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Abstract

Recently, questions about the return of the concept of Arctic agriculture in order to promote
sustainable development of the northern regions and ensure food security have been
raised more often. The re-involvement of previously-used and abandoned soils into
agricultural usage can provide an essential contribution for the development of the Arctic
regions. We conducted a comprehensive research of soils with different levels of
abandonment in the central part of the Yamal Region (Russia) and compared their
morphological features, chemical and physical properties, fertile qualities and the level of
contamination with heavy and trace metals to background soils of the region. It has been
noted that there are no evident features of cryoturbation processes in the profiles of
abandoned agricultucal soils and regular changes in the redox regime, as a consequence
of the presence of reductimorphic spots in the soil profiles, have been recorded. Soil
organic matter (SOM) stock in the topsoil of abandoned soils is estimated as medium and
has a similar level to the stocks of total organic matter in the agricultural soils of the Arctic
circumpolar region (Norway, Sweden, and Finland). Statistically significant differences in
the content of nutrients between abandoned and background soils were recorded which
indicates stability of the soil nutritional state during different abandoned states. Particularly
notable are the differences between the content of available forms of phosphorus. The
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results of the study revealed significant differences between soils of various periods of
abandonment and the background soils of the Yamal Region. Abandoned soils can be
used for ground and greenhouse agriculture, these soils having a high level of fertility and
are not limited for use in agriculture by the level of contamination with heavy and trace
metals. According to the character of trace metal contamination, abandoned and
background soils are evaluated as uncontaminated on the base of Z; and /g, indices
values. Reuse of the previously abandoned soils can undoubtedly become the basis for
increasing agricultural production and ensuring food security in the Yamal Region.
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Introduction

The development of the agricultural sector of economy in the Arctic Regions is inextricably
linked to the sustainable development and stable economic growth, not only in individual
regions, but also in the country as a whole (Maximova 2018). Nowadays, in the Russian
Federation there are many global development projects associated with the Arctic Region,
such as the Northern Sea Route and natural resources exploration of the northern regions.
Undoubtedly, the development of global projects in the Arctic zone is impossible without
providing food security for the regions of this circumpolar region. This issue is receiving
more and more attention nowadays (Alekseeva 2017, Abakumov and Morgun 2020,
Abakumov et al. 2020b). During the Soviet Union times, there were practices of introducing
northern farming (Khantimer 1974, Purtov 1994, Vavilov 1931, Basharin 1990, Naumov et
al. 2020), which, with the use of modern technologies, can become a mainstay in terms of
food security and sustainable development of the Arctic.

The development of the Arctic zone is recognised by all countries with northern territories.
The issues of agricultural use are widely discussed at the international level, within the
framework of The Circumpolar Agricultural Association (Soppela 2020). Although the
climatic conditions of the Arctic latitudes are severe, there are a number of countries that
have experience in successful agricultural practices in polar environments. The experience
of farming in Alaska is well known (Gasser 1948, Lewis et al. 1987). On the Kenai
Peninsula (Alaska), potatoes and various types of vegetables were successfully cultivated,
well known small farms in the vicinity of Anchorage, as well as in the Tanana and
Matanuska Valleys where potatoes and vegetables were planted (Stevenson et al. 2014,
Francis 1967, Gasser 1948). Norway has also been active in introducing agriculture under
Arctic conditions (Elstrand 1979). Farms in northern Norway exist around the towns of
Brensholmen and Austein, where forage crops for cattle were grown (Vorren 2005, Sjogren
and Arntzen 2013). In the vicinity of the Finnish city of Revoniemi, cereals and potatoes
were farmed (Jokinen 1997). The experience of northern farming in Sweden and Canada is
also known (Elstrand 1979).
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In Russia, polar agriculture began to develop intensively in the late 18th and early 20th
centuries (Alekseeva 2017, Purtov 1994, Naumov et al. 2020). In Tsarist times, Arctic
farming was practised by the Cossacks and exiled migrants, who mixed with the
indigenous population and passed on their agricultural experience (Naumov et al. 2020,
Purtov 1994). Before that period, the indigenous peoples inhabiting the polar regions were
mainly engaged in reindeer herding, fishing and hunting (Morgun and Abakumov 2019).
The development of polar agriculture is largely related to the partial transition of indigenous
peoples from a nomadic to a sedentary lifestyle. The impetus for the application of
scientific and systematic approach to polar agriculture can be considered the adoption of
the Concept of Northern Farming. This concept was formed by N.I. Vavilov in 1931 and
included the planned steps to implement the "northernisation" of agriculture in the USSR
(Vavilov 1931, Eichfeld 1933). After that, polar agriculture began to actively develop in the
Murmansk Region, the Republic of Karelia, the Komi Republic, the Arkhangelsk Region,
the Yamal-Nenets Autonomous District and the Republic of Sakha (Yakutia) (Alekseeva
2017, Khantimer 1974, Purtov 1994, Basharin 1990, Naumov et al. 2020).

The foundation of the Yamal zonal vegetable experimental station of the Soviet-Union
Academy of Agricultural Sciences in 1932 was the beginning of the active development of
agriculture in the Yamal-Nenets Autonomous District (YANAO) (Khantimer 1974, Eichfeld
1933, Chistyakova 2015). There were also arable plots in the region, which, when
amended with manure, yielded a stable crop of potatoes, cabbage and turnips. The
development of agriculture in the region progressed rapidly until the collapse of the Soviet
Union. In the crisis years of 1990s - 2000s, the agro-industrial sector fell into decline and
now it is actively recovering. At present, however, the current number of large agricultural
enterprises is still few. Today, the agricultural sector in YANAO grows mainly potatoes and
vegetables (Morgun and Abakumov 2019).

Recently, abandoned permafrost affected soils are of considerable interest in terms of
assessing the post-agrogenic transformation of soils under cryogenic conditions. This is of
particular interest because it is important to determine the ability of soils with various
degrees of abandonment to retain fertility, especially in Arctic conditions (Nizamutdinov et
al. 2021a, Abakumov et al. 2020a, Kalinina et al. 2009). The study of these soils could be a
step towards returning the overgrown soils into agricultural use, which will contribute to the
development of the Yamal Region in the framework of the programme "Socio-economic
development of the Arctic zone of the Russian Federation until 2025" (Miaximova 2018), as
well as ensuring food supply of the Arctic Regions.

Therefore, our goal in this study is to assess the specificity of postagrogenic transformation
of recently-abandoned agricultural soil in the permafrost conditions of the Yamal Region.
The study objectives are:

1. to study morphological features of soils previously used for agriculture;

2. to assess the main physical, chemical and agrochemical properties of the
abandoned soils;

3. to characterise the degree of pollution by trace metals.
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The study results can become the basis for sustainable development of a strategy for
planning future agriculture in the studied areas.

Material and methods
Regional settings

The Yamal-Nenets Autonomous District (YANAO) is located in the Arctic zone in the
northern part of the West Siberian Plain and covers a wide area of 769250 kmZ. More than
half of the region is located above the Arctic Circle (Fig. 1). YANAO is located in three
climatic zones: Arctic, subarctic and temperate. Landscape zonation is characterised by
taiga, forest-tundra and tundra zones (Chistyakova 2015).
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Figure 1.
Sampling sites (Team et al. (2003)).

The climatic conditions of the Yamal Region are highly variable in spatial dimension. The
Arctic tundra zone (the northern part of the Yamal and Gydan Peninsulas) is characterised
by long harsh winters, with frost lasting up to 220 days (Kozin and Bakulin 1996). Average
temperatures: January, -27°C; July, 3.4-4.5°C (1961-1990). Precipitation is less than 200
mm per year. The depth of snow cover is 20-25 cm. The central part of the peninsulas (up
to the Arctic Circle) is in subarctic climatic conditions. Stable snow cover lasts up to 210
days, with snow cover depth of 35-50 cm. Average temperatures: January, —-22°C; July,
8-13°C (1961-1990). Vegetation period duration is up to 44 days (Kvashin 1999). The
southern part of the region is in a temperate climate zone. Stable snow cover lasts up to
190 days, snow cover depth up to 70-80 cm. The average temperature in January is,
-23°C, in July, 14-16°C (1961-1990) (Kozin and Bakulin 1996, Kvashin 1999, Pavlov and
Malkova 2005).
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The research is based on the analysis of soil samples taken in different areas of the
YANAO (Fig. 1).

During field activities in the summer of 2020, we identified various abandoned agricultural
sites. Several research sites were selected in which soil pits were established (Fig. 1). The
pits were dug down to the permafrost horizon. Soil samples for chemical, agrochemical
and physicochemical analysis were taken every 10 cm (when the horizon thickness is less
than 10 cm or falls on the horizon boundary, samples were taken from each genetic
horizon). The description of the seven sampling sites is given in Table 1.

Table 1.

Basic data about sampling sites.

Sampling Site Sampling Soil type N E
code

Priuralsky District, YANAO

Salekhard, agrostation field SD1 Abandoned Soil 66.52713 66.65490
(14 years of abandonment)

Tundra outside the city of Salekhard SD2 Background Soil 66.32603 66.39632

Shuryshkarsky District, YANAO

Yamgort village, agro-farm field YT1 Abandoned Soil (2 years of 64.94554 64.35480
abandonment)

Yamgort village, private vegetable YT2 Abandoned Soil 64.94015 64.36350

garden (2 years of abandonment)

Northern Taiga beyond the village of YT3 Background Soil 64.94550 64.36379

Yamgort

Yamalsky District, YANAO

Sayakha village, private vegetable SA1 Abandoned Soil 70.17046 72.52002
garden (3 years of abandonment)
Tundra outside Sayaha village SA2 Background Soil 70.16091 72.47588

Currently, the agricultural areas in the region are not much developed. In the process of
field research and interviews with the local population, we have identified several
interesting sites that have recently been abandoned. Of particular interest are private
vegetable gardens, which, in some cases, have been cultivated for more than 25
consecutive years. These data are, in many aspects, unique because private farming in
Arctic conditions is extremely rare.

The first sampling site (SD) was the field of the experimental Yamal agricultural station
(Salekhard, Priuralsk District, YANAO). Here, since 1932, work has been carried out to
study the adaptation of various crop species to the conditions of the Far North (Fig. 2).
Unfortunately, since 2007, the activity of the station was stopped and was not renewed in
2019 in full. The background for this area was the soils of mature tundra outside the city of
Salekhard.
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Figure 2.
Sampling sites (Photos: E. Morgun, 2020)

a: SD1
b: SD2

Figure 3.

Sampling sites (Photos: E. Morgun, 2020)

a: YT1
b: YT2
c:YT3

The second sampling site (YT) is located in the Shuryksharskiy District of YANAO, in the
village of Yamgort. Three soil profiles were established (Fig. 3). The first one was on the
territory of an abandoned private vegetable garden; the vegetable garden had been
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continuously cultivated for 25 years, with regular application of mineral fertilizers (ash, cow
and horse manure). This site was predominantly a potato-growing area. Now the vegetable
garden is abandoned and there have been no agricultural activities for more than 2 years.
The landowners noted that the territory of the vegetable garden was subjected to flooding
three times in 25 years. The second sample was taken on the territory of the abandoned
field of the agricultural company "Muzhevskoe". Potatoes and oats were rotated growing in
this site. From 2019 to the present, the field has been abandoned and unused. The
background for this area provided the soils of mature northern taiga outside the village.
Photos of the sampling locations are presented on the .

The third sampling site (SA) is in the Yamalsky District of YANAO. Two soil profiles were
established. The first, in the village of Sayakha - the northernmost settlement of the
Yamalsky District (Fig. 4). Sampling was conducted in the territory of an abandoned urban
ecosystem in the private plot's yard. This area has not been used for 2 years. The
background for this area was soils beyond the settlements in a mature tundra area.

Figure 4.

Sampling sites (Photos: E. Morgun, 2020)

a: SA1
b: SA2

Laboratory analyses and data processing

After sampling, the soils were transported to the laboratory of the Department of Applied
Ecology, St. Petersburg University. The samples were air dried, grounded and passed
through a 2 mm sieve. The pH values of soil solution were measured by the using a pH-
meter-millivoltmeter pH-150MA (Produced in Belarus). Soil solution was prepared in the
ratio of 1:2.5 with water or 1M calcium chloride (CaCl,) (Black et al. 1965). Basal soil
respiration was evaluated by measuring carbon dioxide (CO,) in sodium hydroxide.
Incubation of CO, was conducted for 10 days in plastic sealed containers (Jenkinson and
Powlson 1976). The particle size distribution of the soil was determined by the
sedimentation (pipette) method (Kachinsky 1958, Jackson and Saeger Jr 1935). Soil
organic carbon (SOC) content was determined by the Tyurin method, based on the
oxidation of soil organic matter with a mixture of potassium dichromate and concentrated
sulphuric acid (Bel'chicova 1965, Walkley and Black 1934). SOC content was converted in
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soil organic matter (SOM) values by a factor of 1.724 according to Loges (1883). Soil
organic matter (SOM) stocks (volumetric concentrations) were estimated by the Orlov et al.
(2005) method according to the following formula:

SOM Stock,t x ha ™t =C x h x d

where: C - SOM content, %; h - depth of the soil horizon, cm; d - soil compaction density,
-3
gxcm™,

The content of available forms of ammonium nitrogen (NH4*-N) and nitrate nitrogen (NO3-
N) were determined using potassium chloride solution (ISO 2003). The content of mobile
potassium and phosphorus was determined by the Kirsanov method (GOST 2003,
Mulvaney and Sparks 1996). The method is based on the extraction of mobile compounds
of phosphorus and potassium from the soil with a solution of 0.2 M hydrochoric acid (HCI).

The content of trace metals was determined following to the standard 1SO 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
Electrothermal Atomic Absorption Spectrometric” method with an Atomic absorption
spectrophotometer Kvant 2M (Moscow, Russia) (ISO 1998).

The Geoaccumulation Index (/geo) allows us to classify seven levels of soil contamination,
from Practically unpolluted (/geo < 0) to Extremely polluted (/geo > 5) (Mdller and Furrer
1994, Jiang et al. 2019). The generic calculation formula is as follows:

Igeo = logs|C,/1.5B,]@

where: C, — the measured concentration of the element in soil, B, — the geochemical
background value.

Total soil contamination index (Z;), which is most commonly used in Russia to assess the
dergree of soil contamination, was calculated according to the method of Hygienic
evaluation of soil in residential areas (1994) (GN 1994). The value of this index has four
levels, from acceptable pollution category (Z. < 16) to extremely hazardous pollution
category (Z. > 128) (GN 1994).

Jc = (Z Kc)—(n—1)3
(i=1)

where: Kc — concentration coefficient of the i-th chemical element; n — number of evaluated
elements.

Ke=C;/Cy

where: C; — the measured concentration of the element in soil; C, — the geochemical
background value.
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Figure 5.
Diversity of studied soils (Photos: E. Morgun 2020)
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The value of this index has four levels, from acceptable pollution category (Z. < 16) to
extremely hazardous pollution category (Z, > 128) (GN 1994).

Detailed contamination level values according to the /ge, and Z; index values are shown in
Suppl. material 1.

Statistical treatment and data visualization was performed using StatSoft Statistica v12.0,
Prism GraphPad 9.0.0 and QGIS v3.16 software.

Results and discussions

Soil morphology

Soils diagnostics were performed using the International Soil Classification System (World
Reference Base for Soil Resources (WRB 2014)). The studied soils are mainly represented
by reference groups of Cryosols and Podzols. Previously, it was thought that plaggen
(post-agricultural) soils can be preserved only in temperate latitudes, but studies of
northern soils of Arkhangelsk Region revealed the ability of soils to maintain fertility in
northern latitudes (Kalinina et al. 2009). Abandoned agricultural soils reached a depth of up
to 140 cm. There is low decomposed organic matter in the superficial horizons (Fig. 5 SD1,
SA1, YT1, YT2). There are no signs of cryoturbation and the transitions between diagnostic
horizons are gradual. Abandoned soils contained anthropogenic artefacts (glass shards,
slag and pieces of polyethylene). Background soils are more strongly enriched in organic
matter of different degrees of decomposition (Fig. 5 SD2, SA2). Signs of cryoturbation
processes are observed amongst pristine soils, which are most pronounced in the SD2
profile; other background soils (SA2 and YT3) are less turbed.

In most of the studied soils (abandoned and background), there are marked reductimorphic
features, indicating a regular change in the redox regime in individual soil horizons. All of
the studied soils are underlain by permafrost, with detailed soil descriptions presented in
Table 2.

Table 2.

Morphological characteristics of the soils.

Sampling  Soil name, Soil Depth, Description of soil horizons
site WRB (2014) Horizons cm
SD1 Plaggic Podzol  Ap 0-23 Live roots, humid, antropogenic artefacts, blocky-prozmatic
(Turbic) structure. Gradual distinction, wavy topography
Bg1 23-31 Humid, roots, prismatic structure. Gradual distinction, wavy
topography
Bg2 31-41 Humid, reductimorphic colours of the gleyic colour pattern,

prismatic structure. Gradual distinction, wavy topography

Cg1 41-121 Humid, reductimorphic colours of the gleyic colour pattern,
platy-crubly structure. Gradual distinction, smooth
topography
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Soil name,
WRB (2014)

Turbic Cryosol

Urbic Technosol

Reductaquic
Cryosol

Plaggic Podzol
(Turbic)

Plaggic Podzol
(Turbic)

Plaggic Podzol
(Turbic)

Soil
Horizons

Cg2
CL
O
Ag

Cg1
Cg2
CL
Au

Cgu

CL

Oa

Cg1

Cg2

CL

Bgd

CL

Bg
CL

Oa

Ar

Cg

CL

Depth,
cm

121-143
143-...
0-13
13-26

26-37

37-55

55-...

0-19

19-40

40-...

0-14

14-41

41-73

73- ...

0-27

21-48

21-41
41-..

0-4

4-37

37-40

40-...

Description of soil horizons

Humid, unstructured, non-consolidated
Permafrost
Slightly decomposed organic material, wet

Reductimorphic colours of the gleyic colour pattern, live
roots, wet, unstructured. Gradual distinction, smooth
topography

Wet, unstructured. Gradual distinction, smooth topography
Gleyic colour pattern, very wet, unstructured
Permafrost

Wet, unstructured, live roots, accumulation of organic
matter, antropogenic artefacts. Gradual distinction, smooth
topography

Reductimorphic colours of the gleyic colour pattern,
antropogenic artefacts, very wet

Permafrost

Live roots, accumulation of organic matter, humid,
unstructured. Abrupt distinction, wavy topography

Roots, dark humus spots. Humid, lumpy structure. Abrupt
distinction, wavy topography

Reductimorphic colours of the gleyic colour pattern, wet,
unstuctured

Permafrost

Live roots, humid, blocky-crumbly structure. Clear
distinction, smooth topography

Humid, hard, crumbly structure, reductimorphic colours of
the gleyic colour pattern

Permafrost

Organic matter, live roots, dry, compacted, granular-blocky
structured. Gradual distinction, smooth topography

Reductimorphic colours, humus spots, humid, compacted
Permafrost

Dry, live roots, unstructured, non-consolidated. Clear
distinction, smooth topography

Roots, humid, ferrous spots, white powder, platy structure.
Clear distinction, wavy topography

Gleyic colour pattern, wet, compacted, platy structured, live
roots

Permafrost
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Key physico-chemical and agrochemical properties of study soils

The main information about the physical and chemical properties of the studied soils is
given below, with more details being seen in Table 3. All of the studied soil samples
recorded acid reaction, pH values being highly variable and ranging from strongly acidic to
weakly acidic (3.99 - 6.67). Exchangeable acidity values (pH CaCl,) is traditionally lower in
comparison with pH H,0O, with values ranging from 3.01 to 6.11. In most cases, soil acidity
increases with depth; this can be explained by the processes of podzolisation in the soil
profile. The greatest variation of pH values was recorded in the abandoned soils; this can
be explained by the fact that, as a result of land abandonment, fertilization (carbonate
compounds, or ash in the case of private plots) was stopped, which led to acidification of
the superficial horizons.

Table 3.

The main physico-chemical parameters of the studied soils.

Sampling  Soil name Soil Depth, pH pH Basal SOM, SOM SOM SOM
site WRB (2014) Horizons cm (H20) (CaCly) Respiration % Stock, stockin stockin
mg CO,/ txha!  soil topsoil
100g/day profile, (0-20
txha cm),
txha
SD1 Plaggic Ap 0-23 495 3.61 46.20 3.2 86 127 76
Podzol
(Turbic) Bg1 23-31 437 3.02 52.80 0.9 10
Bg2 31-41 435 3.01 48.40 0.5 7
Cg1 41-121 517 4.09 31.68 0.2 22
Cg2 121-143 599 5.36 0.1 2
ClL 143-... - - - - -
SD2 Turbic O 0-13 - - - 242 433 528 398
Cryosol
Ag 13-26 551 521 30.80 4.6 85
Cg1 26-37 538 4.52 48.40 0.3 4
Cg2 37-55 5.68 4.77 44.00 0.2 6
ClL 55-... - - - - -
SA1 Urbic Au 0-19 597 551 52.80 5 124 124 88
Tech |
eennosel - cqu 1940 667 611  44.00 31 88
ClL 40-... - - - - -
SA2 Reductaquic Oa 0-14 - - 117.33 32 659 895 599
C |
ryoso Cgt 14-41 439 375  44.00 46 186
Cg2 41-73 5.50 4.69 61.60 0.9 50
ClL 73-... - - - - -
YT1 Plaggic Ap 0-27 5.15 4.46 90.20 2.8 113 140 86
Podzol

(Turbic) Bgd 21-48 581 4.88 59.40 0.7 26
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Sampling Soil name Soil Depth, pH pH Basal SOM, SOM SOM SOM
site WRB (2014) Horizons cm (H20) (CaCly) Respiration % Stock, stockin  stockin
mg COy/ txhal  soil topsoil
100g/day profile, (0-20
txha™ cm),
txha™!
CL 48-... - - - -
YT2 Plaggic A 0-21 531 4.44 30.80 4.2 134 386 126
Podzol
(Turbic) Bg 21-41 5.1 4.63 48.40 9 252
CL 41-... - - - - -
YT3 Plaggic Oa 0-4 399 341 30.80 6.3 34 227 114
Podzol Ar 437 406 411 2200 356 181
(Turbic)
Cg 37-40 556 4.68 52.80 25 12
CL - - - - - -

The level of basal respiration of soils is not homogeneous, varying greatly depending on
the depth in the soil profile. Expectedly high values were obtained for the topsoil horizons
of the background soils, as they are the most abundant in organic matter.

The SOM content of abandoned soils is significantly different from its content in the
background soils. Within the same study area, differences of more than 8 times were
recorded. For example, for the sample SD1 in the upper 10 cm layer of soil, SOM content
is - 3.2%, on the contrary, in the sample SD2, it is - 24.2 %. These results are quite logical,
since in natural soils, there are active processes of accumulation of organic matter due to
the necrosis of plants and accumulation of plant debris.

Analysis of the of SOM stock levels in soil profiles also revealed significant differences
between abandoned and background soils. The maximum stock for the background soils
was found at Reductaquic Cryosol in point SA2; here the stock is estimated at 895 txha™,
for the whole soil profile. For the abandoned soils, this value is significantly lower, 386
txha™! for Plaggic Podzol (Turbic) in point YT2. However, from the point of view of
agriculture, the content of SOM in the topsoil horizons (0-20 cm) is much more important
(Fig. 6). Here, similarly to the results for the whole profile, the abandoned soils differ
significantly from the background ones. The maximum stock in the layer 0-20 cm amongst
the abandoned soils is also noted in the point YT2, amongst the background soils in the
point SA2.

It is necessary to emphasize that the longer the soil has been abandoned, the lower the
level of SOM stock in it. For example, at point SD1 (abandoned since 2007), the stock of
SOM in the layer 0-20 cm is estimated at 76 txha™ and at point YT2 (abandoned in 2019),
the stock in the same layer is estimated at 126 txha™'. Undoubtedly, such differences in
SOM reserves are associated with abandonment of soils, because the processes of
accumulation of leaf litter and, consequently, humus formation have been disrupted by past
agricultural practices. Restoration of natural vegetation cover (especially trees) in Arctic
conditions is very slow and, as can be seen in Figure 5, at point SD1 in 14 years of
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abandonment, it has not accumulated much SOM. In abandoned soil scenarios,
multidirectional processes of organic matter accumulation can take place. Both
accumulation of organic matter in the litter (humification) and removal of organic matter into
the organo-mineral horizons (dehumification). Therefore, the dynamics of humus content in
the abandoned soils of distant regions should be investigated in more detail in the nearest
future (Unc et al. 2021).
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800
. 600
< -
'-c -
kt -
2 400
n -
g -
» 200=
JmmBlm
SD1 YTl YT2 SAl SD2 YT3 SA2
Figure 6.

SOM stock in topsoil 0-20 cm.

According to the Orlov et al. (2005) classification, the stock of SOM in the 0-20 cm layer for
abandoned soils is characterized by medium (100-150 txha™') to very low (< 50 txha™)
(Kiryushin and Ivanov 2005). SOM stock in our research is similar to the typical stock of
organic matter in the northern agricultural soils of Norway, Sweden and Finland. In these
countries, the SOM stock in the northernmost agricultural soils is estimated at 70 to 200
txha™! (mean values for topsoil horizon 0-30 cm) (Lugato et al. 2014, Rusco et al. 2001).
For soils in northern Canada, the SOM stock is 118 txha™' in the northern Arctic and 240
txha™' in the southern Arctic in the 0-50 cm horizon (Hossain et al. 2007).

Analysis of the particle size distribution of soils produced very interesting results. As is
known, the particle size distribution of fine-grained soils is one of the basic characteristics
of soils. The fractional structure of soil has a great impact on soil formation and agro-
productive features of soils (Bridgeman et al. 2007). Particle size distribution affects the
processes of migration, transformation and accumulation of organic matter in the soil
(Arrouays et al. 2006, Keller and Hakansson 2010), it also determines properties such as
moisture capacity and water infiltration (Kravchenko and Zhang 1998, Nasta et al. 2009)
and is crucial in the formation of air and thermal regime of the soil (Shein 2005). It is also
confirmed that the content of clay particles greatly contributes to the accumulation of
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various chemical compounds in the soil, including heavy and trace metals (Lavado et al.
1998, Harbison 1986, Yu and Li 2011, Gupta and Chen 1975).

As can be seen in Figs 7, 8, in all the studied soils, in the particle size distribution, the
proportion of sandy fraction dominates (except SD1). In the SD1 soil profile up to a depth
of 50 cm, the particle size distribution is characterized as sandy clay; deeper into the soil
profile, the particle size distribution changes to clay (WRB 2014). In the deeper horizons,
closer to the permafrost, the sandy fraction content increases, up to 95% at a depth
of 100 cm.
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Figure 7.

Particle size distribution of abandoned soil (Legend included in Figure 8).
a: SD1

b: YT1

c:YT2

d: SA1
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Other abandoned soils contain a much lower content of clay fractions compared to sample
SD1, but show also an increase in the proportion of clay fraction with depth. In samples
YT1 and YT2, the proportion of clay fraction in the lower horizons reaches to 17-20%. The
particle size distribution of the soil is described as sandy clay loam and sandy loam for
both samples, respectively.
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Figure 8.

Particle size distribution of background soils.

a: SD2
b: YT3
c: SA2
d: Legend

In all background soils, the proportion of clay particles does not change or even decreases
along the soil profile (sample SD2). In all background soils, the proportion of sandy fraction
in the fine-grained soil dominates. This distribution of fractions will have an impact on the
degree of association of organic matter (Kononova 2013, Kemmitt et al. 2008). As a rule,
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organic matter is adsorbed in clay minerals, but the highest level of aeration is possible in
soils of sandy particle size distribution (Tiessen et al. 1994). Finding the optimal balance
between the degree of aeration of the soil profile and the availability of organic matter to
microorganisms determines the mineralization of organic matter in the long term
(Kononova 2013, Kemmitt et al. 2008, Leirés et al. 1999).

Nutritional status of the studied soils

Study of the degradation of soil fertility under permafrost conditions is one of the most
important aspects in the context of agricultural planning in the Arctic. The content of
nutrients in the soil is crucial in assessing the degree of soil fertility (Mineev 2004, Tiessen
et al. 1994, Gruhn et al. 2000). Available forms of phosphorus, potassium and nitrogen are
considered as the main nutrients for plants (Kudeyarov and Semenov 2006, Kiryushin and
Ivanov 2005). Based on the data on the actual content of available forms of nutrients, it is
possible to develop measures to create a nutrient regime for various crops (Kiryushin
2007). Organic compounds of phosphorus and nitrogen are part of the soil organic matter
(Holford 1997, Kononova 2013), potassium is in the form of insoluble aluminosilicate
minerals (Yakimenko 2018) and becomes available to plants only after their weathering. In
addition, the ability of the soil to retain mobile forms of nutrients is mainly influenced by its
particle size distribution and percentage of clay fraction (Caravaca et al. 1999, Chekmarev
et al. 2011, Carlon 2007).

There are few publications on the content of nutrients in the abandoned soils of the Arctic
zone. There are data on the content of available forms of nitrogen, phosphorus and
potassium for abandoned agricultural soils in the vicinity of Salekhard. In 2018, the content
of available forms of phosphorus was estimated as very high (> 250 mgxkg™!) according to
the Mineev (2004) assessment scale. Soil enrichment of available potassium and nitrogen
is highly variable. Potassium content was estimated by the authors from very high (> 250
mgxkg™) to low (40-80 mgxkg™'). Available forms of nitrogen in the abandoned soils of the
Salekhard City vicinity were mostly estimated as moderate (20-40 mgxkg™') (Abakumov et
al. 2020a). There is also information about the content of available forms of phosphorus
and potassium in the soils of northern Norway. In the Province of Tromso, the maximum
level of potassium does not exceed 66 mgxkg™! and phosphorus 11.3 mgxkg™! (Arnesen et
al. 2007). In agricultural soils in Arctic Norway, the content of organic phosphorus reaches
670 mgxkg™' (@Dgaard 1996). Estimated scales of nutritional elements (for available
phosphorus and potassium 6 scales, for nitrate and ammoniun nitrogen 4 scales), used in
the Russian Federation, based on the works of Mineev (2004) and Gamzikov (1981), are
shown in Suppl. material 2.

As can be seen in Fig. 9, the highest concentration of all nutrients in abandoned soils is
observed in the topsoil. The content of the available form of phosphorus reaches 935
mgxkg™! in sample YT1 and 569 mgxkg™' in sample SD1. Additionally, for sample SD1,
there is a local maximum of phosphorus content in the 60-70 cm horizon, where the
highest proportion of clay fraction (Figs 7, 8), the fine-grained soil, was registered. This
confirms the thesis that clay particles accumulate nutrients. The content of available
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phosphorus in the topsoil can be estimated as very high (> 250 mgxkg™') in soils SD1 and
YT1. In samples SA1 and YT2, the content is estimated as moderate (50-100 mgxkg™). It
should be noted that soils SD1 and YT1 were used for industrial cultivation, while SA1 and
YT2 were used in private agriculture. Consequently, the soil parameters were controlled at
different levels.

Abandoned Soils
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Figure 9.

Nutrients concentration dynamic in soil profiles.

The maximum content of available potassium was recorded in the YT1 abandoned
agricultural soil, which was used by an agricultural company. Potassium concentrations
range from 284 mgxkg™" in the surface layer, to 885 mgxkg™ at a depth of 40 cm. It is now
possible to discuss the incipient migration of potassium along the soil profile, as a
consequence of the termination of field exploitation. Similar to the phosphorus content, in
the soil of the former experimental agricultural station SD1, a local maximum of potassium
content is observed at a depth of 60-70 cm. The content of available potassium is
estimated as very high (> 250 mgxkg™) in the soil (YT1) of the ex-agricultural company in
the layer 20-40 cm. Soils of other studied areas can be characterized as moderate (80-120
mgxkg™") in terms of available potassium content (Fig. 9). The stocks of available
phosphorus and potassium in the background soils were significantly different from the
content of these elements in the abandoned agrosoils. For potassium and phosphorus,
there is a trend of increasing concentrations with depth, which may be due to cryoturbation
processes identified at the stage of morphological analysis. Stock of available forms of
phosphorus and potassium is characterized as moderate, except for a few local maximums
of available potassium in the topsoil horizon of site SD2 and phosphorus content on the
deep horizon of 40-50 cm in the soil site SA2.

The content of ammonium nitrogen in abandoned soils is estimated from low (10-20
mgxkg™") to medium (20-40 mgxkg™'). The maximum level is in the topsoil. Local maximum
of 5.6 mgxkg™ in the soil of agrostation SD1 at the depth of 50-60 cm. The nitrate nitrogen
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content is heterogeneous in all studied abandoned soils. However, there is a decrease in
nitrate nitrogen concentrations at the depth of all soil profiles, with the exception of site
YT2. Here, the maximum value of 11.2 mgxkg™' was recorded at a depth of 20-30 cm. In
most cases, the stock of ammonium nitrogen can be characterized as low (< 10 mgxkg™),
except for the surface horizon 0-10 cm of soil YT1 and the horizon 20-30 cm of soil YT2.

As can be seen, high (r < 0.6) significant correlation coefficients were found between the
content of SOM and available forms of nitrogen which suggests that the nitrogen status of
these soils is controlled by the content of organic matter (Table 4). It is also important to
note the correlation between the dynamics of available forms of phosphorus and
potassium, previously identified in the specifics of their distribution in the profile of the soil
SD1. The clay content correlates significantly with available forms of potassium and
ammonium nitrogen.

Table 4.

Spearman Rank Order Correlations between nutrients, SOM content and clay fraction contents.

Variable Available Available Ammonium Nitrate SOM Clay
Phosphorus Potassium Nitrogen Nitrogen Content

Available 1.00 0.59 0.25 0.48 0.21 0.15
Phosphorus

Available Potassium 1.00 0.33 0.37 0.23 0.48
Ammonium Nitrogen 1.00 0.62 0.83 0.43
Nitrate Nitrogen 1.00 0.65 0.31
SOM 1.00 0.16
Clay Content 1.00

Marked (italic/bold) correlations are significant at p <0.05

Statistical processing of data on the content of nutrients in the topsoil of abandoned and
background soils (Table 5) also revealed some statistically significant differences between
them.

Table 5.

Statistical analysis of nutrients concentrations in topsoil (0 - 20 cm).

Abandoned soils Background soils ANOVA
Aband. vs. Backg.
Me SD n Me SD n F P
Available Phosphorus 387.25 310.74 8 46.50 3594 6 5.55 0.03
Available Potassium 193.63 22594 8 114.33 156.39 6 0.85 0.37
Ammonium Nitrogen 11.04 5.60 8 33.56 3186 6 8.76 0.01
Nitrate Nitrogen 4.03 552 8 0.82 114 4 2.31 0.15

Marked (italic/bold) significant F and p values
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The maijor significant difference was detected between the content of available forms of
phosphorus and ammonium nitrogen. The p-value < 0.05, which rejects the hypothesis of
the similarity of abandoned and background soils. Testing with Fisher's F-criterion also
showed that the differences between background and abandoned soils are statistically
significant.

Trace metals pollution of study soils

The content of trace metals in soil is one of the limiting factors of agricultural use of soil in
Russia and all over the world. The harmful effects of heavy and trace metals on the human
health is undoubted. Heavy and trace metals are able to migrate from the soil profile into
crop and livestock products, which will lead to harmful effects on human health (Chary et
al. 2008, Sharma and Agrawal 2005). The soil cover is the primary environment for the
accumulation of heavy metals, including those from the atmosphere and the aquatic
environment (Dube et al. 2001, Ross 1994). Trace metals can enter the soil as a result of
anthropogenic processes (metallurgy, power generation, coal and oil combustion) that are
transferred from the source of contamination over long distances (Duruibe et al. 2007,
Mohammed et al. 2011, Yang et al. 2018, Polyakov et al. 2021). Agricultural soils can
become contaminated with heavy metals through the use of pesticides and plant growth
stimulants (Juvelikyan et al. 2009). Mineral phosphate fertilizers can also contain trace
metal impurities (Karpova and Potatueva 2005, Karpukhin and Bushuev 2007).

In the Russian Federation, restrictions on agriculture come with the following total content
of trace metals in the soil: Cu — 200; Pb — 125; Zn — 500; Ni — 150; Cd — 3 mgxkg™'
(Chernova and Beketskaya 2011). Additionally, in the Russian legislation, there is a system
of regulation of the content of heavy and trace metals, based on the character of the acidity
reaction of the soil and its particle size distribution - TAC (Tentative allowable
concentrations). For sandy and sandy loam soils (which prevail in our study), the TAC
values follows: Cu — 33; Pb — 32; Zn — 55; Ni — 20; Cd — 0.5 mg><kg'1 (GN 1994); these
limits are meant to provide soil safety for public health, but do not restrict agriculture.

The abandoned agricultural soils of the Yamal Region have not been investigated for trace
metal contamination until this work. There are a number of publications devoted to the
analysis of metal content in urbanized and background soils in the Yamal Region (Belyi
Island, the vicinity of Salekhard, the foothills of the Polar Urals) (Alekseev et al. 2016,
Alekseev et al. 2017, Tomashunos and Abakumov 2014, Moskovchenko et al. 2019,
Nizamutdinov et al. 2021). In most cases, the authors characterize background soils as
uncontaminated, with the content of heavy metals in soils being largely similar to the
results of the analysis given in this paper. The highest level of contamination of soils with
trace metals is given for the topsoil of Technosols of Salekhard, Kharsaim and Aksakarka.
In the soils of these settlements, there were high recorded concentrations of Zn (up to 234
mgxkg™"), Cu (up to 142 mgxkg') and Ni (up to 98 mgxkg™') (Alekseev et al. 2016,
Alekseev et al. 2017).

As can be seen from the results of the analysis reported in Fig. 10, all of the soil samples
investigated are not limited for agricultural use in terms of trace metals content. There are
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single excedances of TAC for Ni in the abandoned soils of area YT1, here the recorded
concentrations of Ni are up to 53 mgxkg. In addition, in the background soils, excedances
of TAC for Ni are recorded, for example, in the study area YT3, where concentrations of
this metal reach 27 mgxkg™.

Abandoned soils

Cu Pb Zn Ni

Figure 10.

Trace metal concentration dynamic in soils profiles.

For abandoned soils, there is a trend of increasing metal concentrations along the soil
profile. This phenomenon can be explained by the processes of illuviation of clay particles.
These are known to be the main accumulators of heavy and trace metals in the soil (Gupta
and Chen 1975, Lavado et al. 1998). This fact can be confirmed by the results of the
correlation analysis of our data. In Table 6, we can see the correlation matrix of the
relationship between the concentrations of trace metals and the percentage of clay fraction
in the studied soils. All the studied trace metals, except Cd, have a significant correlation
relationship with the proportion of clay fraction in the soil This is due to the extremely low
Cd content of the soils, because we could not capture the exact level of Cd content, even
though the detection limit was quite low (> 0.005 mgxkg-").

Table 6.

Spearman Rank Order Correlations between trace metals and clay fraction content.

Variable Cu Pb Zn Ni Cd Clay
Cu 1.00 0.82 0.88 0.83 0.03 0.53
Pb 1.00 0.89 0.65 0.25 0.55
Zn 1.00 0.79 0.33 0.44
Ni 1.00 -0.03 0.52
Cd 1.00 -0.32
Clay 1.00

Marked (italic/bold) correlations are significant at p <0.05
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To assess the pollution status of soils in the Russian Federation, the index Z. is widely
used (index of total soil contamination) and we also applied the calculation of the /ge,
geoaccumulation index, which is widely used in scientific research. To calculate both
indices, information on the background concentration of pollutants (geochemical
background value) is required. For a qualitative assessment of the degree of heavy and
trace metal contamination of soils in the Yamal Region, we used background concentration
values for sandy soils of Russia published by Chernova and Beketskaya (2011) and soils
of the Island of Belyi published by Moskovchenko et al. (2019). According to these sources,
background concentrations of trace metals in pristine soils are as follows: Cu — 9; Pb — 15;
Zn — 32; Ni— 13; Cd — 0.0071 mgxkg™' (Chernova and Beketskaya 2011, Moskovchenko et
al. 2019).

Assessment of the degree of soil contamination using the total concentration index (Z;)
showed that the pollution status of soils is characterized as permissible for all studied soil
samples (Z; < 16). Detailed values of the Z; index are presented in Suppl. material 1. The
soils are suitable for any agricultural crops (MU 1999).

Assessment of the level of contamination with trace metals, using the index of
geoaccumulation (/ge0), showed that, in most cases, the character of contamination of soil
profiles with trace metals is estimated as uncontaminated (/g < 0) for Cu, Pb and Zn. For
Ni in a number of soil horizons, contamination is estimated as unpolluted to moderately
polluted (0 <lgeo < 1), for example, the abandoned soil YT1 at a depth of 20-30 cm.
Pollution of soil with cadmium is estimated as the most significant, the character of
pollution in a number of soil horizons being estimated as moderately to strongly polluted
(2<lgep<3). This level of contamination is registered in the layer 0-20 cm in the background
soil SD2, as well as in the whole profile of the abandoned soil SA1. More detailed values of
the index /geo can be seen in Suppl. material 1.

Table 7.

Statistical analysis of heavy and trace metals concentrations in topsoil (0-20 cm).

Abandoned soils Background soils ANOVA
Aband. vs. Backg.
Me SD n Me SD n F p
Cu 5.36 148 8 6.16 189 6 0.12 0.74
Pb 5.39 474 8 6.07 545 6 0.01 0.91
Zn 26.98 14.26 8 27.41 1734 6 0.08 0.77
Ni 13.85 585 8 14.66 649 6 0.36 0.56
Cd 0.05 002 5 0.06 0.03 3 0.26 0.62

No significant differences detected

A one-factor analysis of variance (ANOVA) was performed to identify statistically significant
differences in heavy and trace metal concentrations between abandoned and background
soils. Concentrations of trace metals in topsoil (0-20 cm), as the most important from the
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point of view of soil usage in agriculture, were chosen as the initial data. As can be seen
from the results shown in Table 7, significant differences between the contents of various
heavy metals are not detected.

The p-values in all cases are significantly higher than 0.05, which rejects the hypothesis
about the differences between abandoned and background soil on the content of trace
metals. Significance test by Fisher's F-criteria also did not confirm any difference between
abandoned and background soils.

Conclusions

Based on all of the above, we can summarise that the recently abandoned soils of the
Yamal Region retained a high level of fertility. In spite of a different period of abandonment,
they are still fundamentally different from the background soils of this Region. The sails,
with varying periods of abandonment, ranging from two to fourteen years, retained fairly
high levels of nutrient content. Abandoned private vegetable gardens (points YT1 and SA1)
can be used for the development of industrial agriculture of open and closed types, due to
their high fertile qualities. Since Russia is currently in the process of agricultural re-
development of the Arctic territories, the information obtained from the study can provide
the basis for strategic planning of agricultural development of the Yamal Region.

As result of analysis of chemical, physical, agrochemical properties and features of soil
formation of the recently-abandoned soils in the Yamal Region, the following conclusions
can be made:

. Morphological features of cryogenic processes in the abandoned soils are less
pronounced, since the soil profile contains an old arable horizon. Arable horizons
contribute to more aeration of the soil profile, which leads to a change in the redox
properties of the soil. Visible cryoturbation features were observed only in the
background soils of the region, but signs of frequent changes in the redox regime
were observed in both types of studied soils, which is confirmed by the presence of
reductimorphic spots and signs of gleyic colours in the soil profiles. All soils are
characterized by a predominantly acidic reaction of the soil solution. There is a
decrease of acidity along the soil profile, which could be a sign of podzolisation
processes;

. The background soils have a considerably higher SOM stock in the topsoil. For
background soils, the SOM stock, according to Orlov's classification in the 0-20 cm
layer, is estimated as very high (> 200 txha™') or medium (100-150 txha™'), while in
the abandoned soils, the SOM stock is estimated mainly as low (50-100 txha™);

. Soils of abandoned agricultural farms strongly differ in the content of nutrients,
compared with background soils. The difference in the content of available forms of
phosphorus and potassium in the topsoil of abandoned soils is particularly
pronounced. The content of these elements in the abandoned soils is estimated as
very high (> 250 mgxkg™"), while in the background soils, the content of phosphorus
and potassium is moderate. Background soils are characterized by higher content
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of ammonium nitrogen compared to abandoned soils. There are also significant
correlations between the content of the clay fraction (< 2 ym) in the soil profile and
the content of some nutrients. Correlation analysis also confirmed the relationship
between the SOM content (which is the main accumulator of nitrogen compounds)
and available forms of nitrogen. According to the results of an ANOVA, the
differences between background and abandoned soils in the content of available
forms of phosphorus and ammonium nitrogen are statistically significant;

. Soils are assessed as uncontaminated in terms of heavy and trace metals pollution,
except for isolated cases of Cd contamination. These conclusions were based on
the results of the calculation and analysis of the Z; and /g, indices values.
Statistically significant differences between the abandoned and background soils
were not detected.
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