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Results: Water stability of macroaggregates was much higher in the cropped plot (geo-
metric mean diameter 0.65-2.37 mm [cropped] vs. 0.31-0.56 mm [BF]), while mechanical
stability was very similar (median work 17.3 [cropped] and 17.5 N mm [BF]). The two
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Conclusions: Mechanical and water stability behaved differently in the two plots due to

the different deformation mechanisms.

KEYWORDS
bare fallow, computed tomography, mechanical stability, soil aggregates, water stability

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.
© 2023 The Authors. Journal of Plant Nutrition and Soil Science published by Wiley-VCH GmbH.

104 wileyonlinelibrary.com/journal/jpln J. Plant Nutr. Soil Sci. 2024;187:104-117.


https://orcid.org/0000-0002-6807-2487
https://orcid.org/0000-0002-1018-2376
https://orcid.org/0000-0003-1499-4344
https://orcid.org/0000-0001-9799-212X
mailto:roosch@ifbk.uni-hannover.de
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/jpln
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjpln.202300245&domain=pdf&date_stamp=2023-12-11

MECHANICAL AND WATER STABILITY IN MACRO- AND MICROAGGREGATES

105

1 | INTRODUCTION

1.1 | Soil stability—Definition, relevance, and
measurement

Soil stability is understood as the ability of a soil to maintain its physical
structure, that is, its spatial arrangement of solids and pores, against
stresses. These stresses, and thus the corresponding stabilities, are
usually divided into two types, mechanical and hydraulic. The stability
of soils is of fundamental importance for many soil functions, especially
in agriculture and forestry. As an example, the mechanical stability of
a soil is related to its resistance against wind erosion or the maximal
weight of a machine that it can bear without plastic deformation, while
the hydraulic stability is related to its stability against water erosion
due to heavy rainfall or flooding.

Methods used to study soil (aggregate) stability include dry and
wet sieving procedures (Amézketa, 1999; Nimmo & Perkins, 2002) as
well as confined and unconfined uniaxial compression tests (Dexter &
Watts, 2000; Mosaddeghi et al., 2007). On the microaggregate scale,
stability tests have mostly been limited to measurements of hydraulic
stability, for example, by wet sieving (Al-Kaisi et al., 2014; Schweizer
et al,, 2019). To the best of our knowledge, methods for mechanical
tests on single microaggregates have long been lacking. Recently, Felde
et al. (2021) applied unconfined uniaxial crushing tests to microaggre-
gates for the first time and found that mechanical stability tended to
be higher in dry-separated microaggregates, compared to wet-sieved

microaggregates from a Cambisol.

1.2 | Drivers and mechanisms of soil stability

If soil stability is defined by soil particles remaining in place despite
forces acting upon them, anything that increases the strength of bonds
between these particles will increase soil stability (Chenu & Cosentino,
2011). For example, polyvalent cations like calcium (Ca) act as cation
bridges between negatively charged surfaces, such as clay particles or
between clay and organic matter. Thus, they have a stabilizing effect
on soil structure both regarding mechanical and water stability (Safar
& Whalen, 2023; Wuddivira & Camps-Roach, 2007). Also, cementing
and gluing substances like iron oxides and polysaccharides can stabilize
particle contact points (Totsche et al., 2018). However, other aspects
than the strength of individual particle-particle bonds can play a role,
and these may differ between mechanical and hydraulic forces. Some
main mechanisms are presented below.

Soil structure plays an important role in soil stability. When mechan-
ical loads are applied to a given soil, the force is transmitted via
the particle contact points. At a constant binding strength of contact
points, an increasing number of particle contacts will increase the load
that can be applied before deformation occurs (Hartge & Horn, 2016).
Therefore, since a higher number of particle contacts requires higher
packing density (when texture is constant), alower porosity should cor-
relate with higher mechanical stability. This has been confirmed in a

modeling study (Wang & Arson, 2016). Particles with varying porosity

were created by randomly deleting balls or groups of balls. Interest-
ingly, tensile strength decreased quadratically with increasing total
porosity, irrespective of the size of the individual cavities. However,
this relation might not be as straightforward in real soils. For example,
pore length rather than total porosity has been found to influence soil
friability (Barbosa, Munkholm, et al., 2020).

Structural aspects can also influence water stability. For example,
pore traits like pore size distribution and connectivity influence the
velocity of water entry into the pore system and thus the build-up of
air pressure, which causes slaking (Chenu & Cosentino, 2011).

Soil organic matter (SOM), respectively soil organic carbon (SOC),
is generally assumed to stabilize soil structure (Abiven et al., 2009;
Totsche et al.,, 2018). A range of mechanisms have been proposed,
partly depending on the type of stability and the spatial scale (Chenu
& Cosentino, 2011; Tisdall & Oades, 1982).

For example, enmeshment by fine roots and fungal hyphae is a
mechanism that is considered relevant mainly at the macroaggregate
scale. At smaller scales, SOM is assumed to glue primary particles
together at their contact points as mentioned above. Finally, SOM,
especially in the form of organic coatings, can increase soil hydropho-
bicity, which hinders or slows down water infiltration, thereby reducing
slaking by compressed air (Chenu et al., 2000; Goebel et al., 2012).
This can reduce initial aggregate destruction by slaking of aggregates
that are immersed in water (Goebel et al., 2005, 2012). However,
there is no consensus about the relevance of this latter mecha-
nism (Dal Ferro et al.,, 2012; Zaher & Caron, 2008). In general, the
stabilizing effect of SOM is complex, not always observed (Karlen
et al., 1994; Roldan et al., 2003), and the mechanisms are not fully
understood.

Clay can have diverging effects on soil stability. On the one hand,
mechanical stability positively correlates with clay content (Kavdir
et al.,, 2014). Scanning electron microscopy images of silt mixed with
dispersed clay have shown the formation of wall-shaped bridges of
clay between silt particles (Attou et al., 1998). On the other hand,
differential swelling of clay upon wetting may contribute to aggre-
gate destruction (Chenu & Cosentino, 2011). The latter effect also
depends on the swelling behavior and thus on the mineralogy of the

clay minerals (Reichert et al., 2009).

1.3 | This study

This study aimed to further our understanding of the mechanisms
behind mechanical and hydraulic soil stability in cultivated Luvisol. It
employed crushing tests both at macro- and microaggregate scales.
These results were compared to wet sieving of both size fractions. Sam-
ples were taken from neighboring plots at the same site, so they were
very similar in parent material, climate, relief, pedogenesis, and historic
land use (arable). One of the two plots had been turned into continuous
bare fallow (BF) 14 years before sampling. Due to the strongly reduced
input of organic matter and the reduced tillage, we expected to mea-
sure differences in stability, which we aimed to explore with a set of

subsequent measurements. A special focus was put on the differences
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TABLE 1 Gravel contents of 8—16 mm aggregates as determined
during wet sieving and texture of fine soil (<2 mm) of macroaggregates
(8—16 mm) as determined by pipette method and wet sieving.

Fine soil (<2 mm)

Horizon Samplingpoint  Gravel (%) Clay(%) Silt(%) Sand (%)

Ap Cropped R1 8.9 19.9 65.6 14.5
Cropped R2 44 19.7 66.0 14.4
Mean 6.7 19.8 65.8 14.5
BarefallowR1 4.1 19.4 65.1 15.6
BarefallowR2 4.2 20.5 65.2 14.3
Mean 4.2 20 65.15 15

Bt Cropped R1 3.7 20.5 66.7 12.8
Cropped R2 2.7 20.3 66.8 12.9
Mean 32 204 66.8 12.9
BarefallowR1 2.2 25.5 62.1 124
BarefallowR2 2.6 247 60.1 15.2
Mean 24 251 61.1 13.8

Note: R1 and R2 refer to the replicate sampling points on each plot.

between mechanical and water stability while bearing in mind potential
differences between macro- and microscales.
We hypothesized that:

1. Lower water stability can be explained with a higher wettability;

2. lower mechanical stability is related to a difference in soil structure,
especially a higher porosity; and

3. differences in aggregate stability underlie the same behavior at the

macro- and microaggregate scales.

2 | MATERIALS AND METHODS
2.1 | Field site and sampling

The site is located near Selhausen, Germany (50° 52'09.34" N;
6° 27°00.58" E; cf. also in the following: Meyer et al., 2017). The mean
annual temperature is 10.2°C, and the mean annual precipitation is
714 mm (Bogena et al., 2018). The site is slightly inclined and rises ca.
4 m from west to east along a distance of 150 m (Meyer et al., 2017).
The soil is a Luvisol derived from loess mixed with fluvial deposits.
Consequently, the silt-dominated soil (42% to >70% silt in fine earth
<2 mm) contains up to 60% (w/w) gravel in the top 30 cm with increas-
ing gravel contents from west to east (Bornemann et al., 2011). Data
on the texture at the positions sampled in this study are displayed in
Table 1. Gravel contents were determined on 8—16 mm aggregates
as part of the wet sieving procedure. Each value is the mean of three
repeated measurements using ca. 20 g of aggregates each. The texture
of fine soil (<2 mm) was determined on macroaggregates (8—16 mm) by
pipette method and wet sieving. Each value is the mean of two repeated

measurements (except “Bare fallow R2 Bt”) using ca. 10 g of aggregates
each.

A basic characterization of the soil at all sampling points was
done including bulk density, pH, moisture, and inorganic C contents
(Michaela Aehnelt, Tom Guhra, Kai U. Totsche; personal communica-
tion, 07/26/2022). The results are given in Table Al in the Supporting
Information.

In autumn 2005, an arable field at that site (ca. 1.1 ha) was turned
to BF as part of a long-term experiment (Bogena et al., 2018). This was
done by application of the herbicide glyphosate as soon as any vascu-
lar plants emerged (two to three times a year) and by shallow tillage
(5-cm deep, once a year in 2006—2010, after 2010 every 4 years).
The input of organic matter was thus drastically decreased. Conse-
quently, SOC contents in the bulk topsoil (0—25 cm) of the BF plot
decreased from 12 to 10 g kg=! on average in 10 years (Meyer et al.,
2017). This plot is called “BF” hereafter. The neighboring arable field
(ca. 0.5 ha) was farmed with conventional tillage and is called “cropped”

hereafter.

2.1.1 | Sampling

Sampling took place in November 2019. In the up-slope, the gravel con-
tent was too high to drive in soil cores. Therefore, samples were only
taken in the middle of the slope (Figure A1 in the Supporting Infor-
mation), where the soil had a high fine earth content (Schweizer et al.,
2024). Samples were taken at two sampling points per plot and at
two depths, at 5—11 cm (Ap horizon) and 35—41 cm (Bt horizon). At
each sampling point and depth, five cores of minimally disturbed soil
were extracted, resulting in 40 cores, each 6 cm in height and 10 cm in
diameter. The five replicate soil cores were pooled after air-drying and
removal from the core holders.

2.1.2 | Pretreatment of samples

In the lab, soil cores were air-dried for 48 h. Then they were removed
from the core holder by gently hammering onto the metal. Any frag-
ments that contained a visibly disturbed surface were discarded. The
remaining fragments were dropped onto a sieve tower with mesh sizes
16, 8, and 2 mm. Large fragments were carefully broken by hand, so
they would break along planes of weakness until they passed the 16-
mm sieve. The resulting aggregate size fractions were stored dry and
dark until analysis.

In order to isolate microaggregates from macroaggregates and
avoid changes in texture associated with wet separation (Felde et al.,
2021), we followed a dry separation procedure (ibid.): A subsample
of the fraction <2 mm was crushed between two steel plates in a
load frame at 250 pm min~1 until the steel plates were only 250-um
apart. The material was then sieved in a modified Casagrande appara-
tus (Mennerich Geotechnik) with 250, 53, and 20 um mesh sizes, for
1000 taps at 2 Hz.
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2.2 | Measurements
221 | Texture

Texture analysis was done using subsamples of the 8—16 mm aggre-
gates. These were gently crushed (but not ground) in a mortar and
sieved to <2 mm. Measurements were done in duplicates with wet siev-
ing and sedimentation according to Kéhn, including removal of SOM
and iron oxides (DIN-ISO 11277, 2002). Deviating from 1SO 11277,
silt and clay were determined with the pipette method before sand
fractions were wet-sieved. All fractions were dried at 105°C (sand for

>15 h, silt and clay for >19 h) before weighing.

2.2.2 | Total carbon

Total C contents of macroaggregates were measured in duplicates
(Vario ISOTOPE cube, Elementar Analysensysteme GmbH). Samples
were milled in a ball mill prior to measurement. Total C contents of
microaggregates were measured at Justus Liebig University Giessen
(UNICUBE, Elementar Analysensysteme GmbH). This device could deal
with the small sample amounts of 5—35 mg. These measurements
could not be replicated due to the limited sample amount that was

available.

2.2.3 | Polyvalent exchangeable cations

For measurement of polyvalent exchangeable cations, macroaggre-
gates (8—16 mm) were crushed with pestle and mortar, suspended
in 0.1 M BaCl, solution and shaken for 2 h. The filtered super-
natant was analyzed in an inductively coupled plasma optical emission
spectroscopy (ICP-OES) device (Agilent Technologies Ireland Ltd.) for
contents of exchangeable Al, Ca, Fe, Mg, and Mn. Due to problems with

the calibration for Al, it was excluded from further analysis.

2.24 | Mechanical stability

For the mechanical tests, uniaxial unconfined compression tests were
done with single aggregates. In the following, these are referred to as
crushing tests. The procedure was similar for micro- and macroaggre-
gates, with the exceptions of start and end position, crushing speed, and
piston size.

Macroaggregates from the 8 to 16 mm fraction were picked ran-
domly (n = 50 per sample). If a large piece of gravel was visible,
the aggregate was discarded; nevertheless, up to seven aggregates
per sample had to be excluded afterward because the measurements
were suspected to be disturbed by gravel (see Supporting Informa-
tion for outlier selection). Each aggregate was placed onto a steel table
mounted to aload frame (Zwick Roell Z100 AllroundLine, Zwick Roell).
A metal piston 15 mm in diameter moved down at 2 mm min~! until

it was 3-mm away from the steel table. While moving down, a 100 N

load cell recorded the force applied to the macroaggregate (Xforce HP
100 N, Zwick Roell; measurement error < +£1% from 0.2 N load). Simul-
taneously, the distance between the table and the piston was recorded
digitally. The final separation of 3 mm was chosen to avoid the crushing
of large mineral particles (gravel).

From the microaggregates (53-250 pym), specimens were chosen
under a binocular, which were (1) among the largest in the fraction
and (2) apparently no quartz grains (n = 100 per sample; for later
outlier selection, see Supporting Information). The piston was 1 mm
in diameter, and its movement speed was 250 pm min~1 until a sep-
aration at the end of the experiment of 25 pm, which was chosen
to avoid crushing of medium-sized to large silt. The force applied to
the microaggregate was measured by a load cell with 10 N capacity
(Xforce HP 10 N, Zwick Roell; measurement error < +1% from 0.02 N
load).

2.2.5 | Water stability

Wet sieving measurements were done in duplicates. For macroaggre-
gates (8—16 mm), ca. 20 g of soil was weighed and placed onto the top
sieve of a tower of sieves with mesh sizes 8, 4, 2, 1, 0.5, and 0.25 mm.
An aliquot of ca. 10 g was weighed in for determination of residual
water content. The sieve tower was slowly lowered into a ton filled
with tap water until the screen of the top sieve just touched the water
surface. The aggregates were allowed to saturate in this position for
30 min. Then, the tower was carefully lowered until the aggregates
were completely submerged and would stay under water during siev-
ing. Aggregates were sieved for 10 min by means of an excenter motor
with 4 cm vertical amplitude and at 0.27 Hz (16 oscillations min—1).
After the submerged sieving, the content of each sieve was dried
overnight at 105°C, and the oven-dry weight was determined. The
gravimetric water content in % as derived from the dried aliquots was
used to correct the start weight of aggregates. Additionally, the weight
of gravel (>2 mm) remaining in the sieves after sieving was also sub-
tracted from the start weight. From the weight of dry soil in the sieves
after sieving, the geometric mean diameter (GMD) was calculated as
follows (Kemper & Rosenau, 1986):

(1)

Wi

n
o In(x) - w;
GMD = exp(%)y
i=1

where x; is the mean of the upper and lower limits of the ith size
fraction, w; is the mass of soil in the ith size fraction, and n is the num-
ber of size fractions. GMD was preferred above the more frequently
reported mean weight diameter because aggregate size has been found
to approximately follow a log-normal distribution (Gardner, 1956).
Wet sieving of microaggregates was done at the University of Bonn.
For each measurement, ca. 2.5 g of dry-separated air-dry microaggre-
gates (53—250 um) were weighed and allowed to saturate for 5 min
on a glass fiber filter paper that just touched the water surface (deion-
ized water). Then the sample was cautiously washed with a spray bottle

onto the screen of a sieve with 53 um mesh size. The sieve tower was
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submerged, and aggregates were sieved for 10 min at 0.5 Hz and 3-cm
vertical amplitude with the help of an excenter motor. With this device,
the movement of the sieve was not only vertical (as for the macroaggre-
gates) but rather ellipsoid. The sieve content was transferred into glass
beakers. An aliquot of the aggregates was weighed in a porcelain bowl
and dried along with the beakers for 13 h at 105°C.

To correct for primary particles >53 pym, they were extracted from
the wet-sieved fractions, and their weight was subtracted from both
the start weight and the weight of water-stable aggregates (WSA). For
this, wet sieved fractions were brought into suspension with 20 mL
deionized water per g soil and 1 mL (NaPQOg3),, solution per g soil (35.7 g
[NaPO3], and 7.94 g Na,CO3 L~1). The suspension was shaken over-
head at 0.43 Hz (26 rounds min—1) for 3 h. Additionally, the suspensions
were diluted to 12.5 mg soil per mL and subjected to ultrasound at
an energy level of 60 J mL~1. After ultrasonication, suspensions were
manually wet-sieved using a 53-um sieve and dried at 105°C for 21 h

and weighed.

2.2.6 | Aggregate structure

For the analysis of aggregate structure, microaggregates and macroag-
gregates were scanned with high-resolution X-ray microtomography
(UCT). uCT scans of microaggregates were carried out with a Zeiss Xra-
dia 520 Versa (Carl Zeiss AG) at the University of Kassel. For each
plot, sampling point and depth, seven microaggregates (53—250 um)
were scanned, resulting in 2 x 2 x 2 x 7 = 56 scans in total. Each
microaggregate was placed in a plastic container. One scan included
1600 projections with an acquisition time of 3 s each at an energy of
80 keV. Additional optical magnification lenses with 20x or 40x mag-
nification were used, depending on the aggregate size. The positions
of the detector and magnification lens were adapted for each aggre-
gate individually to optimize image resolution. Voxel edge length was
0.5—0.8 um for microaggregates.

For macroaggregates, only topsoil samples were used. For each plot
and sampling point, three macroaggregates (8—16 mm) were scanned,
resultingin 2 x 2 x 3 =12 scans. uCT scans were conducted with a Zeiss
Xradia 520 Versa (see above) at the University of Hannover. Per scan,
1932 projections were taken, with 80 keV energy, an exposure time of
1.4's,and a voxel edge length of 10.52 pm.

Additionally, the bulk density of macroaggregates was determined
using submerged weighing similar to Uteau et al. (2013). Ten aggre-
gates per plot and depth were first weighed, then dipped into hot
paraffin wax to fill the pores and after cooling off were dip-weighed
in water for determination of their volume. Dividing weight by volume
gave the aggregate bulk density. Based on these data, total porosity

was estimated assuming a solid particle density of 2.65 g cm=3.

2.2.7 | Wettability

Contact angles were measured on intact and disturbed air-dry
macroaggregates (8—16 mm) of the Ap horizon, using the sessile drop
method according to Bachmann et al. (2000). Deviating from Bach-

mann et al. (2000), droplets of 1 pL of deionized water were placed
onto the surface, and videos were recorded with a microscope (OCA
15, DataPhysics; 30 frames per second). The first image with a sharp
droplet contour was analyzed using an ellipsoidal fit to the drop shape,
a linear baseline and tangents on both sides of the drop (SCA 20 ver.
4.1.15, DataPhysics; Bachmann et al., 2021). If there was no picture
with a sharp contour but the droplet did not spread immediately either,
a contact angle of 1° was assumed.

For intact aggregates, 20 aggregates per sampling point were ran-
domly picked; two droplets per aggregate were measured and the
contact angles averaged per aggregate. For disturbed aggregates,
aggregates were ground with pestle and mortar. One sample holder
was prepared per sample, and five droplets were placed onto it such
that the wetted areas did not touch. The values of the five repeated
measurements were averaged.

Samples of the four sampling points were kept separate for all mea-
surements. However, for the presentation of the results, results from

the two replicate sampling points of each plot were merged.

2.3 | Data and image analysis
2.3.1 | Stability measurements

During the crushing tests, force, tool separation, and the resulting work
at each time step were recorded. Since aggregates from one size class
can still differ considerably in size, some standardization was consid-
ered necessary. Standardization of the work was done by expressing
the energy needed for crushing an aggregate in relation to a fixed strain
level, with strain defined as the relative change in aggregate diameter.
As a proxy of diameter, the height of an aggregate was determined as
the tool separation at the first contact between the sample and piston.
Aggregates that were only slightly larger than the endpoint selected
for the crushing test experienced only small percentages of height
reduction. Additionally, tests were stopped when the force reached the
maximum capacity of the load cell, which also resulted in lower max-
imal strain. The maximal strain that all aggregates experienced, 19%,
was chosen as the level for comparison. Note that this is different from
classical analyses of mechanical strength where the loading force at the
point of aggregate failure (tensile strength) is determined (Rogowski,
1964). Such a definite aggregate failure, determined by a sudden force
drop and visual appearance of a crack in the polar plane, does not seem
to occur in most microaggregates.

Results from wet sieving of macroaggregates were expressed as
GMD as described above. For wet sieving of microaggregates, only
one sieve was used. Therefore, these results were expressed as a

percentage of WSA.

2.3.2 | Image analysis

Image analysis of uCT scans of microaggregates included the follow-

ing steps: A non-local means filter (Buades et al., 2011) was applied in
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ImageJ/F1JI (Schindelin et al., 2012) for noise reduction. Segmentation
was done with a global threshold as determined by Otsu’s algorithm
(Otsu, 1979). To prevent threshold determination from being disturbed
by an over-representation of voxels representing air, segmentation was
done in two iterations. The result of the first segmentation was dilated
strongly to create a very rough mask of the aggregate. Then, the Otsu
algorithm was applied again for threshold determination using only the
voxels contained within the mask.

A spherical opening and closing (both r = 1.5 voxels) were applied to
remove any objects smaller than 3 voxels in diameter. In order to sep-
arate aggregate solids from the plastic container and the pore space
from the surrounding air, a more precise mask of the aggregate was
created. For more details, please refer to the Supporting Information.
The mask was applied both to the solid phase and to the inverted image
with pores as foreground objects.

Quantitative analysis focused on the pore phase. The total pore vol-
ume divided by the volume of the aggregate mask gave the porosity.
The pore size distribution was analyzed with the maximal inscribed ball
method (Delerue et al., 1999). Each voxel was attributed the diameter
of amaximal sphere that fit into the pore space and contained the voxel.

As a measure of connectivity, the Euler-Poincaré characteristic—
also called Euler characteristic or Euler number—of the pore space with
respect to the 26-neighborhood was calculated. For 3D objects, the

Euler characteristic y is defined as

x=N=C+H, (2

where Nis the number of unconnected pores, Cis the number of redun-
dant connections, and H is the number of hollows (Vogel, 1997). It is
worth noting that lower numbers are related to higher connectivity and
that both positive and negative numbers are possible. Euler character-
istic is expressed here as Euler density, that is, divided by aggregate
volume.

For further characterization of the pore space structure, the pore
space model was skeletonized in Imagel/F1JI (algorithm by Lee et al,,
1994),implemented by Ignacio Arganda-Carreras, version 2.1.1,2017).
The resulting skeletons were analyzed with the AnalyzeSkeleton
function (Ignacio Arganda-Carreras, version 3.1.3, 2017). The largest
skeleton in most cases contained >95% of the total branch length,
which was calculated as the number of branches times of mean
branch length. Therefore, only the results of the largest skeleton were
selected for further analysis. The output was used to calculate median
branch tortuosity, which is the ratio of the actual length of a branch
and the Euclidean distance between its start and end points. Since
shorter branches tend to be straighter (a branch that consists of only
2 voxels always has a tortuosity of 1), the median tortuosity of all
branches was only calculated for branches that were longer than 10
voxels.

If not mentioned otherwise, image analysis was done with the pro-
prietary software ToollP by the Fraunhofer Institute for Industrial
Mathematics (version 2019, Fraunhofer ITWM 2019) that comprises
also functions from the MAVI kit (i.e., Modular Algorithms for Volume

Images, same developer). All calculations were done in pixels or voxels
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FIGURE 1 Total carbon contents of macro- and large
microaggregates in g kg~1. Each dot represents the mean of two
sampling points and two repeated measurements each.

and results were converted to pm or pm?3 in the end by multiplying with
the (cubic) voxel edge length.

Analysis of macroaggregate uCT scans was similar to the pro-
cedure described above. However, scans had to be converted from
16- to 8-bit color depth first to reduce the size of the dataset. His-
tograms were cut off at manually chosen thresholds to ensure that
the two peaks attributed to air-filled space and mineral particles were
roughly at the same gray values for all scans. Other differences mainly
concern adaptations to the different scales. For details, please refer
to the Supporting Information. Since the macroaggregate scans just
served as a supplementary measurement to test explanations for the
results of water stability of macroaggregates, pore system analysis
was restricted to total porosity, Euler density, and volume of pores
connected to the outside. In contrast to microaggregate uCT scans,
connectivity analysis for macroaggregates included all pores since the
one largest pore of an aggregate was not as representative of its whole

pore system as it was the case for microaggregates.

2.3.3 | Statement on replication and statistics

Because of their spatial proximity, neither replicate sampling points of
one plot nor replicate aggregates of one sampling point were consid-
ered strictly statistically independent. Therefore, statistical tests were
avoided to not give afalse impression of certainty. Descriptive statistics
were done with R (R Core Team, 2018).

3 | RESULTS
3.1 | Carbon contents

Generally, total C contents in both macro- and microaggregates were
higher in the Ap than in the Bt horizon as expected (Figure 1). Com-
pared to the cropped plot, aggregates from the BF plot had lower C

contents in both aggregate size classes in the Ap. Notably, the absolute
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TABLE 2 Polyvalent exchangeable cations in macroaggregates
(8-16 mm).

Horizon  Sampling point Cacmol kg Fe Mg Mn sum

Ap Cropped R1 10.03 0.01 0.72 0.08 10.85
Cropped R2 9.46 001 076 0.13 1036
mean 9.75 001 074 011 1061
BarefallowR1  8.03 001 074 0.23 9.00
BarefallowR2  8.54 002 077 025 9.58
mean 8.29 002 076 024 9.29

Bt Cropped R1 6.88 001 053 008 749
Cropped R2 6.82 002 053 007 745
mean 6.85 002 053 008 747
BarefallowR1  8.67 002 101 011 981
BarefallowR2  9.64 001 108 005 10.77
mean 9.16 002 105 0.08 10.29

difference between cropped and BF in the Ap horizon was the same,
irrespective of size class and despite different absolute C contents
(8—16 mm: Ciroppea—Cpr = 3.2 8 kg=1; 53—250 pm: Ceropped—CaF =
3.5 gkg™1). Total C contents roughly equal organic C contents because
previous analyses of the plot had revealed low inorganic C contents of
0.57 to 1.15 g kg1 soil (Table A1).

3.2 | Polyvalent exchangeable cations

Polyvalent exchangeable cations at field pH were dominated by
exchangeable Ca (6.85—9.75 cmol, kg~1; Table 2). Exchangeable Mg
made some minor contributions in the range of 0.53 to 1.05 cmol kg1,
while contents of exchangeable Fe and Mn were neglectable. The sum
of polyvalent exchangeable ions tended to be higher in the cropped plot
than in the BF plot (10.61 [cropped] vs. 9.29 cmol. kg~ [BF]) in the Ap
horizon. In the Bt horizon, the trend was opposite (7.47 [cropped] vs.
10.29 cmol, kg~1 [BF].

3.3 | Aggregate stability: Water stability

Wet sieving of dry-separated macroaggregates resulted in a clear dif-
ference between plots in the Ap horizon (Figure 2a). While in the
cropped plot, GMD ranged from 0.65 to 2.37 mm and were thus highly
variable, values in the BF plot were both lower and more uniform
(0.31—0.56 mm). In the Bt horizon, the GMD was generally low and had
very low variability (0.24—0.34 mm), irrespective of the plot. Thus, in
the BF plot, macroaggregates from the Ap horizon were hardly more
water-stable than aggregates from the Bt horizon.

The aggregate stability of dry-separated microaggregates against
wet sieving was high with 75% to 85% WSA (Figure 2b). It has to be
noted that sieving was impaired by a flat air bubble that remained
under the mesh and prevented water from flowing through an esti-

mated 20% of the mesh area. However, due to the ellipsoid movement

of the sieve in the water, it seemed likely enough that particles smaller
than the mesh opening size would eventually go through the screen.
There was a trend of aggregates from the BF plot to be less sta-
ble than the ones from the cropped plot. Notably, this was true for
both horizons. In contrast to the macroaggregates, the water sta-
bility of microaggregates was only slightly lower in the Bt horizon
(75.0%—83.5% WSA) than in the Ap horizon (80.2%—85.0% WSA).

3.4 | Aggregate stability: Mechanical stability

Water stability of macroaggregates was clearly different between plots
in the Ap horizon and not different in the Bt horizon. In contrast,
their mechanical stability behaved the opposite way (Figure 3a): In
the Ap horizon, the mechanical work at 19% strain was not differ-
ent between the plots (medians were 17.3 and 17.5 N mm in the
cropped and BF plots, respectively). However, in the Bt horizon, the
median work needed for that was higher in the BF than in the cropped
plot (28.1 and 49.8 N mm in the cropped and BF plots, respectively).
However, since the boxplots overlap almost completely, this difference
should be considered only a trend. Additionally, the mechanical stabil-
ity of macroaggregates was higher and more variable in the Bt horizon,
compared to the Ap horizon.

Mechanical stability of microaggregates was not different between
plots or horizons, neither in absolute level nor in variability (Figure 3b).
The only exception from that was a slightly higher stability of microag-
gregates from the BF plot in the Bt horizon, compared to the cropped
plot. The median work in the Ap horizon for 19% strain was 6.4 x
104 N mm (cropped) and 7.2 x 10~% N mm (BF). In the Bt horizon,
median work was 7.6 x 10=4 N mm (cropped) and 9.4 x 10=4 N mm
(BF).

3.5 | Soil structure: Porosity, bulk density,
connectivity, and tortuosity

In macroaggregates from the Ap horizon, resolvable pores had diam-
eters in the range of 42 to 773 pm (Table 3). Resolved porosity was
lower in the BF (4.2% + 0.6%) than in the cropped plot (8.1% + 1.6%).
However, variability was high in the cropped plot (SE + 1.6%). The
pore size distribution showed that the porosity was dominated by the
smallest resolved pores, here 42—100 um in diameter (Figure A2 in
the Supporting Information). In this pore size class, the largest dif-
ference between plots was observed, but also in the larger pore size
classes, there was a trend toward lower volume fractions for the BF
plot.

The image resolution only allowed us to analyze (part of) the macro-
porosity (>10 um diameter). For comparison, the estimated total
porosity based on the bulk density of macroaggregates was much
higher with 39.0% + 0.01% for the cropped plot and 34.8% + 0.01%
for the BF plot (Ap horizon; Table 3). The absolute difference roughly
equals the absolute difference derived from puCT scans. Thus, although

only a small part of total porosity was resolved in the uCT scans, the
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FIGURE 3 Results of individually crushed macroaggregates (a) and microaggregates (b), expressed as the work corresponding to 19% strain.
Values of 14 and 35 of macro- and microaggregates, respectively, have been excluded as outliers (for details, see Supporting Information).

analyzed pore size range was where most of the difference between
plots could be found.

The bulk density of macroaggregates (Table 3) also revealed a differ-
ence in the Bt horizon. Mean aggregate bulk density was slightly lower
in the cropped plot (1.71 g cm~3) than in the BF plot (1.75 g cm~3).

For the microaggregates, uCT scans had a higher resolution, and
thus diameters of resolved pores ranged from 2 pym to a maximum
of 30 um. In the Ap horizon, there was a trend of microaggregates
from the BF plot to have a slightly lower resolved porosity (mean and
SE: 25.2% + 1.4%) than aggregates from the cropped plot (28.1% +
0.8%). In the Bt horizon, this difference was even stronger (18.9%
+ 1.1% [BF] vs. 25.2% + 1.7% [cropped]). Similar to macroaggregate
porosity, differences in porosity were largest in the smallest resolved
pore size class with 2—5 pm diameter (Figure A3 in the Supporting

Information).

The connectivity of resolved pores in microaggregates, expressed
as Euler characteristic per 1000 um3 aggregate volume, almost mir-
rors the differences in porosity (Table 3). While in the Ap horizon,
there was only a trend toward lower connectivity in the BF treatment
(—=1.27 [cropped] and —0.99 103 pm~3 [BF]), there was a clearly lower
connectivity in the BF plot in the Bt horizon (=0.27 103 um~3), com-
pared to the cropped plot (—0.85 10% um~—3). Note that lower values of
Euler density mean higher connectivity. Numbers could only be nega-
tive because only the largest connected pore, that is, one object, was
analyzed (see Section 2.3.2).

In macroaggregates, all pores were included in the analysis of con-
nectivity. Consequently, Euler density was positive for all aggregates.
The number of pores outweighed the number of redundant connec-
tions. In contrast to the microaggregate scale, Euler density was lower
(and connectivity thus higher) in the BF treatment (50 mm=3) than
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TABLE 3 Pore characteristics as visible in microtomography scans with voxel edge lengths of 0.5—0.8 um (microaggregates) and 10.5 um

(macroaggregates).

Bulk density of

Volume of pores

Euler density (per connected to outside

Visible Estimated total macroaggregates aggregate volume) per total aggregate
porosity (%) porosity (%) (gcm=3) (1000 pm~3) Tortuosity (—) volume (%)
Microaggregates (53—250 pm)
Ap Cropped 28.1(0.8) n.d. n.d. —1.27(0.05) 1.24(0.001) n.d.
Bare fallow 25.2(1.4) n.d. n.d. —0.99(0.09) 1.24(0.002) n.d.
Bt Cropped 25.2(1.7) n.d. n.d. —0.85(0.11) 1.24 (0.003) n.d.
Bare fallow 18.9(1.1) n.d. n.d. —0.27(0.08) 1.25(0.002) n.d.
Macroaggregates (8—16 mm) (mm~3)
Ap Cropped 8.1(1.6) 39.0(0.01) 1.63(0.02) 69(1.8) 1.29(0.007) 7.3(1.6)
Bare fallow 4.2(0.6) 34.8(0.01) 1.75(0.02) 50(5.7) 1.27(0.004) 3.4(0.6)
Bt Cropped n.d. 36.2 (<0.01) 1.71(0.01) n.d. n.d. n.d.
Bare fallow n.d. 34.0(<0.01) 1.75(0.01) n.d. n.d. n.d.

Note: Mean values with standard error in parentheses. n = 14 for microaggregates (except Bt, cropped with n = 12 and Bt, bare fallow withn = 13)and n=3
for macroaggregates. Estimated total porosity based on bulk density measurements of macroaggregates with n = 20. n.d. means “not determined.”

in the cropped plot (69 mm=3). However, the volume of pores con-
nected to the air space around the aggregates tended to be higher in
the cropped plot (7.3%) than in the BF plot (3.4%; data not shown). The
share of total resolvable porosity that was connective to the air space
outside the aggregate was high (>75% of total visible porosity in all but
one case) and slightly higher in the cropped plot than under BF (Figure
A4 in the Supporting Information).

The mean pore tortuosity in microaggregates showed no evidence
of a difference between plots or horizons. In the Ap horizon, the mean
tortuosity was 1.24 in both plots. In the Bt horizon, tortuosities were
similar with mean values of 1.24 (cropped) and 1.25 (BF). The tortuos-
ity of macropores in macroaggregates from the Ap horizon was slightly
higher in the cropped (mean and SE 1.29 + 0.007) than in the BF plot
(1.27 + 0.004).

3.6 | Contact angles of crushed and intact
macroaggregates

Contact angle measurements were methodologically challenging. On
the intact aggregates, it was hard to find a more or less flat surface to
place the droplet on. On the plates with the crushed material attached,
the droplets often spread so quickly that the camera did not capture
a sharp picture of the initial droplet. Considering this uncertainty, the
results have to be interpreted with caution. Thus, despite a slightly
higher median contact angle of intact macroaggregates in the BF (9.0°),
compared to the cropped plot (4.3°), no difference between the plots
could be found (Figure 4). Also in the crushed aggregates, no clear dif-
ference was observed. The gap in values between 1° and 7.25° hints at
an insufficient frame rate (30 frames per second) for a highly wettable

soil.

4 | DISCUSSIONS
4.1 | Water stability versus mechanical stability

Water stability and mechanical stability of aggregates from the Ap
horizon showed opposite trends between the two plots. The stabil-
ity of aggregates against water was generally reduced under BF as
already described by Tisdall and Oades (1982) and observed for the
samesite (Siebers et al., 2023). The effect was much weaker in microag-
gregates. In contrast, mechanical stability was similar or even slightly
increased in the BF plot in both macro- and microaggregates. Diverg-
ing behavior was also observed in the Bt horizon. While water stability
was not different (macroaggregates) or only slightly lower in the BF
plot (microaggregates), mechanical stability was higher in the BF plot
(macroaggregates) or similar between plots (microaggregates). Note
that since aggregates had similar gravimetric water contents, we do
not expect water content to have disturbed comparability of stability
measurements (Figure A5 in the Supporting Information).

This diverging behavior between mechanical and water stability
has been observed before. For example, Daraghmeh et al. (2009)
found reduced mechanical stability but increased water stability
under reduced tillage, compared to conventional tillage. However, the
increasing effect on water stability was only present when water sta-
bility was measured on air-dried aggregates, not when they were
field-moist. Similarly, Kogut et al. (2019), comparing a Chernozem
under 52 years of tilled BF to the same soil under steppe, found a mixed
effect on mechanical stability. In contrast, water stability was strongly
decreased under BF. Of the air-dry 1—-2 mm aggregates, 80% were sta-
ble against wet sieving under steppe, while under BF, only 0.3% were
water-stable. This is in line with previous findings that water stability
and mechanical stability are not well correlated (Jozefaciuk & Czachor,
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FIGURE 4 Contact angles of intact (a) and crushed (b) macroaggregates from the Ap horizon. For intact aggregates, each dot refers to one
aggregate and is the mean of two droplets per aggregate. For crushed aggregates, each dot refers to one droplet. One plate was prepared per

sampling point and five droplets were placed on each plate.

2014). This lack of correlation implies that the two types of stabil-
ity rely on different mechanisms, which are discussed in the following

subsections.

4.2 | Mechanisms of water stability

The hypothesized explanation for the lower water stability of macroag-
gregates under BF was that loss of SOM increased the wettability of
the soil and thus enhanced the disrupting effect of slaking (Chenu et al.,
2000). However, contact angles were not different between BF and
cropped in our study, neither on intact nor on homogenized aggregates.
All samples were highly wettable. Given the high specific surface area
of silty soil, the amount of organic matter present in the soil was not
sufficient to hydrophobize the particles to a measurable degree.

Other factors influencing the velocity of water entry include char-
acteristics of the pore system. The median tortuosity of pore branches
was not different between samples. In contrast, the pore size distribu-
tion of macroaggregates was different between plots. Aggregates from
the BF plot had a lower porosity in all visible pore size classes, but the
difference was strongest in the smallest visible pore sizes (42—100 pm;
Figure A2 in the Supporting Information). Since smaller pores have
a higher matric potential, a reduction in small pores, ceteris paribus,
reduces the velocity of water entry and is likely to lead to a weaker slak-
ing effect—the opposite of what was observed. However, a large range
of pore sizes—any pores <42 pm in diameter—could not be resolved in
the uCT scans.

Pore system characteristics are not only relevant for the entry of
water but also for the escape of air. A highly connective pore sys-
tem enables the air to escape more easily, alleviating the build-up of
air pressure (Chenu & Cosentino, 2011). Surprisingly, connectivity as
indicated by Euler density was lower in the cropped plot. However,

one has to take into account that below the resolution limit, some

apparently unconnected pores are in fact connected. Consequently, a
higher porosity is likely to go along with a higher number of apparently
unconnected pores. It is therefore expected that the higher poros-
ity of macroaggregates from the cropped plot coincides with a lower
resolvable connectivity.

This implies that Euler density does not always reflect the aspects
of connectivity that affect the escape of air upon wetting. One of these
aspects is the connectivity of pores to the soil (here: aggregate) surface.
We therefore calculated the percentage of pore volume that was con-
nected to the air outside macroaggregates and found this percentage
to be slightly lower under BF (Figure A4 in the Supporting Information).
We conclude that regarding the pore structure, macropore connec-
tivity to the aggregate surface rather than overall macropore Euler
density influenced resistance against slaking in macroaggregates.

Differences in organic carbon contents can also affect aggregate
stability through enmeshment and gluing (Totsche et al., 2018). How-
ever, the fine structures of hyphae and fine roots are likely to become
brittle when dried. The air-drying before wet sieving is likely to have
strongly weakened the enmeshment effect if there was any. Therefore,
physicochemical interactions seem to be the most likely mechanism for
how lower SOM content reduced the water stability of macroaggre-
gates in the BF plot. However, in a lab incubation experiment inducing
SOM depletion on soil cores from a carbonate-free agricultural site
(Luvisol), water stability did not change significantly over time (300
days; Bucka et al., 2023). The authors concluded that the sites of initial
SOM loss did not contribute to gluing particles together. SOC con-
tents and losses in that experiment were similar to the field experiment
presented here: Of the initial 11.2 g C kg~? soil, 2.2 g C kg~! were
lost via respiration and leaching. The main difference to field condi-
tions was the constant water tension and temperature, which excluded
the stresses exerted by wetting/drying and freezing/thawing, and lim-
ited leaching intensity. In our study, particle-particle contacts and also

organo-mineral associations may have additionally been weakened by
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a lower content of exchangeable Ca in the BF plot (8.29 cmol, kg~1)
than in the cropped plot (9.75 cmol. kg=1; Table 2). Summing up, the
observed lower water stability of macroaggregates in the BF plot is
attributed to a combination of lower contents of SOM and exchange-
able Ca and a difference in pore structure with less pores connected to
the aggregate exterior.

Concerning the slightly reduced water stability of microaggregates
under BF, increased wettability can be ruled out for the reasons
described above. Enmeshment by roots and fungal hyphae can be dis-
missed also because it is not relevant at this scale (Tisdall & Oades,
1982). Thus, differences in the pore system and in gluing by organic
matter, for example, extracellular polymeric substances, remain as
explanations as was the case at the macroaggregate scale. Additionally,
differences in cementing substances like oxides can play a major role
at this scale (Lipiec et al., 2018; Totsche et al., 2018), which has been
studied for the same site (Siebers et al., 2023).

Similar to the macroaggregates, microaggregates under BF had
lower resolvable porosity (>2 um; for pore size distribution, see Figure
A3 in the Supporting Information). In contrast to macroaggregates,
this lower porosity went along with a lower connectivity of the largest
connected pore network. This could be an indicator of aggregates
being more susceptible to slaking. Despite this supposed vulnerabil-
ity, microaggregates under BF were only slightly less water-stable than
microaggregates from the cropped plot. From this, one can conclude
that disruption by entrapped air does not play a large role at this scale
and/or that gluing or cementing substances stabilized particle contact
points.

In the cropped plot, where clay contents were similar in both hori-
zons (ca. 20%), microaggregates from the Bt horizon were only slightly
less stable than aggregates from the Ap horizon. However, in the Bt
horizon of the BF plot, where clay content was ca. 25%, water stabil-
ity was clearly reduced, compared to the Ap horizon (ca. 20% clay). We
suspect differential swelling of clay as the cause (Chenu & Cosentino,
2011).

4.3 | Mechanisms of mechanical stability

Mechanical stability was not lower in the BF plot and hence apparently
not affected by the decline in C contents that occurred in both macro-
and microaggregates. Nevertheless, differences in structure have been
measured. As mentioned above, the BF plot had a lower macroporosity,
which is in line with a higher bulk density of macroaggregates (Table 3)
and of the bulk soil (Table A1 in the Supporting Information). Similarly,
porosity in the range of 2—10 um was reduced in microaggregates.
These changes can only come through the rearrangement of particles,
which requires particles to be detached from their original neighboring
particles (and new particle contact points being created). If the forces
in the field are the same but rearrangement of particles happens in
the one plot but not in the other, it is reasonable to assume that the
connections between particles were weaker.

Alternatively, it is possible that particle connections in both plots

have the same strength, and higher porosity in the cropped plot is

simply induced by the regular disturbance through tillage, leaving not
enough time in between for the soil to settle completely (Chen et al.,
2016). However, this is not realistic for the pore sizes included in
microaggregates since these structures are generally considered to
be too stable to be affected by mechanical impact during tillage (Six
et al., 2000; Tisdall & Oades, 1982). Thus, the reduced porosity hints
toward an initial destabilization of particle contacts followed by the
rearrangement of particles.

The process of destabilization and the kinds of forces that may have
detached particles are not clear. We speculate that the loss of SOM
and exchangeable Ca destabilized particle contacts and consequently
forces exerted, for example, by freezing/thawing detached particles.
These loosened particles partly filled pores, leading to a lower porosity
and a higher average number of inter-particle contacts per particle. At a
given strength of bonds between particles, this results in a mechanical
stability (Barbosa, Keller, & de Oliveira Ferraz, 2020). Since mechani-
cal stability was not increased, bond strength must have been reduced.
So, two opposite mechanisms supposedly balanced out each other: The
mechanical stability was initially decreased by a weakening of particle
bond strength but increased again due to the higher number of particle
contacts.

Another reason for the lack of a measurable difference in mechani-
cal stability could lie in the crushing method. As described in Section 2,
aminimal distance at the end of each crushing test was defined to avoid
single large particles carrying the load exerted by the load frame. How-
ever, especially measurements of microaggregates often seemed to be
affected by this as sometimes notable by a cracking sound while crush-
ing or a sudden force drop after a steep linear increase in force. Sorting
out outliers afterward was difficult since no objective criteria exist on
how to safely distinguish a single mineral particle from connected par-
ticles by the force-displacement curve. We alleviated this effect by
restricting the analysis to the initial phase of the crushing tests (first
19% strain). However, the variance of results within one sample might
decrease if this effect could be further reduced.

Moreover, there might be criteria other than the work needed
for a certain level of strain that are better indicators of mechanical
strength. Notably, the frequent notion of “aggregate failure,” for exam-
ple, defined by the emergence of equatorial cracks as suggested by
Barbosa and de Oliveira Ferraz (2020) is not suitable for microaggre-
gates because these distinct equatorial cracks do not seem to occur
at this scale. Furthermore, the shape of microaggregates can strongly
deviate from a sphere, which violates a basic assumption of the con-
cept of tensile strength measured by the force at aggregate rupture
(Rogowski et al., 1968). A further adaptation of the method is thus
necessary.

It has to be noted, though, that the method was capable of detect-
ing a higher stability in the BF plot, compared to the cropped plot in
the Bt horizon. This difference was much more pronounced in macro-
than in microaggregates. As mentioned before, there was a differ-
ence in clay content (20% [cropped] vs. 25% [BF]), which affected
mean aggregate bulk density (1.71 g cm™3 [cropped] vs. 1.75 g cm~3
[BF]). In the absence of a difference in SOM content, the effect of an

increased number of particle contacts—and tightly held water between
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the clay particles—in the BF plot manifests itself in a higher mechanical
stability.

4.4 | Macro- versus microaggregates

As commonly observed, macroaggregates were more stable than
microaggregates. In terms of the work needed for 19% height reduc-
tion, values for microaggregates compared to macroaggregates were
smaller by 4 orders of magnitude while their volume and weight were
smaller by 5 orders of magnitude (data not shown). In terms of water
stability, most macroaggregates already disintegrated during satura-
tion while the majority of microaggregates remained stable. Notably,
the two aggregate size classes showed trends in the same direction
(or no trend for both) in both mechanical and water stability regarding
the differences between plots. It is remarkable that even microaggre-
gates showed differences in structure and water stability since they
are usually considered too small to be affected by agricultural manage-
ment. This means that not even these small and rather stable structures
may not provide permanent physical protection for SOM against decay.
However, microaggregates usually are separated via wet sieving, while
in our study, a dry sieving approach was used. Felde et al. (2021), who
developed this separation method, observed that it preserved microag-
gregate structure better than wet separation. This method enables soil
scientists to better study how microscale soil structures are affected

by land use.

4.5 | Site-specific versus treatment-induced
differences between plots

When considering differences between plots, we have to keep in mind
that due to lack of replication, we cannot be sure whether these dif-
ferences were caused by the differing land use or by previous spatial
heterogeneity of the experimental site. For example, the difference
between plots in exchangeable Ca (Ap horizon) may on the one hand
have existed at the beginning of the experiment due to differential
liming. On the other hand, BF can reduce pH (Curtin et al., 2015),
for example, due to nitrification and production of carbonic acid from
microbial respiration. H* partly replace Ca ions at the exchange sites,
so the latter are more susceptible to leaching. BF was most likely also
the cause of SOM loss and thus loss of cation exchange sites, which also
increases the risk of Ca leaching. Due to this uncertainty of attribution,
we focused on the soil parameters that can explain differences in soil
stability. Whether these parameters were different due to land use can

to some degree be argued but cannot be tested based on our data.

5 | CONCLUSION

The stability of dry-separated aggregates differed between BF and the
cropped plot but mechanical and water stability diverged: Water sta-

bility differed most between plots in the Ap horizon and was lower in

the BF plot, while mechanical stability was similar. In contrast, water
stability was similar in both plots in the Bt horizon, whereas mechani-
cal stability was higher in the BF plot. We confirmed that macro- and
microaggregates showed trends in the same direction, but stability
was higher and differences between plots were generally smaller in
microaggregates. Nevertheless, it is notable that also microaggregates
showed differences in stability between plots. This is in contrast with
the general perception that microaggregates are too small and stable
to be affected by agricultural management and deserve attention in
future research.

In contrast to our hypothesis, the difference in water stability of
topsoil aggregates was not determined by wettability because contact
angles were the same in both plots. This corroborates the doubts that
have been raised about the relative importance of wettability to slak-
ing, at least for silty soils with a generally low SOM content. Instead,
we attribute the lower water stability under BF to weaker particle con-
tacts due to lower contents of SOM and exchangeable Ca and to higher
air pressure during wetting due to a lower connectivity of macropores
to the aggregate surface.

Mechanical stability was not different between plots in the Ap
horizon despite a difference in soil structure, especially porosity. We
assume that weaker particle contacts due to lower SOM and Ca con-
tents transiently made the soil susceptible to mechanical impacts of, for
example, freezing and thawing. The resulting denser packing increased
the number of particle contact points, compensating for their reduced
individual strength. The higher mechanical stability of aggregates from
the Bt horizon under BF was attributed to a higher clay content while
it had the opposite effect on water stability (microaggregates). Due to
this ambivalent effect of clay on mechanical and water stability, these
two types of stability can be expected to differ strongly in soils that con-
tain high amounts of expansive clay. Further research should compare
the relation of mechanical and water stability and their mechanisms
across different soil types. This could help reveal trade-offs and syn-
ergies between soil characteristics regarding the different types of soil
stability and help design land management practices that keep both in
an optimal range.

We critically reflected on the crushing method used to determine
aggregate stability, especially when applied at the microaggregate
scale and encourage a further development of uniaxial unconfined
compression tests and derived parameters to measure mechanical

stability at a wide range of scales.
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