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Abstract: Soil organic matter (SOM) is unevenly distributed in arable fields in undulated landscapes,
but the chemical composition resulting from their turnover, transport and deposition processes is
insufficiently known. Therefore, we aimed at disclosing the molecular-chemical composition of SOM
in four different catenae at shoulderslope, backslope and footslope positions in arable fields in the
Baltic Sea catchment, Europe. The backslope positions always had the lowest organic C-contents (Corg)
(1.6 . . . 11.8 g·kg−1) and C-stocks (3.8 . . . 8.5 kg·m−2) compared to the shoulderslopes and footslopes
(1.7 . . . 17.7 g·Corg·kg−1, 5.4 . . . 15 kg·Corg·m−2). In the SOM-poor backslope positions, the organic
matter was characterized by relatively high proportions of carbohydrates, phenols + lignin monomers,
alkylaromatic compounds, N-compounds and amides, indicating intensive microbial decomposition.
By contrast, the footslopes had the largest Corg-contents (9.3 . . . 16.5 g·kg−1) and C-stocks (8.9 . . .
15 kg·m−2) in the catenae and particular enrichments in lipids, lignin dimers, sterols and free fatty
acids. These relatively stabile SOM compound classes are interpreted as leftovers from erosive
downslope transport and concurrent microbial decomposition, e.g., they are pronounced at backslope
positions, followed by restricted microbial decomposition. This heterogeneous SOM distribution
calls for an adapted soil management that reduces erosion and places amendments to field areas,
such as the shoulderslope and backslope.

Keywords: catena; soil erosion; SOM quality changes; matter transport; soil conservation;
mass spectrometry

1. Introduction

Interlinked processes, such as soil compaction and structure deterioration, soil erosion and
re-distribution, together with soil organic matter (SOM) loss and biological degradation, are areas
of major concern in Europe [1,2]. In undulated landscapes under intensive crop production,
erosion sedimentation dynamics result in a redistribution of humus- and nutrient-rich, potentially
fertile, soil constituents at the field scale [3]. This is schematically visualized in Figure 1 along with
hypothetical processes of SOM enrichment or turnover at specific landscape positions. Because of
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these processes, the top and upper slope positions are usually depleted, whereas the depressional areas
are enriched in SOM [4,5].

(1) SOM=f(Il, Isub,Teda, S, Ll,tur,e)  

(2) SOM=f(Il, IDOM,tur,Teda,Ll)  

(3) SOM=f(Il,dep, Teda,Ttrans, S, Ll,tur,e)  

(1) 

(2) 

(2) 

(4) 

(3) 

(5) 

(4) SOM=f(Il, Idep, T´eda, S´, Ll,tur)  

(5) SOM=f(Il, Idep, T´eda,S´, Ll)  

Former (pre-erosion) surface

Recent surface of erosion/deposition-affected landscape

Groundwater level, incl. capillary rise

I = inputs from litter (l), subsoil (sub), dissolved organic matter (DOM), 

by turbation (tur), by deposition (dep)

T = transformations by edaphon(eda), transport (trans)

S = sum of all stabilization mechanisms at discrete position

L = losses by leaching (l), turbation (tur), erosion (e)

Figure 1. Schematic presentation of sampling points in a typical catena in an undulated Pleistocene
landscape with hypothetical description of processes that govern soil organic matter (SOM) content
and composition at certain catena positions: At the upper slope position, the SOM content, composition
and pool size in the tilled A-horizon (1) is a function of the inputs (I) of litter (aboveground and
belowground (l)) and of subsoil material (Isub), because erosion in combination with constant tillage
depth mixes in subsoil material into the tilled upper soil horizon. Furthermore, transformations
by all soil organisms (edaphon; Teda) and various stabilization mechanisms (S) affect the SOM at
this position. As the mixed-in subsoil material usually is poorer in SOM, the binding of organic
molecules by “fresh” mineral surfaces is likely an important stabilization mechanism at this catena
position. Losses may occur by leaching (l), turbation (tur), and erosion (e). Consequently, the SOM
in the corresponding subsoil horizon (2) is affected by inputs from litter (Il)—mostly from roots and
rhizodeposits—and dissolved organic matter (DOM) or organics brought into the depth by organisms
(turb), biotic transformations (Teda) and leaching losses (Ll), e.g., of DOM towards the groundwater.
At the backslope position (3), another factor, transformations by transport of SOM from position (1) to
(3), likely affects the SOM because transport most probably is linked with aggregate disruption and
exposure of interaggregate OM to microbial decomposition. In the subsoil at this position, the same
factors may influence the SOM as in the upper slope position. Finally, SOM in the footslope position
may be affected by somewhat reduced aerobic decomposition [(4) T’eda < Teda], because at this position,
a higher groundwater level causing temporary anaerobic conditions restricts SOM decomposition
(at least temporarily) [6]. In addition to the stabilization mechanisms valid for all slope positions
and profile depths, in subsoils, the accumulation of redox-sensitive pedogenic oxides may provide
additional reactive surfaces [(5) S’ > S], hypothetically resulting in more stabilized SOM compounds.

The composition of SOM is likely affected by these re-distributions, although our understanding
of the processes involved is still fragmentary. For instance, Gregorich et al. [7] observed more easily
mineralizable SOM fractions in depositional areas where plant growth is less moisture-limited than
at more elevated positions. Furthermore, microbial community composition and size may also be
affected by landscape processes [8], which has consequences for soil microbial processes, such as
N mineralization [9] and denitrification [10,11]. New evidence on how the erosion/deposition and
soil moisture dynamics govern the spatial distribution of SOM content and quality, and related soil
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fertility properties, can be derived from in-depth SOM investigations using molecular-level mass
spectrometric methods or novel synchrotron-based C- and N-speciation techniques [12]. In the suite of
versatile methods, pyrolysis-field ionization mass spectrometry (Py-FIMS) has recently been applied
successfully to disclose the SOM composition of bulk soil samples from different major soil units [13],
and unusually humus-rich Chernozem-like soils in the Baltic region [14–17] or no-till soils under
perennial crops in Sweden [18]. The issue of erosion/sedimentation was tackled by Beyer et al. [19],
who showed a relative SOM accumulation, along with enrichments in lignin dimers and lipids in
Colluvisols that are located in depressional areas of differently tilled arable soils from Pleistocene
deposits in Schleswig-Holstein/Germany. The heterogeneity of organic carbon (OC) as a result of
erosion, and the resulting lateral relocation of sediments [20–22], is reflected by the high amounts of
OC accumulated in fluvial and colluvic deposits [6]. These authors showed recently that the OC stored
in topsoils has been determined mostly by land use, but that subsoil OC stocks highly depend on
landform. Moreover, the high OC stocks in subsoils were justified by the formerly high input of OC-rich
sediments, preservation of this OC from decomposition due to high water saturation and current
land use (grassland) [6]. A few studies showed that large amounts of OC can be stored in the subsoil
deeper than 30 cm [23–26], but the reasons for this phenomenon are not always clear. Knowledge
gaps arise from the fact all the above studies were restricted to regional sampling sites at the field
scale and, thus, yielded site-specific results that cannot be generalized and which often lack in depth
molecular-scale determinations of OC or SOM compounds. Therefore, generalizing and deducing
what happens with the SOM during erosion at the topslope and upslope positions, erosive downslope
transport and deposition in depressional areas is scarcely possible from these investigations. Lal [27]
emphasized that the lack of credible data regarding the fate of SOM at different erosional stages is a
major cause of uncertainties in global C budgeting.

Consequently, the objectives of the present study were (i) to investigate the SOM composition
and SOM-related soil fertility parameters in typical soil catenae from Weichselian glaciation deposits
around the Baltic Sea, (ii) to determine a common principle of erosion-induced SOM alterations and
soil fertility distributions that, independent of site specifics in Denmark, Germany, Poland and Estonia,
is generally valid for intensively cropped fields in the Weichselian glaciation landscapes.

From the literature review and previous experience in SOM research, we hypothesize that (1)
the SOM composition at the shoulder- and backslope positions is affected by the erosive losses of
clay- and silt-sized organic-mineral particles and SOM dilution by successive tillage-depthing into the
subsoil; therefore, site-effects from crop rotation and actual management should be strongest at these
positions. (2) The SOM accumulation and molecular composition in depressional positions is due to
intrinsically stabile OM compounds from upslope positions or a suppressed oxidative decomposition
of the primary organic matter.

2. Materials and Methods

2.1. Description of Sampling Areas

Soils from four catenae located in the the Baltic Sea catchment in Vindum (Denmark), Rostock
(Germany), Rogalow (Poland) and Pikareinu (Estonia) were sampled at the tilled topsoil and non-tilled
subsoil. For physical analyses, we took 250 cm soil cores in 3 replicates for each horizon. For chemical
analyses, the disturbed sample material was taken around and between the cores. Because the physical
parameters showed good agreement among the individual cores, the disturbed pooled samples are
considered to be representative for a soil volume of 10,000 cm3 of the respective horizon. All catenae
were located in undulated-moraine landscapes and had the same bedrock (parent material), with a
Pleistocene boulder till derived from glacial sediments. They were tilled (ploughed) for a longer period
of time (decades), which resulted in tillage and water erosion becoming the driving forces of particle
and SOM redistributions at the field scale. For geographical position, soil classification and climate
data, more details of the catenae can be found in Table 1.
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Table 1. Description of the catenae in Vindum (Denmark), Rostock (Germany), Rogalow (Poland) and Pikareinu (Estonia).

Geographical
Coordinates Soil Unit 1 Average Annual

Temperature (◦C)
Average

Precipitation (mm)

Shoulderslope Backslope Footslope Shoulderslope Backslope Footslope

Vindum 56◦22′30.9′′ N
9◦33′32.8′′ E

56◦22′31.0′′ N
9◦33′33.5′′ E

56◦22′31.1′′ N
9◦33′34.2′′ E

Stagnic
Podzoluvisol

Stagnic
Podzoluvisol

Aric
Anthrosol 7.3 704

Terrain slope (degrees) 4.8 11.5 6.7
Profile curvature 2 −0.013 −0.002 0.011

Horizontal distance (m) 0 11 23
Elevation a.s.l. (m) 3 64 62 59

Rostock 54◦1′58.51′′ N
12◦6′12.92′′ E

54◦1′57.63′′ N
12◦6′17.74′′ E

54◦1′56.83′′ N
12◦6′22.33′′ E

Eutric
Leptosol

Stagnic
Anthrosol

Gleyic
Anthrosol 8.1 600

Terrain slope (degrees) 4.5 3.0 1.6
Profile curvature 2 −0.087 0.002 0.547

Horizontal distance (m) 0 91 179
Elevation a.s.l. (m) 3 43 37 34

Rogalow 51◦19′06′′ N
22◦08′30′′ E

51◦19′05.5′′ N
22◦08′32.1′′ E

51◦19′06.8′′ N
22◦08′31.8′′ E

Halpic
Luvisol

Haplic
Luvisol

Haplic
Luvisol 7.7 550

Horizontal distance (m) 0 29 64
Elevation a.s.l. (m) 3 197 191 185

Pikareinu 58◦6′13.7′′ N
26◦39′55.4′′ E

58◦6′14.6′′ N
26◦39′57′′ E

58◦6′71′′ N
26◦40′2.8′′ E Aric Regosol Aric Regosol Thaptomollic

Luvisol 5.7 719

Horizontal distance (m) 0 42 81
Elevation a.s.l. (m) 3 162 160 153

1 World reference base (WRB); 2 Change in slope in gradient direction, negative values indicate convex, positive values concave surfaces; 3 a.s.l.: above sea level.
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2.1.1. Vindum (Denmark)

The study site was an arable field with a rolling, complex topography, situated in western
Denmark and described in detail by Djurhuus and Olesen [28]. The dominant soil textural classes at
the field site were loamy sand and sandy loam. The selected field had been under continuous intensive
cropping for more than 100 years, with crop rotations dominated by spring barley (Hordeum vulgare L.),
grass (primarily ryegrass, Lolium perenne L.) and fodder beet (Beta vulgaris L.) before the 1970s, and since
then, by winter wheat, spring barley and winter oilseed rape (Brassica napus L.). Straw has generally
been removed following the harvest. The field has regularly received livestock manure prior to 1975,
predominantly as farmyard manure, and thereafter as pig slurry. Typical slurry rates are 20–30 Mg·ha−1,
containing about 3–4 kg total N per Mg slurry. Mineral N fertilizer has been applied since the 1950s.
Based on the general fertilization practice in Denmark, the estimated average rates declined from about
210 kg·N·ha−1

·yr−1 in the late 1980s to presently about 170 kg·N·ha−1
·yr−1 for a typical crop rotation

of winter oilseed rape, two times that of winter wheat, followed by winter barley. Soil pH has been
maintained between 6.5 and 7.5 by intermittent liming. The field has been mouldboard-ploughed,
typically once a year, to a nominal depth of 20–25 cm from the mid-1950s to 2008. Hereafter, reduced
tillage was introduced, working the soil to a depth of ca. 8 cm with a tine bar cultivator. Winter wheat
was grown in 2011/2012, when this study was conducted. Winter wheat was sown at a seed rate of
180 kg·ha−1, with a pneumatic seeder fitted with broadcast injectors. There were no gaps between seed
bands, resulting in a relatively uniform plant stand.

2.1.2. Rostock (Germany)

The study site was an arable field with a rolling topography situated in Northern Germany.
The dominant soil textural class at the field site was sandy loam without any obvious difference in
the profiles and at the field. The selected field had been under continuous intensive cropping for
more than 100 years, with crop rotations dominated by winter wheat (Triticum aestivum L.), winter
barley (Hordeum vulgare L.), oilseed rape (Brassica napus L.), sugar beets (Beta vulgaris subsp. vulgaris)
and grass/clover mixtures (primarily ryegrass, Lolium perenne L. and red clover, Trifolium pretense).
Before the 1990s, farmyard manure (about 20 t ha−1) had been applied to root crops. In the past 20 years,
the cropping system has become dominated by winter wheat, oilseed rape and maize (Zea mays L.);
the latter is mostly used for biogas operations. Based on the general fertilization practice in Northern
Germany, the estimated average rates for the N-fertilizer were about 190 kg·N·ha−1

·yr−1 for a typical
crop rotation of winter barley, winter oilseed rape and winter wheat, followed by two times maize.
Soil pH 5.5 and the contents of plant available P and K have been maintained by intermittent liming
and fertilizer application according to recommendations by the Agricultural Analysis and Research
Institute (LUFA) Rostock. The field has typically been mouldboard-ploughed once a year to a nominal
depth of 25–30 cm. Winter wheat was grown in 2011/2012 and sown at a seed rate of 180 kg·ha−1 with
a pneumatic seeder fitted with broadcast injectors.

2.1.3. Rogalow (Poland)

The catena is located in the eastern part of Poland within a cultivated field of 1.05 ha. The catena
is located on the Naleczow Plateau in the basin of the river Bystra. The relief varies, with the slopes
on most surfaces having an inclination in the range 6% to 10% and 10% to 18%. The soil substrate
loess (texture silt loam) favours erosion processes in the study area. The dominant crops grown are
cereals, and spring barley was grown in the sampling year. The recommended dose of nitrogen for
barley ranges from 40 to 80 kg·N·ha−1. Straw is removed following harvest. The study site has been
regularly mouldboard-ploughed once a year to a depth of around 25 to 30 cm. Heavy farm equipment
was not used.
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2.1.4. Pikareinu (Estonia)

The Estonian catena is located in South–Estonia, Põlva County, Valgjärve municipality,
Pikareinu village. The relief is a hilly-moraine landscape in the Otepää upland. The parent material is
a red-brown, weakly calcareous till, and the bedrock consists of Devonian “old-red” sandstone (depth
50–60 m), below the glacial and glacio-limnic/glacio-fluvial sediments. The stoniness is 2−5 m3

·ha−1

with an average 20...40 cm diameter. The hilltops’ slightly stony soil is well drained, whereas the
steeper backslope regions are more prone to humus erosion. Downslope soils are less drainable and
favor reductive conditions in subsoils. The study site has a cropping history of over a century, and the
field has been regularly mouldboard-ploughed to a nominal depth of around 20–25 cm, whereas
implementation of more powerful machinery caused a deepening of the soil’s tillage depth. Up to the
end of the last century, the field was cropped mainly with cereals. Since 2000, environmental-friendly
cattle-farming, combined with grassland husbandry, was introduced, and the Estonian National Rural
Development program also started to support a grassland establishment for the hilly landscapes region
to prevent further soil erosion and improve soil fertility and environmental quality. According to
mineral fertilization practices during the Soviet period, the average application rates for mineral N
for cereals were in the range from 80 to 100 kg·ha−1. In this century, no mineral N has been added.
However, grazing animals leave dung and urine patches on the pasture. During the sampling year,
the field was used for spring barley, undersown with a grass and clover mixture. The impact of clover
on the soil’s N content has not been quantified.

2.2. Soil Sampling, Sample Codes and Pretreatments

All soil samplings were carried out in 2011. Soil pits were dug at each of the three positions
in a catena; these positions are used for the sample coding throughout the text: shoulderslope (S),
the backslope (B) and the footslope (F), as per Ruhe [29]. The catenae will be described in order of their
location in the west–east direction.

At each slope position, undisturbed soil cores were collected from topsoils and subsoils in 100 cm3

stainless steel cylinders for water retention and bulk density measurements. Within a sampling area
of 0.25 m by 0.75 m, five cores were taken from the 0.05–0.10 m and the 0.33–0.38 m layer by forcing
the cylinders vertically into the soil with a hammer and a special flange. In this study, these samples
represent the 0–0.3 m and the 0.3–0.6 m layers, respectively. All samples were carefully protected
from evaporation and physical disruption and stored at 2–5 ◦C until physical analyses. Disturbed soil
material between the rings was taken for chemical analyses, stored in closed plastic bags, and then the
subsamples were dried, sieved at <2 mm and distributed to the laboratory in charge.

2.3. Analytical Methods

2.3.1. Physical Soil Properties: Texture, Bulk Density, Porosity and Water Retention

To determine soil texture, 40 g of the air-dry sample at <2 mm was stirred for 15 min,
and the suspension was transferred into sedimentation cylinders. After certain sedimentation
times, the suspension density was measured periodically by a hydrometer to estimate the proportions
of sand (>0.05 mm), silt (0.005–0.0002 mm) and clay (<0.002 mm). After completing the hydrometer
measurements, the suspension was transferred to a set of sieves to fractionate the sand (2–1, 1–0.5,
0.5–0.25, 0.25–0.1 and 0.1–0.05 mm). The sand samples were then dried at 105 ◦C and weighed. Texture
classes were defined according to USDA standards [30].

Soil water content at a field capacity (FC) was determined after saturating the soil cores with
water from below, by draining to a water potential of −50 hPa (pF 1.7) in a sandbox and weighing [31].
Soil water content at a permanent wilting point (PWP) pF 4.2 was measured with a chilled-mirror dew
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point psychrometer, according to Resurreccion et al. [32]. The plant available water content (PAW) was
then calculated according to Equation (1):

PAW = FC (pF 1.7) − PWP (pF 4.2). (1)

Upon completion of the water retention measurements, the 100 cm3 soil cores were oven-dried at
105 ◦C for 24 h and weighed to determine the dry bulk density (%d). Porosity was calculated from the
bulk density, assuming a soil particle density of 2650 kg·m−3.

2.3.2. Chemical Soil Properties: Elemental Concentrations, pH and Cation Exchange Capacity

The total nitrogen, carbon and sulphur content of the oven-dried samples was determined by a
dry combustion method on a varioMAX CNS elemental analyzer (Elementar Analysensysteme GmbH,
Hanau, Germany). Samples were tested with hydrochloric acid for abundance of carbonates. Since
most samples were free of carbonate, the total C was considered to be organic C (Corg). Exclusively,
the Corg concentration at the shoulderslope in 0–30 cm in Pikareinu was calculated considering
0.39 g·kg−1 CaCO3. The carbon stock was counted for an area of 1.0 m2 and at soil depth increments of
0.3 m, resulting in a volume of 0.3 m3, for each of the investigated soil depths of 0–30 cm and 30–60 cm.
Due to the bulk density of each sampling point, the soil mass of this volume was calculated and used
to derive the carbon stocks (kg·m−2) from the corresponding Corg concentrations. The total P was
determined in finely ground subsamples by the molybdate blue method of Murphy and Riley [33] after
wet oxidation of the samples in a mixture of concentrated perchloric and sulphuric acid [34]. The pH
value was determined potentiometrically in a 1:2.5 (w/v) mixture of soil and a 1 M KCl solution.

For determination of cation exchange capacity (CEC) and exchangeable cations (Ca2+, Mg2+, K+,
Na+), about 2 g of air-dry soil was suspended with 100 mL of a 1 M ammonium acetate solution
(pH 7.0) in 120 mL plastic containers. Desorbed cations were determined directly in the equilibrium
solution by atomic absorption spectrometry (AAS). CEC was calculated as the sum of the exchangeable
basic cations and exchangeable acidity [35].

2.3.3. Soil Organic Matter Quality by Pyrolysis-Field Ionization Mass Spectrometry (Py-FIMS)

For Py-FIMS, about 4 mg of the air-dried and extra finely ground and homogenized soil samples
were degraded by pyrolysis in the ion source (emitter: 4.7 kV, counter electrode −5.5 kV) of a
double-focusing Finnigan MAT 95. The samples were heated in a vacuum of 10−4 Pa from 50 ◦C
to 700 ◦C, at temperature steps of 10 ◦C. Between magnetic scans, the emitter was flash heated to
avoid any residue from the pyrolysis products. Sixty-five spectra were recorded for the mass range
m/z 15 to 900. Ion intensities referred to 1 mg of the sample. Three replicates were run for each
sample. The Py-FIMS method, including assignment of marker signals (m/z) to relevant compound
classes ((carbohydrates, phenols + lignin monomers, lignin dimers, lipids (alkanes, alkenes, alkanoic
acids, alkyl ester), alkylaromatic compounds, N-containing compounds (aromatic N-heterocyclic
compounds and nitriles), sterols, nonaromatic amides (peptides, amino sugars) + free amino acids,
suberin, and n-alkanoic acids from n-C16 to n-C34)), was described in detail by Schulten et al. [36],
Leinweber et al. [13] and Leinweber et al. [37]. Furthermore, close relationships between microbial
decomposition and thermal stability in Py-FIMS [38] were reflected by a separation of Py-FIMS
thermograms into thermally labile (faster degradable) and stabile (slower degradable) proportions [39].
Therefore, this criterion will be used to discuss SOM stability. The thermostability was calculated
after dividing the area under the thermograms into the thermally labile (lower than 420 ◦C) and
stabile proportions (≥420 ◦C) using the formula: Thermostability = stabile proportions/(stabile +

labile proportions).
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2.3.4. Statistical Analyses

Students t-test (heteroscedastic using MS Excel 2003) was used to establish the significance of
thermostability and compound class differences along each catena at the shoulder-, back-, and footslope
positions at 0–30 cm and 30–60 cm and to compare topsoil to subsoil. A three-factorial analysis of
variance (ANOVA) was used to analyse the significant effects of the different catenae, catena positions,
sampling depths in the soil of the compound classes (% TII (Total Ion Intensity)) determined by
Py-FIMS. It was computed using the software STATISTICA [40].

Furthermore, the Py-FIMS spectra were analyzed by principal component analysis (PCA). The PCA
reduced the dimensionality of the data set to a few principal components (PC) containing most of
the information (measured as total variance) in the original variable space. The PCA was calculated
using the 886 relative intensities of m/z 15 . . . 900 using R, Version 3.1.1 [41], with module prcomp and
unscaled variables.

3. Results and Discussion

3.1. Physical Soil Properties of the Baltic Catenae

The soil texture classes in Vindum, Rostock and Pikareinu catenae are sandy loams, whereas in
the Rogalow catena, the soil is a silty loam (Table 2). Accordingly, the silt content in the Polish catena
was significantly higher (71–76%) and the sand content significantly lower (21–23%) than those in
other three catenae (20–36% silt and 56–74% sand). As a sign of lessivage, the shoulderslope and
backslope sites in Vindum had significantly more clay in soil depth at 30–60 cm. In all other sites
of all catenae in the clay, silt and sand contents did not differ significantly between the top- and
subsoils. The average ± standard error of the bulk density and porosity in Vindum (1.61 ± 0.05 g·cm−3

and 39 ± 2 vol.%, respectively) significantly differed from those in Rogalow (1.37 ± 0.04 g·cm−3 and
48 ± 2 vol.%, respectively). In the other catenae, the bulk density and porosity varied from 1.44 ± 0.06
to 1.51 ± 0.04 g·cm−3 and from 43 ± 1 to 46 ± 2 vol.%,. The soils in Rogalow catena showed the highest
FC (pF 1.7) and PAW values (40 ± 0.6 and 35 ± 0.7 vol.%, respectively), whereas in Vindum, the PWP
(pF 4.2) value (9 ± 0.6 vol.%) significantly exceeded that of the other catenae.

The soil classifications in Table 1 indicate a stronger erosion/transport/sedimentation dynamic in
the Vindum and Rostock catenae (Anthrosols in footslope positions) than in Rogalow and Pikareinu.
In Denmark, the acidic and sandy Podzoluvisols occupy an estimated 2% of the area scattered
throughout Jutland, whereas Luvisols are the dominant soil type in the moraine landscapes of Denmark
and cover about one-third of the country [42]. Covering about 50% of Denmark, sandy loam is the
most widespread texture class [43]. At Vindum, bulk densities tended to be higher than at the other
sites (Table 2). The bulk density ranges observed in the consolidated plough layer and subsoil are
common for this texture class and soil type in Denmark [44]. The bulk density clearly increased in the
subsoils at the shoulder and back slope positions due to a combination of subsoil compaction of the
glacial till and clay accumulation in the illuvial Bt horizon (Table 2). The lower bulk density in the
subsoil at the foot slope position is more directly consistent with a buried plough layer of a similar
texture than the plough layer resulting from tillage erosion [6].

The bulk densities in the Rostock catena are smaller than those in an earlier study of compacted
soils [45], but the difference between top- and subsoil bulk density is comparable at the footslope
position (0.06 g·cm−3). Accordingly, the porosities showed the same differences for the footslope
position, but at the shoulderslope, the present study indicated a stronger subsoil compaction than in
the previous investigation [45].
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Table 2. Particle-size fractions, texture class, bulk density, porosity, water retention capacity: permanent wilting point (PWP), field capacity (FC), plant available water
(PAW) of the catenae in Vindum (Denmark), Rostock (Germany), Rogalow (Poland) and Pikareinu (Estonia).

Soil Depth (cm) Clay (%) Silt (%) Sand (%) Texture
Class

Bulk Density
(g·cm−3)

Porosity
(vol.%)

Water Retention Capacity (v/v)
(vol.%)

FC (pF 1.7) PWP (pF 4.2) PAW

Vindum
Shoulderslope 0–30 3 23 74 Loamy sand 1.43 46 27 8 19

30–60 12 20 68 Sandy loam 1.76 33 28 11 17
Backslope 0–30 9 23 68 Sandy loam 1.62 39 26 9 18

30–60 13 25 62 Sandy loam 1.74 34 27 7 20
Footslope 0–30 5 25 70 Sandy loam 1.56 41 29 8 21

30–60 4 25 71 Sandy loam 1.56 41 28 8 20

Rostock
Shoulderslope 0–30 6 29 65 Sandy loam 1.34 49 33 6 27

30–60 6 28 66 Sandy loam 1.59 40 30 7 23
Backslope 0–30 4 32 64 Sandy loam 1.51 43 31 7 24

30–60 6 30 64 Sandy loam 1.51 43 29 6 23
Footslope 0–30 2 29 69 Sandy loam 1.51 43 31 7 24

30–60 2 30 68 Sandy loam 1.57 41 29 6 23

Rogalow
Shoulderslope 0–30 3 75 22 Silt loam 1.21 54 40 4 36

30–60 2 76 22 Silt loam 1.38 48 41 4 37
Backslope 0–30 3 74 23 Silt loam 1.27 52 37 5 32

30–60 3 76 21 Silt loam 1.43 46 39 5 34
Footslope 0–30 4 71 25 Silt loam 1.46 45 40 6 35

30–60 5 72 23 Silt loam 1.45 45 40 5 35

Pikareinu
Shoulderslope 0–30 7 35 58 Sandy loam 1.28 52 27 5 22

30–60 8 36 56 Sandy loam 1.57 41 33 5 28
Backslope 0–30 7 35 58 Sandy loam 1.32 50 28 5 24

30–60 6 35 59 Sandy loam 1.64 38 24 6 30
Footslope 0–30 4 34 62 Sandy loam 1.37 48 35 5 31

30–60 3 36 61 Sandy loam 1.48 44 36 4 32
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Table 3. pH value, C-, N-, and S-concentrations, C:N ratio, C stock, total phosphorous concentration (Pt), cation exchange capacity (CEC) of the catenae in Vindum
(Denmark), Rostock (Germany), Rogalow (Poland) and Pikareinu (Estonia).

Soil Depth
(cm)

pH
(in KCl)

C
(g·kg−1)

N
(g·kg−1)

C:N Ratio C Stock
(kg·m−2)

Σ C Stock 0–60 cm
(kg·m−2)

S
(g·kg−1)

Pt
(mg·kg−1)

CEC
(cmol(+)·kg−1)

Vindum
Shoulderslope 0–30 6.0 10.4 1.1 9.5 4.5 5.4 0.19 533 7.37

30–60 5.2 1.7 0.3 5.7 0.9 0.1 601 7.61
Backslope 0–30 5.5 6.1 0.7 8.7 3.0 3.8 0.1 513 8.45

30–60 4.7 1.6 0.3 5.3 0.8 0.07 410 8.92
Footslope 0–30 6.1 12.7 1.3 9.8 5.9 12 0.18 613 8.59

30–60 6.7 12.8 1.2 10.7 6.0 0.16 643 9.61

Rostock
Shoulderslope 0–30 5.4 14.1 1.8 7.8 5.7 8.5 0.22 598 7.46

30–60 5.5 5.9 0.8 7.4 2.8 0.09 520 7.21
Backslope 0–30 5.8 6.6 0.8 8.3 3.0 5.4 0.14 498 7.65

30–60 5.8 5.2 0.6 8.7 2.4 0.11 498 7.35
Footslope 0–30 5.4 9.3 1.1 8.5 4.2 9.1 0.16 641 8.56

30–60 5.8 10.4 1.2 8.7 4.9 0.15 571 8.04

Rogalow
Shoulderslope 0–30 6.6 9.2 1.0 9.2 3.4 6.1 0.18 533 6.76

30–60 6.2 6.6 0.8 8.3 2.7 0.14 507 5.74
Backslope 0–30 6.1 8.4 0.9 9.3 3.2 5.7 0.13 461 6.24

30–60 5.7 5.7 0.7 8.1 2.5 0.09 438 6.19
Footslope 0–30 5.3 10.6 1.1 9.6 4.7 8.9 0.22 560 6.63

30–60 4.1 9.6 1.0 9.6 4.2 0.12 487 6.55

Pikareinu
Shoulderslope 0–30 6.4 13.2 1.5 8.8 5.1 12 0.18 560 10.71

30–60 6.6 13.5 1.5 9.0 6.4 0.15 490 11.03
Backslope 0–30 6.1 11.8 1.3 9.1 4.7 8.5 0.15 457 9.93

30–60 5.8 7.7 0.9 8.6 3.8 0.1 447 7.53
Footslope 0–30 6.7 16.5 1.7 9.7 6.8 15 0.46 525 11.3

30–60 6.6 17.7 1.8 9.8 7.9 0.2 498 11.03
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In Rogalow, the bulk density ranges for Luvisols (1.2–1.46 g·cm−3) agree with data for Luvisols
at nearby experimental sites [46,47] or lowland areas in Poland [48]. Furthermore, the bulk density
values in this catena are typical for the cultivated silty Haplic Luvisols of loess areas and confirm
the results of Turski and Witkowska-Walczak [49] and Rejman [50]. The footslope is enriched with
diluvial material (which contains more clay than other soil profiles in catena) as a result of water
erosion. This contributes to a lower porosity and, thus, a higher soil bulk density at the footslope.
This is compatible with studies on the impact of water erosion on physical properties of loess soils
conducted by Turski [51]. Similarly, in the case of Corg, the greatest accumulation was observed at the
footslope of the Rogalow catena, whereas at backslope, the C content was the lowest (Table 3). This is
compatible with the results of the studies conducted on eroded loess soils [50,51].

At Pikareinu, the bulk density (BD) of soils can be compared with the BD of the Estonian National
Soil Monitoring data (ENSM; 1983–2008). The results show that the average BD value for the plough
layer of Aric Regosols (n = 93 in ENSM), which also includes the Pikareinu data, was 1.65 g·cm−3 [52].
However, this mean value is more typical for subsoils than for topsoils for both slope positions in
the present study (Table 2). We assume that introducing a clover grass mixture on the previously
compacted eroded soils resulted in the soil loosening by about 0.3 g·cm−3 during the last decade.
This may have supported the infiltration of precipitation and reduced the lateral flux of water and
organic matter, as reported by Auerswald and Fiener [53] for fields after conversion from arable to
grassland. The average BD value for the footslope soils generalised as Colluvic Regosols (n = 233
in ENSM) is 1.50 g·cm−3 [52]. Here, our current results again showed soil loosening but to a lesser
degree than it was estimated on the upper slope positions. In Pikareinu, the bulk densities did not
equalize between the top- and subsoils, as was recorded for the sites in Denmark and Poland (Table 2).
We also notice that in Pikareinu, the subsoil horizon is not a common mineral subsoil but a buried
Thaptomollic horizon.

In summary, increases in bulk densities and decreases in porosity indicate severe to moderate
subsoil compaction below the ploughed horizon in almost all catenae. The absolute values,
gradients with soil depth and extension in the whole catena indicate the order (Vindum and Pikareinu
> Rostock and Rogalow) for the extent of compaction. Furthermore, the footslope positions in
Vindum and Pikareinu had slightly larger values for FC and PAW than the other catenae positions,
indicating advantages in the water supply for the crops growing at these field positions.

3.2. General Chemical Soil Properties

The soil pH values all were slightly (pH 6.7) to moderately acidic (pH 5.2); only two subsoil
samples were strongly acidic (pH 4.7 and 4.1) (Table 3). The C- and N-contents reached their highest
values in each catena in the footslope positions (except Rostock topsoil shoulderslope). Remarkably,
the footslope positions showed only very slight reductions or even increases of C- and N-contents down
in the profiles. Because of this analogous trend, this corresponds to the C:N ratios which, although
generally narrow, were widest in samples from the footslope positions. The pattern of C-stocks in the
soil profiles was similar to the C-contents in showing accumulations towards the footslope positions.
In all catenae, the general order of summed C-contents, N-contents and C-stocks for the 60 cm under
study was: backslope < shoulderslope < footslope, with the differences between shoulderslope and
backslope always smaller than those between backslope and footslope. This also showed that the
C-, N-contents and the C-stock were lowest in the backslope position. The S- and P-contents and the
CEC’s were sometimes larger in the footslope positions but not always, and not as pronounced for the
organic matter contents.

The C concentrations in the Vindum catena at the shoulderslope-topsoil (10.4 g·kg−1) were slightly
lower than the earlier data described for this catena (12.5 . . . 14.4 g·kg−1), whereas the C concentration
at the footslope-topsoil (12.7 g·kg−1) was lower than the previously reported data range (30.6 . . .
53.1 g·kg−1) [54]. The C concentrations in the top- and subsoils in Rostock (5.2 . . . 14.1 g·kg−1) were
nearly in the same range as those described for the seven catenae in this area (Late Pleistocene ground
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moraine) (6.1 . . . 18.1 g·kg−1) [55]. In the Rogalow catena, the Corg for the Luvisol-topsoils (8.4 . . .
10.6 g·kg−1) is below the values reported for Luvisols from the same area (16 . . . 17 g·kg−1 [46]). The C
concentrations in topsoils in the Estonian catenae (11.8 . . . 16.5 g·kg−1, Table 3) generally agree with the
humus contents of 12 . . . 45 g·kg−1 in regional Cambisols, Luvisols and Albeluvisols [56], considering
about 50% of C in humus. The increase in C contents downslope in the Estonian catena could be caused
by grassland use during the last 15 years. During the first phase after conversion of cropland to the
grassland, the C and N contents of backslope soils could have increased, mainly due to the lack of
frequent soil cultivation. Compared to the well-aerated backslope soils, in poorly aerated footslope
soil, where oxygen is limited or absent, organic matter is more slowly decomposed [56].

The C-stock data for all soils between 3.8 . . . 15 kg·m−2 (Table 3) are in the same range as described
for comparable soil units at the investigated soil depth (5.7 . . . 16.4 kg·m−2 [57]). In more detail, data for
the catena Vindum confirm earlier results from a similar catena in Denmark regarding larger C-stocks
in the footslope than in the shoulderslope positions and the extreme C stock enrichment in the subsoil
at the footslope [58]. However, the latter publication reported much larger C-stocks in the footslope
position (20.2 kg·m−2) than in the Anthrosol of the present study (12 kg·m−2, Table 3), indicating less
severe erosion/deposition in the present catena.

In the Rostock catena, the C-stock of Stagnic Anthrosol at the backslope (5.4 kg·m−2) was in
the range (1.6 . . . 10.6 kg·m−2), as described for comparable relief positions in the catenae in Late
Pleistocene ground moraine (Germany) near Rostock (as reported by Reuter et al. [55]).

In the catena Rogalow, the Luvisol in the shoulderslope (6.1 kg·m−2) and footslope (8.9 kg·m−2)
showed roughly the same C-stocks as in comparable soil units like luvisols from loess in Germany
(ca. 6–8 kg·m−2 [57]). The C-stock in the catena Pikareinu and the Aric Regosol at the shoulder slope
(12 kg·m−2) and the backslope (8.5 kg·m−2) are in the same range as comparable soil units, such as
podzols in Germany (11 . . . 16 kg·m−2 [57]). The C-stock in the Thaptomollic Luvisol at the footslope
(15 kg·m−2) is above the luvisols from loess (see above), which plausibly originates from buried
(>50 cm) and, therefore, conserved SOM-rich soil material [59].

The described overall C accumulation downwards on the catenae confirms previous publications
on comparable landscapes [19,56] but seems to be less pronounced than in hedgerow landscapes
in France [60]. This SOM accumulation in all footslope positions (Table 3) generally agrees with
SOM enrichments in depressional areas combined with SOM depletion in all upper slope-positions,
explained as result of intensive crop production in undulated landscapes [4,5]. This is partly caused by
tillage, as has been described for catenae with Cambisols and Luvisols in Denmark for top- as well as
for subsoils [61]. Although the investigated catenae contained nearly the same C-stock as comparable
soil units described in the literature, the remarkably higher C-stocks in the footslope subsoils of all
catenae indicated a colluvial SOM conservation. Moreover, in all catenae, the lowest C-, N-contents
and C-stocks were consistently determined to be in the backslope position, which, to the best of our
knowledge, has not yet been described before as a common feature of arable landscapes. The only
comparable report comes from a loess hilly-gully region in China where Li et al. [62] found minimum
P stocks in midslope positions, but only in natural (and not artificial) grasslands on loess.

3.3. Detailed SOM Characterization by Py-FIMS

As an example for pronounced differences, the Py-FI mass spectra of 0–30 cm samples from the
three positions of the catena in Pikareinu showed the predominance of markers of carbohydrates
(m/z 60, 84, 96, 110, 124, 125, 126), phenols + lignin monomers (m/z 150, 194, 196, 208), alkylaromatic
compounds (m/z 220, 234, 244), amino sugar (m/z 167), aromatic nitrogen (m/z 137), phytadiene from
chlorophyll (m/z 278) and other alkadienes/alkenes (m/z 292, 306, 308, 320, 322, 336, 364, 392) (Figure 2).
These markers are also at the highest intensity in the spectra of all catenae and depths (not shown).
Additionally, the footslope soil in all catenae revealed peaks of ergosterol m/z 396, the [M–H2O]+

of nonacosanol m/z 406, and of nonacosanone m/z 422. These substances are also detected in every
position in each catena but not at the highest intensity.
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Figure 2. Summed and averaged (n = 3) pyrolysis-field ionization mass spectra and thermograms
(insert upper right) of the total ion intensity of the soils from the catena Pikareinu (Estonia) at soil
depths of 0–30 cm from the (a) shoulderslope, (b) backslope and (c) footslope.
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Because of the extremely low Corg concentrations at the shoulderslope (30–60 cm (1.7 g·kg−1)) and
backslope (30–60 cm (1.6 g·kg−1)) in the catena Vindum, analysis with Py-FIMS was not possible.

The principal component analysis (PCA), involving all signals in the Py-FI mass spectra, was carried
out to establish and visualize the mass-spectral differences or similarities among all samples (catenae,
positions, depth; Figure 3), and to compute the most influencing m/z (not shown). If the whole
sample set is considered, samples from the catena Rostock clearly showed the greatest similarities
in SOM composition. In the Rogalow catena, the SOM at the shoulder-/footslope (both 0–30 cm and
30–60 cm) was clearly separated from the backslope (0–30 cm and 30–60 cm). This was also valid in the
Vindum catena (0–30 cm). Furthermore, in the Pikareinu catena, the SOM at the footslope (0–30 cm
and 30–60 cm) was clearly separated from the shoulderslope (0–30 cm and 30–60 cm) and from the
backslope (30–60 cm). The separation of samples by this PCA was based mainly on signals from
lipids and sterols (e.g., m/z 394, 396, 410, 424, 340, 368, 390, 438, 342, 382, 422, 380, 386), and some
non-assigned signals (e.g., m/z 391, 370, 398, 366, 384, 425, 338, 395, 397) (ordered in each group
according to relevance). By far the most influence on the separation was induced by coprostanol
m/z 388 and ergosterin m/z 396, with the highest TII-proportion in the footslope and the lowest in
the backslope samples. Samples from the catena in Rostock did not contain these sterols. Moreover,
the biggest differences between the shoulderslope, backslope and footslope within the four catenae
were generally caused by an abundance of signals from the lignin building blocks.
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Figure 3. Principal component analysis of the pyrolysis-field ionization mass spectra (m/z 15 to 900)
of the catenae in Vindum (Denmark) (0–30 cm: -�- and 30–60 cm: -�-), Rostock (Germany) (0–30 cm:
-#- and 30–60 cm: -�-), Rogalow (Poland) (0–30 cm: -∆- and 30–60 cm: -N-) and Pikareinu (Estonia)
(0–30 cm: -∇- and 30–60 cm: -H-) for shoulderslope “S”, backslope “B” and footslope “F” positions in
the catena.

Separately, a second PCA for each single catena showed for Vindum that the SOM composition at
the backslope clearly differed from the similar shoulder- and footslope SOM (Figure 4). This separation
was based mainly on signals from the phenol + lignin monomers, sterols, lipids, free fatty acids,
alkylaromatic compounds, N-containing compounds and lignin dimers (e.g., m/z 252, 394, 396, 392,
390, 368, 372, 364, 184, 333, 315, 156, 344, 410, 391), and from unassigned signals (e.g., m/z 366,
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305, 404, 376, 348, 406, 362, 407, 336) (ordered in each compound class according to relevance).
Similar differences became obvious for the Rostock catena as well. At 0-30 cm depth, the shoulder-
and backslope position contained similar SOM, which differed from SOM at the footslope. In the
30–60 cm layer, SOM composition showed more pronounced differences between all three slope
positions. These separations were based on signals from carbohydrates, phenols + lignin monomers,
alkylaromatic compounds, lignin dimers, free fatty acids, N-containing compounds, lipids and
nonaromatic amides (peptides, amino sugars) + free amino acids (e.g., m/z 132, 108, 94, 134, 148, 82,
110, 340, 326, 313, 284, 289, 127, 271, 184, 287, 301, 120, 286, 122) and from nonassigned signals (e.g.,
m/z 158, 290, 172, 118, 337) (ordered in each compound class according to relevance).
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Figure 4. Principal component analysis of the pyrolysis-field ionization mass spectra (m/z 15 to 900) of
each single catena: Vindum (Denmark) (0–30 cm: -�- and 30–60 cm: -�-), Rostock (Germany) (0–30 cm:
-#- and 30–60 cm: -�-), Rogalow (Poland) (0–30 cm: -∆- and 30–60 cm: -N-) and Pikareinu (Estonia)
(0–30 cm: -∇- and 30–60 cm: -H-) for shoulderslope “S”, backslope “B” and footslope “F” positions in
the catena.

At Rogalow, the SOM composition at the shoulder- and footslope was clearly distinct from that
of the backslope position in the 0–30 cm layer, which was comparable to findings for the Vindum
catena. Furthermore, the SOM composition at a soil depth of 0–30 cm was clearly different to 30–60 cm
at the backslope position. Here, the signals from N-containing compounds, nonaromatic amides
(peptides, amino sugars) + free amino acids, carbohydrates, phenols + lignin monomers, alkylaromatic
compounds, lipids, sterols, and free fatty acids (e.g., m/z 117, 58, 96, 94, 132, 120, 184, 95, 81, 134, 108,
202, 156, 394, 110, 82, 109, 170, 92, 382) and nonassigned signals (e.g., m/z 93, 44, 146, 131, 318) were
mainly responsible for the separation (ordered in each compound class according to relevance).

The catena in Pikareinu had a similar SOM composition at the shoulder- and backslope at a soil
depth of 0–30 cm but a clearly different SOM composition at the footslope. Whereas the subsoil SOM
cannot be distinguished from the corresponding topsoil at the shoulder- and footslope, the PCA clearly
separates the top- and subsoil SOM at the backslope position. Furthermore, the subsoil samples of
shoulder-, back- and footslope were clearly separated. The signals mainly responsible for the separation
were from free fatty acids, sterols, phenols + lignin monomers, lipids, alkylaromatic compounds,
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N-containing compounds, nonaromatic amides (peptides, amino sugars) + free amino acids and
carbohydrates (e.g., m/z 383, 388, 194, 396, 402, 422, 170, 123, 414, 143, 136, 395, 413, 132, 412, 394,
392, 121) and nonassigned (e.g., m/z 118, 406, 384, 335, 93, 468, 351) (ordered in each compound class
according to relevance).

The comparison of each of the 25 signals most responsible for the separations in the four single and
all catenae revealed that the 27 signals were detected more than once (22 twice, 2 three times, 3 four times).
These signals were mainly from lipids, sterols and lignin building blocks, followed by nonassigned
signals and those for alkylaromatic compounds and carbohydrates. In general, the separation of
samples by PCA was based mainly on signals from sterols and lipids typical for manure, especially
coprostanol m/z 388 and ergosterin m/z 396, with the highest contents found in footslope samples and
the lowest in backslope samples.

Assignment of the recorded m/z signals in the Py-FI mass spectra (% TII) to important classes of
chemical compounds indicated that alkylaromatic compounds and/or phenols + lignin monomers
were most abundant in all samples (Table 4). At the backslope positions (0–30 cm) in the Vindum,
Rostock and Rogalow catenae, the relatively high proportions of carbohydrates, phenols + lignin
monomers, alkylaromatic compounds, N-compounds and amides exceed those in the shoulderslope
and footslope positions. The latter had relatively more lipids, lignin dimers, sterols and free fatty acids,
which appeared to be depleted in the backslope positions. This distribution pattern was also valid
for the soil depth of 30–60 cm in Rogalow. Furthermore, all footslope positions at 30–60 cm depths
were characterized by relatively high proportions of lignin dimers, lipids, sterols and free fatty acids,
which reached their highest values per catena in 14 out of 16 cases.

A three factorial ANOVA of compound class proportions (% TII) revealed that the proportions of
all compound classes were significantly affected by the study sites and slope positions in the catenae
(Table S1, shown in the Supplementary Materials). The only nonsignificant effects were obtained for
depth effects on N-compounds and suberin and some corresponding interactions.

Direct comparisons of the proportions of SOM compound classes (% TII) for adjacent and distant
positions along the catenae showed 72 and 69 significant differences out of 132 possible differences
for the 0–30 cm and the 30–60 cm soil depths, respectively, and 48 significant out of 132 possible
differences for the comparison of top- to subsoil, giving a total of about 48% significant differences
(Table 5). For the backslope positions, which were particularly subjected to SOM losses (Table 3),
depletions relative to the shoulder- and footslope positions at 0–30 cm were obvious for lignin dimers
(Vindum, Rostock, Rogalow), sterols and free fatty acids (Vindum, Rogalow), lipids (Rogalow), suberin
(Vindum). The 30–60 cm soil depths were relatively depleted in sterols and free fatty acids (Rogalow,
Pikareinu) and lignin dimers, lipids and suberin (Rogalow).
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Table 4. Abundance of compound classes determined by pyrolysis-field ionization mass spectrometry in % TII (total ion intensity) in the catenae in Vindum (Denmark),
Rostock (Germany), Rogalow (Poland) and Pikareinu (Estonia).

Soil Depth
(cm) Carbohydrates Phenols + Lignin

Monomers
Lignin
Dimers Lipids 1 Alkylaromatics N-Compounds 2 Sterols Amides 3 Suberin Free Fatty

Acids 4

Vindum
Shoulderslope 0–30 cm 3.3 6.4 3.2 5.8 9.5 1.6 4.3 4.0 0.2 1.6

30–60 cm n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Backslope 0–30 cm 7.1 12.0 1.9 5.1 13.7 3.5 0.6 5.8 0.0 0.4

30–60 cm n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Footslope 0–30 cm 3.4 7.2 3.1 6.1 9.9 1.7 4.4 3.8 0.2 1.3

30–60 cm 2.3 5.5 3.6 6.4 8.7 1.2 6.2 3.1 0.3 2.0

Rostock
Shoulderslope 0–30 cm 6.0 11.8 2.2 4.4 12.1 3.3 0.3 5.7 0.0 0.4

30–60 cm 7.1 13.1 2.0 4.3 12.9 4.2 0.1 6.3 0.0 0.2
Backslope 0–30 cm 6.1 12.5 1.9 4.3 12.3 3.5 0.3 6.0 0.0 0.4

30–60 cm 6.7 13.2 1.8 4.2 12.6 3.9 0.2 6.2 0.0 0.3
Footslope 0–30 cm 5.5 10.7 2.3 4.3 11.1 3.1 0.7 5.8 0.0 0.7

30–60 cm 5.7 10.6 2.3 4.2 11.2 3.3 0.7 6.0 0.1 0.5

Rogalow
Shoulderslope 0–30 cm 4.0 7.5 3.3 5.3 10.1 2.3 2.8 4.7 0.1 1.4

30–60 cm 4.5 8.1 3.4 5.9 11.1 2.5 3.2 4.7 0.1 1.2
Backslope 0–30 cm 6.3 10.5 2.4 5.1 11.8 3.3 1.4 5.7 0.2 0.6

30–60 cm 8.1 12.7 2.2 5.2 13.7 4.3 0.5 6.4 0.0 0.2
Footslope 0–30 cm 4.5 7.7 3.5 5.4 10.6 2.1 2.6 4.7 0.1 1.3

30–60 cm 4.3 7.6 3.6 6.5 11.4 2.2 3.5 4.3 0.1 1.1

Pikareinu
Shoulderslope 0–30 cm 6.6 10.3 1.9 4.4 10.8 3.5 1.2 6.4 0.0 0.8

30–60 cm 6.0 10.2 2.1 4.8 11.4 3.4 0.9 5.9 0.0 0.6
Backslope 0–30 cm 5.8 9.9 2.3 5.1 11.6 3.1 1.1 5.6 0.0 0.6

30–60 cm 9.4 12.8 1.7 4.8 12.4 5.1 0.2 7.5 0.0 0.3
Footslope 0–30 cm 3.5 6.6 3.3 5.6 10.1 2.2 2.9 4.4 0.2 1.1

30–60 cm 3.1 6.7 3.4 5.5 9.9 1.9 2.3 4.1 0.2 1.2
1 lipids: alkanes, alkenes, alkanoic acids, alkyl ester; 2 N-containing compounds: aromatic N-heterocyclic compounds and nitriles; 3 Amides: nonaromatic amides (peptides, amino sugars)
and free amino acids; 4 Free fatty acids: n-alkanoic acids from n-C16 to n-C34, n.d.: not determined.
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Table 5. Increase or decrease of compound classes (% TII) along the catenae in Vindum, Rostock, Rogalow and Pikareinu between shoulderslope (SS) vs. backslope
(BS), backslope (BS) vs. footslope (FS), and shoulderslope (SS) vs. footslope (FS), each at 0–30 cm and 30–60 cm, as well as a comparison of topsoil to subsoil. Significant
differences are indicated by * p < 0.05, ** p < 0.01, and *** p < 0.001 (n = 3).

Top: Sub Vindum Rostock Rogalow Pikareinu

SS BS FS SS BS FS SS BS FS SS BS FS

Carbohydrates - - > ** < ** < * < ** < *
Phenols + lignin monomers - - > ** < ** < * < * < * < **

Lignin dimers - - > *
Lipids 1 - - < ** > * < ** < ***

Alkylaromatics - - > ** < * < ** < ** < * < **
N-compounds 2 - - > *** < * < * < ** < **

Sterols - - < ** > * < * > *** > *
Amides 3 - - > ** < ** < **
Suberin - - < * > ** > ***

Free fatty acids 4 - - < ** > *** > ** > * > **

Low masses - - > * > * < * > * < **

0–30 cm Vindum Rostock Rogalow Pikareinu

SS vs. BS BS vs. FS SS vs. FS SS vs. BS BS vs. FS SS vs. FS SS vs. BS BS vs. FS SS vs. FS SS vs. BS BS vs. FS SS vs. FS

Carbohydrates < * > * > * > ** < ** > ** > *** > **
Phenols + lignin monomers < *** > *** < * > * > ** < * > ** > *** > **

Lignin dimers > *** < ** > * < ** > ** < ** < ** < ***
Lipids 1 > * < ** < * < **

Alkylaromatics < * > * < * > *** > ** < * < * > *** > *
N-compounds 2 > * < ** > ** > ** > ***

Sterols > *** < *** < ** < ** > ** < ** < ** < ***
Amides 3 < * > * < * > * > ** > **
Suberin > ** < ** < * > ** > ***

Free fatty acids 4 > * < *** < ** < *** > ** < * > ** > **
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Table 5. Cont.

30–60 cm Vindum Rostock Rogalow Pikareinu

SS vs. BS BS vs. FS SS vs. FS SS vs. BS BS vs. FS SS vs. FS SS vs. BS BS vs. FS SS vs. FS SS vs. BS BS vs. FS SS vs. FS

Carbohydrates - - - > * > * < *** > *** < * > ** > **
Phenols + lignin monomers - - - > * > * < *** > *** < ** > *** > **

Lignin dimers - - - < * > ** < ** < *** < **
Lipids 1 - - - > ** < ** < * < * < *

Alkylaromatics - - - > * > * < *** > *** < ** > *** > **
N-compounds 2 - - - > * > * < *** > *** < ** > *** > **

Sterols - - - < * > *** < *** < * > ** < *** < ***
Amides 3 - - - < ** > *** < ** > *** > ***
Suberin - - - > ** < * < * < *

Free fatty acids 4 - - - < * < ** < *** > ** < *** > * < ** < **
1 lipids: alkanes, alkenes, alkanoic acids, alkyl ester; 2 N-containing compounds: aromatic N-heterocyclic compounds and nitriles; 3 amides: nonaromatic amides (peptides, amino sugars)
and free amino acids; 4 free fatty acids: n-alkanoic acids from n-C16 to n-C34.
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In addition to the chemical composition reflected by signal patterns (Figure 2) and compound
classes (Table 4), the thermal properties of SOM are also indicative of transformation and stabilization
processes. Pronounced changes in the overall thermal stability were observed for the catenae in
Rogalow and Pikareinu, which showed progressive increases in the proportions of thermally stabile
SOM at the expense of thermally labile SOM from the shoulderslope downwards to the footslope
positions (Figure 5).
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Figure 5. Thermograms for the volatilization of substances in the mass range m/z 15.900 in the
catenae in Vindum (Denmark), Rostock (Germany), Rogalow (Poland) and Pikareinu (Estonia) at the
shoulderslope (-), backslope (-) and footslope (- - -) at soil depths of 0–30 cm and 30–60 cm. The dotted
vertical line symbolizes the temperature for the separation into thermally labile (<420 ◦C) and stabile
(≥420 ◦C) proportions.
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Thermostabilities have also been calculated for the SOM compound classes. Their comparisons
showed increases and decreases of thermostability along the catenae in Vindum, Rostock, Rogalow and
Pikareinu between shoulderslope (SS) vs. backslope (BS), backslope (BS) vs. footslope (FS),
and shoulderslope (SS) vs. footslope (FS). Differences were significant for 47 out of 144 possibilities for
soil depths of 0–30 cm, 27 out of 144 for soil depths of 30–60 cm, and 27 of 144 for the comparison of
top- to subsoil, totalling 23.4% significant differences (Table 6). Increases in SOM thermostability in
the 0–30 cm layer downwards on the catena in Rogalow (Figure 5) were reflected by the significantly
increased thermostability of lipids (shoulderslope < backslope) and suberin (shoulderslope < footslope).
In the Pikareinu catena, more compound classes contributed to an increase in thermostability (phenols
+ lignin monomers, lignin dimers, alkylaromatics, amides: continuously through the whole catena,
shoulderslope < backslope < footslope), carbohydrates and suberin (shoulderslope/backslope <

footslope), lipids (shoulderslope < backslope/footslope). The samples from 30 to 60 cm from Rogalow
showed increases in thermostability for lipids and free fatty acids (shoulderslope < backslope) and for
lignin dimers and free fatty acids (shoulderslope < footslope). In Pikareinu, again, the increases in
thermostability came from more compound classes: lignin dimers, lipids, free fatty acids (shoulderslope
< backslope) and amides (shoulderslope < footslope).

Since it is known that thermally stabile compounds are less decomposable by microorganisms [39],
the general trend towards a more thermally stable SOM, which is variable for individual compound
classes and slope position comparisons, is interpreted as the residual accumulation of compounds that
resisted microbial decomposition after disaggregation and erosional transport. These transformation
processes preferentially mineralized the thermally labile proportions of carbohydrates. This process
was supported by the decreased proportions down all catenae (Table 5). This partly disagrees with
the more stabilized compounds at divergent shoulder- or backslope positions and more “active”
compounds at footslope and depressional positions in the Canadian prairies, as reported in [12].
This partial disagreement can be explained by the different soil use, arable soils in the present study
and prairie use for wildlife conservation in the study found in [12], or different soil moisture regimes.
Nevertheless, thermostability evaluations indicate that the SOM dislocation from the shoulder- to
the footslope field positions is accompanied by SOM transformations and alterations in thermal
stability. This confirms similar observations of organic-mineral clay fractions from a pasture hillslope
in Delaware [63].
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Table 6. Increase or decrease of the thermostability of soil samples and their compound classes along catenae in Vindum, Rostock, Rogalow and Pikareinu between
shoulderslope (SS) vs. backslope (BS), backslope (BS) vs. footslope (FS), and shoulderslope (SS) vs. footslope (FS), each at 0–30 cm and at 30–60 cm, as well as a
comparison of topsoil to subsoil. Significant differences are indicated by * p < 0.05, ** p < 0.01, and *** p < 0.001 (n = 3).

Top: Sub Vindum Rostock Rogalow Pikareinu

SS BS FS SS BS FS SS BS FS SS BS FS

TII - -
Carbohydrates - - < *

Phenols + lignin monomers - - < * < * < * < *
Lignin dimers - - < * < ** < * < **

Lipids 1 - - < * < * < * < * < * < *
Alkylaromatics - - < * < *
N-compounds 2 - -

Sterols - - > * > **
Amides 3 - - < * < *
Suberin - -

Free fatty acids 4 - - > * < * < * < *

0–30 cm Vindum Rostock Rogalow Pikareinu

SS vs. BS BS vs. FS SS vs. FS SS vs. BS BS vs. FS SS vs. FS SS vs. BS BS vs. FS SS vs. FS SS vs. BS BS vs. FS SS vs. FS

TII > * > ** < ** > * > **
Carbohydrates > ** < * < **

Phenols + lignin monomers < * > ** > * > ** > ** > * < * < ** < **
Lignin dimers > * > ** < * < ** < **

Lipids 1 < ** > ** > ** > ** < * < ** < *
Alkylaromatics > *** < * < ** < **
N-compounds 2 > * > *

Sterols
Amides 3 > * > ** < ** < * < ***
Suberin < ** < * < *

Free fatty acids 4 < ** > * > **
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Table 6. Cont.

30–60 cm Vindum Rostock Rogalow Pikareinu

SS vs. BS BS vs. FS SS vs. FS SS vs. BS BS vs. FS SS vs. FS SS vs. BS BS vs. FS SS vs. FS SS vs. BS BS vs. FS SS vs. FS

TII - - -
Carbohydrates - - - > * > **

Phenols + lignin monomers - - - > * > *
Lignin dimers - - - > * > * < * < * > *

Lipids 1 - - - > * < ** > *** < * > **
Alkylaromatics - - - > *
N-compounds 2 - - - > *

Sterols - - - > *
Amides 3 - - - < *
Suberin - - -

Free fatty acids 4 - - - > * > * > ** < *** > *** < * < * > ** > *
1 lipids: alkanes, alkenes, alkanoic acids, alkyl ester; 2 N-containing compounds: aromatic N-heterocyclic compounds and nitriles; 3 amides: nonaromatic amides (peptides, amino sugars)
and free amino acids; 4 free fatty acids: n-alkanoic acids from n-C16 to n-C34.
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3.4. Summarizing Discussion

Hypothesis 1, that SOM at the shoulder- and backslope positions is affected by erosive losses, is
partly confirmed by the C-stocks and differences in chemical composition. However, we also found that
the organic matter at backslope positions has been most strongly affected, as indicated by the smallest
C-stocks (Table 2) and the most pronounced differences in chemical SOM composition compared to
the upper shoulderslope as well as the lower footslope positions. The relatively high proportions of
carbohydrates, phenols + lignin monomers, N-compounds and amides at the backslope positions at
0–30 cm of the catenae in Vindum, Rostock and Rogalow are interpreted as indicators of the ongoing
microbial decomposition of primary organic matter that may have been stored in aggregates before the
downwards transport and temporal deposition at the backslopes. Similar accumulations of readily
degradable carbohydrates and non-aromatic amides (peptides, amino sugars) + free amino acids have
been reported for divergent (i.e., water-shedding) slope positions in a hummocky landscape (St. Denis
National Wildlife Area, Saskatoon, SK, Canada) [12], but the reasons may be different. In that study,
snow accumulation and water shedding in divergent slope positions may have contributed to the
molecular signature of SOM, whereas in the present study, the backslope positions obviously formed
hot-spots of aerobic SOM transformations and decomposition. For the schematic presentation of SOM
contents and transformation in Figure 1, this would mean that the transformation effects on SOM at
backslope positions (bsT) are stronger than those at the shoulderslope (shT) and footslope positions (fsT):

bsT > shT, fsT’. This phenomenon appears to be specific for arable soils on the glacial till, because both
Auerwald and Fiener [53] reported that erosion and accumulation were balanced at the middle slope
positions in grassland fields 20 years after conversions from cropland.

Hypothesis 2, that the SOM accumulation in depressional positions is due to an intrinsically
stabile SOM from upslope positions or a suppressed oxidative decomposition of primary organic
matter, is confirmed by the maximum C-concentrations and C-stocks at the footslope positions in the
topsoils and subsoils (except for Rostock’s topsoil). We found that the SOM composition was more
similar in both soil depths at the footslope position than at the more elevated positions that sowed
more contrast between the two sampling depths. This similarity is interpreted as an effect of the
successive burial of eroded topsoil material, which, in this way, gradually reaches a subsoil position.
The observation, that lipids, lignin dimers, sterols and free fatty acids were in higher proportions
in the footslope and shoulderslope positions, indicates a stabilization processes with similar results.
These slowly degradable compounds, partly originating from the shoulderslope, were eroded and
transported downwards in a mineral-bound status that made them resistant to microbial decomposition
during passage of the backslope. A comparable accumulation of lipids and sterols in the top- and
subsoil samples of cultivated Colluvisols, developed from eroded Luvisols at higher relief positions,
was reported earlier by Beyer et al. [19] without considering backslopes. Furthermore, the low
proportions of carbohydrates, phenols + lignin monomers, alkylaromatics, N-compounds and amides
in the footslopes indicate suppressed microbial decomposition of the primary organic matter leading
to their conservation in the depressional areas. This disagrees with the easily transported larger
proportions of labile fractions of soil C in depositional sites in Canada (reported in [7]) but agrees with
the high relative abundance of lignin dimers, lipids and sterols at the footslope positions in the relief of
a hummocky landscape (St. Denis National Wildlife Area, Saskatoon, Saskatchewan, Canada) [12].
The equation depicting the dependencies of SOM contents in Figure 1 means that the larger sum of
inputs (Idep), coinciding with the smaller “complete” transformations to CO2 at wetter and more often
anaerobic sites, plausibly explains the SOM stock enrichment. In comparison with the schematic
equations for the other sites, this means that fsTeda < shTeda, bsTeda. These relationships agree with the
observations of Salazar et al. [64] at the forest sites.

In summary, the different SOM compositions at the shoulder-, back- and footslope positions in all
investigated catenae and the accumulation of thermally stabile compounds from the shoulder- to the
footslope are interpreted by (i) the SOM formation that is driven by different parameters along the catena
(e.g., a different pedogenesis in the colluvium), (ii) an SOM alteration during the erosive transport from
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shoulder- to the footslope field positions, and (iii) more likely, a combination of both. This redistribution
of SOM and “fertile” soil particles in the fields has practical consequences. For instance, a rough
calculation of the stocks of plant available P, applying recent P-data by Koch et al. [65] (an average
of 12% of Pt = plant available), and an average P removal of 20 kg·ha−1 with the harvest, indicates
that the backslope positions have sufficient P for about 25 harvests, whereas, at footslope positions,
the available P stock is sufficient for about 31 harvests. For CEC and the resulting holding capacity
for cationic plant nutrients, the relationships are similar (Table 3). Although many other factors
affect nutrient availability and uptake, these greatly uneven distributions of important soil fertility
parameters require adapted soil management.

4. Conclusions

(i) Since we found some common properties for specific catena positions despite quite different
geographic origins and management histories in the catenae under study, we can conclude that
the experimental approach to combine basic soil physical and chemical soil parameters with a
very detailed data set on the SOM molecular composition and thermal stability from Py-FIMS
was suitable to describe the effects of soil erosion on SOM and on the overall soil fertility in
agricultural fields from the Weichselian glacial and periglacial (i.e., loess) deposits in the Baltic
Sea catchment.

(ii) Since the special character of the backslope positions has been disclosed as a common characteristic
of all these catenae for the first time, forthcoming studies should not be restricted to top and bottom
positions in fields but also involve the intermediate positions that are characterized by transitions
between erosive losses and depositional accumulations. Balancing these material transfers
for field situations with a different curvature of the slopes seems to be an attractive scientific
approache that may lead to sound data inputs into coupled erosion/SOM turnover models.

(iii) The heterogeneity in the distribution of SOM-stocks, and related nutrient reserves along the
catenae, representing field heterogeneity, call for an adapted soil management that (1) generally
reduces soil erosion by covering the soil surface and reducing the length of erosive slopes (e.g.,
avoiding the “classical” backslope positions that are found here as hot spots of the SOM turnover,
e.g., by establishment of barriers, hedges, etc.), and establishing soil amendments, such as manure
and compost, preferentially at field sites of special demand (shoulderslope, backslope > footslope).

Supplementary Materials: The following are available online at http://www.mdpi.com/2571-8789/3/2/42/s1,
Table S1: ANOVA results (P values) of the compound class proportions (% TII (Total Ion Intensity)) of organic
soil matter determined with Py-FIMS in the catenae Vindum, Rostock, Rogalow and Pikareinu on the shoulder-,
back-, and footslope position at a soil depth of 0–30 cm and 30–60 cm. Significant effects are indicated by P < 0.05,
P < 0.01, and P < 0.001 (n = 3) (df Error = 49).
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