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Abstract: Background: Sediment deposition in the urban environment affects aesthetic, economic,
and other aspects of city life, and through re-suspension of dust, may pose serious risks to
human health. Proper environmental management requires further understanding of natural
and anthropogenic factors influencing the sedimentation processes in urbanized catchments. To fill
the gaps in the knowledge about the relationship between the urban landscape and sedimentation,
field landscape surveys were conducted in the residential areas of the Russian cities of Ekaterinburg,
Nizhniy Novgorod, Rostov-on-Don, Tyumen, Chelyabinsk, and Murmansk. Methods: In each city,
six elementary urban residential landscapes were chosen in blocks of multi-story apartment buildings
typical for Russian cities. The method of landscape survey involved delineating functional segments
within the elementary landscapes and describing each segment according to the developed procedure
during a field survey. Results: The complexity of sedimentation processes in the urban environment
was demonstrated. The following main groups of factors have significant impacts on sediment
formation and transport in residential areas in Russian cities: low adaptation of infrastructure to a
high density of automobiles, poor municipal services, and bad urban environmental management in
the course of construction and earthworks. Conclusion: A high sediment formation potential was
found for a considerable portion of residential areas.

Keywords: urban sediment; urban landscape; sediment transport; municipal service; earthworks;
environmental management

1. Introduction

A growing proportion of the planet’s population now resides in urban areas, and urbanization
has become one of the key drivers of environmental processes in the Anthropocene [1-3]. Further
enlargement of cities and urban agglomerations has been a significant trend in recent decades [4].
Geochemical transformation in the urban environment consists of modifications to the mineral and
elemental composition and physicochemical properties of the urban soil [5-7], changes in the volume
of the surface stormwater runoff [8], redistribution of pollutants [9,10], and forming geochemical
barriers [11,12], among others. Given the complex interactions of nature, people, and the technosphere
in cities, the development of a scientific basis for urban environmental management is a priority for
humanity at the present stage of global development. Proper management of cities should ensure that
they are ecologically, economically, and socially more sustainable places to live in the future [13,14].

Studies conducted in different regions demonstrated that contemporary sedimentation processes
play a significant role in shaping the urban environment. Unlike natural landscapes, an intense
anthropogenic impact on exposed surfaces supplies significant amounts of sedimentary material in
the urban environment. As a result, the typical yield of sedimentation material in urban watersheds
exceeds the rate of this process in natural and agricultural landscapes by an order of magnitude [15,16].

Atmosphere 2020, 11, 1320; d0i:10.3390/atmos11121320 www.mdpi.com/journal/atmosphere


http://www.mdpi.com/journal/atmosphere
http://www.mdpi.com
https://orcid.org/0000-0001-8400-5017
https://orcid.org/0000-0001-9404-5979
http://www.mdpi.com/2073-4433/11/12/1320?type=check_update&version=1
http://dx.doi.org/10.3390/atmos11121320
http://www.mdpi.com/journal/atmosphere

Atmosphere 2020, 11, 1320 2 of 23

Due to their own physicochemical characteristics and the ability to carry various organic and
inorganic toxicants, sediments deposited in streets and roads are characterized as a non-point source of
pollution. Sediment deposition in urban areas has received considerable attention in recent years due
to the ease of sampling of sediment material, and its potential to act as a proxy for urban pollution and
an indicator of emissions of potentially harmful elements [17,18]. Many authors have noted elevated
concentrations of heavy metals in road and sidewalk sediment [19-21]. Recently, contamination with
microplastics [22] and organic compounds [23] was observed in urban wetland sediment samples.

The urban sedimentary system is a significant part of global waste and pollution transport, thereby
changing the chemical composition and mineral content of streams, rivers, seas, and oceans [24-26].

Re-suspension of road dust by the wind or traffic-induced turbulence is an important source
contributing to particulate atmospheric pollution [27,28]. Various pollutants present in urban sediment
and suspended PM may pose serious risks to human health. Exposure to PM has been linked to
increased mortality, and a wide range of diseases in several organ systems—in particular, cardiovascular
and pulmonary diseases [29-31].

Particles of biological origin may be suspended in the air as attached to dust particles [32,33].
Evidence for the potential environmental sources of bacterial and viral species associated with airborne
PM was provided in microbiome surveys in Beijing [34]. Acosta-Martinez et al. [35] reviewed
studies of the microbial characteristics of wind-eroded sediments and distinguished microorganisms
predominant in dust-sized sediment prone to removal by longer-range suspended transport and
those more likely to be locally redistributed by saltation flux. Gardner et al. [36] suggested that
dust-borne microorganisms can only affect human health if a combination of factors coincides with
pathogenesis—in particular, inhalation of a substantial amount of dust occurs. Human exposure
to environmental microbiota, including potentially opportunistic microbes carried indoors by dirt
attached to shoes, was demonstrated in Finland [37].

Hong et al. [38] independently studied health effects of PM, 5 (combination of biomass smoke,
industrial emissions, and vehicular exhaust gas) and PM;jp_,5 (combination of sea salt, fugitive
agricultural emissions, windblown crustal dust, and road dust) in British Columbia, Canada, and found
statistically significant associations between the coarse fraction and non-accidental mortality during
the spring season. Hong et al. [38] concluded that springtime road dust is of particular interest for
health risk assessment in colder climates where snow can collect materials over the winter months.

Besides the health effects, sediment deposition in the urban environment affects aesthetic, economic,
and other aspects of city life. Sedimentation is accompanied by the accumulation of dirt and dust
over the urban surfaces, which reduce the quality of the urban environment. A high level of sediment
accumulation in the urban landscape causes a negative perception of the environment by citizens.
The negative aesthetic effects include the deterioration of the appearance of residential areas and
objects of the urban landscape, buildings, vehicles, etc. Regular sediment supply increases costs
for municipal services such as cleaning and stormwater system maintenance [11,39—41]. Siltation of
stormwater systems, compaction of urban soils, lower fertility of the topsoil, etc., affect the urban
infrastructure [10,42,43]. The accumulation of solid substances on street and sidewalks increases the
wear and tear of vehicles, clothes, and shoes [44,45]. As dust deposits on insulators, pollution control
is required to prevent electricity line outages [46].

Innatural and agricultural systems, sedimentation starts with the detachment of soil particles due to
soil erosion caused by wind, rainfall, and water flow. The rate of soil erosion is strongly dependent upon
soil type, vegetation, and such topographic characteristics as slope, land use, etc. [35,47]. Part of eroded
soil is deposited in different sub-areas of a catchment before it reaches the catchment outlet [47-49].
Sediment storage in catchments causes a discrepancy between estimates of catchment sediment erosion
and sediment yield [48,50]. Sediment budget and the ratio of sediment yield to total surface erosion
(sediment delivery ratio) characterize catchment sediment cascades [49-51]. Quantification of the
sedimentary cascade, including the internal dynamics of sediment supply, transport, and storage in
various catchments, may be performed through analysis of sediment connectivity between different
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landscape compartments, which has become a key interdisciplinary concept in the study of processes
acting both in natural and human-impacted hydro-geomorphic systems [8,51-53]. As sediment
connectivity is hardly measurable, indices and classification schemes (high/moderate/low) have been
proposed for the investigation of connectivity drivers [51,53]. Study of connectivity within a catchment
may be performed by means of a field survey of erosion, transport, and deposition signs that can be
visually observed (rills, local deposits, splash pedestals, flow lines, etc.) [54].

Some specific factors have to be considered in studies of erosion, sedimentation,
and anthropogenic-derived sediment deposition in urban environments [11,44]. The sources of
nearly all sediments in urban areas are engineering materials and urban soils exposed to erosion [44].
Large proportions of urban areas are fully protected by the impermeable cap provided by buildings,
roads, and other structures [44]. Runoff from impervious onto pervious surfaces produces concentrated
flow paths and increases lateral connectivity in the urban landscape [8,41]. Urban pervious surfaces
are potentially more erodible than is natural due to concentrated runoff, bare soil (e.g., construction
and landscaping), and unstable slope conditions (e.g., earthworks) [12,55]. Construction is considered
as a major source of sediment supply in the urban environment [56,57]. Accelerated erosion due to
construction-related activities was observed in Korea [58], China [59], the USA [57,60], Brazil [61],
and other countries. Mechanical sediment removal (extraction) by human activity (street sweeping,
cleaning out of the stormwater network, sediment control at construction sites, etc.) is another specific
feature of the urbanized landscape [60,62,63]. Comparing the urban sediment budget and natural
catchment conditions, Russel et al. [41] concluded that urban catchments have specific extraction fluxes,
higher hillslope erosion, less storage, and higher transport capacities than natural sediment cascades.
Generally, sediment yields in urban catchments increase by an order of magnitude in a period of
development and then remain higher than in natural and agricultural landscapes [16].

Historically, such terms as “street dirt,” “street dust,” “road dust,” and “road deposited sediment”
were used to define urban sediment as an object to control or study in different situations. The term
“street dirt” was used in the context of street cleaning [62]. The term “road dust” implies fine, fugitive,
and respirable material and can be applied in studies of dust suspended in the air [64]. However,
this term is not appropriate for urban sediment that has shown to be composed of a full range of
particle sizes [11,65]. Road-deposited sediment has become an important environmental sampling
medium for assessing anthropogenic metal levels [19,66]. The term “urban sediment” refers to urban
environmental sedimentology and it is applied in a broader manner to mean any sediments present
within the urban environment [11,18].

The urban environment is considered as a separate landscape type that has been formed as a result
of human activities and further develops under the influences of natural, human, and socio-cultural
factors. The urban landscape accommodates natural (biotic and abiotic) and artificial components,
such as buildings, engineering, and transport structures. The study of landscape heterogeneity
was shown to be beneficial to evaluate various natural and anthropogenic processes in the urban
areas, e.g., PM pollution [67,68], biodiversity [69,70], heat island effect [71], social behavior [69,72],
and ecosystem services [73]. Like other urban-related processes, sediment formation, transport,
and surface deposition are closely linked to landscape properties such as geomorphology, landscape
connectivity, land cover, and land use [47,50-52,74,75].

The intrinsic heterogeneity of urban landscapes has been taken into account only in a few studies
of the urban sediment. Russell et al. [76] considered the following land cover categories within the
urban and sub-urban catchments in Melbourne: roofs, impervious areas, grass surfaces, gravel surfaces,
and areas with low sediment connectivity. Land cover mapping for nine street-scale stormwater
catchments (average area about 1700 m?) was undertaken, using aerial imagery and field inspection.
In the study based on the coarse-grained sediment sampling, it was obtained that most of the sediment
was supplied by impervious surfaces and small-scale construction areas [12]. Construction sites
and unpaved roads were identified as two major contributors to fugitive dust emission in Nanjing,
China [77]. In Stockholm, Sweden, the dust load varies between streets and is dependent on pavement
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surface properties [64]. A study of the peri-urban catchment in Coimbra, Portugal pointed out that most
of the catchment sediment is derived from small parts of the catchment subject to the constructional
activity or active landscape change [78].

To summarize, we can say that a comprehensive understanding of the complex interactions
of natural and anthropogenic factors in the sedimentation processes in heterogeneous urbanized
catchments has not yet been achieved. In particular, it is important to analyze different parts of
the urban landscape as potential sources and sinks of urban sediment, to estimate the total value
and variability of urban sediment deposition over residential areas, to assess large-scale sediment
connectivity, to reveal anthropogenic factors specific in different regions, etc. The aim of this study is to
fill the gaps in the knowledge about the relationship between the urban landscape and sedimentation
processes. The factors influencing the processes of sediment supply, its further wash off, sediment
migration, and the accumulation of urban sediment in residential areas were qualitatively studied by
means of landscape surveys in large Russian cities. The novelty of this research is associated with
the potential to reveal significant micro-landscape characteristics and factors by applying high spatial
resolution field study.

2. Experiments

2.1. Descriptions of the Studied Cities

The study was conducted in six Russian cities located in different climatic and geographical zones
(Table 1 and Figure 1). The southernmost city was Rostov-on-Don (47°14” N); the northernmost was
Murmansk (68°58” N). The average January and July temperatures in the surveyed cities range from
—15 to =3 and from 12.8 to 23.4 °C, respectively. Of the six cities surveyed, four have populations
of more than 1 million people. The most populated is Ekaterinburg (about 1.5 million people),
while 0.3 million people live in the least populated, Murmansk. All the cities are the administrative
centers of their regions and play significant socio-economic roles. Ekaterinburg, Chelyabinsk, Nizhniy
Novgorod, and Rostov-on-Don are major centers of industry, transport, and engineering. In Murmansk,
the main economic focus is associated with the seaport (ship repair, fishing, fish processing); Tyumen is
largely oriented towards oil refining. Three cities lie in the valleys of large rivers (Nizhniy Novgorod,
Rostov-on-Don, and Tyumen), two cities (Ekaterinburg and Chelyabinsk) are located in the foothills of
the Ural Mountains, and one city (Murmansk) occupies hills along a sea bay.

1 — Ekaterinburg , 2 — Nizhniy Novgorod , 3 — Rostov-on-
Don, 4 — Tyumen, 5 — Chelyabinsk, 6 — Murmansk

Figure 1. The locations of cities studied.

The municipalities” budgets for the year 2018 ranged from 26.5 to 46.2 thousand rubles
(approximately 400-750 USD) per citizen. The relatively large size of the city budget of Murmansk is
due to its location in the Arctic region and high transport expenses. Among the other cities, the largest
budget in 2018 was in the city of Tyumen, whose economy is related to the oil and gas industry.
In other cities, the per capita budget was 20-30% less.
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Table 1. Characteristics of cities studied.
City, Cars, x10%/Cars Coor- Average Average Precipitation Geogranhical Municipal Budget in
Population, Per 10° People Dinates Jan/Jul Summer Months/Year,  Climate Zone Rge iI:) 0 General Relief Industries 2018 Per Capita,
x103 (2017) Temp., °C mm 8 x10> RUB
. . _ Eastern slope  Floodplain terraces along ~ Machinery, metallurgy,
Ekaterinburg 446.5/302 %6 050 , N 126 213/501 Tem.perate of the Middle the river, hilly plains, research and 27.2
1480 60°35" E /19.0 continental 3
Urals low mountains development.
Nizhniy o010/ _ . Valley of the . .
Novgorod 352/276 YA /12'491 224/648 Humid - Volga and Oka Floodplains and achinery, 265
1260 ’ contne rivers ypamns €r shipping
Rostov-on-Don 319.2/285 47°14' N -3.0 127/59 cl(\)/ﬁiferiil Valley of the  Floodplain terraces along Machinery, river 29.2
1130 ’ 39°42' E /23.4 steppe ’ Don river the river shipping, food industry ’
. Metal processing,
Tyumen 57°09' N -15.0 Temperate Valley of the  Floodplain terraces along . . .
770 279/363 65°32" E /18.8 204/485 continental Tura river the river machu}ery, oil processing, 347
gas-fired power plants
Eastern slope Ferrous and non-ferrous
Chelyabinsk 55°09' N -14.1 Floodplain terraces along metallurgy, chemical
1200 320.4/269 61°24' E /19.3 186/430 Temperate of t{i:{;um the river, hilly plains industry, machinery, 294
coal-fired power plants
. The Kola . . .
orQ/ _
Mumek e SN 205
' bank Kola Bay y & P &

* Data for Murmansk oblast.
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2.2. Description of the Surveyed Sites

Multi-story apartment buildings are the main type of residential development in all cities.
The residential districts consist of microrayons, which were the primary structural element of urban
residential area construction in the former Soviet Union (Figure 2). The development of microrayons
was mainly made up of blocks of apartment buildings of the same type. A group of apartment
buildings (part of a block) with a common front yard and courtyard (back yard) including an adjacent
part of a street was chosen as an elementary urban residential landscape (EURL). Such decomposition
of the urban residential district, where EURL represents the minimal urban landscape element
(micro-landscape), reflects typical apartment block development in Russia.

W
W
W
W

(b)

I
Functional zones
8 Lawn
Sidewalk
[0 Driveway
B Road

(d)

Figure 2. Typical structure of a residential area in a Russian city. (a) City’s residential area;
(b) Microrayon; (c) Block of buildings; (d) EURL.

A two-stage, semi-random procedure was used to select sites for the field landscape survey in
each city. In the first stage, 30 typical EURLs were selected in different geographical areas associated
with various historical periods of city development. Then six sites were chosen randomly from the list
of 30 EURLSs in each city.
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2.3. Method of the Field Landscape Survey

Preliminary site plans were created based on city maps, satellite images, and street view images
available on Google maps and Yandex maps services. The field surveys of the selected sites were
performed in accordance with the developed protocol. In the first step, the preliminary site plan was
split into disjointed segments providing particular functions or services within the EURL. The segments
were assigned to one of the main functional zones:

e Road (a section of the street road network connecting residential areas, and public and industrial
areas of the city);

e  Green zone, including areas with pervious cover: lawns, flower beds, and playgrounds with a
grass cover;

e Sidewalks and adjacent pedestrian paths;

e  Vehicle zone (driveways connecting courtyard spaces with the road network, parking spaces,
and illegal parking places that are areas of other functional zones illegally used for parking).

Additionally, sports grounds and communal service zones can be found in the EURLs.

The front yard and adjacent street, which are supposed to experience significant loads from
vehicles and people, are considered as external parts of the EURL. A courtyard area separated from the
street was considered as an internal part of the elementary urban landscape. As a rule, the courtyard is
isolated by residential buildings, a fence, driveways, or landscape units. Each segment can be assigned
to either the external or internal parts of the EURL.

After the site segmentation, the following characteristics and indicators were analyed for each
segment during field inspection:

e  Functional purpose (functional zone);

e  Association with external or internal parts of the EURL;

e  Type of surface cover, paving (asphalt, gravel, grass, etc.);

e  Percentage of disturbed surface cover (expert’s evaluation);

e  Overall technical condition of the paving and infrastructure element (five-point expert’s evaluation);
e  Quality of the cleaning (five-point expert’s evaluation);

e  The number of parked cars;

e  The number of parking spaces;

e  Presence and type of earthworks, construction, and landscaping works;
e  Slope gradient (yes/no);

e  Local depressions(yes/no);

e  Causes of soil erosion and sediment formation;

e  Visual signs of external sources of sediment entry.

For some characteristics and indicators, the classification schemes were developed by applying
five-point evaluations by experts basing on the visual observations during a field study.

For segments related to the green functional zone, the projective cover of trees, the projective
cover of grasses, the type of vegetation (wild plants, lawn grass, ornamental plants), and insolation
within the site segments were also evaluated.

A special questionnaire was developed that includes the site address and coordinates, segment
ID marked on the site plan, date and time of the survey, and a formalized description of the main
characteristics of the segment. The questionnaire was filled out for each site segment at each site.
Expert grades were assigned by the agreement of two experts. To achieve consistency in the expert
assessments in different cities, the field surveys were carried out by the same researchers according to
the same procedure.
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3. Results

Field surveys of 36 sites in six cities were performed in warm seasons 2017-2019
(Ekaterinburg—August 2017, Nizhniy Novgorod—August 2018, Rostov-on-Don—October 2018,
Tyumen—]July 2019, Chelyabinsk—August 2019, Murmansk—August 2019). The average area of a
site excluding buildings was 7900 m?, the minimum area was 1500 m?, and the maximum area was
17,600 m?. Buildings occupied an additional 2400 m? on average. At each site, 14 segments on average
were delineated. A schematic division of a site into segments is presented in Figure 3. The average
area for the segments was approximately 560 m?; 75% of the segments had areas of more than 135 m?.

i . Building
Site fragments: - structura

1. Road;
2. Outer lawn; l ' Cars
3. Outer sidewalk;
4. Outer lawn;
5. Inner Lawn; Functional zones
6. Inner sidewalk;
7. Driveway; L

- awn
8. lllegal parking;
9. Playground; Sidewalk
10. Inner lawn;
11. Driveway; [ Driveway
12. Inner sidewalk;
13. Inner Lawn; - Road
14. Inner Lawn.

A% Playground

Figure 3. Schematic division of an elementary urban residential landscape (EURL) into segments and
functional zones.

3.1. Functional Zones

Division of the EURL area by functional zones is presented in Figure 4. An average of 18% of the
residential area is related to the roads, from 13% in Rostov-on-Don to 26% in Tyumen. On average,
the green zone occupies 53% of the area of the site excluding the road network. The smallest contribution
of the green zone to the area was 42% in Tyumen; the largest was 63% in Ekaterinburg. The average
area of the vehicle zone (Figure S1), including driveways, parking, and illegal parking places is 35%,
from 29% in Ekaterinburg to 42% in Rostov-on-Don. On average, 59% of the area of a site belongs to
the courtyard space.

100% A

80% A

60% A

40% 4 m Green zone

m Sidewalk

20% A m Vehicle zone

0% - m Road

& & 5 ee*% & <8
F N
R

Figure 4. The division of residential quarters into the main types of functional zones.
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3.2. Motor Transport

On average, 64 parking spaces determined by visual signs of parked vehicles were recorded
at each site, of which 40 parking spaces were occupied by cars during the survey; 80% of the cars
were parked in the courtyard. This constitutes 2.9 parking spaces, from 2.2 in Chelyabinsk to 3.8 in
Ekaterinburg, per 100 m? of the area of the courtyards, driveways, and parking spaces (the vehicle
zone of the courtyards) (Figure 5). In the daytime, when the survey was carried out, there was an
average of 1.1 parking spaces and 0.7 cars per 100 m? of the courtyard area. The minimum number of
cars was in Chelyabinsk (0.5), and the maximum in Tyumen (0.8).

4
3 4
Parking lots
2 1+ — per 100 m2
® Unorganized
11 [ parking lots per
j 100 m2
0 = T T T . T . T ._\
¥ > > ¥
. ,;\0‘\5 S & o & &
‘&é\ @0(& ,%04 4'0’9 &ﬁ 2})\4;‘0'
N &4’ O%@ o4
&

Figure 5. The numbers of proper and illegal parking places per 100 m? of the motor transport
infrastructure zone of the EURL internal part.

Of the approximately 2300 parking spaces, 487 (21%) are illegal parks on the lawns, sidewalks,
and playgrounds (Figure S2). The number of illegal parking places varies significantly by city (Figure 5),
from 11% in Tyumen to 36% in Murmansk. One car parked on the lawn disturbs soil in an area of
approximately 27 m?. Tllegal parking places occupy about 8% of the green area, sports and children’s
playgrounds, and sidewalks; in Murmansk and Nizhniy Novgorod—about 14%; in Ekaterinburg,
Chelyabinsk, and Tyumen—from 4 to 6%.

3.3. Soils

Soils at the sites are mainly represented by technosols. Natural landscapes within residential
areas are almost never found. Soils of natural origin are preserved in separate places with complex
topography and elevation, for example, in Murmansk. The upper soil layers are represented by
artificial lawn soils, peat, etc., formed as a result of landscaping.

3.4. Disturbed Cover

According to the survey results, the majority of the surfaces in residential areas are disturbed by
natural and anthropogenic factors. Areas with visual signs of erosion and mechanical disturbance,
bare ground, and paving in poor condition were assigned to the damaged surface cover category.
In general, 24% of surfaces in the residential areas of all the cities together are disturbed. Assessment
of the condition of surfaces showed that the total proportions of disturbed cover were 27% and 16%
in the inner courtyards and the external parts of the sites, respectively. The damaged cover was the
possible source of the urban sediment in 319 segments of the urban landscape, which is 2/3 of all
those examined.
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As can be seen in Figure 6b, the smallest proportion of damaged cover was found in
Ekaterinburg—12%. In other cities, except Rostov-on-Don, it did not exceed 30%, and in Rostov-on-Don,
more than 40% of EURL surfaces had disturbed cover. In all cities except Ekaterinburg and Murmansk,
the largest share of damaged surfaces refers to the disturbed lawn cover. The contribution of the green
zone to the total area of damaged cover in Rostov-on-Don reached 90%, while in other cities it was
below 70%. The vehicle zones (illegal parking places and disturbed areas of driveways and parking
lots) make up the majority of the disturbed cover for Ekaterinburg and Nizhniy Novgorod (Figure S3).
In all cities, the portion of damaged cover areas was higher in courtyards than in external parts of the
EURLs (Figure 6a).

50%

40%

30%

20%

® Internal

m External
10%

40%
30%
20% m Sidewalk
m Vehicle zone
10% A m Green zone
0% -1 T T T T T
SR

(b)

Figure 6. (a) Disturbed cover areas in courtyards and external parts of EURLs; (b) the share of disturbed
cover areas on the site (excluding the area of roads), and the contribution of the main functional zones
to the total area of damaged cover.
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3.5. Vegetation

The lowest grass projective cover in lawns was found in Rostov-on-Don—only 16% (Figure 7a),
where the bare soil in lawns was partly associated with the arid summer of steppe climate. The largest
projective cover was found in Tyumen (68%). In other cities, projective coverage was in the range of
54-60%. In Tyumen, the largest area of lawns with high projective cover was observed: 27% of the
total area of lawns had grass cover of more than 75%, whereas in Rostov-on-Don almost two-thirds of
lawns had projective grass cover of less than 25%. In other cities, more than 50% of the lawn area had
projective grass cover of more than 50%. The projective grass cover does not depend on the type of
vegetation (wild specimens, lawn grass, and ornamental plants). In Tyumen, each type of vegetation
makes a significant contribution to the total projective grass cover of green areas. In Chelyabinsk and
Murmansk, the greatest contribution is associated with wild species of grass. In Nizhniy Novgorod,
the wide use of a cultivated variety of grass was observed. An example of the contribution of low
grass projective cover to soil erosion and sediment formation in the urban environment is presented in
Figure 54.

80%
60% — Wild plants
09 = Ornamental
40% B plants
= [ awn grass
20%

00 l
&gb

Qo‘” @b S &

& A%O S > & <

4’0 e@ xQ 6\45 @0 &
S
< é\(‘)

(a)
60%
50%
40%
30% m Internal
part
0
20% m External
10% 1 part
0% -
) g S & o ¥

& & F S

\0&\‘\ & ¥ & < N

Nl W '*\% & o
Q) (‘\5\.@\ QNo

é\

(b)

Figure 7. (a) Projective grass cover in lawns, taking into account the contributions of wild plants, lawn
grass, and ornamental plants. In Ekaterinburg, the study was conducted according to another scheme.
(b) Projective tree canopy cover of external and internal parts of the EURL.
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According to a rough assessment of the insolation of lawns, it was found that approximately a
third of the lawns can be attributed to areas with low insolation (the shadows of buildings and trees).
In these areas, projective coverage is on average 14% lower than in areas with less shadowing.

The average tree canopy cover was 26% of the total area excluding buildings and roads (Figure 7b).
In Rostov-on-Don, the largest projective coverage of trees was observed—38%, and the smallest in
Tyumen—21%. In all cities, the coverage of the external part of the EURL was higher than in the
courtyard (Figure 7b).

3.6. Cleaning and Technical Condition

To characterize the quality of cleaning and the technical condition, expert grades were qualitatively
divided into two categories, satisfactory and low quality. Low quality of cleaning was demonstrated
by the presence of large amounts of debris, communal waste, broken glass, cigarette butts, and leaf
fragments (Figure S5 left). Observations show that under poor quality cleaning, urban sediment
accumulates on surfaces, near curbs, and in relief depressions. The share of low-quality grades
of cleaning varies significantly by city—from 40% in Nizhniy Novgorod to 80% in Rostov-on-Don.
Lower quality of cleaning at pervious paving was observed in all cities (Figure 8a).

The quality of cleaning impervious ground surfaces is considered separately (Figure 8b). For this
characteristic, the difference between cities is even greater: from 5% to 81% of areas with poor cleaning
in Nizhniy Novgorod and Rostov-on-Don, respectively. Poorly cleaned driveways and parking places
in yards make the greatest contributions; more than 50% of all impervious areas in Rostov-on-Don and
Chelyabinsk have poor cleaning quality.

An expert assessment of the technical condition of the street, and of front and back yard
infrastructure, showed that on average 59% of the areas, excluding the roads, are in unsatisfactory
condition. The major visual signs of the unsatisfactory technical condition are as follows. On lawns:
low projective grass cover, insufficient mowing, weed overgrowth, lawn damage by vehicles, earthwork
with storage of excavated soil on lawns, and lack of restoration or landscaping. On driveways, parking
places, and sidewalks: damaged asphalt or other paving, damage or lack of curbs, earthworks with
storage of the excavated soil on the pavement, the presence of a large number of depressions with the
formation of puddles and deposits of high thickness (Figure S5 right). In all cities, a large contribution
to negative grades (<4) of technical condition relates to the green zones, on average 46%. In all cities
except Tyumen and Rostov-on-Don, the contribution of driveways was quite large as well—10 to 15%
(Figure 8c). In some cities (Murmansk, Chelyabinsk, Ekaterinburg) sidewalks make an additional
contribution to the surface area with unsatisfactory technical condition. In general, 84% of the green
zones area was in unsatisfactory technical condition (negative grades). About 32% and 22% of the
areas of driveways and sidewalks, respectively, were associated with the unsatisfactory condition.

3.7. Earthworks and Construction on Sites

One of the most intense sources of surface contamination by sediment is earth and construction
work. Under such activities, the destruction of surfaces, the storage of building materials, and piles
of excavated soil without proper shelter occur. In some cases, proper restoration after completion of
the earthwork was not undertaken in a timely way (delayed restoration, Figure S6). In total, various
works affected 43 site segments (out of 484). Observed earthworks and construction included installing
communications cables, sewage works, installing electricity cables, landscaping, road resurfacing, etc.
Of all the cases of earthworks and construction documented at the sites, the storage of construction
materials and waste on site occurred in 13 site segments (30%), and proper restoration was not carried
out in 20 cases (47%). At 20 of the 36 sites, the consequences of such works associated with the
formation and transfer of sediment were observed (55%). In total, earthworks and construction in
residential areas affects about 9% of the territory. The largest number of segments with the delayed
restoration was found in Ekaterinburg (Figure 9). In Tyumen, such sites were not identified at all.
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technical condition.
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Figure 9. The number of segments with delayed restoration after earthworks and construction.
3.8. Gradient

Assessment of the gradient in the surveyed sites showed that on average 56% of the urban
landscape has a visible slope and visual signs of stormwater runoff. The smallest proportion of areas
with a registered gradient within sites was observed in Nizhniy Novgorod (34%), the largest was in
Murmansk (81%), and it was 53-59% in other cities. The presence of the gradient could be associated
with the features of the natural landscape and the architectural solutions. In Murmansk, residential
neighborhoods are integrated into the existing mountainous terrain of the Murmansk bay region.
In Nizhniy Novgorod, the landscape of residential areas is mostly flat, though some of the residential
areas are also located on a hilly shore.

3.9. Sediment Formation and Transport

Where the soil erosion or mechanical destruction due to automobile impact occurred, segments
were considered as places of sedimentation formation. As can be seen in Figure 10, the proportion of
segments that were sources of sediment material was at least 60% of segments surveyed in all cities.
In Murmansk and Chelyabinsk, more than 90% of the segments were sources of sediment. The smallest
share of such segments was found in Ekaterinburg (61%).

100%
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Figure 10. The proportions of site segments that were sources of sediment yield and the proportions of
segments contaminated due to transfer from neighboring areas.

Sediment connectivity in the urban micro-landscape is characterized by the presence of sediment
transfer between neighboring segments of the EURL. As can be seen in Figure 10, at least 48% of the
segments were polluted with material transferred from adjacent areas. The maximum proportion
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of site segments with sediment supply due to transfer from neighboring areas was also found in
Ekaterinburg (74%). In total, 430 of 484 site segments (80%) were subject to sediment formation or
sediment transport that resulted in pollution of the urban environment with urban sediment.

The transport of deposited sediments together with the removal of degraded soil from places
of illegal parking on the wheels of cars to the courtyards, driveways, and streets was noted at 26 of
the 36 sites. The vehicles provide transport for sediment in both directions, from courtyards to roads
and from roads to courtyards. Another factor of sediment connectivity in the urban landscape is the
organization of runoff over landscape and equipment with a drainage system. According to the results
of the surveys, courtyards are mostly designed to provide surface runoff without water stagnation.
The flow of water is intentionally directed from courtyards to streets, which are usually equipped with
municipal drainage systems. Among 36 surveyed sites, considerable water stagnation was observed at
one site, and courtyard drainage systems were found at two sites.

4. Discussion

Field surveys of the urban residential environment conducted in six Russian cities revealed
factors that significantly impact sediment formation, transport, and sediment surface deposition in
residential areas.

4.1. Motor Transport

The landscape survey showed that significant portions of residential blocks, including courtyards,
are occupied by motor vehicles. Intensive motorization is a feature of the socio-economic development
of the last few decades in Russia. The Russian car parks amounted to 52.4 million units in 2019 with
a growth of about 50% in the last decade. Intensive motorization gave rise to a number of urban
problems. The city road networks were not designed for the increased traffic, which was also observed
in many cities around the world during similar periods of development. Attempts to solve this problem
by increasing the role of public transport have not yet yielded the expected results in Russian cities.

The second problem is the lack of parking spaces for an increasing number of cars. Unlike in
low-rise residential areas in other regions of the world, parking problems exist not only “near the
office,” but also “near homes” in blocks of mid and high-rise buildings during non-working-hours.
The survey results confirmed that the high density of automobiles increases sediment formation.
By blocks of apartment buildings, not only are roadsides and designated asphalt areas used for parking,
but any available piece of land that is not fenced is used as well. Car owners aggressively occupy
lawns, sidewalks, playgrounds, and sports grounds.

In three cities—Ekaterinburg, Murmansk, and Nizhniy Novgorod—the largest number of cars per
100 m? of vehicle infrastructure area (driveways and parking places) inside yards was observed—3.7
parking places, of which 1.1 were illegal. It can be concluded that in the cities of Ekaterinburg,
Murmansk, and Nizhniy Novgorod, the existing vehicle zone is almost completely occupied by private
vehicle units. In these cities, the landscape experiences the maximum vehicle load—one car per 27 m?
of the transport infrastructure (driveways and parking) of the yard. In the cities of Rostov-on-Don,
Tyumen, and Chelyabinsk, there is one vehicle per 43 m? of vehicle zone of the internal part of the
EURL. In these cities, the number of cars parked on lawns, sidewalks, and playgrounds is 3.3 times less
(per 100 m? of the vehicle zone of the courtyard). At the same time, the number of cars parked within
the vehicle zone is almost the same in both groups of cities, 2-2.5 parking spaces per 100 m? of the
vehicle zone. It can be assumed that in Rostov-on-Don, Tyumen, and Chelyabinsk, a large proportion
of cars are located outside the courtyards in legal parking spaces.

Estimates showed that one car illegally parked on a lawn or sidewalk occupies an area of about
27 m?, taking into account the area necessary for driving. Lawns and sidewalks, places that do not
have special cover, are mechanically damaged by the wheels of illegally parked cars. Every fifth car
in the courtyard is fully or partially parked on a lawn, sidewalk, or playground. To ensure proper
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conditions for all the cars currently used in yards, an increase in the area of the vehicle zone by about
30% is required.

4.2. Management—Technical Condition

Poor technical condition of the landscape infrastructure increases the potential for the sediment
formation. Attributes of the unsatisfactory technical condition of sidewalks, lawns, curbs, asphalt
surfacing of driveways, building structures, and other elements were observed in all cities.
These structures are exposed to weathering and the impacts of vehicles, and supply destructive
products to the environment. The low technical condition of the green zones contributes to the negative
assessment of the urban landscape in all cities as well. The technical condition of the vehicle zones in
courtyards is unsatisfactory in most cities.

The technical condition of infrastructure varies significantly across the cities. The reasons for
such differences are not precisely established and only to some extent may be related to the size of the
municipal budget and climatic conditions.

4.3. Management—Vegetation

The total area occupied by green zones in cities is relatively high, and more than 50% of the area of
courtyard spaces belongs to green zones. The presence of large pervious areas allocated for vegetation
helps to solve the problem of surface water drainage, which plays an important role in the surface
transport of solid sediment and runoff.

The grass cover is the major characteristic of lawns and other pervious surfaces in relation to
protection against erosion and mechanical destruction. Given the low average projective grass cover
(less than 60% in five cities), the low proportion (about 50%) of lawns with high projective cover, the rare
use of cultivated varieties of lawn grasses, and the high proportion of lawns in low light conditions,
the quality of lawns in Russian cities was assessed as unsatisfactory. Low projective grass cover and
poor technical conditions of the green zone reduce the potential positive effect of green spaces.

4.4. Management—Cleaning

Unsatisfactory cleaning in considerable portions of residential areas leads to low extraction and
high deposition of sediment on surfaces with suitable conditions. It turned out that the greatest
difference between the cities was observed in the expert assessments of the quality of cleaning, especially
on impervious surfaces. Despite the lowest municipal budget per capita, the best cleaning quality was
noted in Nizhniy Novgorod. A characteristic feature of all the cities surveyed was the low quality
of cleaning of a significant portion of the lawns and other elements of the green zone compared to
paved surfaces.

4.5. Earthworks

Approximately 9% each of the green zones and the vehicle zones in the surveyed cities are affected
by earthworks and construction. The main factors that pollute the environment with sediment during
works are the placement of building materials and excavated soil on the ground and the lack of timely
and proper restoration. The disposal of the excavated soil and building materials on the ground
without shelter makes the soil and materials susceptible to wash off by runoff and to mechanical
transfer on car wheels and biological transport by pedestrians.

The negative impact of earthworks and construction on the environment takes place due to the
insufficient application of the principles and standards of environmental management. The introduction
of such principles into companies involved in any works in the urban environment is not inspired by
municipal authorities.
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4.6. Sediment Production

The area of disturbed cover may be considered as an integral factor influencing sediment
production in urban areas. This parameter summarizes the area with low projective grass cover, lack of
grass cover on pervious surfaces, and poor technical condition of paving. The present study found that
about 24% of the surfaces of residential areas are potential sources of solid sediment supply. Assuming
erosion of 1 mm/year/m? of disturbed surfaces on land with a soil density of 2000 kg/m3, sediment
supply (all size fractions) in the city may be roughly estimated as 0.5 kg/year/m?. This estimate
corresponds to the range of sediment yield in urban areas made in [16]. According to observations,
for individual segments with high vehicle load, the layer of soil removed annually may be even
larger. In this case, the rough assessment of sediment yield may reach a few kg/year/m?. Earlier,
the amount of solid sedimentation material deposited in the urban environment was estimated from
the accumulation of solid sediment in snow-dirt sludge in Ekaterinburg [65]. Snow-dirt sludge is a
material formed as a result of the mixing of snow and urban sediment through the actions of vehicles’
wheels and pedestrians’ feet. The total amount of urban sediment deposited in residential land use
areas in Ekaterinburg was estimated as 320,000 t or 3.2 kg/m? [65]. This estimate corresponds to the
rough assessment of the present study—a few kg/year/m?.

According to an assessment of sediment supply potential, the greater prevalence for sedimentation
was observed in the internal courtyard parts of the urban landscape than in the external parts.
The courtyard is characterized by a larger disturbed cover area, worse technical condition, lower quality
of cleaning, and a larger area of green zones, on which these negative factors are more pronounced. It is
also necessary to mention illegal parking on lawns as another negative factor. Higher sediment supply
potential of courtyards is to some extent related to principles of responsibilities division between
municipal authorities and owners of residential buildings in the Russian Federation.

4.7. Connectivity, Sediment Transport

In the framework of the present study, it is possible to qualitatively assess the sediment connectivity
in the EURL by the number of segments exposed to contamination due to sediment transfer from
neighboring areas. The sediment connectivity in the EURL can be considered as high, since about half
of the segments have a significant gradient and half of the segments are contaminated due to sediment
transport. In some cities, the number of segments contaminated due to migration is approximately
equal to or greater than the number of segments in which sediment is produced. The largest numbers
of segments subject to supply from neighboring areas were observed in the cities of Ekaterinburg and
Nizhniy Novgorod, in which the largest number of parked cars per unit area of EURL was recorded.
Thus, it can be assumed that motor transport plays an active role in migration and increasing landscape
connectivity in the urban environment in addition to sediment wash off. Taking into account the
directions of traffic flow and stormwater runoff, the sediment cascade is formed; it carries sediment
outside the courtyards into the road network. The connection of the elements of the urban landscape
into a single sediment cascade, which forms the urban landscape catena, is determined both by the
slope gradient and mechanical sediment transport.

4.8. Representativeness of the Study

The total area surveyed in six cities was about 370,000 m? (including the area of residential
buildings), which is approximately equal to the area of a small town such as Monte Carlo. At the
same time, this area does not exceed 0.5% of the total residential area in Ekaterinburg alone.
The representativeness of this study is enhanced by the fact that the most typical residential blocks
of each city were considered when choosing the sites. The total perimeter of the site segments,
i.e., the approximate route covered by the researchers during the surveys, which was about 50 km,
also characterizes the size of the study.
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During the Soviet era, standardized construction methods and regulatory approaches were applied
throughout the country, which contributed to the homogeneity of the urban landscape in different
cities. After the collapse of the USSR and changes in socio-economic policies, tenants of municipal
housing were allowed to privatize their units with responsibility for managing adjacent courtyards.
Homeowners of flats in multi-household residences cooperatively hire service organizations that
maintain entire blocks of houses. The state partly continues to control and regulate the municipal service
sphere, promoting common standards. Thus, the urban landscape remains relatively homogeneous
and the results of the landscape surveys in the six cities can be considered representative for all major
cities in Russia.

The study included cities located in various climatic zones. For urban studies in Russia, it is
important to reflect the change in climatic conditions from south to north and from west to east. In the
current study, the first vector is represented by the axis Rostov-on-Don-Nizhniy Novgorod—-Murmansk,
and the second, Nizhniy Novgorod-Ekaterinburg/Chelyabinsk-Tyumen. When comparing the survey
results in different cities, it is necessary to take into account the effects of local climatic factors.

A landscape survey of Russian cities was carried out in the warm season. When analyzing the data
obtained, it is necessary to take into account the significant seasonality of meteorological conditions in
Russia. In all the cities surveyed, in winter the temperature is below zero degrees Celsius. In all cities
except Rostov-on-Don, months-long snow cover is established. In the winter period, factors affecting
sedimentation processes are significantly modified. Some aspects of sedimentation processes in an
urban environment in the winter were presented in recent works [65,79].

It is appropriate to develop a model of a typical EURL for a Russian city. Table 2 shows the
main parameters of EURL model according to the results of the present study, which are partly
demonstrated in Figure 3 as well. By consecutively stacking the model units of external and internal
parts of the elementary landscape to model blocks, microrayons, and an entire city, such a model
can be used for various purposes in land use studies, estimates of sediment yield, and sediment
accumulation at various scales. In particular, modeling of the sediment yield and dust dispersion in
the urban environment may be performed by applying some specific coefficients in different segments.
Such coefficients should take into account both the natural processes and the anthropogenic activity’s
influence on the sedimentation. The EURL model can be used to verify the results of urban research
that can be performed using remote sensing methods as well.

Table 2. Characteristics of the typical EURL in a large Russian city.

Parameter Value
Total area 10,000 m?
Areas of road/front yard green zone/internal courtyard/buildings,% 14/17/46/23
Areas of green and sidewalks zones/vehicle zone in internal courtyard, % 57/43
Number of segments at the site/the average area of the segment 14/560 m?
Number of parking spaces in internal/external parts 50/13
Number of illegal parking in internal/external parts 12/1
Area of segments with unsatisfactory technical condition 59%
Area of segments with impervious cover with poor cleaning 60%
Area of lawns with projective grass cover less than 50% 50%
Tree canopy cover (excluding the area of buildings and roads) 26%
Area affected by earthworks and construction 9%
Area of impervious cover/lawn/disturbed cover (roads and buildings excluded), % 38/38/24

Segments connectivity: probability of solid sediment transfer from neighbouring

segments to the given one 05

4.9. Limitations of the Study

There are several of limitations and sources of uncertainty that could be taken into account to
evaluate the obtained results. The study was conducted within the residential areas of the cities,
and other land uses were not considered. At the same time, industrial and commercial land uses
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occupy a significant proportion of the urban territories and contribute to the urban sediment supply.
Sediment formation and transport in the city, as a complex system, has to be studied in all specific urban
landscapes. The field observations in this study were based in part on expert assessments of some
landscape characteristics and indicators that are not free from subjectivity. While attempts to achieve
the consistency of results of the field observations in different cities were undertaken, difficulties likely
will arise when comparing with the work of other researchers in other regions of the world.

The urban landscape in this study was intentionally considered as a constant, non-dynamic
system. This is not true. Two types of temporal variation of the urban landscape should not be missed
for a more comprehensive understanding of the natural and anthropogenic influences on the sediment
cascade. The first one is seasonality, which is a significant modifying factor. In the case of the northern
cities, the snow cover interacts with urban sediment and inevitably transforms the erosion, transport,
and depositional processes during cold winters [79]. Seasonality is an important factor determining
an increase in surface runoff and sediment transport during the springtime melt [80]. In this study,
the observations were made during the summer and early autumn, when soil erosion is not hidden
by snow cover, and sediment transport is not restrained. It could be taken into account that the
characteristics of recognized influencing factors may change throughout the year. The second type
consists of permanent changes to the urban landscape and land cover in course of time. In order to
study the effects of the long-term transformation of urban areas, repetitive monitoring for several years
is required.

5. Conclusions

According to the results of the present study, the formation of sediment in the urban environment
is a complex process involving the interaction of various natural and anthropogenic physical processes.
The life cycle of the urban sediment starts with soil erosion and mechanical destruction and continues
with the removal of degraded soil by wind, runoff, car wheels, and pedestrians. Significant storage
of surface sediment in the urban environment may occur due to low removal rate. The following
main groups of factors have significant impacts on sediment supply, transport, and deposition in
residential areas of Russian cities: low adaptation of residential areas’ infrastructure to the high density
of automobiles, unsatisfactory municipal services, and bad environmental management in the course
of construction and earthworks. The significant impact of motor vehicles in the urban environment
includes mechanical sediment transport that sharply increases the sediment connectivity within the
urban landscape. Results of the study approve negative trends in urban sedimentation caused by the
mismatch between the current level of urban planning and management and the needs of residents in
a high-quality environment in growing cities that can arise in different regions of the world.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/12/1320/s1.
Figure S1: Example of a vehicle zone (all photos were taken during the field survey). Figure S2: Examples of
illegal parking on lawns and playgrounds. Figure S3: Examples of disturbed cover from illegal parking (left) and
damaged driveway (right). Figure S4: Example of low grass projective cover. Figure S5: Examples of segments
with negative grades of cleaning (left) and technical condition (right). Figure S6: Example of delayed restoration
after earthwork.
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