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Abstract: This research looked at the state of soils faced with urbanization processes in the Arctic
region of the Yamal-Nenets Autonomous District (YANAO). Soils recently used in agriculture, which
are now included in the infrastructure of the cities of Salekhard, Labytnangi, Kharsaim, and Aksarka
in the form of various parks and public gardens were studied. Morphological, physico-chemical, and
agrochemical studies of selected soils were conducted. Significant differences in fertility parameters
between urbanized abandoned agricultural soils and mature soils of the region were revealed. The
quality of soil resources was also evaluated in terms of their ecotoxicology condition, namely, the
concentrations of trace metals in soils were determined and their current condition was assessed
using calculations of various individual and complex soil quality indices.
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1. Introduction

Nowadays, the majority of countries of the world are faced with new development
strategies according to the generally accepted concept of sustainable development. This
approach includes many aspects. In 2015, the UN General Assembly developed 17 inter-
connected goals that are, “a blueprint for achieving a better and sustainable future for all”.
The Sustainable Development Goals are multifaceted, ranging from poverty eradication to
sustainable development partnerships, but most of these goals are related to preserving
and improving the quality of the environment [1]. In many ways, the goals of sustain-
able development are consistent with the principles of rational use of natural resources.
Dokuchaev and his disciple Vernadsky made a tremendous contribution to the formation of
the modern understanding of rational use of natural resources [2,3]. A special place in the
rational use of nature in the works of these scientists was given to soils and their ecological,
environment-forming roles in the modern world [4–6]. Academician Vernadsky wrote,
“the soil is the noble rust of the Earth”, these words reflect the whole essence of the role of
soils in the modern world [3]. The soil, located at the interface between the lithosphere,
atmosphere, and hydrosphere, plays a fundamental role to ensure the existence of life on
planet Earth [7].

Taking into account the importance of soil as the basis for the existence of life, the
current attitude of mankind to soil resources is scary. Nowadays soils are recognized as a
non-renewable natural resource because if the soil loses its fertile qualities and degrades, it
is impossible to return it to its original state within a period that corresponds to the life
of one generation [8,9]. According to the FAO, 33% of the land is currently at different
degrees of degradation, and it is also noted that at the current rate of degradation there
is a threat to future generations in meeting their nutritional needs [9]. In this context, the
words of V.A. Kodva come to mind, which said, “ . . . degradation and pathology of soils
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cause pathological phenomena in human health, human development, and physiology
and even in his mental activity and psyche” [10].

Soil degradation associated with technogenic processes of urbanization is currently
of a global nature. Out of 3.3 billion hectares of soil suitable for agricultural use, about
2 billion hectares are in varying degrees of degradation [7,11]. Soil degradation occurs
as a result of such processes as washout and water erosion, deflation and wind erosion,
chemical degradation, reconsolidation, and waterlogging [12–14]. For agricultural soils,
there are also processes of dehumification, devegetation, contamination with pollutants of
various kinds (carcinogenic compounds, heavy metals, and pesticide residues) [11,15–18].

The enrolling rate of urbanization is also causing soil erosion and degradation. Urban
growth has already led to the degradation of huge areas, salinization and contamination of
soils with heavy and trace metals, changes in acidity, and the shielding of soils due to the
laying of asphalt covers [19–22]. As a rule, urban development occurs gradually and the
primary settlements are formed on productive soils. Further development of the city leads
to the removal of fertile soils of their agricultural use with the following settlement of these
lands for the needs of the city.

Not only giant urban agglomerations are experiencing such phenomena. Surprising
as it may be, the Arctic territories have the highest degree of urbanization. Although the
population of the Arctic regions does not exceed 2.5 million people, more than 85% of
the people live in cities [23–25]. The cities of the North have a low number of inhabitants,
ranging from 20 to 150 thousand people [25]. The largest cities of the Yamal-Nenets
Autonomous District (YANAO) have a population of just over 100,000 people—Novy
Urengoy (118,033 people) and Noyabrsk (106,911 people) have a population density of 1063
and 2752 people/km2, respectively. Small and medium-sized towns prevail in YANAO, e.g.,
Salekhard (51,263 people, 605 people/km2), Labytnangi (26,295 people, 1195 people/km2),
Aksarkovskoye rural settlement (4885 people, 50 people/km2). At the same time, the
number of residents per 1 km2 in the whole YANAO is 0.7 people [26].

In the context of a deficiency and strong localization of soil resources, the first Arc-
tic settlers inhabited the most favorable areas in terms of fertility, for example, on the
riverbanks. For example, the city of Salekhard, built on the bank of the Ob River, stands
on alluvial Quaternary sediments rich in clay particles [27]. This made it possible to do
agriculture in Arctic conditions [28–30]. Now, with increasing urbanization and population
density, these soils suitable for agriculture are built up in most Arctic cities. This leads to
radical transformations of the soil cover and the Arctic geosystems as a whole [25]. It is
also important to consider the dispersion of the impact of urbanization in the Arctic region.
Due to the so-called “heat island” effect, urbanized ecosystems cause risks of degradation
of permafrost in the territory of settlements [31–33]. This may also be one of the causes of
climate change as a result of permafrost degradation [34,35]. The anthropogenic load on the
cities of the Yamal region is associated not only with traditional factors of influence, such as
emissions from industrial plants and motor vehicles. One of the world’s largest chromite
ores deposits is located near the cities of Labytnangi and Salekhard [36,37]. The ore is
extracted by the open-pit method. Naturally, mining leads to the emission of pollutants
into the environment, surface waters, and soils [38]. Small towns such as Kharsaim and
Aksarka are exposed to local sources of pollution such as combined heat and power plants
and emissions from motor vehicles [39].

Our investigation was objected to identify urbanized agricultural soils on the territory
of selected cities of the Yamal-Nenets Autonomous District and to assess the degree of
their degradation. To estimate the level of nutrient content and basic soil properties in the
former agricultural soils subjected to the processes of urbanization (anthropogenic load)
and to compare with them the background (mature) soils. The character of pollution of
these soils with heavy metals was also assessed.
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2. Materials and Methods
2.1. Key Regional Settings

The Yamal region’s climate is strongly influenced by low temperatures and proximity
to the Kara Sea. The region is characterized by a humid continental climate with high
relative humidity (up to 90%). The annual precipitation is about 350–400 mm, while the
annual evaporation is up to 250 mm. Winter lasts up to 7.5 months of the year, with snow
cover lasting up to 230 days. The average temperature in January is low to −25 ◦C. Spring
is very short and cold (about 30 days), with frequent weather changes and frosts. The
period of active vegetation lasts only 70 days. The main wind direction in the study area is
southwest (19%), also northeast (18%) and west (16%) winds prevail [40,41]. The study area
is located in the climatic zone of excessive moisture [40–42]. Modern alluvial, lake-alluvial
Quaternary sediments of loamy and sandy loam composition represent the parent material
of the region [27,43]. The mature soils are characterized by a low level of fertility and
acidic pH. Soil diversity is represented by taxonomic groups of gleysols, cryosols, and
podzols [28,44].

2.2. Sampling Strategy

During the field season from 2019 to 2020, soil sampling points were identified in
selected YANAO cities. The sampling strategy was based on looking for sites that were
previously involved in agriculture and have now been transformed into urban functional
areas. As a result, seven soil profile cuts were established in the cities of Salekhard and
Labytnangi and the settlements of Aksarka and Kharsaim and their vicinities. Samples
were taken from each genetic soil horizon in triplicate and mixed to obtain averaged results
for the horizon. The plots settings can be seen in Figure 1.

Figure 1. Sampling map of the study area: (A1,E,F)—mature soils; (A2,B,C,D)—anthropogenic
loaded soils.
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The soils studied were described according to the international soil classification
system [45]. Descriptions of sampling sites and soil names are given in Table 1. A total of
25 soil samples were collected.

Table 1. Site descriptions and soil types of each sampling point.

Sample Code Site Description Location Type of Soil [45]

Urbanized agricultural soils (anthropogenic loaded)

A2 Aksarka, former vegetable garden N67.800744
E66.559405 Cryosol

B Salekhard city, former vegetable garden N66.575843
E66.552307

Podzol
Entic

C Labytnangy city, vegetable garden N66.3870104
E66.6665518

Podzol
Entic

D Salekhard city, park N66.5913085
E66.5233259

Technosol
Urbic

Mature soils

A1 Vicinities of Aksarka, mature soil in a larch forest stand N67.773559
E66.564539

Cryosol
Reductaquic

E Vicinities of Kharsaim, mature soil N67.2983804
E66.6041101

Podzol
Folic

F Vicinities of Kharsaim, mature soil, tundra N67.298325
E66.601346

Gleysol
Histic

2.3. Laboratory Analyses and Data Processing

Soil samples were air-dried and transported to the laboratory of the Applied Ecology
Department of St. Petersburg State University. Before the laboratory analysis, the samples
were grounded and sieved through a 2mm sieve to separate the fine-grained fraction.

The pH values of soil extracts were measured by using a pH-meter-millivoltmeter pH-
150MA (Belarus). Soil solution was prepared in the ratio of 1:2.5 with water or 1M CaCl2
(for mineral soils the optimal soil weight for solution preparation is 8 g) [46]. Soil color was
determined using the Mansell Colorimetric System. Basal respiration was evaluated by
measuring CO2 in Sodium Hydroxide 0.1 molar solution. Incubation of CO2 was conducted
for 10 days in plastic sealed containers [47]. The percentage of clay fraction was determined
by the sedimentation method [48,49].

The total carbon and nitrogen contents were evaluated using a CHN analyzer (Leco
CHN-628; Leco Corporation, St. Joseph, MI, USA).

Main agrochemical characteristics such as mobile phosphorus and potassium and
forms of nitrogen were determined using the standard procedures according to GOST
54,650–2011 (for evaluation of available phosphorus and potassium contents) and GOST
26,489–85 (for evaluation of ammonium nitrogen content)—Nessler colorimetric method
and Chirikov method. As standard solutions were used calibration reference solutions:
P2O5 from 0 to 50 mg × dm−3; K2O from 0 to 100 mg × dm−3; nitrogen from 0 to
24 mg × dm−3. The procedure for measuring ammonium nitrate requires its extraction
from the soil with potassium chloride solution. Quantitative determination of ammonium
is carried out using photometry of colored solutions [50]. The determination of the avail-
able forms of phosphorus and potassium is based on the extraction of the compounds
described above with hydrochloric acid (acid concentration 0.2 mol/L). After extraction,
the quantitative determination of mobile phosphorus and potassium compounds is carried
out by photometry methods [51].

The content of trace metals was determined following to the standard ISO 11047-
1998 “Soil Quality-Determination of Cadmium (Cd), Cobalt (Co), Copper (Cu), Lead (Pb),
Manganese (Mg), Nickel (Ni) and Zinc (Zn) in Aqua Regia Extracts of Soil–Flame and
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Electrothermal Atomic Absorption Spectrometric” method at Atomic absorption spec-
trophotometer Kvant 2M (Moscow, Russia). According to this methodology and the
instrument’s datasheet, the lower detection limit for the metals to be detected is as follows:
Pb—0.05; Cr—0.02; Cu—0.01; Cd—0.005; Ni—0.02; Zn—0.01; As—0.01 mg × kg−1. Stan-
dard samples of solutions with metal concentrations from 0.1 to 2 mg × cm−3 were used to
calibrate the spectrophotometer [52].

To assess the fertility qualities of the soil, it is essential to know the quantitative content
of available forms of phosphorus, potassium, and nitrogen in the soil profile. The content
of these elements is extremely important in terms of planning agricultural activities [53–55].
However, the use of soils for agriculture can be limited due to soil contamination with
trace metals such as Pb, Cd, Zn, Ni, As, and Cu. These elements have carcinogenic and
mutagenic effects and are detrimental to human health and plant conditions [56–59].

To assess the degree of contamination of soils with trace metals, several qualitative
soil indices were calculated. The Geoaccumulation Index (Igeo) allows us to classify seven
levels of soil contamination, from Practically unpolluted (Igeo ≤ 0) to Extremely polluted
(Igeo > 5) [60,61]. The generic calculation formula is as follows:

Igeo = log2

[
Cn

1.5 Bn

]
(1)

where: Cn—the measured concentration of the element in soil, Bn—the geochemical back-
ground value.

Single Pollution Index (PI) is used to calculate some other soil pollution indices, such
as Pollution Load Index (PLI) and Potential ecological risk (RI) [62]. The basic formula is
as follows:

PI =
Cn
GB

(2)

where: Cn—the content of heavy metal in soil and GB—values of the geochemical background.
Pollution Load Index (PLI) is calculated as a geometric average of PI values [62,63].

The basic formula for calculating this complex index is as follows:

PLI = n
√

PI1 × PI2 × PI3 × . . . PIn (3)

where: n—the number of analyzed metals and PI—calculated values for the Single Pollu-
tion Index.

Potential ecological risk (RI) is used to estimate the degree of ecological risk associated
with detrimental effects of trace metals [64]. The basic formula as follows:

RI =
n

∑
i=1

Ei
r (4)

where: n—the number of heavy metals and Er—single index of the ecological risk factor
calculated based on the formula:

Ei
r = Ti

r × PI (5)

where: Tr—the toxicity response coefficient of an individual metal (Cd-30; As-10; Ni,Pb,Cu-5;
Cr-2; Zn-1) [64] and PI–calculated values for the Single Pollution Index.

All of the applied indices have their own evaluation scales, which are shown in
Table 2.
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Table 2. Evaluation scales of used indexes [60–62,64].

Igeo PI PLI RI

Value Soil Quality Value Soil
Pollution Value Pollution Status Value Potential

Ecological Risk

Igeo < 0 Unpolluted PI < 1 Absent <1 Denote
perfection <90 Low

0 ≤ Igeo ≤ 1
Unpolluted to

moderately
polluted

1 < PI < 2 Low 1
Only baseline

levels of
pollution

90–180 Moderate

1 ≤ Igeo ≤ 2 Moderately
polluted 2 < PI < 3 Moderate >1 Deterioration of

soil quality 180–360 Strong

2 ≤ Igeo ≤ 3 Moderately to
highly polluted 3 < PI < 5 Strong 360–720 Very strong

3 ≤ Igeo ≤ 4 Highly polluted PI > 5 Very strong ≥720 Highly-strong

4 ≤ Igeo ≤ 5
Highly to

extremely high
polluted

Igeo > 5 Extremely high
polluted

As background values of metal concentrations, the data given in publications [65,66]
were used. According to this information, the average values of metal concentrations are
as follows: Pb-20; Cr-42; Cu-13; Cd-5; Ni-19; Zn-38; As-5 mg × kg−1 [65,66].

Statsoft Statistica V12.0, GraphPad Prizm V9.0.0, and QGIS V3.16 software were used
for visualization and statistical processing.

3. Results
3.1. Key Soil Properties and Soil Diversity

The main physico-chemical properties of the selected soil samples were determined
(Table 3). All the studied soils are characterized by acidic reactions with pH values less
than 7. This soil acidity is typical for the soils Yamal region, as humic climatic regimes
dominate the region [67–70]. The lowest values of pH recorded in mature soils, if in the
anthropogenic loaded soils acidity is characterized mainly as slightly acidic (pH 5–7), in
mature soils marked by an acidity closer to acidic and strongly acidic (pH 4–5). This
difference may be due to processes of anthropogenic soil alkalization, which are noted in
urban soils [71,72].

The content of total carbon (TOC) and nitrogen (TN) is highly differentiated within
the soil profiles. All studied soil profiles are characterized by a high content of total carbon
in the topsoil horizons. However, in some cases (profiles D and E), the highest TOC content
was recorded in the deepest horizons. In the case of profile D, the presence of a layer rich
in carbon is explained by the past use of the soil for agricultural needs with its subsequent
screening in the process of urbanization. For mature soil E, the accumulation of carbon
occurs in the suprapermafrost depth horizon, permafrost prevents the leaching of organic
particles and their accumulation occurs. In Figure 2 you can see the uppermost layer of
accumulation in profile E, a dark-colored horizon rich in organic matter is located above
the permafrost surface. The situation is similar for TN, with the highest content in the
surface accumulative horizons. In isolated cases, there is a high content in the deep soil
horizons (profiles D and E).

The soils of the Yamal region are highly variable in terms of total carbon and nitrogen
content. The humus enrichment with nitrogen in the surface horizons of the studied soils is
low (C/N > 10). The data we obtained are consistent with earlier studies in the territory of
the Yamal and Gydan peninsulas, in the surface horizons of mature soils usually, the C/N
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ratio does not fall below 10 [28,69,73]. Abandoned agricultural soils are also characterized
by nitrogen deficiency in the surface soil horizons [70]. The level of basal respiration
between anthropogenically loaded and mature soils differs significantly. Anthropogenic
soils show a higher level of carbon dioxide emission compared to mature soils (especially in
the topsoil horizons). The maximum values of basal respiration were recorded in the upper
soil horizons with high carbon content (up to 32 mgCO2 × 100g−1 × 24 h−1). However,
our data are slightly different from those previously published, for pristine and abandoned
agricultural soils the basal respiration level reached 1084 mgCO2 × 100g−1 × 24 h−1,
with values close to those we obtained about the carbon content [70]. The particle size
distribution of anthropogenic-loaded soils differs significantly from that of mature soils.
Anthropogenically loaded soils are distinguished by a larger share of the skeleton fraction
(up to 25%) in the sample and a lower percentage of the clay fraction in the fine-grained
soil (up to 25%). Mature soils are more clayey textured, up to 34% of clay particles in the
fine-grained soil, and contain less skeletal fraction compared to anthropogenically loaded
soils. Fractional composition is one of the main soil parameters, as it largely affects the
processes of migration, transformation, and accumulation of organic matter [74–76], as
well as regulating the thermal and water soil regime [77]. It is worth noting that in both
anthropogenically loaded and mature soils, there is an increase in the proportion of clay
fraction in the depth of the soil profile, indicating the presence of illuviation processes in
the studied soils.

Table 3. Key soil properties.

Sample
Code

Depth,
cm Color TOC, %

±SD
TN, %
±SD C/N pH

H2O
pH

CaCl2

BR,
mgCO2 × 100g−1

× 24 h−1

Skelet,
%

Clay,
%

Urbanized agricultural soils (anthropogenic loaded)

A2
0–2 7/5 YR 5/3 8.60 ± 0.35 0.64 ± 0.04 13 5.90 5.21 29.00 8 12

2–15 5 Y 7/6 4.23 ± 0.12 0.23 ± 0.03 18 6.00 5.23 30.00 12 15

B

0–10 10 YR 3/3 3.09 ± 0.45 0.27 ± 0.03 11 6.10 5.23 30.00 7 7
27–41 10 YR 5/3 0.05 ± 0.01 0.005 ± 0.01 10 6.00 5.54 30.00 12 7
44–54 10 YR 5/3 1.59 ± 0.12 0.12 ± 0.02 13 6.10 5.41 14.00 15 8
54–76 10 YR 5/3 0.22 ± 0.03 0.03 ± 0.01 7 5.90 5.10 14.00 18 9
76–120 10 YR 5/3 0.01 ± 0.05 nd nd 5.70 5.00 14.00 19 12

C

0–7 7/5 YR 5/1 23.92 ± 0.92 1.19 ± 0.04 20 4.80 4.12 32.00 21 9
7–24 5 YR/7/3 0.09 ± 0.01 0.02 ± 0.01 5 4.90 4.25 27.00 20 9

24–54 5YR 7/5 0.23 ± 0.04 0.04 ± 0.01 6 4.90 4.15 23.00 21 12
54–78 5YR 7/4 0.47 ± 0.06 0.04 ± 0.01 12 5.10 4.19 23.00 25 14

D
0–20 7/5 YR 5/1 2.77 ± 0.18 0.15 ± 0.03 18 5.50 4.80 23.00 14 17

20–23 5 YR 6/6 7.42 ± 0.51 0.54 ± 0.05 14 5.30 4.75 23.00 24 25
23–33 7/5 YR 5/1 3.68 ± 0.28 0.30 ± 0.04 12 5.35 4.75 12.00 27 19

Mature soils

A1
0–6 7/5 YR 5/1 11.96 ± 0.31 0.46 ± 0.04 26 5.10 4.56 11.00 3 15

6–60 7/5 YR 7/6 0.17 ± 0.02 0.03 ± 0.01 6 5.00 4.54 10.00 3 17
60–130 5G 5/1 0.03 ± 0.01 0.005 ± 0.01 6 5.20 4.25 28.00 6 20

E

0–12 7/5 YR 5/1 2.30 ± 0.17 0.20 ± 0.03 12 4.90 4.00 18.00 3 25
12–27 6,5 Y 7/1 0.77 ± 0.06 0.06 ± 0.01 13 5.50 3.80 18.00 4 26
27–34 6,5 Y 7/1 1.02 ± 0.05 0.07 ± 0.02 15 4.90 4.20 18.00 3 26
35–43 6,5 Y 7/2 11.52 ± 0.65 0.55 ± 0.05 21 4.50 3.90 19.00 3 28

45–70 PF 5G 5/1 0.38 ± 0.05 0.04 ± 0.01 10 4.70 4.20 30.00 5 34

F
0–22 10 YR 5/1 37.81 ± 1.12 1.37 ± 0.21 28 4.90 4.32 21.00 5 25

22–30 5G 5/2 20.16 ± 0.87 1.09 ± 0.03 18 4.70 4.21 14.00 5 29
30–35 5G 5/2 2.56 ± 0.20 0.17 ± 0.03 15 4.10 4.10 12.00 8 31

Total organic carbon (TOC) and total nitrogen (TN) were determined in three replicates; BR—basal respiration; nd—no data.
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Figure 2. Soil diversity: (A,E,F)—mature soils; (B–D)—anthropogenically loaded soils.

3.2. Agrochemical Properties

The content of available forms of nutrients such as phosphorus, potassium, and
nitrogen for plants is one of the key parameters of soil fertility [78,79]. These elements are
crucial for driving of mineral nutrition system [80,81]. An understanding of the number
of available nutrients in the soil allows you to plan agricultural activities and optimize
land for certain types of crops to be planted [81,82]. In the natural environment available
forms of phosphorus and nitrogen enter the soil together with organic matter in the
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process of humification and mineralization [76,83], the source of potassium is most often
aluminosilicate minerals [84]. Anthropogenic sources of nutrients most often are the
processes of applying various mineral and organic fertilizers, which are applied to the
arable soil horizons in the process of agriculture [53–55].

Laboratory analysis of soil samples showed that the content of major nutrients in
mature and anthropogenically affected soils is significantly different. As can be seen in the
graphs shown in Figure 3, the greatest difference is observed in the content of available
forms of phosphorus and potassium between the two types of soils. The concentration of
phosphorus in the surface horizons of anthropogenically loaded urbanized soils reaches
1750 mg × kg−1, while in mature soils the maximum concentration of phosphorus does not
exceed 200 mg × kg−1. In some cases, there were recorded processes of accumulation of
nutrients in suprapermafrost soil horizons. In particular, for P and K, high concentrations
of these elements are observed in mature soils A1 and E as compared with the middle
horizons. The same phenomenon is observed in anthropogenically loaded soil C, the
concentration of P and K in suprapermafrost horizons is higher than in the topsoil. Since in
Arctic conditions the migration of nutrients through the soil profile is limited by permafrost,
the accumulation of nutrients of mineral genesis in the lowest soil horizons is possible.

Differences in the content of available forms of nitrogen, both ammonium and nitrate,
between the two types of soils studied are insignificant. In both cases, the maximum level
of nitrogen is observed in the topsoil horizons.

Statistical processing of the data obtained showed significant differences in the content
of available forms of phosphorus and potassium (p < 0.05) between mature and anthro-
pogenically loaded soils (Table 4).

Table 4. Results of MANOVA analysis of nutrients content.

Mature vs.
Anthropogenic

Soils

Available
phosphorous (P)

Available
potassium (K)

Ammonium
Nitrogen (NH4)

Nitrate
Nitrogen (NO3)

F p F p F p F p

6.85 0.02 4.14 0.05 0.10 0.75 0.12 0.74

The abandoned agricultural soils of the Arctic region are characterized by a high
content of available forms of phosphorus and potassium [28,70]. Previously published data
show that the features of temperature and water soil regimes contribute to the preservation
of nutrients for a long time, especially in the topsoil horizons. The high content of available
forms of phosphorus (up to 783 mg × kg−1), potassium (up to 995 mg × kg−1), and
nitrogen (up to 57 mg × kg−1) was recorded in the vicinity of Salekhard [28,70]. Soils
in other countries that practice polar farming have somewhat lower nutrient contents,
according to published data. For example, in the Norwegian province of Tromso, the
maximum concentration of potassium does not exceed 66 mg × kg−1 and phosphorus
12 mg × kg−1 [85]. In actively used agricultural soils in Norway, the content of organic
phosphorus reaches 670 mg × kg−1 [86]. Comparing these data, it is evident that urbanized
agricultural soils contain a very high concentration of nutrients, and taking them out of
agricultural use is a loss in terms of soil resource deficit in the far north.
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Figure 3. Distribution of nutrients in soil profiles and basic statistics: (A1,E,F)—mature soils; (A2,B,C,D)—anthropogenic
loaded soils.
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3.3. Pollution Status

Soil cover is one of the most vulnerable natural converts and is highly susceptible to
change under the influence of external factors, such as urbanization. Due to its sorption
properties, soil actively accumulates products of anthropogenic activity and can act as
an indicator of the degree of anthropogenic load [87–89]. One of the main agents of
anthropogenic pressure and urbanization is the input of trace metals such as Pb, Cr, Cd,
As, and some others into the environment [57,90]. Trace metals enter the environment
through various industrial processes, the combustion of fossil fuels, and from power plant
emissions [91,92]. The detrimental effects of trace metals on human health have been well
understood, they have carcinogenic and mutagenic properties, and they strongly affect
the productivity of agricultural crops [58,59,93]. One of the sources of trace metals in the
soils of cities in the Arctic region is the consequences of the accumulation of industrial,
especially toxic waste [94,95].

In our study, the differentiation of trace metals content between mature and anthro-
pogenic soils is slightly different. As can be seen in Figure 4, the maximum concentra-
tion among metals is observed for Zn (117 mg × kg−1 in anthropogenic loaded soils;
73 mg × kg−1 in mature soils). The minimum concentration among all metals studied
was recorded for Cd, in most cases, its concentration was below the detection limit, the
maximum values were recorded in urbanized agricultural soils (0.595 mg × kg−1), and the
minimum in mature soils (0.005 mg × kg−1).

The vertical distribution of trace metals concentrations across soil profiles is hetero-
geneous; for urbanized soils, trends in decreasing concentrations with depth are mainly
traceable. For mature soils, the situation is reversed, in general, the content of metals
increases at the depth of the soil profile, it may be associated with the sorption capacity
of clay particles [96–98], the increase in the content of which with depth was noted earlier
(Table 3).

No significant differences (p < 0.05) in concentrations between the two soil types were
found in the statistical analysis (Table 5). However, the lowest p-values were found for Pb
and Cd (0.18 and 0.23, respectively). Some researchers have noted an increased intake of
exactly these elements in the urban environment compared to the natural [99,100].

Table 5. Results of MANOVA analysis for trace metals content.

Mature vs.
Anthropogenic

Soils

Pb Cr Cu Cd Zn As Ni

F p F p F p F p F p F p F p

1.88 0.18 0.02 0.90 0.28 0.60 1.50 0.23 0.83 0.37 0.09 0.77 0.26 0.62

The content of trace metals in pristine soils of the Yamal-Nenets Autonomous District
is highly differentiated, with the concentrations of Zn, Pb, and Cr showing the greatest
variability in trace metals concentrations. According to published data, the Zn content in
pristine soils of the Gydan Peninsula varies from 31 to 92 mg × kg−1, Pb content from 4
to 14 mg × kg−1 [69]. The researcher recorded Cr concentrations equal to 23.5 mg × kg−1

on Belyi Island, and 3.1 mg × kg−1 in the vicinity of the village of Yar-Sale [66,101]. Trace
metal concentrations in the soils of urbanized areas of YANAO depend largely on the
degree of anthropogenic pressure in individual cases [102]. Previously published data
on the content of metals in the soils of Salekhard indicate average concentrations of Pb
7.2 mg × kg−1, Cu 6.5 mg × kg−1, and As 3 mg × kg−1 [68]. In the larger city of Novy
Urengoy, the concentration of Pb in urban soils is 10 mg × kg−1, Cr 18 mg × kg−1, Cu
9 mg × kg−1, and Zn 32 mg × kg−1 [101]. Comparing these data with the results obtained
in our study, we can say that our data in some cases exceed the previously published
concentrations for both pristine and anthropogenically loaded soils.
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Figure 4. Distribution of trace metals in soil profiles and basic statistics: (A1,E,F)—mature soils; (A2,B,C,D)—anthropogenic
loaded soils.
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To qualitatively assess soil trace metal contamination, several individual and complex
indices were applied. As background values of metal concentrations, the data given in
publications [65,66] were used. Average values of metal concentrations are as follows: Pb
20; Cr 42; Cu 13; Cd 5; Ni 19; Zn 38; As 5 mg × kg−1 [65,66].

According to the results of the calculation of the geoaccumulation index Igeo, the
studied soils are estimated as unpolluted by the content of most metals (Table 6). In rare
cases, contamination of the topsoil horizons of urbanized soils was detected at point A2,
here the contamination of Zn is rated as Unpolluted to moderately polluted.

Table 6. Igeo index values for each soil horizon.

Sample Code Depth, cm Pb Cr Cu Cd Ni Zn As

Urbanized agricultural soils (anthropogenic loaded)

A2
0–2 0 0 0 −4 −1 1 −2

2–15 −1 −3 0 −6 −1 1 −1

B

0–10 −2 −3 −1 −6 −2 0 −1
27–41 −5 −4 −3 nd −2 −3 −3
44–54 −2 −3 −1 nd −2 0 0
54–76 −3 −2 −2 nd −1 −2 −2

76–120 −4 −4 −3 nd −3 −3 −3

C

0–7 −7 −2 −2 −6 −1 −2 −2
7–24 −4 −3 −1 nd −1 −2 −3

24–54 −5 −2 −1 nd −1 −2 −2
54–78 −6 −3 −1 nd −2 −3 −3

D
0–20 0 −1 −1 −6 −2 0 −2
20–23 0 −3 −1 −7 −2 0 −2
23–33 −4 −3 −3 nd −2 −3 −2

Mature soils

A1
0–6 −2 −2 −2 −8 −2 −2 0
6–60 −2 −2 −1 −11 −1 −1 −2

60–130 −4 −3 −2 −10 −1 −2 −3

E

0–12 −4 −1 −2 −9 −1 −1 −2
12–27 −2 −2 −1 nd −1 −1 0
27–34 −3 −2 −1 nd −1 −1 0
35–43 −2 −2 0 −5 0 −1 −1

45–70 PF −2 −2 −1 nd 0 −1 −2

F
0–22 −4 −1 −2 −9 −1 0 −2

22–30 −2 −2 −1 nd −1 −1 −1
30–35 −3 −2 −2 nd −1 −1 −2

nd–no data.

Using the PI index gave slightly different results compared to Igeo. In most cases, the
level of metal contamination is estimated as absent but found a low level of As contamina-
tion (Table 7), in the topsoil horizons of soil A2 Zn contamination, is estimated as moderate.
For this soil, a low level of contamination of Pb, Cr, and Cu was recorded.

Application of complex indices PLI and RI showed that the total pollution of soils by
trace metals is insignificant, despite the processes of urbanization the condition of soils can
be assessed as uncontaminated or background. The level of potential environmental risk
(RI) is estimated as low for all the studied soils.
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Table 7. PI, RI, and PLI indices values for each soil horizon.

Sample Code Depth, cm PI
RI PLI

Pb Cr Cu Cd Ni Zn As

Urbanized agricultural soils (anthropogenic loaded)

A2
0–2 1.4 1.1 1.2 0.1 1.1 2.4 0.5 31 0
2–15 0.7 0.2 1.3 0.0 0.7 3.1 1.0 27 0

B

0–10 0.3 0.2 0.6 0.0 0.5 1.7 1.0 19 0
27–41 0.1 0.1 0.1 0.0 0.3 0.2 0.2 5 0
44–54 0.5 0.2 0.5 nd 0.4 1.3 1.1 20 0
54–76 0.2 0.4 0.5 nd 0.5 0.5 0.5 12 0

76–120 0.1 0.1 0.2 nd 0.2 0.2 0.2 5 0

C

0–7 0.0 0.4 0.4 0.0 0.6 0.3 0.3 10 0
7–24 0.1 0.3 0.6 nd 0.6 0.3 0.2 9 0

24–54 0.1 0.3 0.7 nd 0.7 0.3 0.3 11 0
54–78 0.0 0.2 0.7 nd 0.5 0.3 0.2 9 0

D
0–20 1.8 0.7 0.6 0.0 0.5 1.7 0.3 21 0

20–23 2.0 0.2 0.9 0.0 0.3 1.4 0.3 21 0
23–33 0.1 0.2 0.2 nd 0.3 0.2 0.3 7 0

Mature soils

A1
0–6 0.3 0.3 0.4 0.0 0.5 0.5 1.3 20 0
6–60 0.3 0.4 0.7 0.0 0.9 0.6 0.4 15 0

60–130 0.1 0.3 0.4 0.0 0.6 0.3 0.2 8 0

E

0–12 0.1 0.8 0.3 -9 0.5 0.8 0.3 10 0
12–27 0.3 0.4 0.6 nd 0.7 0.7 1.1 21 0
27–34 0.3 0.4 0.7 nd 0.8 0.7 1.2 23 0
35–43 0.5 0.4 1.1 0.1 1.9 1.0 0.6 27 0

45–70 PF 0.3 0.4 0.9 nd 1.1 0.8 0.5 18 0

F
0–22 0.1 0.7 0.3 0.0 0.5 1.9 0.3 11 0

22–30 0.4 0.4 0.6 nd 0.7 0.6 0.9 18 0
30–35 0.3 0.4 0.5 nd 0.7 0.6 0.5 13 0

nd–no data.

4. Conclusions

As a result of the work conducted, we can summarize that the process of urbanization
of the Arctic regions has affected the soils suitable for agriculture. In conditions of lack
of soil resources, this fact is especially important, because these areas could be used in
agriculture, which would certainly play a role in ensuring food security of the Arctic
regions in the framework of achieving the goals of sustainable development. From our
point of view, the planning of urban development, especially in the Arctic region, should
be guided by the principles of maximum conservation of biodiversity and soil resources.
Since the sustainable development of the northern regions largely depends on the food
supply, and soil resources suitable for agriculture play a fundamental role in this.

The studied urbanized agricultural soils are highly different from the mature soils
of the Yamal-Nenets Autonomous District. There are differences in the C/N ratio in the
topsoil horizons of urbanized soils, it is somewhat lower compared with the background,
indicating a less deficiency of nitrogen in the soil profile. Processes of anthropogenic
alkalization of soils are observed, as evidenced by the difference in pH values between the
studied soils. Urbanized agricultural soils are fundamentally different from the background
(mature) soils of the region in terms of nutrient content. The content of available forms of
phosphorus and potassium is significantly higher in former agricultural soils compared
with background (mature) soils. This can be explained by the past fertilization of the
soil, the effect of which has remained despite the urbanization of the areas. Statistical
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processing of the data obtained showed that the main difference in the content of nutrients
is significant (p < 0.05) for the content of phosphorus and potassium in the studied soils.

The studied soils, both mature and urbanized soils are not contaminated with trace
metals, which was proved by the application of various individual and complex soil
ecotoxicological integrative indices. The potential environmental risk for all soils (including
urbanized soils) is evaluated as low, which indicates the good toxicological state of the
soils and their suitability for agriculture at present.
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