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Abstract—A review of Russian and foreign approaches to analyze and assess the ecological
and socioeconomic role of urban and technogenic soils is made in the context of the two
popular concepts: the ecological functions of soils and ecosystem services. The modern
definitions, classification, and evaluation of ecosystem services and their relationships with
soil functions are considered both in general and in relation to urban and technogenic soils.
Despite some methodological differences, the work shows that the concepts are closely
related, and their joint use is highly promising. Three practical examples for the cities of
Moscow, Hangzhou, and Hong Kong show a consistent transition from the analysis of soil
properties and functions to the assessment of ecosystem services and decision making in
engineering, urban improvement, and sustainable urban development.

Keywords: urbanization, ecologic and economic assessment, decision-making support,
sustainable development of cities

INTRODUCTION
Urbanization is one of the key trends in modern land-use change[87]. The

extent of urban areas on the planet increased fourfold in 1970-2000 [98]. By

2050, more than 70% of the nine billion people of the Earth will live in cities
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[60]. Against the background of the increasing urbanization rate, the quality of
life in urban environments and sustainability of urboecosystems attract special
attention of the scientific community and policy institutions [28, 58, 47]. Urban
and technogenic soils (UTSs, as analogous to Soils of urban, industrial, traffic,
mining, and military areas (SUITMA)) are a key component of urboecosystems.
Being the link between the atmosphere, green plantations, and groundwater,
these soils greatly affect the state of the environment and human health in the
cities [82, 105]. High vulnerability of these soils to anthropogenic loads
(pollution, salinization, sealing, compaction, etc.) necessitates their ecological
monitoring, assessment, and norming. A wide range of practical sectors
(environmental planning, environmental impact assessment, urban planning,
landscaping) specify a growing demand for high-quality objective data on the
environmental state of the UTSs. The problem and adequate interpretation of
soil information in a language understood by the end users—environmental
engineers, land surveyors, or politicians—is very acute [93]. The following
criteria for information on the UTSs necessary for solving various applied tasks
of urban development can be suggested: (1) information integrity (maximum
information with a minimum of indicators), (2) objectivity (adequate
characterization of various soil processes and functions), and (3)

informativeness (understandability to the consumer).

A traditional analysis of the physical and chemical properties of soils, as
well as the application of classical agroecological indices [15, 41] and sanitary
and hygienic standards [7, 29, 26], does not fully satisfy the proposed criteria
[102]. Thus, the practice of environmental monitoring is based on a limited list
of static indicators (usually, data on the acidity and on the contents of nutrients
and pollutants in the upper layers of urban soils) [14]. Sanitary and hygienic
norms are focused on monitoring the effect of soil on human health and
underestimate the participation of soils in global ecological processes:

biodiversity preservation, water balance regulation, carbon sequestration, etc.



[54]. Integral approaches to assess soil quality [72] or soil health [55], which
characterize the soil through a combination of diverse processes and functions,
rather than individual indicators, have become an alternative to the existing
practice of environmental assessment and norming [4, 83]. The concept of soil
ecological functions seems to be more promising for the assessment of the role
of soils for humans and for the environment. There is a large number of
publications on the classification, diagnostics, and evaluation of soil ecological
functions both in Russia [9, 10, 13, 18] and abroad [38, 43]. Nevertheless, a
significant difference in the existing approaches to the classification of
ecological functions, insufficient substantiation of the particular indicators for
their evaluation, and the lack of evident links with management decision-making
limits the practical application of knowledge about the environmental functions
of soils, especially in complex and heterogeneous systems, such as urban

systems.

To the contrary, the concept of ecosystem services was initially focused on
establishing clear relationships between environmental information and
decision-making practices. In Russian literature, along with the original term
(ecosystem services), its Russian equivalent—ekosistemnye uslugi (ecosystem
favors)—is often used; it became popular after the Russian translation of the
Millennium Ecosystem Assessment report [78]. From our point of view, the
Russian term somewhat narrows the initial meaning of the term ecosystem
services. In further discussion, we use the latter term. Although soil ecosystem
services represent a relatively small part of ecosystem services [46, 78], the high
potential of this approach for an integral assessment of the role of soils for
humans and the environment is obvious; adequate interpretation and adaptation
of the results of soil studies can be helpful for solving a wide range of practical
tasks [53]. The concepts of the ecological functions and ecosystem services of
soils are closely interrelated. Thus, The Economics of Ecosystems and

Biodiversity (TEEB) project suggests that soil functions can be considered as the



basis for evaluation of some ecosystem services [98]. At the same time, the
differences in the objects, methods, and tasks addressed by these approaches, as
well as different levels of their perception and authenticity, especially in the
Russian scientific community and political institutions, limit practical
application of the concepts of ecosystem services and soil ecological functions

in urban planning, environmental assessment, and environmental protection.

The purpose of this review is to summarize the theoretical basis of both
concepts and to evaluate their applicability for solving various problems of the

assessment, ecological norming, and management of UTSs.

COMPARISON OF THE CONCEPTS OF ECOLOGICAL SOIL
FUNCTIONS AND ECOSYSTEM SERVICES: PURPOSES, OBJECTS,
CLASSIFICATION, AND DIAGNOSTICS

Soil ecological functions. The term soil functions, or, more specifically,
soil ecological functions has been used since the early 1970s (Table 1), when the
traditional perception of the role of soils for the agricultural production was
complemented by a better understanding of the global role of soils in the
biosphere [8, 16, 17, 74]. At the early stages, the ecological functions of soils
were mainly identified and analyzed at the global level, e.g., the function of
sustaining life on the planet, or the function of ensuring the continuous
interaction between the large geological and the small biological cycles of
matter [19]. A significant growth of the number of investigations into this
subject at the turn of the 20th century led to the appearance of new definitions
and more detailed classifications of soil ecological functions. The approaches to
classification of soil ecological functions developed in Russia differed
significantly from those developed in Europe and the United States. The
classical Russian theory of soil ecological functions [9, 11-13] defines them as
the functions of soils and soil processes in ecosystems contributing to their

preservation and development. Moreover, relying on the approaches of classical



genetic pedology, the ecological functions of soils can be interpreted as the
reverse impact of soils on soil-forming factors [13]. The approaches developed
in Europe and in the United States have a more applied character; the ecological
functions of soils are considered as the impact of soil processes on the
environment and human beings [83, 59]. The analysis of soil functions is
actively applied for land assessment and land management planning [71, 105],
whereas in Russia, the concept of soil ecological functions is often applied for
the purposes of environmental protection; in particular, the concept is taken into
consideration for the creation of the Red Data books of soils [1, 9, 35]. The
differences between the Russian, European, and American approaches become
even evident if we analyze the proposed classifications of the ecological
functions of soils. These classifications differ both in the number of identified
functions and in their categories. Apparently, the most detailed classification
existing at the moment is the Russian classification, which includes 32
functions, including 16 global and 16 biogeocenotic functions [13] (Table 2). In
European and American classifications, six and seven soil functions are usually
separated, respectively; as a rule, they are subdivided into ecological and non-
ecological functions [43], or into natural and "useful to humans" functions [42].
Most of the functions offered by the European and American classifications
have obvious analogues in the Russian classification (Table 3), although it is
difficult to fine exact analogues for some functions. The latter concerns "non-
ecological” [43] and "useful for human" [42] functions, since the main attention
in the Russian classification is paid to the interactions between soil and
landscape (at the biogeocenotic level) or soil and environment (globally) rather
than to interactions between soil and humans, as in the case of European and
American classifications. An additional reason for the discrepancies between
Russian and foreign classifications is a clear terminological division between
soil as a natural body and land as a spatial base in Russian scientific and legal

practices [22]. In this regard, such functions as "the basis for infrastructure™ or



"the source of minerals and building materials,” proposed by foreign

classifications are not directly reflected in the Russian variant.

Ecosystem services. The concept of ecosystem services appeared in the
late 1960s in the works of American economists [73, 65] and became widely
used after publication of the article "The value of the world's ecosystem services
and natural capital” in Nature [49]. Noting the obvious underestimation of
natural capital and environmental values in comparison with economic ones, the
authors singled out 17 groups of ecosystem services and estimated their total
value for the planet's territory at $33 trillion per year (with the total GDP of $18
trillion per year). The work had significant impact, not just by the total value of
the natural wealth of the planet but by the very idea of the maximally utilitarian,
economic approach to the assessment of natural capital. Within the framework
of this approach, the term ecosystem service is considered as economic benefits
that people directly or indirectly obtain from ecosystem functions [49, 52]. The
use of this term in Russian publications started at the beginning of the XXI
century, and predominantly in economic geography [2, 24, 32]. In recent years,
the assessment of ecosystem services has been applied to land assessment issues
or to the assessment of damage from soil degradation [25, 23]. The classification
of ecosystem services has somewhat changed in the past 20 years. However, the
main classification schemes [52, 78, 98] separate four categories:
production/supply, regulation, life-supporting/sustaining (habitat), and
cultural/information services [69]. The last version of the International
Classification of Ecosystem Services (CICES), prepared by the European
Environmental Agency [64], excludes life-supporting/sustaining services, which
was the reason for criticizing the approach for a clear ecological bias to the
detriment of socioeconomic factors [96]. In Russia, as a rule, the classification
suggested in the Millennium Ecosystem Assessment is used [78]. According to
the reviews of studies devoted to ecosystem services [63, 95, 101], this concept

is usually applied for the assessment and mapping of natural resources [50, 80]



and for the analysis of alternative land use scenarios [79, 106]. Among the most
well-known cases of the use of this concept in the international environmental,
economic, and political practices is the litigation for compensation of damage

from an oil spill in the Gulf of Mexico [48].

SOIL ECOSYSTEM SERVICES

The role of soils in the provision of ecosystem services remained
underestimated for a long time. The concepts of ecological functions of soils and
ecosystem services were developed independently from one another. Practical
application of the concept of ecosystem services, as well as the growing
understanding of the role of soil as a key component of natural capital [61, 92],
showed the importance of soil properties and functions for the assessment of
ecosystem services and led to a discussion about the need for a deeper
integration of these concepts [46]. As a result, the number of studies on the role
of soils in the provision/maintenance of ecosystem services increased, and the
term "soil-based ecosystem services" was introduced [45, 54]. Despite a large
number of particular examples of the relationships between the ecological
functions of soils and ecosystem services [70, 86, 107], an integral scheme
combining both concepts has not been developed so far. The main reason is the
complexity and diversity of soil functions, each of which is associated with
several ecosystem services of different levels. Thus, the comparison of the
ecological functions [13, 43] and ecosystem services [100] shows the presence
of about four linkages for each of the functions, and of about eight linkages for
each of the services (Fig. 1). Among the general schemes, the most interesting
ones are the scheme suggested by Dominati with coauthors [54] (Fig. 2) and the
"flower" scheme [37] (Fig. 3). Among Russian publications, the approach
proposed by Bondarenko [3], which combines the functions of soils and
ecosystem services at the biogeocenotic and global levels, is particularly
interesting. All the proposed schemes allow us to correlate the soil functions and

the corresponding services, though there is no unified approach to their analysis
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and assessment. The most suitable for these purposes is the cascade model,
which integrates the properties, functions, and ecosystem services of soils and

opens possibilities for the practical application of assessment results (Fig. 4).

ECOSYSTEM SERVICES OF UTSs

As a rule, investigations into the role of soils in the provision of ecosystem
services are focused on soils of natural and agroecosystems; UTSs have virtually
escaped the attention of researchers. This is due to the traditional perception of
UTSs as highly degraded (contaminated, over-compacted, with low
microbiological activity) soils [21, 81]. However, modern concepts of
sustainable urban development (for example, "ecologically sustainable city" [88]
or "city of minimum emissions" [91]) emphasize functions and services
provided by UTSs [5, 30, 85]. A review of sources from WoS (Web of Science),
Scopus, and RSCI (Russian Science Citation Index) shows a predominance of
papers devoted to the assessment of soils ecosystem services published by
European, American, and Chinese authors (as a rule, with "domestic" objects of
their studies) over the papers by Russian scientists, by more than a tenfold. The
portion of papers devoted to the UTSs in both cases generally does not exceed
5%, although the number of such papers prepared by American, Chinese,
German, and French authors has increased noticeably in the recent years (Fig.
5). The work "Ecosystem services provided by soils of urban, industrial, traffic,
mining, and military areas (SUITMAS)" [82] was a pioneer study in this field. In
this study, 17 ecosystem services are considered, and the potential for their
implementation by UTSs of four different categories—quasi-natural,
constructed, soils of abandoned territories, and sealed soils—is estimated. Along
with the services, the concept of "dis-services" (negative impact on the
ecosystem, as in the case of soil sealing or soil contamination) is suggested (Fig.
6). It is noted in this study that the same groups of soils may deliver both
services and dis-services in dependence on the character of their use. For

example, sealed soils may increase the risk of flooding due to reduced filtration.
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However, the organization of surface runoff will facilitate more efficient water
disposal and reduce the risks of flooding. The proposed assessment scale (zero,
low, high or very high importance of the ecosystem service) seems somewhat
simplistic, and the lack of specifications on the nature of the impact (positive or
negative) complicates its understanding. Thus, the ecosystem service impact on
the global climate is assessed equally as highly significant for the constructed
soils and soils of abandoned areas and landfills. At the same time, there is much
evidence for the positive effects of constructozems on the climate because of
carbon sequestration (e.g., for golf courses [97]), as well as for the negative
impact of the soils of landfills on the climate because of the enhanced methane
emissions [44]. However, despite the its shortcomings, the presented
classification is a unique attempt to organize the information about the UTS

ecosystem services.

Much of the subsequent research on the ecosystem services of the UTSs is
summarized in two monographs [75, 76]. They focus on one of the most studied
services (for example, carbon sequestration [77] or biodiversity conservation
[39]) but do not reflect a consistent analysis of soil properties and functions for

service assessment and decision-making.

Further in this paper, three examples are offered, which illustrate the
sequential analysis of UTS properties, functions, and services and decision
making in accordance with the proposed cascade model (Fig. 1). The examples
differ in geographical location and bioclimatic conditions, the category of
functions and services being analyzed, and the nature of the suggested decisions,

which reflects the universality of the proposed cascade model.

EXAMPLES OF UTS ECOSYSTEM SERVICES ASSESSMENT

Planning of green infrastructure objects to reduce the negative impact
on the climate. The regulating service to reduce the negative impact on the

climate is one of the most well-studied soil services, and frequently used in
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environmental and economic projects. Soil and green plantations play a decisive
role in carbon sequestration thus reducing the greenhouse effect. At the same
time, soils are the major source of CO, emission into the atmosphere [66].
Carbon pools in urban soils are comparable with or exceed those in natural soils
[90, 103], but a significant portion of these pools is represented by easily
mineralizable carbon compounds [99]. The relationship between carbon stocks
and CO, emissions in UTSs varies for different land uses and types of surfaces
(urban lawns, parks, forest parks, specially protected areas) [94]. A comparative
analysis of CO, emissions from the soils of urban lawns in the Northern
administrative district of Moscow [36] and the adjacent background territories
(the Petrovsko-Razumovskoe nature reserve) [6, 31] indicates that the average
CO; emission from the urban lawns is more than two times higher than that from
the background territories: 7.3 and 3.1 t C-COx/ha, respectively. Taking the
potential price of 1 t C-CO, at $15 [27], the economic regression of the
regulating service of urban lawns in comparison with the soils of urban forests
and forest parks should comprise $63/ha. These results may be used for the
ecological and economic substantiation of urban gardening strategies. In
particular, it is feasible to reduce the portion of fragmented areas of urban lawns
in favor of extended areas of tree and shrub plantations. The implementation of
the cascade model in this case allows us to move from the estimation of the
carbon stock (property) and respiration (function) of the UTSs to the estimation
of emissions and their negative effects on the climate (service) that should be
taken into account in decision-making aimed at sustainable development of

urban green areas (Fig. 7).

The assessment of additional cost of purification of surface runoff as a
result of UTS sealing. Soil sealing is one of the most significant negative
consequences of urbanization. The portion of sealed soils (Ekranic Technosols,
or ekranozems in Russian literature) in modern cities varies from 10 to 70%,

depending on the size, location, and functional use of the territory [57, 103].
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Though some works attest to the potential of sealed soils to perform certain
ecological functions (e.g., preservation of carbon stocks [89]), a general
decrease in the quality of sealed soils is unquestionable. Sealing leads to a
fundamental change in the physical properties of soils, including the filtration
coefficient and the bulk density. Changes in the physical properties of the
surface lead to redistribution of surface and underground runoff, deterioration of
the water and air regimes, creation of unfavorable conditions for plant roots and
soil microbial community, formation of conditions for methane emissions, and
other adverse consequences. An analysis of the negative consequences of soil
sealing was performed for Hangzhou in Zhejiang Province of China [68]. It was
shown that the average surface runoff in the areas with sealed soils increases by
40% in comparison with that in the urban forest park. Additional surface runoff
increases the burden on the waste treatment plant and necessitates the
construction of additional purification facilities. The average surface runoff from
sealed soils comprised 234 m3/ha per year compared to 167 m®/ha per year for
the forest park. The additional cost of construction and operation of waste
treatment plants was estimated at $3684/ha per year on the average. In this case,
the application of the cascade model allows us to use information on soil
properties (density, filtration coefficient) for evaluation of the soil function
(filtration, surface runoff) and ecosystem service (water balance regulation) to
be taken into account in decision making on engineering measures and site

preparation.

Energy saving for air conditioning owing to construction of green
roofs. The effect of the thermal island is another urgent problem for almost any
large city [84]. The considered sealing of soils combined with the increased
concentrations of greenhouse gases, decreased transparency of the atmosphere,
and air stagnation lead to a significant increase in air temperatures in centers of
the cities in comparison with the suburbs. The development of such thermal

islands lowers the standard of living conditions [56] and increases the cost of air
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conditioning. One of the most common solutions to the problem is the creation
of green roofs. Soil constructions (constructozems) are the key component of
green roofs; these artificial soils control nutrient balance and water and
temperature regimes and, ultimately, directly affect the ecosystem service of
microclimate formation. An analysis of this service for green roofs on different
soil constructions was performed for six green roofs of new buildings in Hong
Kong with an area from 350 to 1250 m? [67]. It was shown that, in dependence
on the type of soil construction and vegetation, the soil temperature at the depth
of 10 cm decreases by 2-5°C on the average during the year and by 7-12°
during the hottest days in comparison with not greened roofs. The decrease in
heat transfer reached 17-42%, which made it possible to reduce energy
consumption for room air conditioning by 0.04 kW/day per 1 m? of green roof.
Taking into account the cost of electricity ($0.18 per 1 kW h, the annual savings
amounted to $2.63/m?, or from $920 to $3288 for the studied objects. These
results were used in the report of the Department of Green Construction on the
implementation of the state program to support the creation of green roofs and
vertical gardening. Thus, the application of the cascade model in this case
implies the establishment of relationships between the UTS property
(temperature), the UTS function (heat flow), the microclimate service (reducing
the cost of air conditioning), and the strategies to increase the use of green roofs
in the city.

CONCLUSIONS

The importance of urban ecology issues for improving the quality of life
and for solving global environmental problems has gained recognition among
scientists, politicians, and practitioners. As indicated in the report of the United
Nations General Assembly, the challenge is to create smart and sustainable
cities; this challenge is already taken into account in the development strategies
of many countries and regions. Against the background of growing public and

political attention to urboecosystems in general and to urban and technogenic
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soils, in particular, it is especially important to be able to ensure the solution of
the problems of ecological projecting and planning of the cities with due account
for the qualitative and comprehensive soil information. The review of the two
most common integrated approaches of soil ecology—the concepts of ecological
functions of soils and ecosystem services—showed the absence of antagonism
between them and emphasized the prospects for their joint use for such a
complex and interesting object as urban and technogenic soils. For an expert in
the analysis and assessment of ecosystem services (economist, analyst, or
manager), data on soil properties and functions form the necessary basis for
making justified decisions on the use of the territory. For a soil scientist, the
assessment of ecosystem services provides possibility to bring the results of soil
studies to a new level of the practical use and to take part in real decision
making on the environmental management in urban territories. Examples of a
consistent analysis of the properties, functions, and services of the UTSs have
shown the efficiency and relevance of this approach for decision making in
various fields of urban engineering and in the general improvement,
development, and sound management of the urban environment. Further
intensification of interdisciplinary investigations into the ecological and
socioeconomic role of soils in the urban environment opens up new promising
scientific directions and contributes to the practical implementation of

sustainable urban development.
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TABLES

Table 1. Soil functions and ecosystem services in scientific literature’ (according to
www.elibrary.ru?/ www.scopus.com)

: . Soil
. . Ecological soil Ecosystem
Parameter Soil functions ; ; ecosystem
functions services .
Services
First
Total number
of publications 125647/56721 46297/ 10151 258/ 29678 9/4295
Most cited Chernikov et al. Chernikovetal. | Tishkov[33] | Konyushkov
publication [34] (973) / [34] (973) / (188)/ [20] (5)/ Foley
(number of Vitousek et al. [104] | Vitousek etal. | Costanzaetal. | etal. [62]
citations) (2956) [104] (2956) [49] (7532) (3838)
! Data actual on November 1, 2017.
2Search in elibrary.ru is limited to 1991 as the earliest year.
Table 2. Russian classification of the ecological soil functions (according to [12])
1. Biogeocenotic functions

1.1. Physical 1.2. Chemical and 1.3. Informational 1.4. Holistic

physicochemical
1.1.1. Living space 1.2.1. Source of 1.3.1. Signal for a range of 1.4.1. Accumulation and

nutrients seasonal and other biological | transformation of matter and

processes energy

1.1.2. Habitat and shelter | 1.2.2. Stimulator and 1.3.2. Regulation of the 1.4.2. Sanitary function

inhibitor of population density,

biochemical and other | composition, and structure

processes of biocenoses
1.1.3. Mechanical 1.2.3. Storage of water, | 1.3.3. Trigger of some 1.4.3. Buffer and protective
support nutrients, and energy successions biogeocenotic screen
1.1.4. Storage of seeds 1.2.4. Sorption of 1.3.4. “The memory” of 1.4.4. Conditions for the

19



and other germs

matter and
microorganisms

biogeocenosis

existence and evolution of
organisms

2. Global functions

2.1. Lithospheric

2.1.1. Biochemical
transformation of the
upper layers of the
lithosphere

2.1.2. Source of matter
for the formation of
minerals, rocks, and ores
2.1.3. Transfer of
accumulated solar
energy into deep parts of
the lithosphere

2.1.4. Protection of the
lithosphere from
excessive erosion and
the prerequisite for its
normal development

2.2. Hydrospheric
2.2.1. Transformation
of surface water into
groundwater

2.2.2. Participation in

the formation of river
flow
2.2.3. Factor of

bioproductivity of
water reservoirs at the
expense of transported
soil compounds

2.2.4. Sorption barrier
protecting water bodies
from contamination

2.3. Atmospheric
2.3.1.  Absorption and
reflection of solar radiation

2.3.2. Regulation of
atmospheric water
circulation

2.3.3. Source of solid matter
and microorganisms entering
the atmosphere

2.3.4.  Absorption and
retention of certain gases
from escape to outer space;
regulation of the gas regime
of the atmosphere

2.4. Bioethnospheric
2.4.1. Habitat; accumulator
and source

2.4.2. Link between the
biological and geological
cycles; planetary membrane
2.4.3. Protective barrier and
the condition of the normal
biosphere, ethnosphere, and
sociosphere functioning

2.4.4. Factor of biological
evolution, ethnogenesis, and
evolution of society

Table 3. Soil functions in Russian classification as related to foreign classification schemes

Blum [43]

BBodSchG [42]

Andrews et al.
[38]

Corresponding functions

from the Russian
Classification®

Ecological functions:

protection of
humans and the
environment

biomass production

total reserve

Nonecological
functions:

the physical basis of
human activity

source of raw
materials

Natural Functions
participation in the
cycles of water and
nutrients

protection of
groundwater

the basis of life and
habitat of people,
animals, plants, and
soil organisms

Functions useful to

humans
land areas for
settlements and
recreation
agricultural and
forestry land plots
source of building
materials and raw
materials
land plots for other

public use, transport,

as well as for supply,

balance regulation and

types of economic and

Nutrient cycle

Water cycle

Filtering and
buffering

Resistance and
sustainability

Biological diversity

121,141,21.2,22.2,2.31,
234

124,142,143,21.1,2.21,
224,232,242

111,112,113,123,1.31,
13.2,1.33,223,24.1

114,122,144,233,243,

and habitat
244
Providing physical
stability and a
mechanical support
213,214
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provision and disposal

accumulation and
cultural heritage preservation of 1.34
artifacts

L' Numbers of functions were taken from Table 2.

Figure Captions

Fig. 1. Relationships between ecological functions of soils and ecosystem
services (solid lines indicate direct relationships, and dotted lines indicate

indirect relationships).
KEY
®dyukiuu moussl --> Soil functions;
buoreonenornyeckue --> Biogeocenotic;
dusnueckue --> Physical,;
Cpena oburanus --> Habitat;
XKunurte u yoexwuie --> Habitat and shelter;
Mexannueckas omnopa --> Mechanical support;
Jlero ceMsiH ¥ IpyTUX 3a4aTKoB --> Storage of seeds and other germs;
Xumuueckue u pusnko-xumudeckue --> Chemical and physicochemical;
VcTouHHMK 3JIEeMEHTOB MUTaHus --> Source of nutrients;

Jlemo Biaru, 3JEMEHTOB TUTaHWS W JHeprum --> Storage of water,

nutrients, and energy;

CTuMynATOp/MHTUOUTOP OMOXMMHMYECKUX U JIPYTrMX HpPOIeccoB -->

Stimulator/inhibitor of biochemical and other processes
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CopOumst BemiecTB ¥ MHUKpoOOpranum3moB --> Sorption of matter and

microorganisms;
Hudpopmanuonnsie --> Informational;
CurnaJt 11 ce30HHBIX mporeccoB --> Signal for seasonal processes;

[TyckoBoli MeXaHHM3M HEKOTOPBIX Ccykueccudi --> Trigger of some

successions;
Perymsuus 6uonienozos --> Regulation of biocenoses;
«[Tamsate» OuoreoreHo3a --> “The memory” of biogeocenosis;
Llenocrrsrie --> Holistic;

AKKyMyJA1us/TpancpopMarus BEILIECTBA U SHEPIUuU -->

Accumulation/transformation of matter and energy;
CanutapHas ynkius --> Sanitary function;
Bydepnbrii u 3amuTHBIN 3kpaH --> Buffer and protective screen;

VYCiioBHs CyIIECTBOBAHMS M 3BOJIOIMHK opraHu3moB --> Conditions of the

existence and evolution of microorganisms;
DKOCHCTEMHBIE CEpBUCHI --> ECOSystem services;
O6ecneunBatomue --> Provisioning;
[Tuma --> Food;
[Ipecnas Boga --> Fresh water;
Cripbé --> Raw materials;
[enetnueckue pecypces --> Genetic resources;

Menunuackue pecypcest --> Medical resources;
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JlekopatuBHBIC pecypchl --> Decorative resources;

Perymupyromme --> Regulating;

PerynupoBanue kadecTBa Bo3myxa --> Regulation of air quality;
Perynuposanue kiaumara --> Climate Regulation;

CaepxuBaHHe YKCTPEMAIILHBIX siBIIeHUI --> Mitigation of extreme events;

PerynmupoBanue Bombl, mepepaboTka otxomoB --> Water regulation,

recycling of wastes;
[TpenoTBpamenue 3po3un --> Erosion control;
[Monnepsxanue mrogopoaus --> Fertility support;
Cpena oduranus --> Habitat;

OOecrieueHne KU3HEHHBIX IUKJIOB MUTPUPYIOIIUX BHIOB --> Support of

the life cycles of migrating species;
OObecrieueHne reHeTHUECKOTo pa3HooOpasus --> Ensuring genetic diversity;
Kynberypnsie --> Cultural,
Dcretnyeckue --> Aesthetic;
Pekpearus u sxotypusm --> Recreation and Ecotourism;
Hcrounuku BIoxHOBeHHS --> Sources of inspiration;
JlyxoBHbIe U penurro3neie --> Spiritual and Religious;
®dyukuuu moussl --> Soil functions;
I'no6Ganenbie --> Global;

Jlutochepusie --> Litospheric
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3ammTa OT 3pO3MHM W YCIIOBHS HOPMAaNBHOTO pa3BuTHs --> Protection

against erosion and conditions for normal development;

buoxumnueckne mnpeoOpa3oBaHUsl BEpXHHX CIOEB JuTOoCcheppl -->

Biochemical transformation of the upper layers of the lithosphere;

WcTOYHHK [IJIsi MUHEPAJIOB, TIOPO/ ¥ TTOJIE3HBIX MCKOMAaeMbIX --> Source for

minerals, rocks, and ores;

[lepenaua akKyMyJaMpOBAaHHON COJHEYHOW HSHEPTrUU B TIIyOOKHUE YACTH
mutochepsl --> Transfer of accumulated solar energy into the deep parts of the

lithosphere;
I'uapocdepusie --> Hydrospheric;

Tpanchopmaiiys TOBEpXHOCTHBIX BOJ B 'pyHTOBBIC --> Transformation of

surface water into groundwater;

Yuactue B QopmupoBaHHEe peuHOro croka --> Participation in the

formation of river flow;

dakTop OMONPOAYKTHBHOCTH BomoémoB --> Factor of bioproductivity of

water reservoirs;

CopOIMOHHBIN 3alUIIAIONINK OT 3arpsi3HEHUsT Oapbep akBaTOpUM -->

Sorption barrier protecting water areas;
ATmochepnsbie --> Atmospheric;

PerynupoBanue razoBoro pexxuma armochepst --> Gas regulation of the

atmosphere;

[Tornomenne W OTpakeHHWE COJIHEYHOW paauanuu --> Absorption and

reflection of solar radiation;
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HcTtoynnk TBEPIOTrO BEIMIECTBA M MHUKPOOPTAHM3MOB, NOCTYMNAIOIIUX B
atmocepy --> Source of solid matter and microorganisms entering the

atmosphere;

PerynupoBanue Biaroobopora armocdepsi --> Regulation of water cycle in

the atmosphere;
buoatnochepnsie --> Bioethnospheric;

Cpena oOMTaHusA, aKKyMYJIATOp UM MCTOYHHUK --> Habitat; accumulator and

source;
[Tnanerapuas memOpana --> Planetary membrane;

dakTOp ATHOTCHE3a, OMOJOTHUUECKON M COIMaIbHOM 3BOJONMHU --> Factor

of ethnogenesis and biological and social evolution;

3amuTHBI  Oappep ©  YCIOBHE HOPMAJIBHOTO  (YHKIIMOHUPOBAHUS
ounocdepsl, aTHOChEPH! U conmocdepnl --> Protective barrier and the condition

of the normal functioning of the biosphere, ethnosphere, and sociosphere;
Heskonoruueckue gynkimu --> Non-ecological functions;

dusnueckas OCHOBA YeJIOBEUECKOM mesitenbHOCTH --> Physical base of

human activity;
HcTounuk ceipbs --> Source of raw materials;

KynerypHoe Haciieque --> Cultural heritage.

Fig. 2. Framework scheme for providing ecosystem services through soil

resources (according to [54]).
KEY

Jlerpamanus mouskl --> Soil degradation;
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[Tpoueccer aerpamanuu --> Degradation processes;

Dpo3sus --> Erosion;

3aneuatsiBanue --> Sealing;

YmnorHenue --> Compaction;

3acoienue --> Salinization;

Tokcudukarus --> Toxification;

IToteps oprannueckoro BeriecTna --> L0ss of organic matter;
Coxpartenue onopasHoodpasus --> Decrease of biodiversity;
[ToxnepsxuBaroye mpoIecch --> Supporting processes
KpyroBopoT nuraTebHbBIX BemecTs --> Nutrient cycles;
Kpyrosoport Bojsl --> Water cycle;

buonorudeckast akTHBHOCTB TIOUBHI --> Biological activity of soil,
ITouBooOpasopBanue u moaaepxanue --> Soil forming and support;
[Tpuponusiii kanuran --> Natural capital,

Heotwemiemsle cBoiicTBa --> Inherent properties;

Ckion --> Slope;

Opwuenranus --> Orientation;

['ny6una --> Depth;

Tumnel runsn --> Types of clay;

I'panynomerpuueckuii coctas --> Texture;

Pasmep yactui moamnoussl --> Size of subsoil particles;
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[Toamnousa --> Subsoil;

Bnaxxaocts nomoussl --> Subsoil moisture;

YupasinseMbie cBoiicTBa --> Properties under control;
PactBopumeie pocdarsr --> Soluble phosphates;
MunepanbsHbIi a30T --> Mineral nitrogen;

Opranuveckoe BemecTBo MoYBkI --> S0il organic matter;
Conepxanue yriaepoaa --> Carbon content;

Temmneparypa --> Temperature;

KucnorHocTs --> Acidity;

HamnouBenHbI# mokpos --> Ground cover

MaxkpormopuctocTs --> Macroporosity;

O0bpémHas ioTHOCTH --> Bulk density;

[TnoTHOCTH BepxHero ropusonTa --> Density of the upper layer;
Pasmep uactuir B BepxHeM ropusonte --> Particle size in the upper horizon;
Brenaune mexanu3msl --> External mechanisms;

[Tpupoausie --> Natural;

Kmumar --> Climate;

Cruxuitabsle 0eacraus --> Natural disasters;

["eonorus --> Geology;

I"eomopdonorus --> Geomorphology;

AnTponorennsie --> Anthropogenic;
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3emienonb3oBanue --> Land use;

MeTtonapl BeJieHUs CeIbCKOro Xo3siicTpa --> Methods of Agriculture;
Texuonoruu --> Technologies;

DKOCHUCTEMHBIC CEPBHCHI --> ECOSystem services;

Kynerypnsie --> Cultural,

JlyxoBHOCTS --> Spirituality;

3uanue --> Knowledge;

YyscTBO MecTa --> Sense of place;

Dcreruka u T.1. --> Aesthetics, etc.;

Perymupyromue --> Regulating;

CwmsirueHnue moclIeCTBUM HaBogHeHul --> Mitigating the consequences of

floods;
dunbTp MUTATENBHBIX BemecTB --> Nutrient filter;

buonoruueckuii KOHTPOJIL BpeauTenel u Oonesneii --> Biological control

of pests and diseases;

Yrunmmzanmss OTXOmOB M AcTokcukamus --> Waste recycling and

detoxification;

3amac yriepona u peryisimust NoO u CHy --> Carbon pool and N,O and

CH, regulation
Oo6ecneunBarorue --> Provisioning;

Oo6ecneueHue pusndeckoit onopsl --> Providing physical support;
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OOecrieueHue nuinel, ApeBeCHHON W BosiokHamu --> Provision of food,

wood, and fibers;
Oo0ecnieueHue cepbéM --> Provision of raw materials;
Yenoeueckre nmorpedHOCTH --> HUumMan needs;
[TorpebHOCTS B camopeanm3anuu --> Need for self-realization;
[TorpebHOCTD B yBaskeHnuu --> Need for respect
CommanibHbIC TOTpeOHOCTH --> Social needs;

[TorpebHOCT, camocoxpaHenus u Oe3omacHoctn --> Need for self-

preservation and security;
dwusnonornyeckue norpednoctu --> Physiological needs;
3anackr --> Stores;
[Torokwu --> Flows;
[Ipoueccsl --> Processes;

Mexanusmebl --> Mechanisms.

Fig. 3. A conceptual scheme of the relationship between soil properties and

ecosystem services through soil functions (according to [37]).
KEY
bazoBsIit MaTepuan i Xopoiiei xu3nu --> Basic material for good life;
Xopoiue conuaabHbie OTHOIIeHU: --> Good social relations;
besonacHocTh, cBOOOAa BBIOOpa W jeicTBuit --> Security, freedom of

choice and action;
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3moposbe --> Health;
bnarococrosaue mozaei --> Human well-being;
[Tonnepskanue cpeapl oOMTaHUS YeaoBeka --> Supporting human habitat;

ObecrieueHre MUHEPATBHOTO OPraHUYECKOro BeUIeCTBa IMOYBHI  -->

Providing minerals and soil organic matter;

Perymuposanue CO, B atmocdepe, mouBeHHBIX cucTemax --> Regulating

CO; in the atmosphere and soil systems

[Tognepxanue CTPYKTYphI, 00ECIIEYEHHOCTH TUTATEIPHBIMU BEIIECTBAMU -

-> Supporting the structure and nutrient supply;

IleHHOCTH  KYJIBTYPHOIO Hacnenusa — (eCTeCTBO3HAHUE, HUCTOpUA,
anTponojorusi) --> Cultural heritage values (natural science, history,

anthropology);

Hoanepmaﬂne reOJIOTHUYCCKOro HaCcJICAud 1 TMHAMHWYCCKOTO PaBHOBCCHA --
> Supporting geological heritage, maintenance of ecosystem dynamic

equilibrium;

OOecnieuenue muield, KOPMOM, BOJOKHaMHU M JpeBecuHoi --> Providing

food, feed, fiber, and wood:;

PerymupoBanue ynaBimmBanusi — yriepoga -->  Regulating  carbon

sequestration;

Bkmang B TpaaummM W JIyXOBHOE BIOXHOBeHHMe --> Contributing to

traditions, spiritual inspiration;

[Tonnepxkanue dvepe3 MEPBUYHOE MPOM3BOACTBO --> Supporting through

primary production;
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PCI‘y.HI/IpOBaHI/Ie AOCTYIIHOCTHU BOJbl MW INHUTATCIIbHBIX BCIICCTB -->

Regulating water and nutrient availability;

[lonnep>kaHue HKOCHUCTEMHBIX (DYHKIMI uepe3 KpyroBOpOT BOJBI H
BemiecTB --> Supporting ecosystem functions through water and nutrient

cycling;

[IpenocraBienue (papMalieBTUYECKUX U OMOXMMHUYECKUX NpernaparoB -->

Providing pharmaceuticals and biochemicals;

PerynupoBanue ypoxaiHOCTH, OOPBOBI ¢ BpeIUTEIAMH U 0OJIC3HAMH -->

Regulating crop pollination, pest and disease control;
ConeiicTBre HaydHBIM OTKPBITHSM --> Contribute to scientific discovery;
[Monnepsxanue Onopasznoodpasus --> Supporting biodiversity;
[Moxnepsxanue cpeasl oOMTaHUs YeaoBeka --> Supporting human habitat;

O06ecneuenue MHHCPAJIIOTHYCCKOI0O U OPraHnidcCKOro BEIECCTBa IIOYBbI -->

Providing minerals and soil organic matter;
DKOCHCTEMHBIC CEpBUCHI --> ECOSystem services;

COXpaHeHI/IC ICOJIOTMYCCKOIr0 M apXCeOoJOTHMYECKOro Haciaengusa -->

Preservation of geological and archeological heritage;
[TpousBoacTBO OGMOMacchl --> Biomass production;

XpaHenue, QuibTpauus U TpaHCPOpPMALMS TMHUTATEIbHBIX BEIIECTB -->

Storage, filtration, and transformation of nutrients;
Hcrounuk 6uopasHoodpasus --> Hosting biodiversity;

[Tnardpopma s denoBeueckoit aestenbHOcTH --> Platform for human

activities;

Hcrounuk ceipbs --> Source of raw materials;
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Yraepoassiii my: --> Carbon pool;
®dyukuu moussl --> Soil functions;
CaoiicTBa mouBsl --> Soil properties.

Fig. 4. The assessment scheme for the soil properties, soil functions, and
ecosystem services for decision making according to cascade model (based on
[63, 64]).

KEY

Dkocucrema --> Ecosystem;

CsoiicTBa --> Properties;

®dyukuu --> Functions;

Crparerus meHexMeHTa --> Management strategy;
Bo3snetictBus --> Impacts;

[Ipsimoe 1 kocBeHHOE Bo3eiicTBHe --> Direct and indirect impacts;
[Ipenocrasienue cepBucos --> Providing services;
DKOCHCTEMHBIC CEpBUCHI --> ECOSYystem services;
OomecTBenHoe MHeHHE --> Public opinion;

[Monmutrka n npuHsATHE pemennii --> Policy and decision making;
Brirona --> Profit;

Llennocts --> Value;

Bocnpustre nieanoctu --> Value perception.

Fig. 5. Histogram: changes in the numbers of scientific publications concerning

(1) soil ecosystem services and (2) ecosystem services of UTSs; circular graph:
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portion of publications concerning ecosystem services of UTSs in different

countries.
KEY:
Komnmaectso crarei --> Number of articles;
I'ox Beiycka --> Year of publication;
Ascrpanus --> Australia;
Poccus --> Russia,;
CIHIA --> USA;
Kwuraii --> China;

EBpomna --> Europe.

Fig. 6. The framework classification of services and disservices of UTSs (based

on [82])
KEY:
CepBucsl --> Services;
Juccepsucel --> Disservices;
Oo6ecneunBatomue --> Provisioning;
Perynupyromue --> Regulating;
Kynbrypnsie --> Cultural,
KBasumnpupoaasie mouBs --> Quasi-natural soils;
CkoHCTpyHpOBaHHbBIE MTOYBHI --> Constructed soils;
[TouBsl 3a0poIeHHBIX TeppuTOpHii --> S0ils of the abandoned areas;

3aneuara”ubie MouBkl --> Sealed soils;
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[TpousBoacTBO MpoayKTOB MuTanus --> Food production;

[Tpon3BOACTBO CHIPBS, APEBECHMHBI M BOJOKOH --> Production of raw

materials, wood and fiber;
HcTouHuK moJIE3HBIX HCKOIMaeMbIxX --> Source of fossil minerals
Ooecnieuenue MpecHoi Bozo# --> Fresh water provision;
3arpsi3Henue BojwI --> \Water contamination;
XpaHneHnue 3amacoB BoJsl --> Water storage;
KonTtposs croka u 3aromnenwuii --> Flooding and runoff control;
[ToBbItieHne pucka 3atoruieHuit --> Increasing flood risks;
Ocnabnenue 3arpsi3Henus --> Decrease of contamination;
[Monnep:xanue raodamsHOrO Kaumara --> Supporting the global climate;
[Monnep:xanne MecTHOTO KiuMara --> Supporting the local climate;

[ToBeimenue 3¢ dexra «TemoBoro ocrposa» --> Increase of the “thermal

island” effect;
[Tonnepsxanue OnopasHooOpasus --> Supporting the biodiversity;
[Toxnepsxanue HHTPOIyIIeHTOB --> Support of the introduced species;
Ounctka Bo3ayxa --> Air cleaning;
KonTtposs yposus 1ryma --> Noise level control;
BrimmenaunBanve TokcuHOB --> Leaching of toxins;
Br10pocel mapHUKOBBIX ra3oB --> Greenhouse gases emission;
Pekpeanus u Typusm --> Recreation and tourism;

ApxuB denoBeveckoi ucropun --> Human history archive;
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JlanamadT --> Landscape;
OobpazoBanue --> Education

Fig. 7. An example of cascade model application for assessing the service of
Impact on the global climate for UTSs in the cities of Moscow, Hangzhou, and

Hong Kong.
KEY:
CsoiicTBo --> Properties;
®dyuknus --> Function;
DKOCHUCTEMHBIN cepBHC --> ECOSystem service;
[Mpunstre pemenus --> Decision making;

3anac yraepoja (coaepaHue yriiepoja, mIOTHOCTh CIO0KEHHUS, MOIIHOCTh

ropusonTa) --> Carbon pool (carbon content, bulk density, horizon thickness);

[TouBeHHOE AbIXaHME (PETYJIUPOBAHUE TA30BOTO peXUMa aTrMocdepsl) -->

Soil respiration (regulating the atmospheric gas regime);

BosnericTBue Ha riaobanbHbIN KiauMart. JlenonupoBanue yriaepoaa ($/1/ra) -

-> Impact on the global climate. Carbon sequestration ($/t/ha)

H3MeHeHne COOTHOLIEHUS a30HOB M KYCTAapPHUKOBOW PACTUTEIILHOCTU B
ropojckoM o3eneHeHun --> Changes in proportion between lawns and shrubs in

urban gardening;

[TnoTHOCTH cnoXeHus, Koddduuuent ¢uabTpaiuun --> Bulk density,

filtration coefficient;

OunbTpaiys, HAMOYBEHHBIH W TMOANOYBEHHBIA CTOK (TpaHchopmarius
MOBEPXHOCTHBIX BOJA B TpyHTOBBIe) --> Filtration, soil and subsoil runoff

(transformation of surface water into groundwater);
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PerynupoBanue BogHoro Oananca. CHU)KEHHE Harpy3Kd Ha BOJAOOYHUCTHBIC
coopyxenmst ($/ra/rom) --> Regulation of the water balance. Reducing the

burden on water treatment facilities ($/ha/year);

CTpOI/ITeJ'IBCTBO HOBBIX BOJOOYMCTHBIX COOp}I)KeHI/Iﬁ. CHmxenue J0JIN
3areyaTaHHbIX Tepputopuit --> Construction of new water treatment facilities.

The decrease in the percent of sealed areas;
Temmneparypa Ha rimyoune 10 cm --> Temperature at the depth of 10 cm;
TemmonpoBoaHOCTE. OTOK Teruta --> Thermal conductivity, heat flux

dopmupoBaHUEC MHUKPOKJIMMATA. Cuuxenue 3aTpar Ha
KOHIMLMOHUpOoBaHue nomemenuii ($/m%/roxg) --> Formation of microclimate.

Reducing the cost of air conditioning ($/m?/year)

CTpouTensCTBO HOBBIX 3€IEHBIX Kpbiml --> Construction of new green

roofs;
MockBa --> Moscow;
Xanuwxoy --> Hangzhou;

I'onkonr --> Hong Kong
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