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Abstract

Due to natural mechanisms of transformation the carbon compounds contained in the atmosphere into the humus,
soil is an important factor controlling the concentration of atmospheric CO,. The mass of carbon contained in
organic matter accumulated in the surface layer of the Earth's crust is greater than the mass of this element in the
atmosphere or biomass of all the organisms living over the globe. Over the recent years, much attention has been
paid to the role of soils in limiting the reasons of climate changes, considering the possibility of increasing carbon
sequestration in this matrix. This way of approaching the problem of the greenhouse effect, which does not require
an involvement of complex and expensive technological solutions aimed at capturing and storing the atmospheric
CO, and additionally contributing to improving the quality of soil and water environment, and soil productivity
is fully sustainable and combines the environmental, economic and social issues.
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Streszczenie

Dzieki istnieniu naturalnych mechanizméw transformacji zwigzkéw wegla zawartych w atmosferze w zwiazki
prochniczne, gleba stanowi istotny czynnik kontrolujacy stezenie atmosferycznego CO,. Masa wegla zawartego
W materii organicznej nagromadzonej w powierzchniowej warstwie skorupy ziemskiej jest wigksza niz masa tego
pierwiastka w atmosferze lub biomasie organizméw zywych. W ostatnich latach wiele uwagi poswieca si¢ roli
gleb w ograniczeniu przyczyn zmian klimatycznych, poddajac pod rozwagg mozliwosci zwigkszenia w nich se-
kwestracji wegla. Taki sposob podejscia do problemu efektu cieplarnianego, nie wymagajacy wprowadzania zto-
zonych i drogich rozwiazan technologicznych nakierowanych na wychwytywanie i magazynowanie atmosferycz-
nego COy, a dodatkowo przyczyniajacy si¢ do poprawy jakosci srodowiska gruntowo-wodnego oraz produktyw-
nosci gleb jest w pelni zrbwnowazony, gdyz laczy ze sobg zarowno kwestie srodowiskowe, gospodarcze i spo-
teczne.

Stowa kluczowe: zmiany Klimatyczne, funkcje gleby, obieg wegla

Introduction gas (GHG) emissions have been rising since the In-
dustrial Revolution (IPCC, 2013). The main factors
The data of the International Panel on Climate increasing the anthropogenic greenhouse gas emis-

Change indicate that the annual global greenhouse sions are population growth, economic growth, fos-
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sil fuel consumption and land use change. The in-
crease in GHG emissions in the years 1970-2000 was
about 1.3%l/year, and in the years 2000-2010,
2.2%lyear. Carbon dioxide has the largest share in
the total greenhouse gas pool — 65% of the CO, emis-
sions come from the combustion of fossil fuels and
industrial processes, while 11% from agriculture and
forestry (IPCC, 2013).

The consequences of growing greenhouse gas emis-
sions are the effects of climate change, including the
changes of the weather patterns, rising sea levels and
extreme weather phenomena. According to the IPCC
(2018) if the current level of concentration and the
amount of greenhouse gas emissions are maintained,
the temperature on Earth at the end of this century
will rise by more than 1.5°C, compared to 1850-
1900. At the same time, the ocean water temperature
will rise and the ice cover will still be melting. It is
estimated that the average sea level will increase by
24-30 cm by 2065 and by 40-63 cm by 2100. Most
of the climate change effects will persist for centu-
ries, even if the greenhouse gas emissions can be
stopped.

This is one of the most important challenges from the
perspective of sustainable development, since conse-
quences of climate change will touch all the people
in every country. That’s why among 17 most im-
portant Sustainable Development Goals, introduced
by the UN in 2015, we can find goal named Climate
action, which is calling all societies to fight global
warming.

In order to reduce and/or mitigate the potential neg-
ative effects of temperature rise on ecosystems and
the economy, it is necessary to take the measures to
reduce the concentration of CO; in the atmosphere.
The main strategies that can be used for this purpose
are: reduction of global CO; emissions to the atmos-
phere, development of the alternatives to the fossil
fuels as well as carbon capture and its long-term stor-
age in geological formations, oceans and terrestrial
ecosystems (Olejnik & Sobiecka, 2017).

Carbon sequestration in terrestrial ecosystems in-
cludes CO; storage in plant biomass and soils. These
processes are referred to as phytosequestration and
soil carbon sequestration, respectively (Post and
Kwan, 2000). In terrestrial ecosystems, carbon stor-
age occurs mainly through the photosynthesis, as
well as in the form of soil organisms and dead or-
ganic matter. Lal (2008) described several scenarios
for the carbon sequestration in terrestrial ecosys-
tems, which include soils, grasslands, forests and
wetlands. Soil ability to store carbon is greater than
that of plants and the atmosphere (Cel et al., 2016).
By maintaining this huge amount of carbon, the soil
prevents or delays the accumulation of carbon diox-
ide in the atmosphere. On the other hand, even a
small increase in the soil carbon content, can have a
significant impact on the overall carbon (CO,) bal-
ance in the environment (IPCC, 2000). According to
European Environmental Agency (EEA, 2019)

healthier soils and a sustainable land and soil man-
agement, are the necessary conditions to deal with
climate crisis, produce enough food and adapt to a
changing climate.

Soil role in the carbon cycle

Soil is a major component of the terrestrial ecosys-
tem (Banwart et al., 2017), which comprises the sur-
face part of lithosphere transformed by physical,
chemical and biological processes. Soil is still
weakly understood matrix which plays a an essential
functions for the global ecosystems (Balestrini et al.,
2015). However, the importance of soil role in the
ecosystems cannot be overestimated, which was em-
phasized by the initiator of the Polish pedologic
school prof. Stawomir Miklaszewski (1907) in the
sentence that can be translated: There is no soil with-
out life, nor life without soil (cited by Dobrzanski &
Zawadzki, 2005). Biomass production, matter cy-
cling, habitat for biological activity, filter and buffer
for water and carbon sequestration are the main soil
function in terrestrial ecosystems (Banwart et al.,
2017). The latter can be considered a key soil func-
tion for climate regulation, as well as plays a crucial
role in regulating the soil’s ability to perform other
environmental functions (Weismeier et al., 2019).

The soil is the largest terrestrial carbon reservoir es-
timated at about 2,344 Gt of organic carbon retained
in the layer up to 3 m, 1,500 Gt in the layer up to 1m
and 615 Gt stored in the upper 20 cm layer of the soil
profile (Stockmann et al., 2013). This is accounts for
80% of carbon resources in terrestrial ecosystems.

Stockmann et al. (2013) report that the amount of
CO; emitted into the atmosphere annually is esti-
mated at 8.7 GtC, while only 3.8 Gt of CO; remains
in the atmosphere during the year. This leaves an
outstanding balance of 4.9 Gt C/year, which is be-
lieved to be retained in land and sea systems (forests,
soils, oceans, etc.). The researchers indicate that soil
can be considered as the key CO; storage system that
can provide the necessary climate regulation ser-
vices. Understanding the role of terrestrial systems,
including soil, in the carbon cycle caused that the
special attention was paid to the potential of these
systems for carbon sequestration and storage (Post
and Kwon, 2000). It should also be noted that the or-
ganic carbon stored in soils may undergo minerali-
zation, as a result of which significant amounts of
CO; are released into the atmosphere (Weismeier et
al., 2019). In addition, the binding of CO; in soil
leads to an increase in the humus content, which will
bring additional benefits, among others: improve-
ment of the physical, chemical and biological prop-
erties of soils. For example, the improvement of wa-
ter properties and the sorption capacity of the soil en-
able to increase the amount of water and ions avail-
able to plants and binding the pollutants. As a conse-
quence, primary biomass production will increase,
and more CO, will be absorbed from the atmosphere.
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A larger inflow of plant biomass will provide an ad-
ditional substrate for the newly formed humus com-
pounds (Weismeier et al., 2019).

Soil carbon sequestration was defined by Olson
(2013) as a process of transferring the atmospheric
CO:; into the soil through plants, plant residues, and
other organic solids in order to be retained in the soil
organic matter (humus). According to the Soil Sci-
ence Society of America, sequestration involves
storing carbon in a stable solid form in soil as a result
of direct and indirect atmospheric binding of CO;
(Burras et al., 2001). Direct binding relies on the nat-
ural conversion of CO; into inorganic compounds in
soil, such as calcium and magnesium carbonates. In-
direct sequestration occurs when plants produce bio-
mass through photosynthesis. This biomass is ulti-
mately transferred to the soil and, after decomposi-
tion, indirectly sequestered as an organic soil sub-
stance. The amount of sequestered carbon in soil re-
flects the long-term balance between the CO; uptake
and release mechanisms (Lal, 2008).

According to ICPC (2013), agricultural soils have a
sequestration potential of up to 1.2 Gt of carbon per
year, but it is also estimated that around 50% of ag-
ricultural soils have already been degraded around
the world, which suggest that there is the chance for
increasing carbon sequestration in these soils by
their reclamation. Since the time when the natural
ecosystems were started to be transformed to agro-
ecosystems, the soil organic carbon stocks have de-
clined by an average of 30-55% (Batjes, 2013). Im-
plementation of a carbon sequestration strategy in
soil should enable recovering 50-60% of the original
soil carbon content, leading to the restoration of
productivity of agricultural and degraded land (Lal,
2004). Hansen et al. (2013) indicate that arable land
could sequester at least 10% of the current annual
CO; emissions, which are estimated at 8-10 Gt/yr.
Thus, taking into account the global carbon cycle
soil plays an ambiguous role in the emission of
greenhouse gases, being the emitter and absorber
simultaneously. Finally, the role of soils in mitiga-
tion the climate change depends on the balance of
emissions and retention of greenhouse gases. This
balance is determined by many factors, including the
properties of soil and organic matter reaching it, cli-
matic conditions, as well as the method of cultivation
and fertilization.

Factors influencing the content and quality of soil
organic matter

From a geological point of view, sequestration is the
binding of CO, over a very long time scale. From the
point of view of human time scale, the carbon bind-
ing in soil in a form of mineralization-resistant com-
pounds can be treated as sequestration. The humus
compounds characterized by a complex structure,
and the humus bound in organic-mineral connections

(these connections are considered as the basic mech-
anism for protecting the humus against mineraliza-
tion) are deemed to be permanently carbon binding
compounds. The binding of carbon in the biomass of
soil microorganisms is also important. Despite its
low durability, the dead cells are the substrate for
formation of humus compounds.

The condition of humus in soils is determined by
many factors, while the quantity and quality of hu-
mus have a significant impact on the basic soil prop-
erties that determine their fertility (Goh, 2004). The
main factors affecting the content of organic matter
in soil include environmental factors, such as types
of climate and plant cover, and soil properties
(Chabbi et al., 2009) — and in the soil under cultiva-
tion — also the anthropogenic factors, including the
way of land use, cultivation systems (Wiesmeier et
al., 2013), fertilization (Kundu et al., 2007) and deg-
radation processes (Lal, 2004).

The course of soil-forming processes and plant
growth are mainly dependent on the climate, includ-
ing the temperature and amount of precipitation. Pre-
cipitation determines the net primary productivity
and thus the amount of plant residues flowing into
the soil. In addition, humid conditions may intensify
the weathering of primary minerals, which promotes
the formation of mineral surfaces stabilizing soil or-
ganic carbon (Doetterl et al., 2015). Temperature
significantly affects the degradation of organic mat-
ter by the microorganisms that are highly sensitive to
temperature (Conant et al., 2011, Davidson and
Janssens, 2006). Numerous studies indicate a de-
crease in soil organic carbon (SOC) content with in-
creasing temperatures (Jobbagy and Jackson, 2000;
Koven et al., 2017). In general, the soils in humid
and cool climate zones are characterized by the high-
est content of organic C. According to Dixon et al.
(1994), 58% of 787 Pg of carbon contained in the
forest ecosystems is accumulated in the forests lo-
cated in the climate zones characterized by a rela-
tively cool and humid climate. Moving from a colder
to warmer climate conditions, the content of organic
matter in the soils of comparable types decreases,
which is caused by an increase in the mineralization
rate with the growth of the temperature. It is esti-
mated that in comparable soil types and environmen-
tal conditions, along with a decrease in temperature
by 10°C, the content of organic matter increases 2-3
times (Koven et al., 2017). The type of vegetation
influences the distribution of organic carbon content
in the soil profile. In the 1 m layer of meadow and
forest soils, ca. 42% and 50% of carbon, respec-
tively, is accumulated in the surface layer with depth
of 0.2 m.

Soil type and texture have a significant impact on the
content of organic matter, because they determine
the water-air conditions that are remarkably im-
portant for the intensity of degradation processes.
For example, high rate of organic matter decomposi-
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tion is typical for sandy soils, which have lower wa-
ter retention and higher aeration in comparison to the
soil with heavier granulometric composition (Koven
etal., 2017).

The content of organic matter is also significantly af-
fected by the chemical stabilization of organic mat-
ter, which is correlated with a clay content (Torn et
al., 1997). This is due to the occurrence of chemical
or physicochemical bonds between the organic sub-
stance and clay minerals, making it more resistant to
the mineralization processes.

Due to the seasonal time-changing impact of soil-
forming factors, the properties of soils in natural
habitats remain in a state of relative equilibrium. In
the soils of natural ecosystems, the inflow and min-
eralization of organic matter remain in a steady state
for hundreds or thousands of years (Wardle et al.,
1997). However, this balance can be disturbed by the
human activity, leading to significant soil carbon
losses in a relatively short time (Post and Kwon,
2000; Strassmann and Fischer, 2008). It was noted
that after including the soils into agricultural use, es-
pecially when they are used as arable soils, the im-
mediate and rapid reduction of soil organic matter
appears. According to Mann (1986) the organic C
losses can be up to 40% in 20 years, half of which is
observed in the first 5 years. This pattern can occur
regardless of the climate conditions, soil and vegeta-
tion types. There are several mechanisms leading to
the carbon content decrease in the arable soils: (1) in
these soils, compared to the natural ones, there is a
smaller inflow of fresh organic matter, since a sig-
nificant part of the produced biomass is removed
from the ecosystem in the form of a crop (Imhoff et
al., 2004); (2) the chemical composition of the crop
biomass differs from the native vegetation in terms
of the C content in mineralization-resistant buds —
crop biomass contains low amount of this form of
carbon (Kong et al., 2005); (3) changes in the soil
physical properties caused by mechanical cultivation
(higher aeration) accelerate mineralization (Collins
et al., 2000), and as a result of intensive mineraliza-
tion, more labile C fractions are created, which are
more susceptible to degradation, because they do not
form connections with clay minerals (Six et al.,
2000); (4) the lack of plant cover in the fields causes
significant C losses due to the increased water and
wind erosion (Trimble and Crosson, 2000).

In general, the rate of organic carbon content de-
crease slows down when the soil organic matter lev-
els reach a state of new equilibrium, which depends
on the cultivation system (West and Post, 2002) and
the amount of organic matter supplied to the soil in
the form of crop residues and organic fertilizers
(Kirchmann et al., 2004).

Strategies for increasing the soil carbon stocks

The factors promoting carbon sequestration in the
soil can be divided into two groups: (i) that increase

ing the inflow of fresh organic matter — a substrate
for humus formation, and (ii) that reducing the losses
of humus compounds (Fig. 1). The losses of humus
in soil are caused by the mineralization and erosion
processes. The factors limiting the losses include:
cultivation type — conservation tillage and no-till
farming, regulation of soil and water conditions, and,
the introduction of ground-cover plants on the soil
threatened by erosion. The increase in the biomass
inflow may result from an increase in soil productiv-
ity, changes in the cultivation system, proper selec-
tion of fertilizers and the crop rotation plants. In ad-
dition, the change in land use — such as afforestation,
permanent grassland or reclamation of degraded soil
— increases the global carbon sequestration in soil
(Wiesmeier, 2019).

Afforestation of marginal (poor quality) lands is con-
sidered an effective way to increase the carbon se-
questration (IPCC, 2013; Lamb et al., 2005). The po-
tential for C sequestration by afforestation of mar-
ginal soils depends on the local climatic conditions
and the species of the planted trees, and equals to 3
Tg Clyr in Norway, 6 Tg C/yr in New Zealand, 9 Tg
Clyr in Sweden, 107 Tg C/yr in Russia and 117 Tg
Clyr in the USA (IPCC, 2013). Special attention is
paid to the renewal of degraded tropical forests
(Lamb et al. 2005). Lal (2005) estimates that 350
Mha of tropical forests have been converted to land
used in another way, and the next 500 Mha have been
degraded to varying degrees.

Improvement of the carbon sequestration in soils can
be achieved by changing the soil use type. The re-
sults of fields study showed that 20-40 years after the
conversion of arable land to grassland the organic
carbon content in the top 0-30 cm soil layer was in-
creased by about 20 Mg C/ha (Conant et al. 2001).
The opposite practice involving the conversion of
permanent pasture into arable land resulted in the
loss of 40% of the original SOC resources within 25
years (Poeplau et al., 2011). Renewing the forest on
degraded areas can significantly increase the Earth's
carbon pool (Lal, 2005).

Integrated nutrient management has a significant im-
pact on the efficiency of carbon sequestration in
agroecosystem (Lal, 2004). The intensity and direc-
tion of transformation of the humus compounds in
soil is affected by the availability of minerals such as
N, P, S, Mg and Ca (Hines 1998). The lack of these
elements can seriously disturb the transformation of
organic matter leading towards the intensification of
mineralization and inhibition of humification pro-
cess. Paustaian et al. (1997) showed that the C:N ra-
tio significantly influences the intensity of C seques-
tration in soil. Too high C:N may inhibit sequestra-
tion. Thus, an increase of the rate of this process in
soil can be achieved by nitrogen fertilization. Liebig
et al. (2005) indicated that fertilization with high
doses of N, compared to non-fertilized soil, in-
creased the C sequestration by 1.0-1.4 MgC/(ha-yr).
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Fig. 1. Factors influencing carbon sequestration in soil

The direct effect of mineral nitrogen on the C se-
questration is connected with the growth of the hu-
mification rate, while the indirect one is related to
the increase of biomass yields that leads to an in-
crease in the loading of biomass being the substrate
for humus formation. The intensity of SOC seques-
tration depends both on the frequency and the chem-
ical forms of nitrogen used for soil fertilizing.

The influence of mineral nitrogen on the rate, and
hence the direction, of the organic matter transfor-
mation in soil is reflected not only in the content, but
also in the quality of the newly formed humus com-
pounds (Dorado et al., 2003). Cvetkov et al. (2010)
indicate the special importance of nitrogen fertiliza-
tion when using green manure and straw. The addi-
tion of mineral nitrogen to the plant residues intro-
duced into the soil accelerates their decomposition,
optimizes the use of released nutrients and promotes
the formation of more persistent organic substances.
Organic fertilization plays a significant role in the
strategy of carbon sequestration in the arable soils.
The organic carbon content in the soils fertilized
with manure is significantly higher compared to the
non-fertilized soils and the soils fertilized with NPK
(Jenkinson, 1990; Witter et al., 1993; Christensen,
1996; Korschens and Muller, 1996). Nevertheless,
the contradictory opinion on the impact of manure
can be found. For example, Gong et al. (2009) noted
the increase in the soil organic matter (SOM) con-
tent, while Simon (2008) observed the stabilization
of SOM or SOC in the soil fertilized with manure.
The diversity of the results should be attributed to the

Mechanical cultivation
-conservation tillage
-no-till farming

Ground-cover plants

Water and air conditions

impact of the factors regulating the conversion of or-
ganic matter in the soil (e.g. soil type, climate condi-
tions, plant selection). Most of the cited authors
showed that the increase in the content of organic
matter in soils is proportional to the dose of manure,
and it is observed primarily in the soil layer up to 30
cm. The results of many years of fertilization exper-
iments in Europe clearly indicate an increase in the
SOC pool at a depth of 0-30 cm under the influence
of manure, compared to mineral fertilizers; however,
the extent of the increase was different in particular
countries: in Denmark, the sequestration of C was
10% higher in 100 years (Christensen, 1996), in Ger-
many by 22% in 90 years (Korschens and Muller,
1996), in United Kingdom (Rothamsted) by 100% in
144 years (Jenkinson, 1990), and in Sweden by 44%
in 31 years (Witter et al., 1993). Additionally, the
changes in the SOM content due to the manure ap-
plication were accompanied by the changes in the
humus quality indicators. Schulten and Leinweber
(1991) showed that the content of lignin and fatty ac-
ids is higher in the soil fertilized with manure com-
pared to the non-fertilized soil. Within the humus
compounds found in the soils fertilized with manure,
an increase in the humic acid content was observed.
At the unchanging content of fulvic acids, this in-
crease resulted in the growth of the ratio of carbon
contained in particular acid forms (Cw:Cr ratio) (Do-
rado et al., 2003; Cvetkov et al., 2010). Gregorich et
al. (1997) showed a smaller share of C bound in the
aromatic compounds in the total amount of C asso-
ciated with the clay fraction in the soils fertilized
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with manure. In the elemental composition of the hu-
mic acids found in the soils permanently fertilized
with manure, insignificantly lower contents of C and
O, higher content of H and N, lower internal oxida-
tion degree, and higher number of functional groups
were observed, compared to the humic acids sam-
pled from the non-fertilized and NPK fertilized soils
(Watanabe et al., 2007).

Different bio-waste, including sewage sludge, com-
post, green waste can be used as the source of exter-
nal organic matter. Diacono and Mantemuro (2010)
report that 8.1%, 4.2-6%, 3.8%, and 3.7% of carbon
introduced with manure, sewage sludge, composts
and straw biomass, respectively, was sequestered in
soil.

The impact of crop residues (straw) on increasing the
SOC resources is well documented (Neill, 2011).
Many researchers underline the complexity of straw
decomposition in soil, which depends on the chemi-
cal properties of biomass, soil conditions, including
temperature and humidity which determine the bio-
logical activity. A direction of the plant residues con-
version is largely determined by the value of C/N ra-
tio, and the content of easily degradable compounds.
The plants contain usually the same groups of com-
pounds, but differ in quantitative composition, e.g.
maize straw is characterized by a high proportion of
hemicelluloses and starch (42%), alfalfa biomass —
proteins (16%), and wheat straw — cellulose (42%).
The research of Lemke et al. (2010) showed that the
post-harvest residues of alfalfa, followed by wheat
and maize, undergo the transformation processes the
fastest.

Wiesmeier et al. (2019) underline the significant role
of selection the plant species used in the crop rota-
tion and ground-covering in the increase of the SOC
content. West and Post (2002) showed the increase
in the organic C content in the soil with permanent
crop rotation system compared to monoculture, in
continuous cropping in relation to the system of 3-
year crop rotation — fallow, and in the crop rotation
with a large variety of cultivated plants. The re-
searchers, based on global databases (67 years of ex-
perience), stated that increasing the crop diversity
can cause significant accumulation of organic matter
and achieving a new state of equilibrium after 40-60
years.

The appropriate selection of the plant species in the
crop rotation increases the stability of soil structure,
the efficiency of nutrient and water uptake, and the
crop yielding. Particularly beneficial effects on the
improvement of carbon balance and soil properties
were noted in the crops in which the papilionaceous
plants, capable of binding the atmospheric nitrogen,
were included (Mazzoncini et al., 2011).
Involvement of intercrops as green fertilizers and
ground cover plants into the crop rotation increases
soil richness in organic matter (Bryant 2013). The
intercrops are harvested for fodder or plowed as

green manure before sowing the next plant. The
ground cover plants also increase the inflow of or-
ganic residues to the soil that are the starting material
for humification. Moreover, these plants increase bi-
odiversity as well as reduce the losses caused by ero-
sion and stress associated with lack of water (Lal
2004). Poeplau and Don (2015), while analyzing the
literature data, showed that the average annual SOC
sequestration under cover crop conditions was from
0.32 Mg/(ha-yr), which corresponds to the values
measured for the soil fertilized with manure and sim-
ilar to the soil from the arable land changed into the
forest. Additionally, they showed that carbon se-
questration is long-term (potentially over 100 years),
and that 50% of the total impact of cover crops on
the SOC stocks will become apparent in the first two
decades. The relatively high sequestration ratio com-
bined with the large surface areas of the agricultural
lands that can be potentially available for covering
by the plants, enable to state that these practices are
a sustainable and effective means of mitigating the
climate change.

On arable land, tillage is of key importance for the
level of carbon sequestration. Negative SOC balance
is recorded on the soils with traditional tillage (plow-
ing). The conservation tillage and no-till (non-
plowed) farming favor the soil carbon sequestration.
The simplified cultivation techniques (shallow culti-
vation without turning the furrow) reduce the soil
aeration and limit mineralization of organic matter.
If the inflow of carbon to soils increases, e.g. due to
leaving all the crop residues in the field, an improve-
ment in the carbon balance in soil can be expected
(ECCP, 2003). Continuous implementation of this
practice for many years may cause that the C seques-
tration will take place until the new balance value in
soil is established, which will be achieved after about
20-30 years (Lugato et al., 2018). In such a cultiva-
tion system, carbon will be more permanently bound
in the soils the higher the content of colloidal clay is
(Merante et al., 2014). The simplified tillage system
with leaving 30 to 70% of crop residues in the field
(conservation tillage) is recommended for non-live-
stock farms (Ranaivoson et al., 2017).

The transition from traditional tillage to the no-till-
age system increases the SOC resources (Mrabet et
al. 2001). The no-tillage system affects the SOC re-
sources in two ways: (i) by reducing the disturbances
which favor the formation of stable soil aggregates;
the aggregates protect the SOC associated with them
against an intense mineralization (Six et al., 2000);
(if) by modifying the local edaphic environment
(bulk density, pore size distribution, temperature,
air-water regime), which may limit the SOC biodeg-
radation (Kay and Vanden-Bygaart, 2002). The rate
of accumulation of organic carbon resources in the
soils under no-tillage system is estimated at 300-800
kg SOC/(ha-yr) (Paustian et al., 1998).
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Prospective solutions for soil carbon sequestering

The afore-mentioned practices used in agriculture
management can significantly increase the potential
of soil for carbon sequestration. This potential can be
further increased by new technologies that include
precision agriculture, exploitation of unused land re-
sources and the existing biodiversity, plant and mi-
crobial biotechnology, and chemical technology.
Precision farming uses information technologies that
allow adjusting the intensity and timing of agrotech-
nical operations to the potential demand of plants
and field habitat conditions. Over time, the wide-
spread use of precise methods in agriculture can be
targeted at the technologies enabling the increase of
carbon sequestration in soil. In addition, precision
farming can reduce the CO; emissions to the atmos-
phere through reduced energy consumption. Metting
et al. (2001) indicate that the technological solutions
for precision agriculture and forestry should include:
development of the sensors detecting the presence of
pathogens, which will enable for early application
and precise dosing of plant protection products, de-
velopment of the precision fertilization technology
(how much, when and where fertilization is needed)
based on the geoinformation systems, developing ef-
ficient just-in-time irrigation systems that maximize
the water efficiency.

The promising solution for the enhancement of SOC
sequestering is the use of native plant species (e.g.
resistant to acidification, salinity, drought) in the rec-
lamation of degraded soils (Lal, 2015) and develop-
ing the perennial cereals. Perennial grasses selected
for breeding, such as wheatgrass, are characterized
by deep and extensive root systems. Higher propor-
tion of dry weight allocated underground, compared
to the conventional annual crops, is typical for these
plants. The supply of organic residues to the soil is
much higher than in the case of planting grasses than
annual plants. In addition, perennial plants would
significantly reduce the need for tillage and reduce
the negative impact of this practice on the SOC re-
sources and soil erosion. Larger and deeper root sys-
tems can also reduce nitrate leaching to the ground-
water and atmosphere (in the form of N2O) (Crews
and Rumsey, 2017). Modification of annual plants
through targeted breeding and selection in order to
increase the accumulation of photosynthesis prod-
ucts in the roots and to obtain varieties with deeper
roots system may be another option.

Increasing the soil carbon sequestration can also be
achieved by selecting the existing biodiversity and
improving microbial-plant symbioses, e.g. mycor-
rhizal fungi, nitrogen-binding bacteria and the pro-
duction of soil conditioning microbial inocula
(Metting et al., 2001). It would be extremely valua-
ble to develop the ability to obtain the mycorrhizal
fungi (and other non-cultured microorganisms) in
pure culture. These fungi form symbiotic systems
with all the important forest tree species and most of

agricultural crops. Mycorrhizal symbiotic systems
increase the efficiency of water accumulation and
nutrient uptake (phosphorus and microelements).
Attention is also paid to the possibility of using the
bacterial innocula and humic materials that facilitate
the formation and stabilization of soil aggregates.
This provides protection against the physical degra-
dation of organic-mineral bindings.

The development of innovative, smart fertilizers and
soil quality improvers, as well as the use of plant
growth regulators are other potential solutions lead-
ing to the increase carbon sequestration in soil. The
term smart refers to the fertilizers that release the nu-
trients in the control way. The future smart fertilizer
should be able to release the nutrients in response to
the plant demand expressed by sending specific mo-
lecular signals.

Conclusions

The recently observed increase of the GHG concen-
tration, among which CO; is the most important,
causes an enhanced interest in the capture and stor-
age of atmospheric carbon in the soils of various eco-
systems as a means of mitigating climate change.
Soils are the largest terrestrial carbon reservoir, and
carbon occurs in them in relatively persistent con-
nections, which is why the soils can be treated as a
potential CO; sequestration site.

Increasing the soil carbon resources also brings ad-
ditional benefits, such as improvement in the physi-
cal, physicochemical and biological properties of
soils, increase in soil productivity and enhanced abil-
ity to perform other ecosystem functions.
Application of adequate agrotechnical measures that
favor carbon sequestration in soils can significantly
increase the pool of soil organic matter, but the best
solutions differ depending on the climate conditions
and soil type. Thus, the sustainable land manage-
ment, suited to the local conditions is crucial for ob-
taining satisfactory results in long-term carbon stor-
age in soils. Afforestation of poor quality soils,
change from arable use for permanent grassland, op-
timization of plant selection in crop rotation, use of
the cover crops, reduction of mechanical soil culti-
vation by using simplified and no-tillage farming,
and application of organic and nitrogen fertilization
are the agricultural practices of greatest importance
for increasing the potential of agroecosystem soils
for carbon sequestration. Adoption of such measures
on a large scale seems to be viable and highly effi-
cient, especially when the different practices favor-
ing carbon sequestration are used together. An in-
crease in carbon pool in soil organic matter will not
only improve the atmospheric air quality but will
also have the positive social and economic outcomes
related to the increase of soil fertility and the ground-
water quality, as well as to the possibility of manag-
ing of different types of organic waste which can be
used as a source of external organic matter.
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