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Abstract: The analysis of the geoecological state of basin geosystems was carried out by evaluation
of the anthropogenic pressure on the basin. As indicators that directly or indirectly reflect the
anthropogenic impact, the following were used: population density in the basin, density of the road
network, and agricultural development of the basin territory. The spatial and statistical distributions
of indicators were analyzed after the indicators were brought to a unified scale (transformation,
normalization). The integral indicator of anthropogenic pressure, calculated as a linear combination

Y77i

of individual variables, was ranked to six categories of anthropogenic pressure: “absent”, “very
low”, “low”, “moderate”, “high”, and “very high”. Using the developed methodology and prepared
geodata, for the first time at scale of 1:200,000, the territory of the Volga Federal District was zoned
according to the anthropogenic pressure on each river basin. Basins with a high and very high
pressure are concentrated around large cities. Most of the basins belonging to the categories of low
and moderate anthropogenic pressure are located in the forest-steppe and steppe zones with maximal
agricultural development. Basins with zero and very low pressure lie in the north of the study area,

in the forest zone, and in the southern Ural.
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1. Introduction

The choice of operational-territorial units is very important when assessing the anthropogenic
pressure. The main approaches are discussed in detail in an article by Stenis et al. [1], devoted
to the analysis of modern methods of anthropogenic load normalization. There are three main
approaches: landscape approach; river basin approach; and combined approach, i.e., combination of
both approaches.

In the landscape approach, depending on the scale of the study, different taxonomic ranks act
as spatial units: landscape, type of terrain, facies, etc. The advantage of the landscape approach
is the ability to take into account the sustainability of the selected units to negative effects [2—4].
A significant lack in the approach is some subjectivity in the delineation of landscapes boundaries and
their subordinate units [5].

The basin approach is widely used in environmental mapping [6]. The advisability of using this
approach is since basin geosystems are natural territorial complexes, various paragenetic parts of
which (watershed, slope complexes, floodplain) have a different level of resistance to anthropogenic
pressure. Thus, the data obtained for the basins are most convenient for an objective assessment of the
state of the territory [2,4,7]. Additionally, there are several advantages of using the basin approach:
most of the watersheds have well-defined boundaries which can be easily delineated on the map;
water, sediments, pollutants, etc. are almost closed within the watershed; and the possibility of clear
classification of basins, for example, the Strahler-Filosofov classification [1].
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It should be mentioned that the approach of the anthropogenic pressure calculation uses a regular
cell grid [8].

The existing methods for assessing the anthropogenic load are described in detail in the
articles [9-11]. One option is to use separate indicators, the analysis of which indirectly allows
the state of the whole geosystem to be assessed. The most commonly used characteristics of sensitive
components are vegetation and soil cover. Estimates that determine the excess of concentrations over
the natural background or standards of particular pollutants and the total pollution of geosystem
components are very popular [12,13]. The disturbance indicator may be based on the ratio of areas of the
different land use categories [12]. When mapping, individual quantitative indicators of anthropogenic
impact are displayed, usually referred to the area of the unit. Integral anthropogenic pressure indices
that combine several indicators are also used [14].

Talking about data processing and analysis, a variety of methods are used to obtain quantitative
estimates: statistical, methods of information theory, set theory, methods of algebra and geometry,
mathematical logic, etc. Most of them allow quantification of the anthropogenic pressure and state
of the environment using scores, ordinary, interval or relative scales, etc. [15,16]. The most common
approach of quantitative methods is the linear estimates.

The list of indicators used in assessing anthropogenic pressure varies significantly and they
are primarily based on the object of the research. For example, the atmospheric pollution index for
atmospheric air, the water pollution index and the indicator of river runoff deficit for water objects, the
coefficient of absolute and relative anthropogenic pressure and the degree of soil degradation for land
resources, etc. [17]. When assessing the pressure on basin geosystems, demographic, industrial, and
agricultural indicators are most often used in various forms [18-21].

Talking about spheres experiencing anthropogenic impact, the earth’s surface experiences the
most significant and very dangerous pressure. The main sources of soil pollution are solid and liquid
industrial wastes, consumption wastes, and agricultural wastes [22,23].

2. Materials and Methods

2.1. Study Area

The Volga Federal District is located in the East of the Russian Plain in the Volga and Kama River
basins and partially covers the Urals (Figure 1). The area of the district is about 1,038,000 km?. The
district covers several landscape zones: the taiga zone, the zone of mixed and broad-leaved forests, the
forest-steppe zone, the steppe zone, and the mountain landscapes of the Urals.

The population of the Volga Federal District at the beginning of 2009 was approximately 30 million
people (about 20% of the population of Russia). The population density (approximately 30 people/km?)
is 3.5 times higher than the all-Russian indicator. The level of urbanization (about 70%) is slightly
lower than the average for Russia and the district takes sixth place in terms of this indicator.

The favorable transport position of the district at the intersection of one of the main waterways of
the country—the Volga River—with railways and roads connecting the eastern and western regions of
the country to central Asian and European countries, predetermined the high transport net development
for most regions of the Volga Federal District. According to the density of railways and roads, the
district ranks third in the country.

The Volga Federal District is the leading agricultural producer in the Russian Federation (about
27% of agricultural production). The Saratov, Samara, Orenburg regions, Tatarstan, and parts of
Bashkortostan form one of the leading grain regions of Russia and have the highest plowed territory.
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Figure 1. Study area location.

2.2. Input Data and General Approach

The main data for calculating the anthropogenic pressure were: the vector layer of the river
basins of the Volga Federal District, including 68,787 basins with an average area about 15 km? [24];
OpenStreetMap data (OSM) [25]; topographic maps of Russia on a scale of 1:1,000,000 and 1:500,000;
and a raster layer of cropland, obtained from the interpretation of time-series of MODIS vegetation
indices [26].

As indicators that directly or indirectly reflect the anthropogenic impact, the following were used:
population density in the basin, the density of the road network (taking into account the type of road),
and agricultural development of the basin as cropland share. These factors are conservative, i.e., have
a constant effect on the territory, not subject to significant fluctuations (both in spatial and temporal
aspects), and characterize the degree of its economic development as much as possible.

All variables used to calculate the integral indicator of anthropogenic pressure must be converted
to a single numerical scale. Studies devoted to the complex assessment of anthropogenic loads use
logarithmic transformations of the form log (x + 1) for individual impact indicators to avoid the
appearance of extreme values on the integral map. Furthermore, the logarithmic transformation
corrects the typically skewed frequency distributions of each indicator [27-29]. To ensure comparability
of various indicators, they are normalized to a range between 0 (zero or minimum observed value) and
1 (maximum observed value) according to the formula (1) [28]:

(X - Xmin)/ (Xmax - Xmin)r (1)
2.3. Population Density

The population density was chosen to assess the anthropogenic pressure as an integral
characteristic, indirectly reflecting the degree of economic development of the territory. The population
density in the basins was estimated from information about the population in the settlements of the
Volga Federal District and their spatial location in the basins.

A topographic map of Russia with a scale of 1:1,000,000 was used as the main data source. Two
layers of settlements (point and polygonal) were digitized. The table of attributive information included
the names of the settlements and the range of the population according to the map legend. Since the
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number recorded as a range cannot be used in the calculations, the average value for each range was
recorded in a separate attribute field (Table 1).

Table 1. Recalculation of population to estimate density.

Range of Population on a Map of Scale 1:1,000,000 Population Value Assigned in the Attribute Table

1,000,000 or more 1,100,000
500,000—1,000,000 750,000
100,000—-500,000 300,000
50,000—100,000 75,000
10,000-50,000 30,000
2000-10,000 6000
1000-2000 1500
Less than 1000 500

For cities and other large settlements (including rural settlements with a population of more than
10 thousand inhabitants), the population was specified and updated according to the 2010 All-Russian
Population Census [30]. OpenStreetMap maps updated for 2016 were used as an additional source of
information. The need to use these data is due to two reasons. Larger scale and high detail allowed the
transfer of population information from a large number of point features from a 1:1,000,000 map to the
OSM polygonal settlements. The geometry of polygonal settlements was also updated. This necessity
was caused by the different scales of maps. Furthermore, it connected with a real change in borders due
to the increase in the area of most settlements since the topographic map was created. So, for example,
the modern territory of Kazan has grown significantly, incorporating several nearby villages. In such
cases, the total population of all settlements lying within modern borders was summarized (Figure 2).
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Figure 2. Updating the boundaries of settlements.

Thus, for the study area, data were obtained for 8440 point and 4618 polygonal settlements
(Figure 3).
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Figure 3. Vector layers of settlements used to calculate population density.

Since many settlements are located within several river basins at once, polygonal settlements were
cut by the basin boundaries. The population for each obtained fragment was calculated in proportion
to the fraction of the fragment area compared to the settlement total area (Figure 4).
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Figure 4. Calculation of the population in parts of settlements located in the different basins:
(a) population in settlements; (b) population in the parts of settlements belonging to the different basins.

The total population in the basin was calculated as the sum of the population of all the point and
polygonal settlements lying within it. The population density was calculated as the ratio of population

to basin area in km?2.

For basins with a population density >0, basic statistics were calculated (Table 2) and a frequency
histogram was plotted (Figure 5). The plot shows that the indicator has a skewed distribution.
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Table 2. Main statistics of population density in the basins.

Percentile
1% 5% 10% 25% 50% 75% 90% 95% 99%
14,051 0.1 47,862.2 147.7 0.1 611.8 0.3 2.1 4.5 11.0 271 739 2633 6554 22834

* SD: standard deviation

Amount Min Max Mean Mode SD*
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Figure 5. The distribution of basins in terms of population density.

For further calculation of the anthropogenic pressure, the population density indicator must be
converted to a dimensionless form with a range of values from 0 to 1. For this, the basins with a
population density >1000 people/km? were assigned the maximum value of 1. For other basins, the
indicator was normalized using the formula:

(log(Pgens +1))/(10g(1001)), )

where Pgepg is the population density (people/kmz).

2.4. Road Network Density

Another indicator characterizing the degree of anthropogenic pressure on the territory is the
density of the road network. This indicator, being part of the infrastructure, indirectly reflects the
degree of industrial development. To calculate the density of the road network in the basins, 2 data
sources were used. The first was a layer of roads digitized from topographic maps of Russia on a scale
of 1:500,000. The second was OpenStreetMap data. Both road and railway layers were processed. The
use of information from the two sources was due to several reasons. On the one hand, the data on
topographic maps are outdated: since the moment of their compilation, a large number of new roads
have been constructed, and repair or reconstruction of existing ones has been carried out (i.e., the road
surface, the width of the road, or the entire category of the road could be changed). Additionally, OSM
data are more detailed due to the larger scale (approximately 1:100,000) (Figure 6a). On the other hand,
OSM data may be incomplete, because it was created by the open community, and work on the project
is not yet complete (Figure 6b).

For the different types of roads, scores characterizing the usage pressure (from 1 to 5 as they
increased) were assigned. Scores for roads from topographic maps were assigned based on the
description given in the “Symbols for Topographic Maps of Scales 1:200,000 and 1:500,000” [31]
(Table 3).
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Figure 6. Differences in the detail of the road network on the topo map of scale 1:500,000 and on the
OSM map: (a) high detailed OSM data; (b) gaps in OSM data.

Table 3. Pressure scores assigned to different types of roads and railways from 1:500,000 topo map.

Description Score

a1

Broad gauge railways
Broad gauge railways under construction
Narrow gauge railways
Narrow gauge railways under construction
Dead ends
Driveways
Motorways (freeways)
Highways (freeways) under construction
Enhanced asphalt roads
Enhanced asphalt roads under construction
Asphalt roads
Asphalt roads under construction
Uncoated roads (improved unpaved) operating
Uncoated roads (improved unpaved) under construction
Dirt country roads
Field and forest roads
Caravan routes and trails
Winter roads
Galleries
Bridges
Overpasses on the railway
Other overpasses
Railway tunnels
Car tunnels
Tunnels on enhanced highways
Tunnels on the highway

Q1L U1 U1 U OO OO R P, P, NN R EBRBRBRRONDOWOA

Another classifier was used to assign usage pressure scores to OSM roads (Table 4). The global
OSM community had an attempt to reach a consensus that the classification of roads should not be
based on physical characteristics but on the relative importance (significance) of the road in the road
network. The argument is made that the main quality of the road is not the number of lanes and the
quality of asphalt, but from where to where you can get using it. The official classification of roads in
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Russia [32] is a little outdated and does not fully reflect the importance of roads in the road network.
There are roads that de facto gained importance and received good coverage, but did not receive
the appropriate status. On the other hand, there are important roads, including federal roads with
no coverage at all. The OSM community, as a result of discussion and voting, developed rules for

determining the relative importance of roads (Table 4) [33].

Table 4. Pressure scores assigned to different types of roads from the OSM layer.

Highway” Field Description Score
Value
A restricted access major divided highway, normally with 2 or more running
motorway . 5
lanes plus emergency hard shoulder. Equivalent to the Freeway, Autobahn, etc.
The most important roads in a country’s system that are not motorways. (Need
trunk . T . 5
not necessarily be a divided highway.)
primary The next most important roads in a country’s system. (Often link larger towns). 4
secondary The next most important roads in a country’s system. (Often link towns). 3
. The next most important roads in a country’s system. (Often link smaller towns
tertiary ) 3
and villages).
The least important through roads in a country’s system, i.e., minor roads of a
unclassified lower classification than tertiary, but which serve a purpose other than access to 2
properties. (Often link villages and hamlets).
Roads for mostly agricultural or forestry uses. Although tracks are often rough
track . . . o - . 1
with unpaved surfaces, this tag is not describing the quality of a road but its use.
. . Roads which serve as an access to housing, without function of connecting
residential . . . 2
settlements. Often lined with housing.
For living streets, which are residential streets where pedestrians have legal
living street priority over cars, speeds are kept very low and where children are allowed to 2
play on the street.
. For access roads to, or within an industrial estate, camp site, business park, car
service 2
park, etc.
For roads used mainly/exclusively for pedestrians in shopping and some
pedestrian residential areas which may allow access by motorized vehicles only for very 1
limited periods of the day.
cycleway For designated cycleways. 1
For designated footpaths, i.e., mainly/exclusively for pedestrians. This includes
footway . 1
walking tracks and gravel paths.
path A non-specific path. 1
A road/way/street/motorway/etc. of unknown type. It can stand for anything
road ranging from a footpath to a motorway. This tag should only be used temporarily 3

until the road/way/etc. has been properly surveyed.

Load scores for railways were also assigned based on the attribute field “railway”, which is used
to define many types of railways, including light rail, electric trains, metro, monorail, and tram [33]
(Table 5).

Table 5. Pressure scores assigned to different types of railways from the OSM layer.

Railway” Field Description Score
Value
The course of a former railway which has been abandoned and the track and
abandoned infrastructure removed. The course may be still recognized through embankments, 0
cuttings, bridges, tunnels, and rolling or straight ways.
construction Railway under construction. 5
disused A section of railway which is no longer used but where the track and infrastructure 0
remains in place.
light rail A higher-standard tram system, normally in its own right-of-way. Often it connects 3
towns and thus reaches a considerable length (tens of kilometers).

monorail A railway with only a single rail. 3
narrow gauge Narrow-gauge passenger or freight trains. 3
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Table 5. Cont.

Rall\“; ay” Field Description Score
alue
preserved A railway running historic trains, usually a tourist attraction. 2
rail Full sized passenger or freight trains in the standard gauge for the country or state. 5
subway A city passenger rail service running mostly grade separated. Often a significant 5
portion of the line or its system/network is underground.
tram One or two carriage rail vehicles, usually sharing motor road. 4

The OSM road and rail layers were merged into one. Thus, 2 layers of roads were obtained:
digitized from topographic maps on a scale of 1:500,000 and a layer of roads according to OSM data.
Initially, objects having the same usage pressure score were combined in each layer. Further, the roads
were cut using the basins boundaries. For each of the two layers, the total lengths of roads with the
same score inside each basin were calculated. As a result, 10 fields were added to the attribute base of
the river basins of the Volga Federal District: total road lengths with scores from 1 to 5 for two layers of
the road network. The total length of roads of each category was calculated as the maximum value
from 2 columns. That is, as the length of roads with a usage pressure score of 1, the maximum value
was taken from the corresponding columns calculated using a topo map of a scale of 1:500,000 and
OSM data, and so on. This allowed us to minimize errors associated with the quality of the source
data, which was mentioned above.

The density of roads of each category in the basin was calculated as the ratio of the length to the
basin area (km/km?). The total indicator (Rpress) for assessing the impact of road density was calculated
using the following formula:

Rpress = Ry +2X Ry + 3 X R3 +4 X Ry +5 X Rs, 3)

where R is the density of roads with an anthropogenic impact score of 1, R; is with an impact score
of 2, etc.
For basins with a density indicator of the road network >0 basic statistics were calculated (Table 6).

Table 6. Main statistics of the indicator of road density in the basins.

Percentile
1% 5% 10% 25% 50% 75% 90% 95% 99%
52,310 0.001 814 1.99 0.57 291 0.04 017 029 063 123 231 4.1 6.02 141

Amount Min Max Mean Mode SD

The indicator was normalized taking into account statistics. Since 95% of the basins have a road
network density indicator <6, for basins above this value the maximum value 1 was assigned. For the
remaining basins, the indicator was normalized by the formula:

(Rpress - 0)/(6 - 0)/ (4)

2.5. Agricultural Development

A significant indicator of anthropogenic pressure is the agricultural development of the territory.
To characterize the agricultural development, the cropland fraction in the basins was used, calculated
as the ratio of the cropland to the total basin area. This indicator was based on the results of the
automated recognition of croplands using time-series of MODIS 16-day composites of NDVI and
EVI [26] (Figure 7).
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Figure 7. Volga Federal District croplands based on processing of MODIS vegetation indices time-series.

2.6. Anthropogenic Pressure

To summarize particular indicators, various methods were tested (classification, main components,
weighted scores). As a result, the simplest linear estimate was used: the integral indicator of

anthropogenic pressure was obtained as the average of the three indicators described above.

3. Results

Three particular and one integral indicators of anthropogenic pressure in the basins were obtained.
The resulting integral indicator is ranked to six categories: absent, very low, low, moderate, high, and
very high anthropogenic pressure (Table 7). Corresponding maps were prepared (Figure 8).

Table 7. Categories of anthropogenic pressure.

. Py . R
Anthropogenic Range Cropland Fraction, % Road Density, kmy/km PoPulei::It]):/E;l;SIt”
Pressure 8 Road1* Road2 Road3 Road4 Road5 peop
Min Mean Max Mean Mean Mean Mean Mean Min Mean Max
Absent 0 0 0 0 0 0 0 0 0 0 0 0
Very low 0-0.2 0 4.77 60.5 0.23 0.24 0.06 0.017 0.008 0 0.49 59
Low 0.2-04 0 35.1 100 0.27 0.45 0.16 0.088 0.055 0 15.26 997
Moderate 0.4-0.6 0 44.09 100 0.35 0.73 0.25 0.16 0.104 0 62.41 973
High 0.6-0.8 0 31.77 100 0.49 1.87 0.42 0.27 0.34 0 301.61 999.6
Very high >0.8 0 6.97 86.5 0.59 3.51 0.63 0.33 0.77 1421 2078.38 47,862.2

* Road1: roads with anthropogenic pressure score = 1, Roads2: roads with score = 2, etc.
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Figure 8. Maps of particular and integral indicators of anthropogenic pressure in the river basins of the
Volga Federal District: (a) the normalized indicator of population density, (b) the normalized indicator
of the density of the road network, (c) cropland fraction in the river basins, (d) integral indicator of
anthropogenic pressure in the river basins.

Map of normalized indicator of population density demonstrates a quite expected picture: basins
with a maximum population density indicator are associated with large settlements, while most
uninhabited basins are located in the taiga zone in the north of the Kirov region and Perm Territory, as
well as in Ural mountainous areas (Figure 8a).

On the map of the normalized road density indicator (Figure 8b), a logical spatial distribution is
observed. The basins with the maximum values of the indicator are allocated near large settlements, as
well as along the main routes connecting the capitals of the regions and other large cities. Furthermore,
high values of the indicator are observed, for example, in the southeast of the Tatarstan Republic, i.e.,
in the region of intensive oil production with developed infrastructure. This confirms the assumption
that the road density indicator indirectly reflects the degree of industrial development of the territory.
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As in the case of population density, zero values of the indicator are observed in the north of the study
area (in the forest zone) and the southern Urals.

In addition, for the integral indicator of anthropogenic pressure (Figure 8d), the ratio of the
number of basins belonging to each category and their area and were estimated (Table 8).

Table 8. The ratio of basins according to the degree of anthropogenic pressure.

Anthropogenic Range Basins Share of the Total Area, km?2 Share of the

Pressure Amount Amount,% ! Total Area, %
Absent 0 15,051 21.9 61,181.42 5.9
Very low 0-0.2 30,866 44.9 425,594.75 41.4
Low 0.2-0.4 15,834 23.0 392,451.32 38.2
Moderate 0.4-0.6 5245 7.6 121,273.88 11.8
High 0.6-0.8 1250 1.8 21,330.34 21
Very high >0.8 541 0.8 6175.77 0.6

As a result, the first category includes basins where there are no settlements, road networks,
and croplands. Basins with very low anthropogenic pressure are characterized by extremely low
population density (on average 0.5 people/km?), roads are mainly forest, field and country dirt roads,
the density of which is on average 0.24 km/km?, and the density of roads with coverage of 0.01 km/km?,
the percentage of cropland on average about 5%. A moderate anthropogenic load was obtained for
basins, where the average density of country roads, paved roads, and croplands fraction is higher
(0.54 km/km?, 0.17 km/km?, 44%, respectively), and the average population density is 62 people/km?.
The basins classified as high usage pressured are characterized by a high percentage of croplands, high
density of paved roads and highways, and an average population density of about 300 people/km?.
Basins with very high usage pressure are located mainly in urban areas (population density of more
than 1000 people/km?), with a high density of highways and broad gauge railways.

Spatially, basins belonging to the categories with a high and very high usage pressure are
concentrated around large cities. Their number, as well as the area, total less than 3%. Most basins
with low and moderate anthropogenic pressure are located in the forest-steppe and steppe zones with
maximum agricultural development. These categories account for just over 30% of the basins, covering
50% of the study area. The basins with zero and very low pressure are located in the north of the
study area, in the forest zone, and the southern Ural. However, despite the large number (almost 22%),
the basins that are not under pressure occupy less than 6% of the Volga Federal District area.

4. Discussion and Conclusions

In discussing the results, it is necessary to note some important problems. The first problem is the
complexity of assessing the reliability of the results for several reasons. Firstly, there are no similar
maps of anthropogenic loads on river basins in the study area. The existing maps of anthropogenic
loads use other spatial units and mapping methods. So, when evaluating the same indicator on
different maps, data from different sources, different scales, resolutions, etc. can be used. Besides,
the set of indicators that underlies the integral indicator of anthropogenic pressure is different. In
general, a visual comparison of the results with the map of agricultural development, map of pressure
from roads and the map of anthropogenic pressure, presented in the national atlas of the Russian
Federation [34] did not reveal any contradictions.

Despite this the assessment does not cover the entire list of factors negatively affecting the
environment; the results obtained reflect spatial differences in the degree of anthropogenic load. The
selected indicators characterize the degree of development of the territory, and the contribution of each
of them is traced in the selected categories of anthropogenic pressure. Thus, the obtained data can be
useful for solving many problems in the field of ecology and nature management, such as assessing
the condition of the territory, planning economic activity, etc.
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The question of choosing the optimal approach to assessing anthropogenic impact on the territory
remains open. The difficulty lies in the selection of negative impact factors for each environment
(atmosphere, hydrosphere, earth surface, pedosphere, ecosystems in general) and in the development
of a comprehensive indicator that allows the most objective assessment of the pressure. Further
research may be aimed at expanding the list of impact indicators considered. It is necessary to evaluate
the importance of indicators and their contribution to the overall effect on the territory.

Results at this level of detail and generalized to basins are obtained for Russia for the first time.
This allows us to carry out zoning of territory to create federal schemes of the territorial development
of large parts of Russia. Besides, the created spatial database with calculated characteristics, which will
be supplemented in the future, is of scientific and practical significance.
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