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Abstract. An area with well-aggregated and structured soil
with a high inter-aggregate strength is favourable for use as arable
land, both to withstand mechanical stresses and for optimal plant
growth. The application of lime in the form of CaCO; can facilitate
the formation of a stable soil structure. Therefore, we determined
the impact of lime application on the erosive strength and density
of air-dry aggregates sampled from a Haplic Gleysol with a clay
content of 45%. The lime was applied to the soil in the field at two
different rates, resulting in the following: 36 dt CaO-equivalents
ha'! and 54 dt CaO-equivalents ha". The results show that liming
significantly increased the erosive strength of aggregates. Lower
densities were observed which presumably leads to an improved
accessibility of the pores and the particle surfaces within the aggre-
gates due to the application of CaCO;. Furthermore, differences
between amounts of C and N were determined in the aggregate
layers between the limed plots and the control plots.

Keywords: erosive strength, arable land, liming, conven-
tional tillage

INTRODUCTION

Aggregated soils are able to withstand stresses induced
by mechanical inputs to the extent of maintaining sufficient
structural stability with a well-connected pore system that
permits the transport of water, gas and nutrients. During
mechanical load, the soil structure can bear a substantial
amount of stress but if the load applied to the soil exceeds
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the internal soil strength then the structure is disrupted,
effective stresses are reduced, and the internal soil strength
decreases (Horn and Fleige, 2003). On arable land, stresses
induced by agricultural vehicles can affect soil structure, and
if such heavy loads are applied to the soil that the aggregates
are destroyed by a process of homogenization and knead-
ing, there is only a primary pore system left. The reduced
accessibility of intra-aggregate pore spaces and of the parti-
cle surfaces that occurs may also result in a loss of nutrients.
Stable aggregates provide the physical protection of occlud-
ed organic matter. When macroaggregates are destroyed by
tillage, this leads to the mineralization and release of nutri-
ents that were formerly protected inside the aggregates (John
et al., 2005). As a consequence, a high aggregate strength is
required to achieve sustainable physical protection and the
accumulation of soil nutrients (Horn, 1990; Jastrow, 1996;
Six et al., 2000; Tisdall and Oades, 1982).

Mordhorst et al. (2013), Urbanek et al. (2014) and Park
and Smucker (2005¢) reported the presence of concentric
spatial gradients of soil organic carbon within soil aggre-
gates. The utilization of soil aggregate erosion chambers
for the separation of unique concentric layers of aggre-
gates was first introduced by Santos ef al. (1997). Park and
Smucker (2005a) suggested the calculation of the erosive
strength of single aggregates based on the erosive forces
required to remove 1 g of soil within 1 min from the surface
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of a soil aggregate rotating along the abrasive wall with-
in an erosion chamber. Urbanek ef al. (2014) studied soil
aggregate stability under three different tillage treatments,
and found that the tensile strength of soil aggregates cor-
related with their erosive strength, thereby suggesting that
the tensile strength of an aggregate is controlled by the sum
of its concentric layer strengths.

The marshland soils on the west coast in Schleswig-
Holstein are often called “minute soils”, because of the
high risk of irreversible compaction, and only short time
slots of trafficability during the field season are available.
“Minute soils” with very high clay contents contain mainly
fine pores that can hold a lot of water but have a tenden-
cy not to release it again (Frank et al., 2020; Schroeder,
1968). In the field sites studied, it is necessary to improve
the stability of the soils in order to further improve their
trafficability.

Liming is a well-established management practice to
decrease the acidity level in arable soils, but it can also
improve soil structure development and stability (Haynes and
Naidu, 1998; Holland et al., 2018; Muneer and Oades, 1989).
Lime application increases the concentrations of Ca>" ions in
the soil solution, which in turn promotes aggregate forma-
tion due to the development of cation bridges, e.g. between
organic material and (clay) mineral particles (Bronick and
Lal, 2005) and enhances aggregate stability (Ferreira et
al., 2019; Naveed et al., 2014; Wang et al., 2017). Liming
supports diffusive transport processes in the soil because
it supports the development of loosely bound aggregates
with a coarser pore system (Becher, 1991). Diffusive trans-
port processes in soils are the preferred form of transport,
especially in the intra-aggregate pore system, they facilitate
transport from the aggregate surface to the aggregate interior
(Park and Smucker, 2005b) The formation of organo-mineral
complexes is favoured by improved accessibility and aggre-
gate stability is further increased over time (Peth ef al., 2008;
Smucker et al., 2007) which also protects the carbon inside
aggregates (Wiesmeier et al., 2012).

The aim of this study was to identify the effects of
topsoil lime application on aggregate stability and the
distribution of carbon (C) and nitrogen (N) in different
aggregate layers by determining the erosive strength as
well as pH, C- and N-contents in the exterior and interior
layer of the aggregates.

MATERIAL AND METHODS

The field trial was established on arable land in August
2016. The experiment included three treatments: a control
with no lime (CaCOs;) application (Lime0), lime applica-
tion according to the soil-specific recommendations by
(VDLUFA, 2000) to achieve an optimized soil pH (Limel),
and soil-specific recommendations x 1.5 (Limel.5). The
recommended pH level is between 5.9 and 6.7 accord-
ing to VDLUFA (2000). The site is located in Barlt, in
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the western part of Schleswig-Holstein, close to the North
Sea in Germany. The soil is a Haplic Gleysol according to
IUSS Working Group WRB (2014). The topsoil (0-30 cm)
is a silty clay with a clay content of 45% and an organ-
ic carbon content of 56 gkg'. The lime application rates
were 36 dt CaO-equivalents ha™ for the Limel-treatment
and 54 dt CaO-equivalents ha™ for the Limel.5-treatment.
The study area was divided into 48 individual experimen-
tal plots and every plot had a size of 6 x 18 m, arranged
in a Randomized Complete Block Design with four repli-
cates per treatment. The field was managed conventionally
with annual tillage and mineral nitrogen fertilization (Frank
et al., 2020). Sampling of the 12 undisturbed soil blocks
(1 dm®) took place in April 2019 (32 months after lime
application) from the topsoil layer (0-10 cm) of the LimeO,
Limel and Limel.5 plots (Frank et al., 2020).

The aggregate erosive strength was determined using
the soil aggregate erosion (SAE) chamber method (Santos
et al., 1997). For this purpose, the aggregates were col-
lected from the field blocks in the laboratory by breaking
them along their weakest rupture planes. Two concentric
layers of equal mass were separated through the erosion of
air-dried aggregates (@ ~ 16 mm) as described by Urbanek
et al. (2014). The removed outer layer and the remaining
aggregate core represent the exterior and interior proper-
ties of the aggregate (Park and Smucker, 2005a). Before
and after removing the exterior (ext.) layer, the aggregate
was weighed and the volume was determined with a pyk-
nometer (Geopyc 1360, Micromeritics, Unterschleissheim,
Germany). This made it possible to determine the density
of the exterior (ext.) layer of the aggregate as well as that of
the aggregate core representing the interior (int.) layer. The
exterior layer was removed from the aggregates by rotat-
ing them at 400 rpm in erosion chambers (@ = 24 mm) on
a rotary shaker (IKA KS 260 control, Staufen, Germany)
with continuous contact with the abrasive chamber walls,
until the weight was about 50% of the original weight. To
determine this, the actual weight of the respective aggre-
gate was repeatedly determined at certain time intervals
(not fixed) during the erosion process.

The external and internal erosive strength of the aggre-
gates (E,) is equivalent to the erosion forces applied to the
surface of each soil aggregate layer, which were calculated
from the frictional forces applied to the aggregate surface,
using the mass of soil removed during a certain period of
time of the application of a centrifugal force (Park and
Smucker, 2005a) (Eq. 1)

o
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where: E, = erosive strength of the aggregates (N g min);
Cr = centrifugal force (g mm s?); m(t,)—m(t,.;) = the mass
of the soil aggregate (g) at time #, and #,., (min).
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The centrifugal force (Cr) applied to the aggregates in the
chambers was calculated following (Eq. 2):

CF =m (T) [RSK + RSAE — Ra(f,)] w2 5 (2)

where: Cy = centrifugal force (g mm s); m(f) = mass (g)
at time t (min); Ry = radius of rotary shaker (mm); Ry, =
radius of erosion chamber (mm); R,(¢) = radius of aggregate
(mm), at time ¢ (min); @ = angular velocity (radian s).

A chemical analysis was performed on the eroded
material from the aggregate layers. The pH values were
measured in a 0.01 M CaCl, solution (1:2.5 soil:CaCl,)
according to DIN ISO 11260 (2018). The content of
total nitrogen and total carbon (mass %) was determined
using a CNS Element-Analyser (Vario EL III, Elementar,
Langenselbold/Germany) according to DIN ISO 13878
(1998) and DIN ISO 10693 (1997).

A statistical analysis was carried out using the statisti-
cal software R version 3.5.1 (R Core Team, 2017). Based
on graphical residual analysis, pH-values, the C- and
N-content were assumed to be normally distributed and
heteroscedastic due to the different lime application rates
at the site. Based on these assumptions, an analysis of vari-
ances (One-Factor ANOVA) was performed (Snedecor and
Cochran, 1996). All values were evaluated to compare the
means of the factor levels treatment and plot for each site
separately (Tukey-Test). The significance of the different
tests was set at an a-Level of 5%. Box-and-whisker plots
(McGill et al., 1978) were chosen for graphical presen-
tation, showing median (mid-line), 25th/75th percentile
(lower/upper border of the box), 95th and 5th percentile
(whiskers), 1st and 99th percentile (lower/upper line), out-
liers (dots) and means (squares).

RESULTS AND DISCUSSION

The erosive strength (E,) of the aggregates increased
significantly from the exterior (ext.) to the interior (int.)
layers (p<0.01) in all treatments (Fig. 1). The Ein both the
ext. and int. layers of the aggregates significantly (p<0.05)
decreased in the Limel treatment as compared to the con-
trol aggregates (Lime0). However, E, increased (but not
significantly) in the int. layers of the aggregates from the
Limel.5 plots as compared to the control plots (Lime0).

The densities (p) of the ext. layers decreased signifi-
cantly for the air-dried aggregates from the lime treatments
(Limel and Limel.5) as compared to the control (Lime0)
(Table 1). In comparison, the densities (p) of the int. lay-
ers decreased (not significantly) for the air-dried aggregates
from the lime treatments (Lime1l and Lime1.5) as compared
to the control (LimeO0).

Significant changes in both pH values and C and N con-
tents as well as the C:N ratio could not be detected. However,
the pH values in the ext. layers were lower in aggregates
from the Lime1.5 plots as compared to the aggregates from
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Fig. 1. The erosive strength (E;) of the exterior (ext.) and inte-
rior (int.) layers of the air-dried aggregates (& ~ 16 mm) obtained
from the topsoil of different liming treatments (Lime0: control,
Limel: lime recommendation according to VDLUFA (2000a),
Limel.5: lime recommendation according to VDLUFA (2000a) x
1.5) 32 months after lime application and incorporation (n = 10).
Squares denote arithmetic means. The capital letters (A, B) iden-
tify statistically significant differences between the layers within
an aggregate (p<0.01). Different lowercase letters (a, b) identify
significant differences among the liming treatments (p<0.05).

Table 1. Density (p) of the exterior (ext.) layer and the interior
(int.) with the standard deviation (SD) of air-dried aggregates (O
~ 16 mm) obtained from the topsoil of different liming treatments

Ext. layer of aggregates  Int. layer of aggregates

Treatment

p(gem?) SD p(gem?) SD
Lime0 1.64 0.09 1.67 0.07
Limel 1.41%* 0.13 1.64 0.19
Limel.5 1.38* 0.31 1.62 0.08

Lime0 — control, Limel — lime recommendation according to
VDLUFA (2000a), Limel.5 — lime recommendation according
to VDLUFA (2000a) x 1.5, 32 months after lime application and
incorporation (n = 10), * indicate treatments significantly different
from the control at p<0.05.

the control (Lime0) (Table 2). Furthermore, the pH values
increased in the int. layers of the air-dried aggregates from
the Limel and Lime 1.5 plots as compared to the aggre-
gates from the control (Lime0). The pH value is higher in
the int. layer of aggregates as compared to the ext. layer
of aggregates for the Limel and Limel.5 treatments. The
pH values are lower in the int. layer of aggregates from the
control as compared to the ext. layer of the control (LimeO0).
The total N-content decreased in both the ext. and int. lay-
ers of the air-dried aggregates from the lime treatments as
compared to the control (Lime0) (Limel.5 is unchanged).
The content of N is higher in the int. layer of aggregates as
compared to the ext. layer of aggregates for the Limel treat-
ment. In addition, the content of N is lower in the int. layer
of the aggregates as compared to the ext. layer of the control
(Lime0) and for the Limel.5 treatment. The total C-content
decreased in the ext. layers of the air-dried aggregates from
lime treatments (Limel and Limel.5) as compared to the
control (Lime0) but increased in the int. layers of aggregates



304

from the Limel.5 treatments as compared to the control
(LimeO0). In addition, the C content is higher in the int. layer
of aggregates as compared to the ext. layer of aggregates
for the Limel treatment. In comparison, the content of C is
lower in the int. layer of aggregates as compared to the ext.
layer of the control (Lime0) and for the Limel.5 treatment.
The C:N ratio is higher for the int. layers of the aggregates
from the Limel treatment as compared to the ext. layers
of the aggregates. In addition, the C:N ratio is lower in int.
layers of aggregates as compared to the ext. layers of the
control (Limel) and for the Limel.5 treatment. However,
the C:N ratio is higher for the int. layers of the aggregates of
Limel.5 as compared to the control (Lime0).

Table 2. pH (-), total N (mass %) and total C (mass %) of the
exterior (ext.) layers and the interior (int.) layers of air-dried
aggregates (0 ~ 16 mm) obtained from the topsoil of different
liming treatments

Ext. Int. Ext. Int. Ext. Int. Ext. Int.
Treatment pH N (%) C (%) CN
Lime0 6.04 598 033 032 348 3.35 348 3.35
Limel 6.05 6.10 030 031 3.05 3.29 3.05 3.29
Limel.5 593 6.90 033 031 340 3.38 340 3.38

n = 2. Other explanations as in Table 1.

The results show that the erosion strength (E;) of aggre-
gates is not the only suitable parameter for assessing the
stability of pore structure in tillage systems (Jasinska,
2006; Mordhorst, 2013), it is also applicable for the evalu-
ation of the structure stabilizing effects of lime application
on arable land. Park and Smucker (2005a) have already
shown that the tensile strength of soil aggregates correlates
well with their erosion strength and that the tensile strength
of the aggregate is determined by the bonds within the
aggregate between the particles Park and Smucker (2005a)
recognized that the lowest intra-aggregate porosities occur
in the interior of aggregates from conventionally tilled
soils, this has consequences for the low accessibility of
soil microorganisms to organic matter which is physically
protected within soil aggregates. In comparison, this study
determined a higher E value with a simultaneous decrease
in the density of the int. layers for the aggregates of the
limed plots. The surfaces of aggregates are microbial hot
spots (Kuzyakov and Blagodatskaya, 2015), and the micro-
bial activity depends on the actual pH in the soil and may
be stimulated by a decrease in the pH value after the addi-
tion of lime (Mufloz et al., 2012). The higher E, value of
the exterior and interior layers of aggregates as well as the
overall increase in aggregate stability may be influenced
by repeated swelling and shrinkage processes (Bronswijk
and Evers-Vermeer, 1990) which occur preferentially in the
exterior aggregate layer in the vicinity of the already exist-
ing cracks. Repeated shrinkage and swelling causes soil
aggregation due to the rearrangement of soil particles as
a result of the stress of increasing soil-water suction. This is
particularly the case when layered silicates of the 2:1 type
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are altered by changes in water content — they swell and
increase their volume. This means that these soils expand
when they are wet and contract when they dry out (Kay,
1990). Gradients of microbial activity and the expression of
root density within the aggregates also influence aggregate
stability through the secretion of extracellular polysaccha-
rides or through the activity of fungal hyphae, whereby
aggregates become glued together and contribute to an
increase in the stability of the soil (Totsche et al., 2018).

Similar to the findings of Urbanek er al. (2014),
most aggregates in our study were found to have a lower
aggregate density in the ext. layers than in the int. layers.
Moreover, both the densities of the ext. and int. layers were
found to be lowest in aggregates from the limed plots, the
particle rearrangement in the porous “card-house”-structure
during the flocculation and agglomeration processes after
lime application resulted in an enhanced intra-aggregate
pore accessibility (Park and Smucker, 2005b; Smucker et
al., 2007). Due to the short time period of our experiment,
it is difficult to arrive at conclusions which may be applied
in the long-term. The lower aggregate density which also
increased the aggregate stability of the aggregates of the
limed plots, however, shows that such loosely bound aggre-
gates can result in the enhancement of cation exchange
processes (Hartmann ez al., 1998), as well as in the increased
diffusion of soil solution components from the aggregate
surfaces into the aggregate interior (Becher, 1991), where
they can enhance the formation of e.g. organo-mineral
complexes that further increase aggregate stability (Peth et
al., 2008; Smucker et al., 2007). On the other hand, the low
erosive strength of the aggregate exterior layers indicates
the high degree of sensitivity of the aggregate exterior to
abrasive forces, as they may occur during transport through
wind or water erosion. As a consequence, organic matter
stored in the exterior layers of aggregates is predominantly
exposed to mineralization upon exterior aggregate defor-
mation (Mordhorst, 2013). This type of nutrient release can
lead to the increased mineralization of organic matter, and
therefore to increased soil fertility, as more nutrients are
available in the soil. However, in view of increasing lev-
els of greenhouse gases and ongoing climate change, the
excessive mineralization of soil organic matter on agricul-
tural land should be avoided. In general, an increase in pH
due to the application of lime and the induced microbial
decomposition which results are therefore necessary on
agricultural land to ensure the mineralization of C and N
(Edemeades et al., 1981).

As a consequence of the factors mentioned above, lim-
ing indirectly improves the transport of nitrogen and the
storage of carbon in soils through the rearrangement of
particles resulting in increased aggregate strength and soil
stability. Our results have shown that a higher degree of
aggregate stability promotes the development of a stronger
soil structure, which helps to ameliorate homogenization
and kneading under the stress of mechanical impact (for
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example, during tillage). Further investigation will be nec-
essary to investigate different textures (sand, loam) and soil
types as well as their parent rocks. In addition, different
soil management systems (reduced tillage) should be con-
sidered in order to determine over what period of time the
erosion stability effect will be retained and to transfer the
results from field trials to a broader scale.

CONCLUSIONS

1. Lower bulk densities were detected on limed plots,
which may indicate a reorientation of particles.

2. Liming significantly increased the erosive strength of
aggregates and may improve the accessibility of pores and
particle surfaces within the aggregates.

3. The study presented should be supported by further
measurements to demonstrate that liming has the poten-
tial to make a meaningful contribution to the reduction of
greenhouse gases by improving the fixation of carbon and
nitrogen in aggregates.
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