, meadow, vil-
lage_green, recreation_ground), landuse (garden, park, al-
lotments, cemetery).

To assess how much green infrastructure influences
the conditions for urban recreation, the availability of green
space within easy walking distance from residential area
is measured. A number of works, including (WHO 2016)
reports, turn to Accessible Natural Greenspace Standard
(ANGSt) (Ma 2016), according to which the accessibility in-
dicator can be assessed at three levels: 5 minutes walk from
home — 400 m, 10 minutes — 800 m, 15 minutes — 1200 m
(Pauleit 2003). Moreover, ANGSt recommends that citizens
should have at least 1 accessible ha of green area within
300 m of residential area, 20 ha within 2000 m, 100 ha with-
in 5000 m, and 500 ha within 10000 m (Handley 2003). In
our study we use 300 and 800 m buffers.

The most common parameters to fragmentation mea-
surement are the number of patches, patch density (patch-
es per 100 ha), mean patch size, total edge length, edge
density (the sum of all green elements’ edges, divided by
total urban area — m/ha), total core area and percentage
of core area (the one that is not influenced by edge effect)
and Euclidean nearest neighbor distance (the shortest dis-
tance between close patches) (McGarigal 2014). Fragmen-
tation parameters were evaluated in Fragstats by inputting
Hansen tree cover rasters with 30 meter spatial resolution
and using six operations from «class metrics» block: Edge
Density (ED), Largest Patch Index (LPI), Patch Density (PD),
Number of Patches (NP), Total Core Area (TCA), Euclidean
Nearest Neighbor Distance (ENN). For the «background
value» we assigned the class of non-tree vegetation of a

classified raster image. To do so, we input a special matrix
into Fragstats, so that a value of pixels with tree vegetation
would be considered true and non-tree vegetation — false.
We also verified the results by doing the same operation
with NDVI classified images that we created from Landsat
5,7 and 8 images for 2000 and 2016. Four classes were de-
fined: water surface; unvegetated surface, sparse vegeta-
tion cover and dense vegetation cover. The first class in-
cludes NDVI values below 0; the second class — up to 0,2;
the third — up to 0.35; and the last one consists of all higher
values. The edge depth defines the distance of edge effect
and consequently the size of core area, so we took 120 me-
ters for this parameter and created a matrix for the opera-
tion as well.

On stage two we assessed the indicators. To evaluate
per capita ones, we used the official statistical data on ur-
ban population. The summed values of indicators for the
cities were later ranked from 1 to 15. The same operation
was done separately for the first, second and third groups
of indicators. Fragmentation index is also a result of ranking
cities by six Fragstats parameters we have described earlier.
Their values were summed and then ranked again. As a re-
sult, the maximum value of fragmentation index is 15, and
the minimumis 1.

Stage three is a final integrated assessment of urban
green infrastructure, based on all chosen indicators, and
the following normalization of its values.

RESULTS

Statistics of the indicators.
Table 3 shows variabilities for 15 cities.

First group indicators. The highest percentage of total
green infrastructure (#1.1) is found in Perm and Moscow,
while Saint Petersburg, Volgograd and Samara the lowest
total share of green areas. As to the per capita green in-
frastructure (#1.2), the best results are discovered in Volgo-
grad and Ufa, and the worst in Saint Petersburg. Per cap-
ita green infrastructure of the least vegetated city district
(#1.3) is another per capita indicator that, unlike the pre-
vious one, characterizes the spatial homogeneity of green

()

¢ Tree cover
rasters for 2016 [l

Total urban green infrastructure \

* Remote Green infrastructure availability
sensing data Green infrastructure availability of
for 2016 the least vegetated city district

Difference between urban green
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Change of tree cover share in
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Fig. 1. Three stages of study
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infrastructure. Thus, the least vegetated districts of Saint
Petersburg, Moscow and Volgograd are the worst among
other cities, while the best are in Novosibirsk, Kazan and
Perm. The difference between urban green infrastructure
per capita in the most and the least vegetated city districts
(#1.4) is especially high in Moscow, Saint Petersburg and
Samara, and less significant in Rostov-on-Don and Omsk.
The change of the percentage of total green infrastructure
(#1.5) is the last «general» indicator, that has shown the
most distinctive decrease of green area in Saint Petersburg,
and a particularly big increase in Nizhny Novgorod and No-
vosibirsk.

Second group indicators. Per capita urban green infra-
structure for recreation (#2.1) is the highest in Perm and
Voronezh, and the lowest in Rostov-on-Don and Omsk. The
largest share of residential area without green infrastructure
in the 300-meter buffer (#2.2) is found in Volgograd and
Ekaterinburg, while Chelyabinsk and Omsk have the best
accessibility to urban green areas. As to the availability of
green infrastructure in the 800-meter buffer (#2.3), the most
provided cities are Saint Petersburg, Ekaterinburg, Moscow
and Kazan, and the least ones are Rostov-na-Dony and Ufa.

Third group indicators. Tree vegetation takes the largest
part of urban green infrastructure (#3.1) in Perm and Vo-
ronezh, while in Chelyabinsk, Omsk and Volgograd green
area mostly consists of non-tree vegetation. Agricultural
lands occupy the most significant share of urban area (#3.2)
in Volgograd, Saint Petersburg and Kazan, and the smallest
percentage in Krasnoyarsk and Novosibirsk. Green infra-
structure fragmentation index (#3.3) is maximum in Samara
and Kazan, and minimum in Saint Petersburg. As to the ur-
ban protected areas (#3.4), their share is distinctively high
in Chelyabinsk and Voronezh, but quite low in Krasnoyarsk
and Omsk. In most cases, the change of tree cover is insig-
nificant. However, the positive dynamics in Voronezh and
Samara, and the negative one in Ekaterinburg are worth
mentioning.

The variance ratio reflects the gaps among these cities,
which is calculated by dividing the variance by the mean
value of each variable. It demonstrates how even or uneven
green infrastructure aspects are developed in different cit-
ies. As we can see, variation ratio is high for most indicators,
particularly for the difference between urban green infra-

structure per capita in the most and the least vegetated city
districts, meaning that results for this one vary greatly in dif-
ferent cities — while districts in Rostov-on-Don and Omsk are
quite evenly vegetated, the situation in Saint Petersburg and
Moscow is 100 times worse. On the whole, most cities are
vegetated quite differently. In only four cases — total green
infrastructure percentage, tree vegetation in green infra-
structure percentage and «change» indicators — most cities
got results that are relatively close to mean values. More-
over, the mean value of indicator 1.1 shows that most cities
have the share of green area above recommended 40%. The
same applies to the per capita indicators since there is more
than 9 m2 Gl per capita in every city. Though, the same can-
not be said about the least vegetated districts in Ufa, Saint
Petersburg, Kazan, Krasnoyarsk, Moscow, Novosibirsk and
Rostov-on-Don, where central parts lack green elements.

Relation between indicators of different groups

As we have mentioned in part two, for every indicator
the cities were ranked from 1 to 15. So, a total sum of all
indicator-ranks for each city is actually a value of its green
infrastructure integrated assessment. Later, we also evaluat-
ed the sum of ranking points for each group of indicators
separately. Since the number of indicators differs in three
groups and thus their summed values cannot be compared,
we normalized the results by using the following formula: |
=1 x100/1__, where | is a normalized value, | —a sum of
ranking points for a city, | _ —a maximum possible sum of
ranking points in a group. In case of dynamics indicators (1.5
and 3.5), we give a city 0 points if the change is negative. So,
for the first and third group | is63, for the second one —45.
Normalized values vary between 1 and 100.

Figure 2 demonstrates the relation between general,
comfort and integrity indicators. When comparing results
of the first two groups («recreational» and «integrity» indica-
tors), we can divide cities into three sub-groups, depending
on their interrelation:

- a total mark for «recreational» indicators is higher than a
total mark for «integrity» indicators;

- a total mark for «integrity» indicators is higher than a total
mark for «recreational» indicators;

- marks for «recreational» and «integrity» indicators are sim-
ilar.

Table 3. Statistics of the variables for 15 cities

# Maximum value Minimum value Mean value Variance ratio
1.1 73 36 536 1.98
1.2 466 137 247.87 45.72
13 59 1 1713 17.00
14 5123 47 800.20 2066.39
1.5 11.6 -11.7 234 14.69
2.1 406 33 131.07 7349
22 74 25 46.20 391
23 33 2 9.60 7.65
3.1 62 12 349 548
32 24.5 0.2 6.40 948
33 61 20 48.00 1.90
34 30 03 8.68 793
35 8.7 -1.8 0.70 1244
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The first sub-group includes Ufa, Rostov-on-Don, Omsk, No-
vosibirsk, Nizhny Novgorod and Krasnoyarsk. Chelyabinsk, Perm,
Saint Petersburg, Moscow, Voronezh, Kazan and Volgograd be-
long to the second sub-group, while Ekaterinburg and Samara
have approximately equal normalized values of both indicators
groups.

Integrated green infrastructure assessment

Besides getting normalized values for three groups, the
same operation was done for all 13 indicators. Thus, the research
has revealed that Voronezh, Ekaterinburg and Perm have the
most effective and sustainable green infrastructure (Fig. 3). The
first two also have the largest share of protected green areas,

Omsk

while the percentage of total green area is one of the highest in
the latter. These cities got 65-75 normalized points out of 100,
so the quality of their green infrastructure can be described as
«good' In contrast, Saint Petersburg, being a densely built-up
city with limited open space, got the worst result. According to
the final assessment, the quality of green infrastructure in Kras-
noyarsk, a large industrial city, and four cities from the steppe
zone (Rostov-on-Don, Samara, Omsk, Novosibirsk) is also un-
satisfactory. Their total mark is about 40. Other cities got 50-65
points, and since their marks are above average, the quality of
their green infrastructure can be defined as satisfactory.

Since our integrated assessment is based on ranking, the
final marks do not reveal the results' difference between the

Perm
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Ufa
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Voronezh
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Fig. 2. Normalized values of indicators from 3 groups
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cities and we cannot fully comprehend the weight behind the
normalized values. When there is a small variance of minimum
and maximum values, it does not mean that the city that got 1
point for this indicator has «unsatisfactory» results. For instance,
for per capita green infrastructure Volgograd got 15 points and
Saint Petersburg — 1. However, the leader's absolute values for
this indicator are only 4 times better than the absolute values
of the last one, while in some cases (like urban protected areas
percentage) the absolute values of the first city can be 30 times
better.

DISCUSSION

Green infrastructure plays a key role in a formation of a com-
fortable urban environment, but at the same time it is affected
by intense processes of urbanization, like surface sealing and
active building, transport and industrial activity. However, cities
are not only the cause of negative influence, but also the main
decision-making centers for green infrastructure improvement.

The development of green infrastructure is a necessary
measure for keeping urban sustainability, particularly in the
context of the global environment change. Sustainable cities
and communities is among the priority UN sustainable devel-
opment goals (Sustainable Development Goals 2015). Green in-
frastructure planning is an essential part of urban development
policy, as it combines both nature conservation measures and
plans for the formation of a comfortable urban environment.
The conflict between contradicting environmental and users'
approaches is the major problem of urban nature protection,
that is especially keen in large cities.

The Russian national program «Housing and urban environ-
ment» (2019) includes 36 indicators, but only six of them de-
scribe green infrastructure: 1) the percentage of public green
area, 2) total share of urban green area, 3) the state of green
area, 4) attractiveness of green area, 5) the variety of services
of green area, 6) the percentage of population with access to
public green area. However, most of these indicators do not de-
scribe spatial heterogeneity and Gl sustainability.

Our research on 15 cities gives an integrated method of
green infrastructure assessment, which offers two main contri-
butions.

The first one is a tested integrated system of 13 indicators
for the current state and quality of urban green infrastructure.
Among other common «traditional» indicators like the percent-
age of total green area and total green area per capita, we also
take into account the spatial differences of green infrastructure
and consider tree vegetation more valuable in the context of
ecosystem services. In our study we used data from both open
source geoportals and official statistics base, that guarantees its
consistency. Obviously, the suggested method is not perfect.
The full assessment of green infrastructure quality requires a big
variety of data sources, many of which are not available for all 15
cities at the moment. At the same time, the method we suggest
is relatively simple in evaluation and use, and can be applied for
cities in other countries as well.

The second contribution is a method, that allows to com-
bine two blocks of green infrastructure indicators — the ones
characterizing the influence on the urban environment, and
those defining the integrity of green infrastructure — in one
assessment. Today, the integrated multifunctional approach to
green space organization should be considered the best urban
planning practice. However, in most cases there are still quite a
few natural areas within the city borders in Russia that actually
continue to exist as self-sustaining ecosystems. Sometimes, this
phenomenon is found in some other cities, particularly in Africa
and South America: Rio-de-Janeiro (lllarionova 2018), Dar-es-Sa-
laam (Lindley 2015), Caracas (Werner 2011). Our method offers
a convenient way to assess whether measures directed at the
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formation of a comfortable urban environment are developed
proportionally to the measures for green infrastructure sustain-
ability improvement.

By assessing the change of green area in 15 largest cities in
2000 and 2016, we reveal that was insignificant (under 3%), with
the most noticeable decrease concerning non-tree vegetation
that covers former agricultural lands on the outskirts and waste-
lands in central districts. A positive aspect of this result is a con-
clusion that forest area remains relatively stable and does not
shrink under the cities’ growth. There are, though, a few cases
of local forest cutting in some areas, for instance in Saint Peters-
burg.

We did not discover, though, a direct correlation between
the sustainability of urban green infrastructure and nature zones
or industrial activity. One should expect in «arid» cities a higher
mark for socially significant «recreational» indicators since green
infrastructure is meant to mitigate the effects of the harsh en-
vironment, while natural fragmentation should lower the marks
of «integrity» indicators there. This contradiction, found in all
cities of steppe zones (excluding Voronezh), only proves that
green infrastructure development is not sufficient there.

Moscow, Saint Petersburg and Krasnoyarsk, even being in
an auspicious forest zone with favorable conditions for vegeta-
tion, got low marks for integrity indicators, meaning that their
green infrastructure is especially vulnerable. Satisfactory marks
for both recreational and integrity indicators have Ufa, Perm,
Nizhny Novgorod, Kazan, Ekaterinburg and Voronezh.

The most cities of steppe zone with unfavorable environ-
mental conditions indeed belong to the group with a low-qual-
ity green infrastructure. Moreover, industrial cities like Ekaterin-
burg, Perm and Nizhny Novgorod do not always get the worst
results, meaning an effective local urban planning policy and
intense measures for improvement.

Not all indicators involved can help realize a better urban
green infrastructure, but they still provide a reference point for
making specific regulations to control human activity and im-
prove eco-environment management.

CONCLUSIONS

In this research, we used an integrated method to assess
the current state of green infrastructure in 15 Russian most pop-
ulated cities. The major contributions and conclusions can be
summarized as follows.

We offered a system of 13 indicators to assess green infra-
structure quality that includes two sub-systems to characterize
1) the influence of green areas on the comfort of urban environ-
ment, and 2) the integrity of green space as an interconnected
ecosystem.

Besides two sub-systems that characterize the indicators’
assessment focus (social or environmental), we marked out
«general» and «special» indicators: the common ones that are
often used in reports on urban planning, but actually show an
average picture of the situation; and those that are less «popu-
lar», but allow to assess spatial distribution and homogeneity.
We divided cities into three sub-groups, depending on the in-
terrelation between ‘sustainability’ and ‘recreational’ indicators.
That way we found out that six cities have green infrastructure
that lacks recreational functions, while green areas in six other
cities is most vulnerable.

Thus, cities that got the lowest marks (below 50) for integri-
ty indicators should dedicate more attention to the restoration
and improvement measures to reduce fragmentation. In con-
trast, cities, ranking last in the assessment of green infrastruc-
ture mitigating effects, are better to review their urban planning
strategies to achieve an optimal spatial distribution of green
areas and a comfortable urban environment. M
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