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1. Introduction

Soils with significant leaching of the clay fraction and pres-
ence of diagnostic illuvial Bt horizon account more than 50% of 
Poland (Bednarek and Prusinkiewicz, 1997; Sykuła et al., 2019). 
According to newest, 6th edition of Polish Soil Classification (PSC, 
2019) such soils, where Bt horizons are the main diagnostic com-
ponent (which means lack of organic, anthropogenic or humus 
diagnostic horizons for example), are classified as a clay-illuvi-
ated soil type (PSC, 2019; Kabała et al., 2019) which corresponds 
mainly to Luvisols, Retisols or Planosols in World Reference 
Base for Soil Resources (IUSS Working Group WRB, 2022). These 
soils in scale of whole country are mostly derived from loamy 

glacial tills or silty loess deposits and have average high fertility/
productivity. Due to their common occurrence and great impor-
tance in agriculture, clay-illuviated soils have been the subject 
of many multithreaded studies focused on clay illuviation proc-
ess or their general genesis and characteristics (e.g. Konecka-
Betley et al., 1970, Uggla and Ferczyńska, 1975; Zasoński, 1981; 
Chojnicki, 1993; Świtoniak, 2008, 2021; Szymański and Skiba, 
2013; Musztyfaga and Kabała, 2015; Waroszewski et al., 2021; 
Gus-Stolarczyk et al., 2023), micromorphological features (e.g. 
Zasoński, 1974, 1979, 1983; Mroczek, 2018), anthropogenic 
transformations (Marcinek and Komisarek, 2004; Radziuk and 
Świtoniak, 2021, 2022; Loba et al., 2021, 2023), quality assess-
ment (Świtoniak, 2007; Kobierski et al., 2015) or other aspects. 
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Abstract

Clay-illuvial soils (Luvisols or Retisols in WRB) are the most widespread component of soil cover in 
Poland. Due to common occurrence and relatively high fertility they are crucial for food production. 
Agricultural use of these soils, however, leads to strong alterations and, in many cases, their degra-
dation. This is especially important in young morainic landscapes of northern Poland. Hummocky 
and undulating relief combined with agricultural use, leads to truncation of clay-illuvial soils and 
generally affect the quality of humus horizons and soil organic carbon (SOC) content. The aim of 
the presented study is to assess the overall SOC stocks in plough horizons of clay-illuviated soils and 
their differentiation between their most common subtypes (according to Polish Soil Classifi cation 
2019). SOC stocks were calculated for 72 soil profi les. The average stocks were low – 3.28 kg·m–2 
which may be related to both: natural conditions and strong anthropogenic alterations. Based on 
the obtained results separate subtype attributes, although express the variability of clay-illuvial 
soils, do not refl ect the diversity of humus pools. However, it can be stated that SOC stocks differ 
statistically in particular complex subtypes. The highest SOC stocks (4.12 kg·m–2) were recorded in 
the humic stagnogleyic clay-illuvial soils (Stagnic Luvisols/Retisols in WRB) characterized by rela-
tively high soil moisture and a low erosive transformations. Truncated pedons (Ap-Bt-C(k)) were 
divided into two common subtypes –  eroded humic clay-illuvial soils and eroded clay-illuvial soils 
(Haplic Luvisols). Eroded humic subtype had quite high average SOC stocks – 3.61 kg·m–2, the second 
subtype had extremely low carbon pools – 1.40 kg·m–2. Such high diversity may result from differ-
ent pace of erosion in particular profi les and regenerative, sustainable management (e.g. reduced 
ploughing, vineyards, grassland) leading to the rebuilding of SOC stocks in many of studied eroded 
humic pedons. Low stocks (2.24 kg·m–2) were also noticed in typical clay-illuvial soils which humus 
horizons were also degraded by erosion. A slight erosional alterations characterized subtype of 
texturally contrasted humic clay-illuvial soils (Abruptic Luvisols / Haplic Planosols) with average 
stocks – 3.57 kg·m–2. For further research larger database is necessary. Carbon stocks in the deeper 
horizons should also be investigated. 
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Some of the studies were an attempt to determine the quality 
and quantity of organic matter in clay-illuvial soils (e.g. Sytek, 
1972; Kuźnicki and Skłodowski, 1979; Kalembasa and Kalem-
basa, 2011; Sosulski et al. 2013). 

Despite the vast amount of studies focused on clay-illuvial 
soils, few research tried to evaluate SOC stocks in these type of 
pedons within young morainic landscapes of Poland. Marcinek 
and Komisarek (1993) estimated soil organic matter content 
and its spatial variability in clay-illuvial soils of Wielkopolska, 
whereas Kobierski and Wojtasik (2009) and Wiśniewski and 
Märker (2021) identified coal pools in several profiles of similar 
soils of other South-Baltic Lakelands. Moreover, carbon stocks 
were measured in Luvisols of Kujawy region (Kobierski et al. 
2015). The influence of erosion on the soil carbon stocks in clay-
illuvial soils of the Vistula Valley slopes was the main aim of 
research conducted by Świtoniak et al. (2015). However, most 
of mentioned authors point to a tangible spatial differentiation 
of the properties of humus horizons and SOC stocks resulted 
from the natural, vast heterogeneity of clay-illuviated soils and 
imposing on it impact of human-induced erosion. Research con-
ducted on various forest habitats in central Poland by Zwydak et 
al. (2017) showed that overgrown by broadleaf forests Luvisols 
had significantly lower carbon resources, compared even to the 
less fertile Arenosols and Podzols covered by Scots pine stands 
which led the formation of ectohumus and higher C accumula-
tion in surface horizons. Apart from those research, the vari-
ability of carbon pools was more often determined for moun-
tainous, forested or reclaimed areas where clay-illuvial soils do 
not represent a significant share (Józefowska and Miechówka, 
2011; Świtoniak et al., 2011; Szopka et al., 2016; Greinert et al., 
2018; Łabęda and Kondras, 2020; Porębska et al., 2021; Sewer-
niak et al. 2023). The results of the all above mentioned studies 
shows that clay-illuviated soils of Poland are generally char-
acterized by lower storage capacity of humus in comparison 
with most of other types. It was also confirmed in many other 
regions of the word. Luvisols showed the lowest SOC stocks in 
the top 100 cm (6.45 kg m−2) among main Reference Soil Groups 
occurred in Brasil – even lower than highly weathered tropical 
soils as Plinthosols Ferralsols or Acrisols (Gomes et al., 2019). 
Jarmain et al. (2023) also confirm that Luvisols have one of the 
lowest carbon retention capacities compared with other soils. In 
other hand – global average stocks of SOC about 4.5 kg m−2 cal-
culated for Luvisols (FAO and ITPS, 2020) is significantly lower 
than in humus-rich pedons (Gleysols, Chernozems, Phaeozems), 
similar to humid tropical soils (Ferralsols, Acrisols, Lixsisols, 
Plinthosols) but higher than in most reference groups typical 
for semi-arid and arid regions (Arenosols, Calcisols, Gypsisols, 
Solonchaks). Despite the wealth of global data on SOC stocks, 
existing databases are not free from shortcomings. Due to the 
lack of high-resolution, detailed regional data and deficiencies 
in the laboratory data (e.g. bulk density and skeleton content), 
many models or calculations are simplified, which leads to in-
correct results – often overestimation of SOC stocks (Poeplau 
et al., 2017). Significant deviations of the model results from 
the actual values may also occur in areas with intensive relief, 
where significant changes in the properties of humus horizons 
over short distances occur. For this reason frequent attempts 

are made to develop models based on high-resolution local 
field and laboratory data and machine learning (Hateffard et 
al., 2022, 2023) which enable obtaining increasingly reliable re-
sults. This is very important not only from a production (farm-
ing, forestry) point of view, but also for understanding the natu-
ral carbon cycle processes and counteracting climate change 
(e.g. Batjes, 1998; Lal, 2004; Scharlemann, et al. 2014). 

Taking the above into account, further research on soil car-
bon pools in clay-illuviated soils within young morainic areas 
seems to be necessary. The main objective of the work is to deter-
mine the overall soil organic carbon stocks in surface horizons 
of clay-illuvial soils of northern Poland. Particular emphasis was 
placed on comparison of the obtained data with the results of 
other studies and estimation of the differences of SOC stocks be-
tween the most common subtypes (PSC, 2019) of clay-illuviated 
soils within investigated area.

2. Study area and methods 

The study was carried out in young morainic area covered 
by the maximum extent (Marks, 2012) of the last glaciation (Vis-
tulian) in northern Poland. The main outline of the relief of the 
discussed area was being formed in the Pomeranian (16–17 kyr 
BP) and Gardno phase (15–16 kyr BP). 

The area is located in the zone of moist and cool temperate 
climate (IPCC, 2006). According to Köppen−Geiger Climate Clas-
sification, the region is located in the fully humid zone with tem-
perate and warm summer (Kottek et al., 2006). Average annual 
air temperatures calculated for period 1991–2020 were from 
about 8°C in eastern to 9°C in south-western part of investigated 
region. The average annual precipitation is about 550–650 mm 
with the majority of precipitation occurring in summer (Tom-
czyk and Bednorz, 2022). Due to the predominance of rainfall 
over potential evaporation, most soils are characterized by the 
leaching type of soil water regime.

72 profiles were studied to the depth of 150 cm. Most of 
the profiles were located in morainic plateaus within thirteen 
physico-geographical mesoregions represent 6 macroregions 
(Fig. 1; Kondracki, 2009; Solon et al., 2018): South Pomerani-
an Lake District (11 profiles), Iława Lake District (3 profiles). 
Chełmno-Dobrzyń Lake District (49 profiles), Wielkopolska Lake 
District (5 profiles), Staropruska Plain (1 profile) and Mazurian 
Lake District (3 profiles). Investigated morainic plateaus were 
built with Pleistocene glacial tills in some cases covered (1–2 m 
thick) by fluvial, fluvioglacial or ablation sandy/loamy materials 
(Niewiarowski, 1959; Niewiarowski and Wysota, 1986; Świtoniak 
2006, 2014; Karasiewicz et al., 2019; Woronko et al. 2022). All of 
studied soils were used as arable lands recently. In some cases 
the way of use has been changed during last few years to re-
duced tillage (strip-till – 5 profiles), grasslands (5 profiles) or 
vineyards (4 profiles). Most studied soils are still under intensive 
agricultural management (ploughing).

All profiles were described in stage of field works. Undis-
turbed soil samples were taken from humus horizons using 
a metal rings with volume of 100 cm3. These samples were used 
to determine bulk density (BD). Bulk soil samples were collected 
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from every distinguished soil horizons. Standard soil analy-
ses were performed using the methods as follows: soil organic 
carbon (SOC) content – by wet oxidation Tyurin’s method; total 
nitrogen content by Kjeldahl method; CaCO3 content – volumet-
ric Scheibler method; particle-size distribution – by sieve and 
sedimentary areometric method; pH of soil-to-solution ratio of 
1:2.5 using 1 M KCl and distilled H2O as the suspension medium. 
Color has been described according to Munsell Soil Color Charts 
(2000). 

Soil organic carbon stock SOCs (kg⋅m–2) were calculated us-
ing Eq. (1) up to the lower boundary of the humus horizon – in 
most cases it corresponded to the plough horizon only: 

SOCs= [SOC · BD · t · (1-SK%)] (1)

where: SOC – soil organic carbon content (g·kg–1); BD – bulk 
density (g·cm–3); t – thickness of horizon (m) and SK – content of 
gravel φ > 2.0 mm.

The systematic position and symbols/names of diagnostic 
horizons were given after the sixth edition of the Polish Soil 
Classification (PSC, 2019) and WRB (IUSS, 2022). English-lan-
guage names of soil units (PSC, 2019) were given as proposed by 
Kabała et al. (2019).

3. Results

Two main “patterns” of genetic horizons sequences were 
found in the studied clay-illuvial soils. In 38 cases soils had 
a clearly visible eluvial zone (mainly Ap-Et horizons) on clay-en-
riched argik (WRB: argic) Bt horizon and parent materials with 
secondary forms of calcium carbonate in bottom part of profile 
(whole sequence: Ap-Et-Bt-C(k)). The remaining 34 soils had Bt 
horizons directly below the plough layer (Ap-Bt-C(k)). Although 
the humus horizons did not meet the criteria of diagnostic epipe-
dons (e.g. Mollik, Umbrik) their properties differed significantly 

Fig. 1. Localization of studied soils within physico-geographical mesoregions of Poland



4

SOIL SCIENCE ANNUALM. Świtoniak

176684

within the group of tested clay-illuviated soils (WRB: Luvisols, 
Retisols or Planosols). The thickness of humus horizons ranged 
from 15 to 50 centimeters (Tab. 1) – with a predominance of situ-
ations where they had 20–40 cm (Fig. 2a). These values are gen-
erally related to the depth of ploughing, which is confirmed by 
high homogeneity, a sharp lower limit of humus horizons and 
the history of land use. Bulk density varied between 1,26 and 
1,74 with mean 1,46 [g·cm–3] (Tab. 1). These values were normal 
as for arable soils developed from young morainic materials 
(e.g. Suuster et al. 2011) and in most cases (Fig. 2b) indicates no 
restriction for roots growth (USDA Natural Resources Conserva-
tion Service, 2008).

The grain size distribution of the humic horizons had low 
amount of skeleton fraction (Tab. 1, Fig. 2c) and represented 
a wide range of textural classes – from sand (4 horizons) and 
loamy sand (31) to sandy loam (8), loam (25) or sandy clay loam 
(4) with maximum 31% of clay fraction content. There was a rel-
atively large variation in the SOC content. In most humus hori-
zons, it did not fall below 0.4% and did not exceed 0.9% (9 g kg–1), 
but in some cases it reached over 1.2%. The calculated average 
carbon stocks was slightly more than 3 kg m–2 in the entire pop-
ulation of the studied soils, with almost seven-fold differences 
between the minimum (0.77 kg m–2) and maximum (5.97 kg m–2) 
values According to the rules of the latest version of the Polish 

Table 1
Selected properties of humus horizons

Thickness
[cm]

BD 
[g·cm–3]

Clay 
[%]

Skeleton fraction
[%]

SOC 
[g·kg–1]

SOC stocks
[kg·m–2]

Mean 31.5 1.46 9.29 2.71 07.4 3.28

SD 7.0 0.10 6.18 4.01 02.1 1.18

Max 50.0 1.74 31 35 14.3 5.97

Min 15.0 1.26 2 0,1 03.5 0.77

Fig. 2. Selected characteristics of investigated humus horizons and organic carbon stocks
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Soil Classification (PSC, 2019) within clay-illuviated soils thirteen 
subtypes (further called “subtype attributes”) were defined on 
the priority list: eroded, texturally contrasted, lamellic, humic, 
brown, rusty, podzolic, vertic, waterlogged, gleyic, stagnogleyic, 
tonguing, typical (Kabała et al. 2019). Seven subtype attributes 
were identified in the studied population of soils: eroded 
– 34 cases; texturally contrasted – 12; lamellic – 1; humic – 55; 
rusty – 3; stagnogleyic – 28; tonguing – 8. Moreover 4 profiles 
represent the simplest characteristic for the type expression of 
soil features and were classified as typical clay-illuviated soils 
(tab. 1). Brown, podzolic, vertic, waterlogged, gleyic subtype at-
tributes were not detected. In seventeen profiles only 1 subtype 
attribute matched the soil properties, in 39 – two, 14 – three, and 
in 2 studied soils sets of their features matched the description 
of four subtype attributes. According to the PSC, maximum two 
subtype attributes (the first on the priority list) can be consid-
ered when constructing the full name of a soil subtype (further 
called just “subtype” or “complex subtype”). In pedons with fea-

tures fit for more than 2 subtype attribute – those that are fur-
ther on the list are taken into account in the name of the lower 
rank taxon as soil variety – in parentheses after the name of the 
subtype (Table 1). 

The mean values of SOC stocks in soil groups divided into 
all subtype attribute (regardless of whether they were included 
in the name of the subtype or variety of the tested soil), ranged 
from 2.25 kg·m–2 for typical to 3.66 kg·m–2 in humic attribute 
group.

Thirteen subtypes of studied clay-illuviated soils were dis-
tinguished – mostly in the form of complex subtypes (with two 
subtype attributes). The most numerous were: eroded humic (26 
profiles), humic stagnogleyic (13) texturally contrasted humic 
(10), eroded (6) and typical (4). Soil organic carbon stocks varied 
significantly in individual subtypes – from 1.4 in eroded to 4.11 
kg·m–2 in humic stagnogleyic clay illuvial soils (Fig. 4). Examples 
of the morphology and basic properties of these subtypes were 
presented in Table 3 and in the Fig. 5. 

Table 2
Classification of studied clay-illuvial soils

Quantity 
of profi les

Subtype attribute Subtype/complex 
subtype (PSC 2019)

Variety (PSC 2019) WRB (2022)

Er
od

ed

Te
xt

ur
al

ly
 

co
nt

ra
st

ed

La
m

el
lic

H
um

ic

B
ro

w
n

R
us

ty

St
ag

no
gl

ey
ic

To
ng

ui
ng

Ty
pi

ca
l

6 x Eroded – Haplic Luvisol

21 x x Eroded humic – Haplic Luvisol

5 x x o (stagnogleyic)

2 x x Eroded stagnogleyic – Stagnic Luvisol

1 x Texturally contrasted – Abruptic Luvisol

4 x x Texturally contrasted humic – Abruptic Luvisol / 
Haplic Planosol

1 x x o (rusty)

1 x x o o (rusty, stagnogleyic)

3 x x o (stagnogleyic)

1 x x o o (stagnogleyic, tonguing)

1 x x Texturally contrasted rusty – Abruptic Luvisol

1 x x o Lamellic humic stagnogleyic) Lamellic Luvisol

3 x Humic – Haplic Luvisol

9 x x Humic stagnogleyic – Stagnic Luvisol / 
Stagnic Retisol

4 x x o (tonguing)

2 x x Humic tonguing – Haplic Retisol

2 x Stagnogleyic – Stagnic Luvisol

1 x Tonguing – Retisol

4 x Typical – Haplic Luvisol

Identifi ed subtype attributes in studied soils: x – taken into account in the full name of the subtype 
o – not taken into account in the full name of the subtype
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Fig. 3. Mean organic carbon stocks in 
groups of soils divided by occurring sub-
type attributes 

Fig. 4. Mean organic carbon stocks in sub-
types of studied clay-illuviated soils

Fig. 5. Morphology of exemplary soils for the most common subtypes
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4. Discussion

4.1. Average SOC stock

Average (mean) SOC stocks in the humus horizons (with 
average thickness 31.5 cm) of studied group of soils were rela-
tively low. A value 3.28 kg m–2 is more than 2 times lower than 
the average SOM stocks (8.16 kg m–2) calculated globally for the 
upper 30 cm layer within all available (without sandy soils and 
soils with a very high content of humus) cropland soils (Zomer 
et al. 2017). Compared to the average stocks of SOM in European 

arable soils (10.6 kg· m–2), it is even three times less (Zomer et 
al. 2017). Significantly higher values calculated to the depth of 
30 cm were also obtained in many regional studies of similar 
clay-illuviated soils (Luvisols) in other mid-latitude countries 
e.g.: 5.91 kg·m–2 in freshly afforested previously arable Luvisols 
of Central and Southern Lithuania (Varnagirytë-Kabađinskienë 
et al. 2021) or 6.7 kg·m–2 in croplands of Lithuania (Armolaitis 
et al., 2022); 6.23 kg·m–2 for Luvisols in Denmark (Adhikari et 
al. 2014), 9–11.2 kg·m–2 in group of arable “slightly stagnogleyic 
Luvisols” near Essen – Germany (Burghardt et al. 2018) or even 
11.1 kg·m–2 in Ireland (Jarmain et al. 2023).

Table 3
Basic properties and TOC stocks of exemplary soils for the most common subtypes

Horizon Depth
 [cm]

Skeleton 
fraction

Particle size distribution
[%]

Texture BD
[g·cm–3]

SOC
[g·kg–1]

TN
[g·kg–1]

C:N pH CaCO3

[g·kg–1]
SOC 
stocks
[kg·m–2]

2.0–
–0.05

0.05–
–0.002

< 0.002 H2O KCl

P1 – Eroded clay-illuvial soil 
Haplic Luvisol (Epiloamic, Katoarenic, Aric, Protocalcic, Ochric) 

Ap 0–15 2 73 16 11 SL 1.49 3.5 0.38 9 6.1 4.7 – 0.77

Bt 15–45 2 70 16 14 SL 1.74 – – – 6.8 5.0 trace –

Ck 45–(90) 11 78 15 7 LS 1.65 – – – 8.7 8.0 61 –

P29 – Eroded humic clay-illuvial soil
Haplic Luvisol (Pantoloamic, Aric, Protocalcic, Ochric)

Ap 0–32 2 63 26 11 SL 1.32 11.3 1.22 9 7.0 6.3 2 4.68

Bt 32–130 0 61 22 17 SL 1.65 – – – 7.0 5.7 2

2Ck 130–(150) 2 33 43 24 L 1.59 – – – 8.1 7.4 140

P37 – Texturally contrasted humic clay-illuvial soil 
Albic Abruptic Luvisol (Anoarenic, Endoloamic, Aric, Ochric, Raptic, Bathystagnic)

Ap 0–35 2 80 18 2 LS 1.47 5.4 0.59 9 6.0 5.2 – 2.72

Et 35–60/65 0 88 7 5 S 1.52 – – 6.9 6.2 –

2Bt 60/65–75 1 81 8 11 SL 1.59 – – 7.4 6.2 1

3Bt 75–95 1 64 25 11 SL 1.71 – – 7.7 6.9 2

3Ckg 95–(140) 2 41 28 11 L 1.70 – – 8.4 7.5 72

P57 – Humic stagnogleyic clay-illuvial soil (tonguing)
Eutric Albic Stagnic Retisol (Pantoloamic, Aric, Ochric)

Ap 0–35 2 68 27 5 SL 1.51 8.0 0.8 10 5.0 3.9 – 4.15

Et 35–50 1 68 23 9 SL 1.65 – – – 5.5 4.3 –

E/Bg 50–70 1 59 22 19 SL 1.51 – – – 5.7 4.3 –

Btg 70–120 1 46 23 31 SCL 1.73 – – – 5.3 3.8 –

Ck 120–(160) 2 44 29 27 CL 1.77 – – – 8.2 7.2 77

P 69 – Typical clay-illuvial soil 
WRB 2022 – Albic Abruptic Luvisol (Epiarenic, Katoloamic, Cutanic, Epidystric, Ochric)

A 0–10 3 77 18 5 LFS 1.38 4.7 0.45 10 5.3 4.5 – 0.64

A(p) 10–27 2 77 17 6 LFS 1.55 3.2 0.34 9 4.8 3.9 – 0.83

Et 27–40 2 76 19 5 LFS 1.59 – – – 5.2 4.3 – –

Bt 40–100 2 65 18 17 SL 1.75 – – – 6.8 5.3 – –

BC 100–170 2 70 17 13 SL 1.65 – – – 7.2 6.0 trace –

Ck 170–(200) 3 65 22 13 SL 1.61 – – – 8.4 7.7 51 –
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The obtained mean values of SOC stocks are definitely more 
similar to the results obtained for Luvisols in regions charac-
terized by a warmer climate, not favorable to the accumulation 
of significant carbon resources in humus horizons. Comparable 
carbon stocks have been found in the surface humus horizons 
(0–20 cm) of arable Luvisols of Southern Ethiopia – 3.45 kg·m–2 
(Yitbarek, 2019), in uppermost layer (30 cm) in Luvisols of Anda-
lusia – 2.87 kg·m–2 (Muńoz-Rojas et al., 2012) or in upper 30 cm in 
Luvisols under conventional farming systems in the semi-arid 
region of Brazil – 3.69 kg·m–2 (Maia et al. 2007). 

Newest global-scale models based on broad soil databases 
also indicates the relatively low carbon sequestration in major-
ity of soils within the young glacial areas of northern Poland. 
For example, estimated average SOC stocks in the 0–30 cm lay-
er calculated by Global Soil Organic Carbon Map v 1.5 (FAO and 
ITPS, 2020) for the vicinity of the tested soils (in grids of about 
0.5 km2 for each tested soil) amounted only 4.96 kg·m–2. Map of 
SOC stocks created within project SoilGrids shows values for 
most of investigated area between 3.5–4.5 kg·m–2 (Poggio, et 
al. 2021). Similar, low stocks of organic carbon were also con-
firmed by regional studies of other authors in Poland. Accord-
ing to Markiewicz et al. (2014) agricultural clay-illuvial soils 
(Luvisols) are one of the most humus-poor soil types (together 
with sandy rusty soils and arenosols) of Brodnica Landscape 
Park and have about 5.5 kg·m–2. Overall, low humus stocks in 
autogenous soils (like most of Luvisols supplied only by rain-
water) in the region may be caused by climatic conditions. Cen-
tral part of Poland is characterized by low values of Standard-
ized Precipitation-Evapotranspiration Index which indicates 
periodic water shortages in the soils (Pińskwar et al., 2020). 
In addition, the soils of the region are degrading as a result 
of anthropogenic drainage and suffer from increasingly fre-
quent droughts (Jadczyszyn and Bartoszewicz, 2020). Moderate 
or even low soil moisture can accelerate the mineralization of 
organic matter and reduce the SOM stocks of humus horizons 
– especially in soils intensively used for agriculture. Although 
soil moisture is a factor that most strongly influences the car-
bon accumulation (Błońska and Lasota, 2017), the detailed im-
pact of it on SOC stocks has not been fully explored (Kerr and 
Ochsner, 2020).

Low organic carbon stocks in the studied clay-illuvial soils 
may also be caused by insufficient fertilization – especially or-
ganic. This is also important in the case of poor balance with 
mineral fertilizers, the excess of which may lead to an even fast-
er loss of organic carbon resources in plough horizons (Jaskul-
ska and Jaskulski, 2003).

Another important issue in the context of the discussed low 
SOC stocks is human-induced erosional processes which lead to 
the degradation of soils and depletion in SOC content and shal-
lowing of humus horizons (Sinkiewicz, 1998; Podlasiński, 2013; 
Świtoniak et al. 2016; Radziuk and Świtoniak, 2022; Sowiński et 
al. 2023). The influence of slope processes on the properties of 
the studied soils is evidenced by their morphology – nearly half 
of them (34 profiles) had Bt horizons directly below plough ho-
rizons – which is the effect of erosive truncation. Similar erosive 
transformations and low carbon stocks in the clay-illuviated soils 
within young morainic landscapes of Poland were also recorded 
by other authors. For example Wiśniewski and Märker (2021) 
in studies of eroded agricultural moraine slopes measured SOC 
stocks in Ap horizons of Luvisols below 3 kg·m–2. In Krajna Lake 
District and Chełmno Lakeland eroded Luvisols had SOC stocks 
in Ap horizons 3.87–5.39 kg·m–2 and 3.80–4.47 kg·m–2 respectively 
(Kobierski and Wojtasik, 2009). Moreover Kobierski et al. (2015) 
obtained values 3.80 to 4.81 kg·m–2 in Luvisols of Kujavy. 

4.2.  Variability of SOC stocks in accordance with subtype 
attributes

Regardless of the low overall values – the studied group of 
soils is characterized by significant variability of soil organic car-
bon stocks. In 11 profiles these stocks were below 2 kg·m–2, while 
in 16 profiles they exceeded 4 kg·m–2. The reason for such high 
differences may be both the primary diversity of the described 
clay-illuviated soils (like texture, moisture conditions) and sig-
nificant anthropogenic transformations (e.g. degradation result-
ing from intensive agricultural use, human-induced erosion). 
The heterogeneity of the profiles is reflected in the wide range of 
attributes used to define the subtypes of studied clay-illuviated 
soils. In individual groups of soils distinguished on the basis of 
these attributes, some differentiation of SOC mean values was 

Table 4
An absolute difference between the means of SOC stock calculated for particular subtype attribute 

Subtype attribute eroded texturally 
contrasted

humic stagno-
gleyic

tonguing rusty typical

eroded 0 0.24 0.58 0.55 0.38 0.19 0.84

texturally contrasted 0.24 0 0.34 0.31 0.14 0.43 1.08

humic 0.58 0.34 0 0.034 0.2 0.77 1.42

stagnogleyic 0.55 0.31 0.034 0 0.17 0.74 1.39

tonguing 0.38 0.14 0.2 0.17 0 0.57 1.22

rusty 0.19 0.43 0.77 0.74 0.57 0 0.65

typical 0.84 1.08 1.42 1.39 1.22 0.65 0

1.75 – an absolute difference between the means of the pairs which are statistically homogeneous according to Tukey’s post-hoc test, p<0.05
2.17 – an absolute difference between the means of the pairs which are signifi cantly different according to Tukey’s post-hoc test, p<0.05
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noted (Fig. 3). Due to the high variability within particular “at-
tribute groups”, they are not statistically significant (Table 4).

The highest mean value (3.66 kg·m–2) was recorded in soils 
(55 profiles) with attribute humic. It results from a significant 
thickness (over 30 cm) or high quality (meets all mollik/umbrik 
(PSC, 2019) criteria but is less than 30 cm) of the humus hori-
zon. In this group 6 profiles had relatively high SOC stocks above 
5 kg·m–2 but in 14 profiles the SOC stocks did not reach 3 kg·m–2. 
Moreover, 11 profiles had a small SOC content – below 0.6%, This 
is due to the fact that many soils with poorly developed Ap hori-
zons meet the criteria of the humic attribute due to the depth of 
agricultural practices – ploughing usually reaches up to 30 cm. 
In addition, in 26 cases of this group, significant erosional shal-
lowing of the soil profiles (A-B-C sequence of horizons) was note. 
Therefore, the humic attribute does not specify the general state 
of development of the surface horizon and, as was noted in pre-
vious studies (Świtoniak 2021, Świtoniak et al. 2022), its criteria 
should be revised. A good solution seems to be to raise the carbon 
content to a minimum of 0.6%. Such a change would increase the 
average value of SOC stocks to statistically significant 3.96 kg·m–2. 

High mean values – 3.63 kg·m–2 were obtained for the group 
(28 cases) of profiles with stagnogleyic attribute. In these soils, 
it may be related to periodically higher moisture of the surface 
horizons (Błońska and Lasota, 2017). Stagnic properties ap-
peared at a small depth – often directly below the plough hori-
zons. This group is more homogeneous than the previous one 
– only in 2 cases SOC content was lower than 0.6% and in 6 pro-
files erosional shallowing was noted.

The last frequently used in studied soils (34 pedons) is the 
eroded subtype attribute. It would seem that these soils will have 
very homogeneous properties of humus horizons – associated 
with erosive shallowing and low carbon content. Meanwhile, al-
though in 9 cases SOC stocks fall below 2 kg·m–2, the mean value is 
not so low – 3.08 kg·m–2. The attribute “eroded” is used on the ba-
sis of the current general morphology of the soil – the presence of 
the Bt horizon directly below the humus horizon. It does not take 
into account the current degree of development of Ap horizons, 
which can be very different in the studied soils – from heavily 
degraded to well-formed. In the group of discussed soils, nearly 
30% is currently not ploughed – they are in reduced cultivation 
(strip-till), under vineyards or grasslands. Even a few years of 
such use can lead to the regeneration of the previously degraded 
humus horizon and a significant increase in SOC stocks. Organic 
carbon stocks in the mineral soils of grasslands in Poland in the 
0–30 cm layer is quite high – 10.7 kg·m–2 which is the result of both 
– the high moisture of a significant part of these soils, but also 
due to the accumulation of humus by grass vegetation (Pietrzak 
and Hołaj-Krzak, 2022). The role of zero/reduced tillage or direct 
seeding in increasing carbon sequestration has been confirmed 
by many authors (Blecharczyk et al. 2007; Pikuła, 2019; Wang et 
al., 2020). For instance, reduced tillage compared with plough-
ing led to increasing cumulative (0–50 cm) SOC stocks on average 
1.7% after 8–21 years of field experiment conducted in France, 
Germany, the Netherlands, and Switzerland (Krauss et al. 2022). 

On the other hand Miechówka et al., (2012) found that car-
bon stocks are similar in arable fields and grasslands (mean 
values 9.09 and 8.99 kg·m–2 respectively) of Little and Silesian 

Beskids. According to their interpretation higher input of or-
ganic matter to the grassland soil was balanced by high doses of 
manure and mineral fertilizers in ploughing soils.

As can be seen from the above considerations, single sub-
type attributes were not sufficient to determine statistically sig-
nificant differences in SOC stocks of studied clay-illuvial soils 
(Table 4). This is both due to the high diversity within individual 
“attribute groups” and to the fact that the particular profiles can 
have several attributes and the same soils may be taken into ac-
count for calculations in several groups – which is problematic 
in statistical research.

4.3.  Variability of SOC stocks in accordance with (complex) 
subtypes

The situation is different in the case of full-named soil 
subtypes which are distinguishing on the base of complex soil 
features with the simultaneous separation of individual soils 
– assigning one soil to only one subtype (Kabała et al. 2019). The 
obtained results allow to conclude that some subtypes differ sta-
tistically in terms of average SOC stocks (Table 5).

In the studied population of soils 5 subtypes were repre-
sented by at least 4 soil profiles (Fig. 4) and they were selected 
for further interpretation. 

Highest mean SOC stocks (4.11 kg·m–2) were found in humic 
stagnogleyic clay-illuviated soils. This subtype includes soils with 
thick A horizons (≥ 30 cm) and the presence of stagnic properties 
with the simultaneous exclusion of eroded pedons (Fig. 5). Hu-
mus horizons development was stimulated by higher moisture 
and was not disturbed by intensive slope processes. Substantial 
SOM stocks (mean 6.01 kg·m–2) in Stgnic Luvisols were also no-
ticed by Jonczak (2013) in Sławno Plain. Moreover, Wiesmeier 
et al. (2014) stated that SOC stock in soils with stagnic properties 
are higher than in Luvisols. 

One of the highest mean value of SOM stocks (3.61 kg·m–2) 
was obtained for eroded humic clay-illuvial soils. In these pe-
dons, despite significant shallowing of solum (Bt occurs directly 
under A), the humus horizons have a considerable thickness 
(≥ 30 cm) and often a high content of organic carbon. Many of 
these soils (9 out of 26) have strongly regenerated well-devel-
oped surface horizons (Fig. 5) with good aggregate structure, 
which results from their current use – reduced tillage, grassland, 
vineyards. It indicates that this stage of profile truncation alone 
does not reflect the degree of humus horizon degradation. This 
phenomenon has already been described above when discuss-
ing the eroded subtype attribute.

A slight erosional alterations characterizes subtype of tex-
turally contrasted humic clay-illuvial soils. These soils have 
sandy topsoil (horizons A and E) underlain by loamy material 
(Bt and C(k)) at depth 50–100 cm which is usually associated 
with presence of lithological discontinuity (Świtoniak, 2006). 
Despite significantly different morphology and physical proper-
ties (Fig. 5), these soils have SOC stocks similar (3.57 kg·m–2) to 
eroded humic subtype.

 Definitely lower (although statistically this difference is not 
significant) mean value of SOC stocks (2.24 kg·m–2) have typical 
clay-illuviated soils. This is probably connected with degrada-
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tion of humus horizons due to human-induced erosion. They 
were located mostly on sloping positions and average thickness 
of Ap horizons in these soils was only 20 cm. Moreover they 
have a very thin eluvial horizon and a small depth to the upper 
boundary to Bt horizons (up to 50 cm). According to the studies 
on Luvisols’ truncation – these soils were shallowed by erosional 
processes (Świtoniak, 2014).

Eroded clay-illuvial soils have the lowest SOC stocks among 
all subtypes (1.40 kg·m–2) and represent the lowermost class of 
organic carbon pools (Burghardt et al., 2018). This value, as well 
as the morphology (small thickness, light colour – similar to Bt 
horizons) and physical features (coarse blocky structure) of hu-
mus horizons, confirm that they are heavily degraded (Radziuk 
and Świtoniak, 2022). Moreover, these soils were located in the 
upper, convex fragments of steep slopes – prone to soil erosion. 
Described subtype was the only one that differed statistically 
in terms of SOC stocks from most of the units described above. 
A comparison of this subtype with eroded humic clay-illuvial 
soils (with have the same degree of truncation – Ap-Bt-Ck se-
quence of horizons) indicates that eroded clay-illuvial soils have 
high carbon sequestration capacity which can be achieved by 
more sustainable management. This is also confirmed by stud-
ies of other authors in young morainic landscapes of northern 
Poland (Wiśniewski and Märker, 2021). Nevertheless, the data 
obtained from spatial models, shows relatively low ability of de-
scribed soils to increase the SOC stocks which is estimated at ap-
proximately only 0.01 kg·m–2·yr–2 (FAO and ITPS, 2020).

5. Conclusions

Presented studies allows to draw some preliminary conclu-
sions regarding SOC stocks in surface horizons of clay-illuvial 
soils. In general, the studied soils are characterized by surpris-
ingly low humus pools (3.28 kg·m–2) in comparison with similar 
pedons in other mid-latitude regions. This is due to both – cli-
matic conditions and strong anthropogenic alterations. Common 

erosion leads to the degradation of clay-illuvial soils which is re-
vealed through depletion of SOC stocks. Despite generally low 
pools of humus, the tested soils differ significantly in terms of 
SOC stocks. Proposed in Polish Soil Classification (2019) system 
for creating full name of subtypes by using the two most impor-
tant (according to the ranking list) attributes quite well reflects 
the diversity of SOM stocks in studied agricultural soils:
– highest mean values (4.11 kg·m–2) had humic stagnogleyic 

subtype – which is associated with relatively high seasonal 
moisture and a low erosive transformations; 

– low stocks (2.24 kg·m–2) were noticed in typical clay-illuvial 
soils which humus horizons were also degraded by erosion; 

– eroded (but not humic!) clay-illuvial soils with severely de-
graded humus horizons stand out by the lowest SOC stocks 
(1.40 kg·m–2);

– humic eroded soils prevailed among the truncated pedons. 
They had well-developed humus horizons and high SOC 
stocks (3.61 kg·m–2), which can be associated with both slow 
erosion processes or/and the regenerative phase resulting 
from new methods of sustainable management;

– a slight erosional alterations characterized subtype of tex-
turally contrasted humic clay-illuvial soils with average 
stocks – 3.57 kg·m–2.
Individual, separate subtype attributes, although express 

the variability of clay-illuvial soils, do not reflect the diversity 
of humus pools. Tightening the criteria for the humic subtype 
attribute could partly solve this problem. The remaining at-
tributes, however, concern individual soil characteristics and 
are not directly related to the development of humus horizons. 

For further research on the discussed issue, it is necessary 
to create a much larger database. Carbon stocks in the deeper 
horizons (mainly in Bt) should also be investigated. It is also im-
portant to develop algorithms for determining the spatial ranges 
of individual subtypes using remote sensing tools. Clay-illuvial 
soils, as the basis for agricultural production, are highly exposed 
to further degradation, but they also hold great possibilities in 
the context of the potential sequestration of organic carbon. 

Table 5
An absolute difference between the means of SOC stock calculated for particular subtypes/complex subtypes

Subtype/complex subtype Texturally 
contrasted 
humic

Eroded Eroded 
humic

Eroded 
stagno-
gleyic

Humic Humic 
stagno-
gleyic

Humic 
tonguing

Stagno-
gleyic

Typical

Texturally contrasted humic 0 2.17 0.042 1.86 0.17 0.54 0.42 0.77 1.32

Eroded 2.17 0 2.21 0.31 2.34 2.71 1.75 1.4 0.85

Eroded humic 0.042 2.21 0 1.91 0.13 0.5 0.46 0.81 1.37

Eroded stagnogleyic 1.86 0.31 1.91 0 2.04 2.41 1.44 1.09 0.54

Humic 0.17 2.34 0.13 2.04 0 0.37 0.59 0.94 1.5

Humic stagnogleyic 0.54 2.71 0.5 2.41 0.37 0 0.96 1.31 1.87

Humic tonguing 0.42 1.75 0.46 1.44 0.59 0.96 0 0.35 0.9

Stagnogleyic 0.77 1.4 0.81 1.09 0.94 1.31 0.35 0 0.55

Typical 1.32 0.85 1.37 0.54 1.5 1.87 0.9 0.55 0

2.17 – an absolute difference between the means of the pairs which are signifi cantly different according to Tukey’s post-hoc test, p<0.05
1.75 – an absolute difference between the means of the pairs which are statistically homogeneous according to Tukey’s post-hoc test, p<0.05
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Ocena zróżnicowania zasobów węgla organicznego w poziomach próchnicznych 
gleb płowych obszarów młodoglacjalnych Polski północnej

Słowa kluczowe

Gleby płowe
Erozja
Poziomy próchniczne
Klasyfi kacja gleb
Właściwości stagnoglejowe
Ogłowienie gleb

Streszczenie

Gleby płowe (Luvisols, Retisols wg WRB) stanowią główny komponent pokrywy glebowej Polski. 
Ze względu na powszechność występowania i stosunkowo wysoką żyzność mają kluczowe znacze-
nie dla krajowej produkcji żywności. Rolnicze użytkowanie tych gleb prowadzi jednak do silnych 
przekształceń, a w wielu przypadkach do ich degradacji. Jest to szczególnie ważne w młodogla-
cjalnych krajobrazach morenowych Polski północnej. Intensywna rzeźba terenu w połączeniu 
z użytkowaniem rolniczym prowadzi do ogławiania gleb płowych, co może prowadzić do spadku 
zawartość węgla organicznego w glebie. Celem prezentowanej pracy jest ocena ogólnych zasobów 
węgla organicznego w poziomach ornych gleb płowych oraz ich zróżnicowania między najczęściej 
występującymi podtypami (wg Systematyki gleb Polski 2019). Badaniami objęto 72 profi le glebo-
we. Średnie zasoby były stosunkowo niskie – 3.28 kg·m–2, co można wiązać zarówno z uwarun-
kowaniami naturalnymi omawianych gleb, jak i silnymi przekształceniami antropogenicznymi. 
Pojedyncze „atrybuty podtypów”, choć wyrażają różnorodność gleb płowych, nie odzwierciedlają 
zróżnicowania zasobów próchnicy. Zasoby węgla organicznego różnią się jednakże statystycznie 
w poszczególnych podtypach określanych za pomocą maksymalnie dwóch najważniejszych atry-
butów podtypów. Największe zasoby (4.12 kg·m–2) odnotowano w glebach płowych próchnicznych 
stagnoglejowych (Stagnic Luvisols/Retisols) charakteryzujących się stosunkowo dużą wilgotnością 
i niewielkimi przekształceniami erozyjnymi. Gleby ogłowione (Ap-Bt-C(k)) zostały podzielone na 
dwa podtypy – erodowane próchniczne i erodowane (Haplic Luvisols). Podtyp zerodowany próch-
niczny odznaczał się dość wysokimi średnimi zasobami węgla – 3.61 kg·m–2, drugi podtyp gleb ero-
zyjnych miał wyjątkowo niskie wartości średnie – 1.40 kg·m–2. Tak duże zróżnicowanie może wyni-
kać z różnego tempa erozji w poszczególnych profi lach oraz szczególnie w przypadku gleb płowych 
zerodowanych próchnicznych – regeneracyjnego, zrównoważonego zarządzania (np. uprawy 
pasowe, winnice, użytki zielone) prowadzącego do odbudowy zasobów próchnicy. Niskie zasoby 
(2.24 kg·m–2) odnotowano także w glebach płowych typowych, których poziomy próchniczne rów-
nież zostały zdegradowane przez erozję. Niewielkimi przekształceniami erozyjnymi i przeciętny-
mi zasobami – 3.57 kg·m–2 charakteryzował się podtyp gleb płowych dwudzielnych próchnicznych 
(Abruptic Luvisols / Haplic Planosols). Dalsze badania wymagają rozbudowy bazy danych. Waż-
nym aspektem jest również zasobność w węgiel organiczny głębszych poziomów genetycznych.
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