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INTRODUCTION

Higher content of organic matter was observed in
soils developed from weathered rocks rich in calcium
carbonate than in other soils under comparable
climate conditions with the same vegetation and land
use (among others Dobrzañski and Turski 1972, KuŸ-
nicki and Sk³odowski 1973, Niemyska-£ukaszuk
1977a, Duchaufour 1982, Shang and Tiessen 2003,
Ahmed et al. 2012, Wasak and Drewnik 2015, Yang
et al. 2016, Wasak 2017). In research covering more
than 1800 soil profiles from the entire territory of
Germany, Grüneberg et al. (2014) confirmed the
higher content of organic matter in soil rich in
carbonates both for plains and uplands, and for moun-
tainous areas (Table 1). Even if higher concentration
of organic carbon (OC) was recorded in soils neigh-
bouring the rendzinas, the stock of OC in rendzinas
was higher due to thicker humus horizons (Drewnik
1998, Šamonil 2007, Wasak 2017). Also the analysis
of the morphology of organic and humus horizons
and their classification showed that rendzinas
contain specific humus forms absent in other soils
(Kubiena 1953, Miechówka 2002, Ponge et al. 2011,
Jabiol et al. 2013, Zanella et al. 2018a, 2018b). The
observations suggest that organic matter transfor-
mations in soils rich in calcium carbonate occur in a
specific way, and therefore specific sequestration of
OC can be expected in such soils.

In modern times, when one of the leading topics
in environmental studies in the world is research on
sequestration, transformations and accumulation of
OC in soils in the context of climatic changes (Lal

2004), the problem of the effect of the mineral part of
soil on the biotic part is subject to a broad discussion.
Carbonate soils constitute approximately 12% of soil
resources in the world (FAO 1996). Considering
a high potential of accumulation of organic carbon,
this makes them a very interesting research subject.
Processes of transformations of soil organic matter
in carbonate soils are still insufficiently investigated
both in terms of quantitative sequestration of OC in
the form of humic substances, and understanding of
the mechanisms of binding organic matter supplied
to the soil on different levels of spatial and functional
organisation (Ponge et al. 2011, Wasak 2017).

The objective of this paper is a general presentation,
based on review of published data, of the specifics of
sequestration of OC in rendzinas. It also refers to soils
rich in calcium carbonate characteristic of dry climate.

FACTORS DETERMINING OC
SEQUESTRATION IN RENDZINAS

Many factors determine the quantity and quality
of soil organic matter in soils, and therefore also the
stock and sequestration of OC. In rendzinas, the
issue was analysed among others in terms of properties
of the parent material of the soil, effect of climatic
conditions, effect of vegetation and land use, and
passage of time.

The effect of the parent material of rendzinas on
OC sequestration is manifested in comparative studies
considering the degree of weathering and type of rocks
the weathered material of which constitutes the soil’s
parent material. In the territory of Poland, Dobrzañski
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and Turski (1972) evidenced that OC concentration in
rendzinas in the Lublin Upland is the highest in soils
developed from soft rocks rich in carbonates, and the
lowest in soils developed on decalcified opokas. Kowa-
liñski and Licznar (1986) found that chernozemic/hu-
mic rendzinas developed from cretaceous limestones are
characterised by higher concentration of OC than
brown rendzinas developed from marls and Trias
limestones (Table 1). In this context, it is worth paying
attention to the issue of the effect of admixture of
non-carbonate siliceous material (aeolian or slope
material) often observed in rendzinas on OC sequ-
estration in the soils. In the research on various soils
occurring on carbonate bedrock in Bohemian Karst,
Šamonil (2007) found that in the conditions of low
content of carbonates in the soils resulting from an
admixture of non-calcareous material in the uppermost
part, lower OC concentration and lower thickness of
humus horizons are observed in comparison to
rendzinas without admixture of non-calcareous
material (Table 1). Similar conclusions were drawn
by Shang and Tiessen (2003), investigating soils on
the Yucatan Peninsula (Mexico). They determined that
the concentration and stock of organic carbon is
higher in shallow rendzinas containing more than 30%
of carbonates than in deep red rendzinas containing
less than 20% of carbonates (Table 2).

Irrespective of the simple dependency between the
content of carbonates in the parent material and OC
stock in the soil described above, the issue is investi-
gated more thoroughly in the context of contents of
exchangeable Ca and Mg in the soil or content of
active carbonates (Kowaliñski and Licznar 1986, An-
dreux 1996, Shang and Tiessen 2003, Yang et al.
2016). For example, in the already mentioned research
by Kowaliñski and Licznar (1986), the authors deter-
mined that the concentration of OC is positively
correlated with the content of active carbonates in
the soil, and Yang et al. (2016) evidenced that the
stock and concentration of OC are positively correlated
with the content of exchangeable Ca and Mg in
rendzinas occurring in South China. Similarly, in
rendzinas from the Yucatan (Shang and Tiessen 2003),
a positive correlation was determined between the
concentration and stock of  OC and content of exchan-
geable Ca.

At the global scale, the most important factor
determining OC sequestration in soils is the variability
of climatic conditions, and particularly temperature
and humidity (Jobbágy and Jackson 2000, Davidson
and Janssens 2006, Tarnocai et al. 2009, Baritz et al.
2010, Ponge et al. 2011). They indirectly affect organic
matter supply to the soil (conditioning the specific
vegetation), and (directly and indirectly) determine

the rate and direction of its transformation (Davidson
and Janssens 2006, Kurz-Besson et al. 2006). In
mountainous areas, climatic differences determine
the variability of OC stock as well as humus forms
and forms of organic matter (contribution of parti-
culate organic matter) in soils in particular altitudinal
zones (Kubiena 1953, Skiba 1995, Drewnik 2006,
Leifeld and Kögel-Knabner 2005, Budge et al. 2010,
Bojko and Kaba³a 2016). At the local scale, micro-
and topoclimatic conditions can cause variability of
biological activity in the soil, consequently determining
the microvariability of the OC stock in the soil, e.g.
on slopes with different expositions (Kim 2000,
Withlington and Stanford 2007, Drewnik et al. 2016a).

In the case of soils containing carbonates, the
highest concentration and OC stock is observed in
areas with high precipitation (favouring the development
of vegetation) and simultaneous limiting the biological
activity of the soil. It is typical of mountainous areas
at moderate latitudes, and particularly the subalpine
zone and high concentration and stock of OC in
rendzinas under such climate conditions were deter-
mined e.g. by Wasak and Drewnik (2015) in the
Tatra Mountains, and Grüneberg et al. (2014) in the
Alps (Table 1). Very low concentration and stock of
OC is characteristic of soils under dry climate. This
results from extremely low biomass production
(Cunliffe et al. 2016) (Table 1).

A very important factor determining OC seques-
tration in rendzinas is – similarly as in the other soils
– vegetation and land use (Guo and Gifford 2002,
Smal and Olszewska 2008, Gonet et al. 2009, Laga-
niére et al. 2010, Llorente et al. 2010, Ahmed et al.
2012, Wasak and Drewnik 2015, Yang et al. 2016,
Cunliffe et al. 2016). Many studies (e.g. KuŸnicki and
Sk³odowski 1968, 1976, Guo and Gifford 2002,
Gonet et al. 2009, Laganiére et al. 2010, Llorente et
al. 2010, Ahmed et al. 2012, Yang et al. 2016)
showed that the stock of OC in arable soils is lower
than in respective forest or grassland soils (Table 2).
Afforestation of arable land, however, is often related
to a temporary increase in OC stock in the soil, as
well as a change in its distribution in soil horizons:
higher OC concentration occurs in the surface
horizons, and lower – in deeper soil horizons in
comparison to arable soils. Time that passed from the
moment of change of land use is an important factor
here (Smal and Olszewska 2008). The difference in
OC stock between forest and arable soils is variable
(sometimes higher OC stock is observed in the soils
of grasslands, and sometimes in forest soils). This
probably depends on the local conditions (Table 2)
(Laganiére et al. 2010, Ahmed et al. 2012, Wasak and
Drewnik 2015, Yang et al. 2016). Vegetation also has
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TABLE 1. OC concentration in the uppermost part of mineral soil (A horizon) regarding parent material
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TABLE 2. OC concentration and stock regarding vegetation and land-use

* the nearest equivalent in WRB 2015 is given;
** n.a. – not analysed.
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an effect on the form of accumulated organic matter:
thicker organic horizons develop in forest soils,
especially in coniferous forest (Seeber and Seeber 2005,
£abaz et al. 2014). Simultaneously a higher contri-
bution of the free fraction of organic matter1

occurs in humus horizons of forest soils than in non-
forest soils, as determined  in rendzinas as well as in
other soils (KuŸnicki and Sk³odowski 1968, 1976,
John et al. 2005, Llorente et al. 2010, Debasish-Saha
et al. 2014, Wasak and Drewnik 2015).

OC sequestration in the soil directly depends on
the species composition of the vegetation, because
the chemical composition and structure of the plant
substrate determines its susceptibility to transfor-
mations. For example, Ga³ka et al. (2014) found that
in non-calcareous forest soils occurring under coni-
ferous tree stands (spruce), OC sequestration is
considerably higher than under deciduous tree stands
(beech). This can result from lower susceptibility to
decomposition of needles of coniferous trees usually
showing higher C/N ratio, lower concentration of
alkaline cations, and higher content of lignines,
waxes, and polyphenols in comparison to leaves of
deciduous trees (Dziadowiec 1990, Albers et al. 2004,
Sariyildiz et al. 2005, Hobbie et al. 2006). The
consequence of the direct and indirect effect of
vegetation is also the accumulation of organic matter
in various forms. Under the coniferous forest stands,
organic matter is particularly accumulated in the
organic horizons, and under deciduous forest stands
– in humus horizons of soils (Vesterdal et al. 2013).
LaganiJre et al. (2011) found that humus horizons of
non-calcareous soils in coniferous forests contain
a higher amount of free fraction of organic matter
than soils under deciduous tree stands. A similar
dependency was observed by Wasak (2017) in calca-
reous soils in the Tatra Mountains. For contrast,
Llorente et al. (2010) evidenced lack of significant
differences between the OC stock and contribution
of particular fractions of organic matter in rendzinas
under beech and pine (NW Spain). The species
composition also largely determines the development
of particular humus forms (Wasak 2013, £abaz et al.
2014).

1 This paper applies terms referring to physical fractioning of
organic matter in the soil in accordance with the terminology
applied in the paper by Leifeld and Kögel-Knabner (2005).
Organic matter in the soil can occur as (1) particulate (non-humi-
fied) organic matter (1a) in the free form (free fraction) – occur-
ring outside strong soil aggregates, and (1b) in the occluded form,
occurring within strong soil aggregates (macro- or microaggre-
gates), as well as (2) humified organic matter, bound within strong
soil aggregates.

Therefore, a change of land use results in a change
of OC stock in rendzinas, and it is important to consider
the time factor in the evaluation of the phenomenon.
In the conditions of subtropical climate, the changes
can be very rapid. According to Shang and Tiessen
(2003), the OC stock in calcareous soils on former
arable land (Yucatan, Mexico) is higher by a relative
~30% 12 years after forestation in comparison to soils
forested 1 year ago (Table 1), and the increase was
the highest in the fractions of particulate soil organic
matter (free and occluded in soil macroaggregates).
In the moderately cool montane belt in the Tatra
Mountains Wasak and Drewnik (2015) found that 50
years after the introduction of larch forest and dwarf
pine in place of pastures, rendzinas show statistically
significant differences in OC stock in the soil: the
highest OC stock occurs in a light larch forest, some-
what lower – on a non-forested meadow, and the
lowest – under dwarf pine shrubs, whereas the
contribution of particulate fractions of organic matter
(free and occluded in soil macroaggregates) in soil
under dwarf pine and under larch is higher than in
the meadow soils.

The species composition of vegetation also indi-
rectly affects OC sequestration through the influence
on soil chemical properties. It should be mentioned
that in coniferous tree stands, intensified leaching of
alkaline cations occurs as a result of bedrock weathering
(Bergkvist and Folkeson 1995, Rothe et al. 2002,
Drewnik et al. 2016b), whereas e.g. in beech forests,
Ca collected from deeper soil horizons, of rendzinas
or mostly non-calcareous brown soils developed on
carbonate bedrock, are introduced to the geochemical
cycle (Berger et al. 2004, 2006, 2009). Coniferous
trees usually cause a decrease in soil pH and a
decrease in base saturation in the topsoil, including
rendzinas (Augusto et al. 1998, D’Amico et al. 2008,
Hagen-Torn et al. 2004, Rozpêdowska and Skiba
2006, Gruba and Mulder 2015, Wasak 2017). The
effect of vegetation is also manifested in the fact that
the forest species composition determines the topocli-
matic conditions by influencing the soil temperature
and moisture (Nihlg rd 1970, Hobbie et al. 2006).
The aforementioned phenomena can together affect
the activity of soil organisms.

A discussion on the contribution of vegetation and
parent material in the determination of properties of
humus also has been conducted. The opinion on the
critical role of vegetation was maintained for decades
(among others Ovington 1953, 1954). In recent years,
however, the role of soil parent material in the deve-
lopment of properties of organic matter has been
increasingly emphasised, and insufficient knowledge
on the subject has been pointed out (Ponge et al. 2011).

a°
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If the rate of transformation of organic matter and the
amount, and quality of organic substrate depend on
the habitat, then parent material should have a con-
siderable effect on processes determining the seque-
stration and stock of OC. Parent material is the source
of cations released to the soil during weathering
(Bergkvist and Folkeson 1995, Augusto et al. 2000,
Norton and von Blanckenburg 2010). It determines
soil pH, and directly affects the chemical compo-
sition of plant litterfall (Ponge et al. 1999, Berger et
al. 2009, Wasak 2017). This way, it can determine the
biological activity of the soil (Drewnik 2006,
B³oñska 2015). Moreover, the content and type of clay
minerals and polyvalent cations (Fe2+, Al3+, Ca2+,
Mg2+, Mn2+, Zn2+, Cu2+, etc.) specific to given
parent material contribute to the immobilisation of
humic substances in the soil (Oades 1984, Andreux
1996, Lützow et al. 2006, Egli et al. 2008, Grüneberg
et al. 2014, Yang et al. 2014).

Considering the above determinations, the presence
of calcium carbonate in the soil can be expected to
considerably affect OC sequestration both directly and
indirectly.

ACTIVITY OF SOIL FAUNA
AND MICROBIOLOGICAL ACTIVITY

OF RENDZINAS

According to many studies, rendzinas are charac-
terised by considerably higher activity of soil fauna
than the remaining soils under comparable conditions.
Based on macroscopic observations and micromor-
phological research, it was evidenced in the conditions
of humid climate: in the Alps (Kubiena 1953, Zech et
al. 1986, Sartori et al. 2005), Pyrenees (Ponge et al.
2011, Zaiets and Poch 2016), and Ardennes (Ponge
1999), as well as in the territory of Poland (Kowaliñski
and Licznar 1986, Miechówka 1989, 2002, Ciarkow-
ska and Miechówka 2005, Ciarkowska and Niemy-
ska-£ukaszuk 2002, Miechówka and Ciarkowska
1998, 2002, Niemyska-£ukaszuk 1977b, Niemyska-
£ukaszuk et al. 2002, Wasak, 2013). In soils of the
Mediterranean (Zaiets and Poch 2016) and subtropical
climates (Loranger et al. 2003) the presence of
calcium carbonate was also determined to favour
raised activity of soil fauna. The course of the pheno-
menon is the reaction of the soil solution favouring
the fauna, and presence of exchangeable Ca (Reich
et al. 2005). It should be emphasised that the high
activity of soil fauna (particularly earthworms) results
in the development of a strong aggregate structure in
the soil (McLean and Parkinson 1997a, 1997b, Za-
nella et al. 2018a, 2018b).

Results of the research on the microbiological
activity of rendzinas are not unambiguous. Calcareous
soils are considered as soils characterised by substantial
activity of soil microorganisms (e.g. KuŸnicki and
Sk³odowski 1976, Kowaliñski and Licznar 1986). It
should be emphasised, however, that this general
opinion is not based on direct measurements of
biological activity of the soil, but on microscopic
observations that showed the results of high activity
of soil mezo- (and macro-) fauna (Kowaliñski and
Licznar 1986, Zagórski 1999,  Some studies showed,
however, that the activity of soil fauna does not al-
ways favour the microbiological activity of the soil.
Ciarkowska and Miechówka (2005) evidenced that
the biological activity in carbonate and sulphate
rendzinas from Poland and from Dolomites (the Alps)
is inversely correlated with the activity of dehydro-
genases in such soils. The authors explain it with soil
mezofauna feeding on microorganisms. In his labo-
ratory experiment, Martin (1991) evidenced that in
soil containing endogenic earthworms after a year of
conducting the experiment the rate of mineralisation
of organic matter was almost 4 times lower in com-
parison to the soil lacking the animals. This can be
explained by limiting the accessibility of organic
matter for microorganisms in the process of
occlusion or impoverishment of organic matter in the
easiest absorbable components after passing through
the digestive tract of soil fauna (McLean and
Parkinson 1997a, 1997b, Rawlins et al. 2007).

A certain argument sustaining the opinion on high
microbiological activity of rendzinas are study results
evidencing that relatively high content of exchangeable
base cations in the soils developed under temperate
climate favours the microbiological activity (Dzia-
dowiec 1990, B³oñska 2015). It has to be considered,
however, that in this climatic zone, the majority of
soils are characterised by strong leaching, and that
the aforementioned research was conducted in acidic
soils. Rendzinas show high contents of base exchan-
geable cations, but other processes also occur, as
described below.

An important voice in the discussion on micro-
biological activity in carbonate soils are experimental
study results. Results of a laboratory experiment
conducted by Muneer and Oades (1989a) showed that
addition of glucose and substances being a source of
Ca to the soil decreased the release of carbon dioxide,
and therefore decreased soil biological activity,
although addition of the same glucose had a stimulating
effect on the microbiological activity of the soil.

Direct measurements of microbiological activity
in rendzinas have been scarce in Poland. Such research,
however, has been conducted at a quite extensive scale
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in soils rich in calcium carbonate in dry and Mediter-
ranean climates, where the considerably lower
microbiological activity was reported as compared
to the neighbouring non-calcareous soils. Garcia et
al. (1994) determined low activity of dehydrogenases
and lower respiration in rendzinas in south-west Spain
than in the other soils of the region. Similarly,
Llorente and Belén Turrión (2010) found low value
of respiration and biomass of soil microorganisms in
rendzinas in north Spain. Quantitative values of the
microbiological activity were negatively correlated
with the content of carbonates in the soil. El-Saied et
al. (2016) determined low activity of dehydrogenases
and phosphatase in carbonate soils in Egypt. The
primary cause of the phenomenon is considered to be
a decrease in the availability of certain nutrients
important for soil microorganisms (particularly N, P,
K and some microelements) caused by high soil satu-
ration with Ca and Mg (Carreira et al. 1997, Tejada
et al. 2006, El-Saied et al. 2016).

In Poland, Drewnik (1998) observed that in the
upper mountain forest zone of the Tatra Mountains,
the loss of cellulose mass in the humus horizon in
rendzina was smaller than in podzol. Wasak (2014,
2017) found that the microbiological activity of
rendzinas under beech and spruce forests in the Tatra
Mountains, measured both as the rate of cellulose
decomposition under field conditions and rate of soil
respiration measured under laboratory conditions,
is considerably lower in calcareous soils than in non-
calcareous Cambisols. The research showed that the
lower decomposition in rendzinas takes place both in
humus horizons and in organic horizons. The biological
activity in the humus and organic horizons of the soils
under investigation showed a strong negative corre-
lation with the content of exchangeable Mg, and in
the organic horizon – a positive correlation with the
content of K. The correlation between the soil biolo-
gical activity and content of K exclusively of an
organic horizons is probably the effect of an anta-
gonism in the collecting cations by roots of plants in
rendzinas (Robins and Mayland 1993). High content
of Mg in the soils can inhibit uptake of K by tree
roots, resulting in a lower concentration of K in plant
tissues, and consequently also their lower content
in the organic horizons. A low microbiological activity
of the soil, particularly in humus horizons of soils
containing carbonates, can also be the result of a low
content of the dissolved fraction of organic carbon
(DOC) in the soil saturated with Ca. As revealed by
Andersson et al. (2000), the presence of a considerable
amount of exchangeable Ca promotes immobilisation
of DOC as well as the other humus compounds, and
this carbon fraction is among the most important

sources of carbon for microorganisms (Kalbitz et al.
2000). An indirect proof for relatively low microbiolo-
gical activity in rendzinas is the higher contribution
of carbon of the free fraction of organic matter (not
bound to soil aggregates) in rendzinas as compared
to the other soils – e.g. brown soils, as evidenced by
Miechówka (2000) in the soils of pastures and
Wasak (2017) in forest soils in the Tatra Mountains.

The presented study results show that the micro-
biological activity of rendzinas can be limited by
deficiency of certain components caused by high
content of soluble Ca and Mg resulting from the
presence of calcium carbonate in the parent material
(e.g. rendzinas), or the presence of secondary
carbonates, as in the soils of dry climate. This can be
one of the causes of higher OC sequestration in
such soils.

HUMIFICATION PROCESSES AND
STABILISATION OF ORGANIC MATTER

The accumulation of humified organic matter in
the form of humic bonds or polysaccharides in the
presence of polyvalent Ca2+ and Mg2+ ions and clay
minerals has been identified a long time ago (Dobrzañ-
ski and Turski 1972, Oades 1984, Ladd et al. 1985,
Muneer and Oades 1989a, 1989c, Andreux 1996, Zech
and Guggenberger 1996, Baldock and Skjemstad
2000, Clough and Skjemstad 2000, Lützow et al.
2006). An important input in the understanding of the
causes of the phenomenon are the experiments of Juste
and Delas (1970) and Juste et al. (1975) (cited after:
Baldock and Skjemstad 2000) who showed lower
microbiological activity of the soil in the case of
saturation of humic compounds with Ca2+ ions, and
of Muneer and Oades (1989a), who showed that
addition of the glucose and Ca to the soil have decre-
ased the biological activity of the soil. Yang et al.
(2016) showed that the contribution of exchangeable
Ca and Mg is the most important factor determining
OC stock in the soils of the south China, followed by
the content of clay minerals. Ladd et al. (1985)
evidenced that carbonate soils in south Australia
containing more than 40% clay minerals maintained
constant stock of OC (14C) added to the soil before
8 years, whereas in soils containing approximately
5% clay minerals, a considerable decrease of the
content of OC was noted, amounting to approximately
40% of the original content. Denef and Six (2004)
discuss the type of clay minerals in OC sequestra-
tion: illite causes stronger bonding of OC than
vermiculite.

Valuable information on the binding of humic
substances in rendzinas in Poland was provided by
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numerous research based on the fractioning of humic
substances (Dobrzañski and Turski 1972, Kowaliñ-
ski et al. 1985, KuŸnicki and Sk³odowski 1968, 1973,
1976, Licznar et al. 1993, Wasak and Drewnik 2012).
Although the results are difficult to compare due to
the different methods used for fractioning, they show
that rendzinas are characterised by a substantial
contribution of the fraction related to the mineral part
of the soil (and therefore humins) and humic acids
bound with Ca2+ ions. High carbon content in such
fractions is particularly characteristic of rendzinas
containing a high contribution of active carbonates
or exchangeable Ca (KuŸnicki and Sk³odowski 1968,
1973, 1976, Dobrzañski and Turski 1972, Kowaliñ-
ski et al. 1985, Licznar et al. 1993, Wasak and Drew-
nik 2012). The research on the humus composition
provided information on the course of the humification
processes in rendzinas. KuŸnicki and Sk³odowski
(1968, 1973, 1976) as well as Kowaliñski et al. (1985)
have emphasised that rendzinas are characterised by
a higher fulvic acids to humic acids ratio than other
soils, which according to the authors suggests the
inhibition of polymerisation of humic substances in
the soils at a certain stage of their transformations.
Based on differences in optical density of humic acids,
KuŸnicki and Sk³odowski (1976) found that rendzinas
rich in active carbonates are characterised by a low
degree of condensation of aromatic structures in
humic acids in comparison to rendzinas containing
a small amount of active carbonates. Authors have
interpreted the phenomenon as a result of calcium
humates development and blocking of further trans-
formations of humic acids. A similar phenomenon was
also described, based on the analysis of C-NMR spectra
of the Alpine rendzinas  by Zech et al. (1986), and by
Wasak (2017) based on C-NMR spectra of humic
acids extracted from dolomitic rendzinas in the Tatra
Mountains. They found that the amount of aliphatic
substances increase with soil depth despite of decre-
asing the amount of polysaccharides, while the amo-
unt of aromatic bonds do not change.

The physical fractioning of the soil organic matter
(Shang and Tiessen 2003, Llorente et al. 2010,
Wasak 2017) indicates that rendzinas, compared to
the other soils, show relatively high accumulation of
particulate organic matter not only in the free form,
but also occluded in large soil aggregates. The cause
of the phenomenon are particular properties of the
aggregate structure of the soils. Wasak (2017)
evidenced in the Tatra Mountains that in the humus
horizons of the calcareous soils, compared to non-
calcareous soils, a higher total contribution of
carbon of non-humified organic matter occurs occluded
in soil aggregates (particularly in macroaggregates).

This was confirmed qualitatively by micromorpho-
logical research that showed the occurrence of strongly
fragmented, but undecomposed plant tissues conta-
ining phlobaphenes (phlobaphene – brown amorphous
colouring matters which are present in the walls of
the bark-cells of trees and shrubs) within the aggre-
gates. For comparison – in the brown soils, such frag-
ments have not been observed, but the occurrence of
a considerably higher amount of amorphous organic
matter was found (Wasak 2017). The presence of
tissues containing phlobaphenes in rendzinas was also
observed by Kowaliñski and Licznar (1984), and  Ko-
waliñski et al. (1985) in humus horizons of the
rendzinas developed from weathered Jurassic marls
in SW Poland, and by Zaiets and Poch (2016) in the
rendzinas of the Pyrenees, although they did not
analyse the phenomenon in quantitative terms. Accu-
mulation of the weakly decomposed organic matter
was therefore observed in rendzinas due to the
existence of strong soil aggregates, as described by
Oades (1984) and Lützow et al. (2006).

As mentioned above, rendzinas are characterised
by the occurrence of strong aggregate structure
(Duchaufour 1982, Muneer and Oades 1989a,
1989b,1989c, Bryan 2000). Its durability is caused
by the activity of earthworms, contribution of Ca and
Mg, and the presence of clay minerals in the weathered
carbonate rocks (Egli et al. 2008, Yang et al. 2016).
Such structure can limit the access of microorganisms
to organic matter, as theoretically described Oades
(1984) and Lützow et al. (2006) pointing to a number
of possible mechanisms inhibiting the microbiological
decomposition of organic fragments occluded within
aggregates (lack of oxygen in the microscale, physical
inaccessibility of substrate for microorganisms,
resistance of organic matter bound to the mineral part).
The aforementioned laboratory experiment of Muneer
and Oades (1989a, 1989c), and their field experiment
(1989b) pointed to the key role of Ca2+ ions in an
increase in the number of strong soil micro- and
macroaggregates and secondary slowing down of
transformation of dead organic matter after the deve-
lopment of the aggregates. Therefore it was evidenced
that the presence of Ca2+ ions increases the strength
of soil aggregates, which then results in slowing down
of the decomposition of organic remains in the soil.

The literature also describes another mechanism
of accumulation of non-humified organic matter in
the soil involving incrustation of organic matter by
crystals of precipitating calcium carbonate (which
inhibits microbiological decomposition). This
phenomenon was described by Duchaufour (1976
cited after Baldock and Skjemstad 2000) and Oyonarte
et al. (1994) in soils developed under Mediterranean
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climate. No secondary precipitation of calcium
carbonate crystals was observed in the rendzinas of
the Tatra Mountains (Wasak, 2017). This probably
results from different climate conditions (considerable
prevalence of precipitation over evaporation) in the
Tatra Mountains, and consequently leaching of
calcium carbonate from the soil (Miechówka 1990),
and partially also the specificity of the bedrock
constituting dolomite relatively resistant to weathering.
Zagórski (2003) observed the phenomenon of filling
soil pores by secondary precipitating carbonates in
the Niecka Nidziañska, in rendzinas developed from
marls very susceptible to chemical weathering.
A similar phenomenon was observed by Šamonil
(2007) in the rendzinas of the Bohemian Karst. In
both cases, precipitates of calcium carbonate were
observed in the subsoil horizons (B, BC, or C), and
not in the humus horizon in which OC concentration
is the highest. Such an occlusion of weakly transformed
organic matter in rendzinas probably has limited impor-
tance in humid climate, but can be very important
in carbonate soils of dry and semi-dry climates
(Baldock and Skjemstad 2000).

CLASSIFICATION OF HUMUS FORMS

Kubiena (1953), conducting research in the Alps,
was the first to describe the exceptional character of
humus forms present in the rendzinas (both organic
and humus horizons). They were characterised by
considerable thickness and high activity of soil fauna.
Such humus forms, described as amphi and tangel,
were described in later studies from the Alps (Zech
et al. 1986, Sartori et al. 2005, Ponge et al. 2011),
Pyrenees, the Mediterranean area (Ponge et al. 2011,
Zaiets and Poch 2016, Andreetta et al. 2017, Vacca et
al. 2017), Ardennes (Ponge 1999), and in Poland –
from the Tatra and Pieniny Mountains (Miechówka
1989, 2000, 2002, Drewnik 1998, Ciarkowska and
Miechówka 2005, Wasak 2013). Particular humus
forms, namely amphi and tangel were suggested to
be included in the WRB classification (Jabiol et al.
2013) and in the planned unified classification of
humus forms (Zanella et al. 2018a, 2018b).

The amphi humus form is characterised by high
activity of soil fauna in the humus and organic
horizons, and simultaneously by low microbiological
activity, and therefore accumulation of organic matter
in the humus and organic horizons, a soil reaction pH
≥5 in humus horizons, and considerable thickness of
humus horizons (Jabiol et al. 2013, Zanella et al.
2018b). Typologically similar tangel humus form is
characterised by weakly developed humus horizon or

its lack due to the shallow presence of the solid rock
(Zanella et al. 2018b, Jabiol et al. 2013).

According to the authors of the aforementioned
studies (Jabiol et al. 2013, Zanella et al. 2018b), the
development of these humus forms is a result of
several factors, among others saturation with Ca2+ ions
(which favours the activity of soil fauna) with simulta-
neous periodical slowing down of biological activity
in soil (Zanella et al. 2018b, Ponge et al. 2011).

SUMMARY

In terms of accumulation and transformations of
organic matter, carbonate soils are exceptional soils.
This is due to their strong aggregate structure and
considerable concentration of Ca and Mg. They are
characterised by high potential of OC sequestration
resulting from the stabilisation of organic compounds
on a various functional level. Rendzinas show the
following processes favouring OC sequestration: (1)
strong organic-mineral bonds develop between organic
compounds and Ca2+ and Mg2+ ions and clay minerals,
(2) occlusion of weakly decomposed organic matter
occurs in soil aggregates, (3) low rate of the micro-
biological activity (accumulation of free organic matter
outside aggregates). All these processes overlap
generating a number of feedback effects.

Similarly as in the case of other soils, the stock
and dynamics of accumulation of OC as well as
accumulation of organic matter in different forms in
rendzinas depend on many factors, such as land use
and climatic conditions. An important factor shaping
sequestration of OC in carbonate soils is the type of
parent material, determining the content of Ca and
Mg and the amount and type of clay minerals. All the
processes described above lead to the development
of particular morphological properties of rendzinas
with a thick humus horizon, and in certain conditions
– also specific types of humus forms.

Carbonate soils constitute a very interesting subject
of research on the processes of OC sequestration in
the soil. Further studies on the phenomenon should
employ a broad spectrum of methods of biological,
biochemical, microbiological, pedological, minera-
logical, and micromorphological research. It requires
a comprehensive investigation of the complex
mechanisms of transformations of organic matter
functioning in the soils.
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Sekwestracja wêgla organicznego w rêdzinach – praca przegl¹dowa

Streszczenie: W artykule przedstawiono problematykê zasobu oraz sekwestracji wêgla organicznego w glebach zasobnych
w wêglany, w szczególnoœci w rêdzinach, w oparciu o literaturê naukow¹. Przedstawiono czynniki kszta³tuj¹ce sekwestracjê wêgla
organicznego w rêdzinach na tle innych gleb oraz opisano mechanizmy akumulacji materii organicznej charakterystyczne dla tych
gleb. Zwrócono uwagê na nietypowoœæ morfologii próchnic wystêpuj¹cych w glebach zasobnych w wêglany, których specyfika
wi¹¿e siê z charakterystycznym przebiegiem procesów biologicznych.
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