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Research highlights
Mechanical precompression stress can be similar for different textured soils near field capacity.
Texture does not primarily determine the compaction sensitivity of soils.

X-ray CT provide valuable additional information about the effect of mechanical stresses.
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Abstract

The use of heavy agricultural equipment often produces significant changes in soil physical proper-
ties through compaction. Soil compaction is one of the environmental factors in agriculture that
adversely act on soil functions such as the provision of air, water, nutrients and pore space for root

growth affecting crop yields.

In this study, critical stress values are defined as the values at which the effects of compaction
result in a limitation of soil functions. Soil functions such as water storage, habitat and plant pro-
duction are influenced to a different degree by soil compaction, so we assume there is not some
fixed critical stress threshold for soil, but a range of critical stress values, hereafter called critical
stress range. It is investigated, if there are differences in the critical stress values with respect to
soil functions leading to critical loads that should not be exceeded to prevent negative effects, and

if the critical stress ranges differ for different textures.

Using column experiments in a greenhouse classic soil mechanical parameters (dry bulk density,
mechanical precompression stress), morphometric parameters obtained with X-ray tomography
(macroporosity, pore connectivity) from undisturbed soil samples as well as biological parameters
(earthworm activity) and crop factors (grain and straw yield) were investigated for soils with differ-

ent topsoil textures (top soil 0-15 cm: loam, silty clay loam, silt loam, sandy loam) near field capaci-
ty.

We found that critical stress values for various parameters and critical stress ranges did not de-
pend on topsoil texture at this matric potential. Studies, which recommend maximum values for
mechanical loads to prevent harmful soil compaction solely based on texture, should be treated
with caution. Although the soil textures at the four sites were quite different, the middle of the criti-
cal stress ranges were similar and concurred with the values of the mechanical precompression
stresses which were similar at all four sites, too. The agronomic critical stress values of grain and
straw yield mostly were impaired at the lower limit of the critical stress ranges and were, therefore,

the most sensitive parameters.
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Introduction

Plants use a soil as a growth medium, which supplies water, oxygen and nutrients. Agricultural
soils are therefore conditioned to create a soil structure that allows optimal plant and root growth,
optimal biological activity to release nutrients, and to facilitate the supply of water and oxygen
(Carter, 1986). As a result of excessive machine loads as well as improper air pressure in the tires
and tillage equipment, harmful soil compaction can occur (Pagliai et al., 2000; Ricknagel et al.,
2012). This is especially true for unfavorable water contents during agronomic operations. Soil
compaction is an undesirable change in soil structure (Ishaq et al., 2001) which influences not only
pore functions such as air and water movement (Lipiec & Hatano, 2003), but also biological activity

(Lipiec & Simota, 1994).

It is important to evaluate the changes of soil properties caused by soil compaction from differ-
ent angles, (Horn & Rostek, 2000; Lipiec & Hatano, 2003), as will be outlined below.
Lipiec & Hatano (2003) refer to soil properties including soil strength, aeration, water, and structur-
al characteristics that make it easier to characterize soil quality after compaction. A key criterion for
the soil’s stability when subjected to mechanical loads is precompression stress, a property that is
often used in soil mechanics (Horn & Rostek, 2000). Once it is exceeded irreversible changes in
soil functions occur (Rlcknagel et al., 2017). Macropores, typically defined for pore diameters
>50 um, constitute a comparatively small fraction of the total pore space, but can contribute sub-
stantially to total flow, especially at high water content and at high precipitation rates where they
cause the phenomena of preferential flow. This is why physical disturbance of macropores caused
by soil loading may lead to a significant reduction of hydraulic conductivity and air permeability as
described by McKenzie et al. (2009). With a decreasing macroporosity, it can be assumed that
larger air-filled pores become discontinuous causing limitations in oxygen supply. In a recent re-
view, Rabot et al. (2019) highlight the relevance of the pore structure for the multitude of soil func-

tions. Hence, it seems to be promising to complement classical methods by non-destructive imag-
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ing tools such as computed tomography to better characterize the structure of the pore network in
quantitative terms (Jarvis et al., 2017; Pihlap et al., 2019; Péhlitz et al., 2019). In agricultural sys-
tems, biological properties as well as physical or mechanical properties are important components
of the soil ecosystem as pointed out by Carter (1986). He also advises that indices of both soil
structure and biological conditions are important for understanding the behaviour of soil functions
and, thus, the ability to avoid or recover from soil compaction. McKenzie et al. (2009) emphasize
that earthworms are the major component of the soil fauna in temperate agro-ecosystems. Also
Guei & Tondoh (2012) explain the important role of earthworms as soil “ecosystem engineers”
brought by feeding, burrowing and forming habits in and between casts which maintain soil fertility
and soil conservation (organic matter and macroaggregates). Soil compaction can gradually affect
earthworm activity in soil (Ruiz et al., 2015). They can be sensitive to tillage techniques and can
therefore be used as bio-indicators of soil conditions (Lemtiri et al., 2014). Besides soil fauna also
plant growth can be a sensitive indicator for soil compaction. Czyz & Tomaszewska (2001) found
that grain yield was linearly related to root mass, showing the importance of good soil physical
conditions for root growth for optimal yields. Crop yields in compacted soils are usually associated
with the extent and function of the root system (Lipiec & Hatano, 2003) which is impaired by de-
creasing root penetration due to excessive mechanical resistance (Lipiec & Simota, 1994), reduced

infiltration and insufficient aeration (Czyz & Tomaszewska, 2001).

To evaluate the impact of soil compaction on soil functions it is of particular interest to know at
what state of compaction soil properties such as dry bulk density, porosity or pore connectivity be-
come critical. The reduction of a soil property with increasing load might be sharp or gradual. In the
latter case the definition of a critical compaction status is difficult and typically set to empirically
determined values based on the soil properties of interest like crop growth. Thereby, critical
thresholds are expected to depend on climatic conditions, soil type and crop species (Rashid &
Sheikh, 1977). Several studies examined dry bulk density (BD) as suitable indicator for critical soil
compactions since high BD has been considered limiting for soil aeration and rooting (O’Connell,

1975). More specifically, an air capacity, i.e. air-filled porosity at field capacity, of less than 10 %
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was found to be limiting for crop growth (Lebert et al., 2004; O’Connell, 1975; Reichert et al., 2009;
Werner & Paul, 1999) and the corresponding bulk density at which this occurs was determined by
regression equations that also take organic matter, particle density and combined silt and clay con-
tent into account. Kaufmann et al. (2010) list optimal and limiting values for dry bulk density derived
from parabolic relationships between dry bulk density and crop yield which show a pronounced

maximum depending on soil conditions, crop species and climate.

Focusing on only one soil property is problematic because it is possible that one soil property is
optimal, while another already shows critical values. The questions arise, whether the soil functions
mentioned above react differently to soil compaction, i.e. become limiting at the same applied
stress, and whether there are texture dependent differences. In this study, critical stress values are
defined as the values at which the effects of compaction result in a limitation of soil functions. Soil
functions and their parameters are influenced to a different degree by soil compaction, so we as-
sume there is no fixed critical stress threshold for a given soil, but a range of critical stress values,
hereafter called critical stress range. We investigate the influence of soil texture on changes in
some key properties which are deemed important for different soil functions. Classic soil mechani-
cal parameters and macropore characteristics derived from X-ray CT (undisturbed samples) as
well as biological and plant parameters (number of biopores, grain and straw yield) are linked. The
aim is to explore if there are differences in the critical stress values for the different parameters,
and if the critical stress ranges differ for different textures in topsoil near field capacity. We chose
field capacity because this corresponds to the field conditions when mechanical loading typically
occurs, namely high water content in the spring after the winter melt for sowing and in late autumn
for harvesting. We are aware that the strength of a soil can increase with increasing drought (P&h-
litz et al., 2019; Rlucknagel et al., 2012). This study should provide extended insights into the top-
soil compaction process and structural characteristics of different soil textures near field capacity,
and contribute to a suitable management of soils so that soil physical, morphological, biological

and plant parameters are not adversely affected by soil compaction.
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2. Material and Methods
2.1. Data acquisition

In autumn 2016 soil samples were taken from the topsoil (0-20 cm) of four differently textured
sites (loam, silty clay loam, silt loam, sandy loam) which were specifically selected to represent a
wide range of soil textures. The clay content varies between locations from 70 g kg™ to 280 g kg™.
The sand contents are between 40 g kg™ and 530 g kg™'. At all sites, long-term reduced tillage
(FAO, 1993) took place with cultivator. An overview and description of the locations is given in Ta-

ble 1.
2.2. Soil physical measurements

For the soil physical investigations undisturbed samples (volume = 250 cm®, height = 6.1 cm,

internal diameter = 7.2 cm) were taken in three repetitions at five places per site (3 x 5 x 4 = 60).

The saturated hydraulic conductivity (Ks, cmd”) of the soil samples (volume =250 cm?,
height = 6 cm) was measured by means of a stationary system (Klute & Dirksen, 1986) with a flow
duration of 4 h. The dry bulk density (BD, Mg m™®) of the same samples was subsequently deter-

mined from the dry weight after drying at 105°C for 48 h (Blake & Hartge, 1986).
2.3. Soil mechanical measurements

For soil mechanical measurements undisturbed soil samples (volume =220 cm?,
height = 2.8 cm, diameter = 10 cm) were taken at four places per site (4 x4 = 16). The shallow
sample geometry was dictated by subsequent oedometer measurements (see below). For the
compression tests eight load steps (5, 10, 25, 50, 100, 200, 350 and 550 kPa) were applied to

each soil sample.

The soil samples were first slowly saturated by capillary rise before being drained for at least
seven days in a sandbox with a hanging water column to a matric potential of -6 kPa (Klute, 1986)

and then weighed.
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Fully automated oedometers and the associated software (WINBOD32, Wille Geotechnik, APS
Antriebs-, Prif- und Steuertechnik GmbH, Géttingen-Rosdorf, Germany) were used to determine
the stress - strain relationships under drained conditions. Load application was uniaxial. Each load
step was applied with a load time of 120 min and a subsequent relaxation time of 15 min with a

2 kPa load. The oedometer records settlement with an accuracy of 0.01 mm.

After the compression tests, the soil samples were dried at 105°C for 48 h and then weighed
(Blake & Hartge, 1986). The dry mass was then divided by the initial sample volume to compute
the dry bulk density prior to the compression tests (BDy). Using the settlement (s), the initial height
of the soil sample (hy), and BD, the resulting BD after each load application (BD,) was calculated

as follows:

ho
ho—s

BD,; = BD, -

(3.1)

A semi-logarithmic stress - BD,; curve was then created. The mechanical precompression
stress was determined based on these curves using the graphical method of Casagrande (1936). It

was applied by a number experimenters to minimize subjectivity (Ricknagel et al., 2010).

2.4. CT examinations

An X-ray CT scan was acquired after each load step (App. 1). Soil samples from the compression
tests were scanned with an energy of 150 kV and a beam current of 550 pA using an industrial X-
ray scanner (X-Tek XTH225, Nikon Metrology). One scan comprised 2480 projections with an ex-
posure time of 1.41s (scanning time was 2480*1.42s = 3500s). A CCD detector panel with
2000x 1750 diodes recorded the projections. Beam hardening artifacts were reduced with a 0.1 mm
copper filter. The CT scans were reconstructed with a spatial resolution of 60 um and an 8-bit
greyscale resolution using the X-Tek CT Pro software package (Nikon Metrology). This is the max-
imum resolution, which allows to scan the entire sample (10 cm in diameter) and to get representa-
tive CT images. The results therefore pertain to pore sizes larger than 60 um, but can only detect

pores larger than two-three voxels faithfully (Vogel et al., 2010). Image processing was performed
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with the Java software ImageJ 1.50e (Rasband, 1997-2015). To reduce scatter and noise the CT

scans were filtered using the “Non-local Means Denoising” plugin in Fiji (Buades et al., 2005).

In order to exclude artefacts at the edges of the sample and reduce the data volume a cylindri-
cal region of interest (ROI) with a diameter of 90 mm was used in the middle of the reconstructed
CT scan. The vertical extent of the ROI was adjusted to the reduction in sample height after each
load step. This was based on the positions of small and identifiable features, e.g. stones, at the
upper and lower ends of the sample. Regardless of compaction status it was thus always possible

to locate the original soil volume again after each consecutive load application.

Automatic segmentation was then applied to the scan of the ROI to separate the image into
pores and soil matrix. This was carried out using the thresholding method by Otsu (1979).
Macroporosity (here pore diameter > 60 um) was quantified as the ratio of the number of pore
voxels to the total number of voxels within the ROI. The Imaged analysis “Particle Analyzer” (Fer-
reira & Rasband, 2010-2012) was employed to calculate pore connectivity, which represents the
connection probability between two arbitrarily chosen pore voxels, i.e. the chance to belong to
same pore cluster. This dimensionless number is also denoted as the I indicator (Renard & Allard,
2013; Schllter et al., 2014) and has a value between 0 and 1, where the latter indicates that the

soil pores are perfectly connected.

2.5. Soil biological and agronomic measurements

Column preparation

Sulfficiently large soil volumes are required for soil biological and agronomic measurements to min-
imize the impact of wall artifacts. Undisturbed soil cores of such size could not be extracted in the
field. Therefore, a total of approximately 750 kg of disturbed soil from 0-20 cm depth was taken
from each site (~750 kg x 4 = 3000 kg) to set up greenhouse experiments with repacked soil at
different compaction levels. For the column experiments with earthworms (Lumbricus terrestris)
and for the column experiments with spring barley (Hordeum vulgare) six dry bulk densities were

produced in five repetitions for each site (6 x 5 x 4 = 120 columns). For both column experiments,
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the columns were positioned in a randomized order. The two column experiments took place inde-

pendently of each other.

Opaque polyvinyl chloride (PVC) pipes were used for the column experiments (19 cm inside
diameter, 283.52 cm? surface area, 30 cm height). For each site it was tested in advance how far
the soil was compactable which depends on soil texture. This was done by compacting the loose
soil piece by piece in a 5 cm layer. In the end, we used the soil mass to calculate the final density.
This final density corresponds to the highest density we were able to produce in the laboratory.
From this density, which was different for each test site, we produced 5 further densities in steps of
0.07 Mg m®. Also, we compared these highest densities with the values that resulted from the
stress strain tests. These corresponded to each other. Thus, for the four sites dry bulk density
ranges of 1.42-1.77 Mg m™ (loam), 1.28-1.63 Mg m™ (silty clay loam), 1.21-1.56 Mg m™ (silt loam)

and 0.72-1.07 Mg m™ (sandy loam) were produced.

The soil was manually compacted at a water content near field capacity directly after soil sam-
pling using metal plates. To get the first layer a pre-weighed amount of soil was filled into a column
and beaten until its volume was reduced to the required extent (5 cm). The second layer was then
filled onto the compacted first layer in the column and treated in the same manner, and so on, until
all the pre-weighed soil was filled into the column. In the columns representing a given site the
same soil mass was used for all six dry bulk densities. This resulted in decreasing filling heights
with increasing dry bulk density. The soil mass was chosen to yield a maximum filling height of
25 cm at the lowest dry bulk density. Using the same soil mass entails the same amount of nutri-

ents in each column representing the same field site.

On the inside of the columns a duct tape which reached about 2.5 cm thickness into the col-
umn was attached after the second (10 cm), third (15 cm) and fourth (20 cm) layer counting from
the top. This was done to prevent earthworms from crawling and plant roots from growing preferen-

tially along the column wall.
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Biological measurements

The earthworm genus Lumbricus terrestris L. was used for column experiments. In each col-
umn, six earthworms were placed on the soil surface. To prevent soil drying while permitting gas
exchange (O,), 30 g of wheat and oat straw about 5 cm in length was mixed together and placed
on each surface. The upper end of the columns was covered with gauze and the lower one with a
fleece to prevent the earthworms from escaping. The experimental conditions were constant dark-

ness at 20°C. The total burrowing period of L. terrestris was 18 days.

After the experiment, the straw was carefully removed and collected by hand, together with the
earthworm casts on the soil, to make the earthworm burrows visible on the surface. The biopores
were counted at the top (0 cm), after the second (10 cm), third (15 cm), fourth (20 cm) and bottom
layer (25 cm) of the columns, summed up, divided by the number of counted layers and converted
to number per square meters representing average biopore activity of the first 25 cm topsoil in

field.

Agronomic measurements

For the agronomic investigations, summer barley (Hordeum vulgare L.) of the variety Avalon
was used. In each column, 15 plants were sown, covered with a roughly 3 cm thick soil layer of the
same soil, and thinned to ten plants after emergence. For nitrogen, a target value of 90 kg N ha
was adjusted. N, was determined (Tab. 1) and subtracted from the target value to obtain the
amount of nitrogen to be applied to the surface of the columns in the form of calcium ammonium

nitrate parallel to sowing.

The bottom of each column was covered with a fleece to prevent roots from growing out of the
column. The columns were weighed regularly every few days to monitor water loss by evapotran-
spiration. This loss was then compensated by watering so that lack of water did not restrict plant

growth.

The experiments were carried out in a greenhouse with the climatic conditions regulated ac-

cording to the BBCH stages of cereals (Witzenberger et al., 1989) as follows: (i) germination, leaf

10
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development and tillering: constant 15°C with a 12 h photoperiod; (ii) stem elongation and booting:
20°C during the day and 15°C at night with a 14 h photoperiod; (iii) inflorescence emergence,
heading, flowering, anthesis, development of fruit, ripening and senescence: 25°C during the day

and 20°C at night with a 15 h photoperiod. The total growing period of the crop was 130 days.

At the senescence stage, the plants were harvested 1 cm above the soil. Straw and grain were

dried separately at 105°C to a constant weight, which was then converted into a yield (g m™).
2.6. Derivation of critical stress values and critical stress ranges

Critical stress values and critical stress ranges

With precompression stress and CT-derived parameters we target the critical stresses were
transitions in the properties are strongest or reach absolute thresholds, whereas for biopores and
yield we target optimum values, i.e. where the onset of detrimental effects by compaction occur.
We think that this is justified by the fact that the former are soil inherent properties, whereas the
later reflect emerging biological behavior constrained by the present soil structure. The respective
minimum and maximum spread have been added to the critical stress values. The critical stress
range is between the lowest and highest critical stress value of the examined parameters for each

soil.

Mechanical precompression stress
The mechanical precompression stress is widely viewed as the most important measure to as-
sess harmful soil compaction. Hence, it is used here as a critical stress value for the mechanical

component of a soil (section 2.3.).

Macroporosity

According to Werner & Paul (1999) an air capacity of =8 Vol.-% at pF1.8 (pores > 50 um) is
necessary to maintain the ecological functionality of cohesive soils. Air capacity, when measured at
this matric potential, can be considered equivalent to macroporosity (Drewry et al., 2008). Here,
macroporosity was determined with CT quantitative image analysis at a similar resolution (pore

size). Following Werner & Paul (1999) a macroporosity = 8 % was considered to be the minimum

11
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required. So, as soon as a macroporosity of 0.08 was reached, the corresponding stress value was

considered to be the critical stress value.

Pore connectivity

There are no critical values given in the literature regarding pore connectivity, i.e. for the col-
lapse of a well-connected pore network into many isolated pores. In this study, the first significant
change in connectivity with increasing load application is therefore considered the critical stress

value.

Biopores, Grain & Straw yield

For the relationship between dry bulk density and yield an optimal dry bulk density at maximum
yields is frequently reported (Czyz & Tomaszewska., 2001, Czyz, 2004). Since we noted that the
volume of biopores is directly related to bulk density, we assumed, just as described with the yield,
that an optimal dry bulk density also leads to maximum biopore numbers. BD, is then used to
derive the critical stress value with the help of the stress - BD,; diagram as follows (Fig. 1): BDgy: is
targeted on the abscissa of the BD — Biopores or BD — yield diagram. Then the critical stress value
at which BD,, value is reached can be read of the ordinate of the stress - BD,; diagram. At lower
BD there is little burrowing activity, because there is less need to dig to obtain food and shelter or
there is bad soil root contact (Kemper et al., 1988; Shah et al., 2017; Stovold et al., 2004). At high-
er BD burrowing is mechanically restricted or there is a high mechanical resistance to root penetra-
tion and reduced availability of oxygen, water and nutrients (Daddow & Warrington, 1983;

Hakansson, 1989; Saqib et al., 2004).

2.7. Statistical analyses

The statistical analyses were carried out with the statistics program ‘R Studio’ (version

0.99.893, R Foundation for Statistical Computing).

The arithmetic mean values for BD,;, macroporosity, pore connectivity, biopores density and
crop yield were calculated separately for the repetitions of each site. The means of the log-

normally distributed saturated hydraulic conductivity and precompression stress values were calcu-

12
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lated based on the logarithmized values. For the variance analyses, all parameters were tested for

normal distribution (Shapiro-Wilk test) and variance homogeneity (Levene’s test).

A one-way analysis of variance was performed for all parameters between sites within each
load step, and between the eight load steps of the compression tests and between the six dry bulk
densities from the column experiments for each location separately. The Tukey honestly significant
difference test was applied to determine differences in group means and was considered signifi-

cant at a significance level of p < 0.05.

3. Results

3.1. Soil mechanical parameters and accompanying critical stress values

The stress - BD,; diagrams (Fig. 2) show classic compaction curves for each of the four sites.
The BD,; curves for the four sites run more or less parallel, but are shifted up or down with respect
to their initial densities, where the loam site had the highest and the sandy loam site the lowest
density. The values of the mechanical precompression stress (Op gpx) determined from the stress -
BD,; diagrams do therefore not differ significantly between the sites. They are in the range of log

op = 1.65 to 1.85 (45 to 71 kPa).

The increase in load results in significant decreases in macroporosity (Fig. 3) and pore connec-
tivity (Fig. 4), regardless of the site. Only at the lowest load steps, did the loam and silt loam sites
on the one hand, and the silty clay loam and sandy loam sites on the other differ significantly from
each other in terms of macroporosity and pore connectivity (App. 2). Because of different initial dry
bulk densities, the loam, the silt loam and the sandy loam site have lower macroporosity and pore

connectivity values than the silty clay loam site.

The stress - macroporosity curves (Fig. 3) show the most significant decrease in macroporosity
in the load range between 25 and 200 kPa. At the highest load steps (350 to 550 kPa) macropores
disappeared almost completely. This is true for all four sites. The macroporosity at the loam site

can already be regarded as critical (<0.08) at a load of 12 kPa (Fig. 3A). At the silty clay loam site

13
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(Fig. 3B) the critical stress value for macroporosity is reached at a much higher load of 155 kPa.
The silt loam (Fig. 3C) and sandy loam (Fig. 3D) sites have a critical stress value for macroporosity
of 52 and 72 kPa, respectively, which is near the value for the mechanical precompression stress

for these two sites.

The shape of the stress - pore connectivity curves (Fig. 4) for all sites is similar to that of the
stress - macroporosity curves, with the difference that pore connectivity remains more constant
with increasing load for a longer time before decreasing steeply in the load range of 50-200 kPa. In
all soils a significant reduction in connectivity happened at a load of 100 kPa except for the silt
loam site (Fig. 4C) where this ad-hoc definition of a critical stress value for pore connectivity oc-
curred at 200 kPa. This is in contrast to other soils where the collapse of connectivity happened

already at a load of 100 kPa.
3.2. Soil biological parameters and accompanying critical stress values

L. terrestris dug successfully into the soil in all columns, even at the highest dry bulk densities.
Mortality was negligible and was not related to BD. L. terrestris formed permanent continuous bur-
rows with little branching. Several individuals of L. terrestris in a column sometimes used the same
burrow system. This means not every earthworm dug a biopore. The shape of the biopores was
affected by the compaction procedure which led to a series of layers with a slightly higher bulk
density in the upper part as compared to the lower. Interestingly, L. terrestris tended to follow the
less compacted zone on top of each layer so that the burrows in those areas were horizontal. This
was especially observed at the maximum burrowing depths. But this peculiarity did not affect the
estimated number for biopore density. There were biopores even at the lower end of some lower

density columns.

For all soils, except for the loam, the density of biopores slightly increased with increasing bulk
density before it declined above some optimal bulk density (Fig. 5B-D). For the loam soil no effect
of BD on the number of biopores was observed (Fig. 5A, App. 3). In this case the critical stress

value of 11 kPa was set at BD,; = 1.42 Mg m™ where the mean biopore density was obtained.
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To determine an optimal BD with respect to the burrowing activity of earthworms a polynomial
could be fitted reasonably well to the measures biopore densities except for the loam (Fig. 5B-D).
We used the maximum value of the fitted polynomials to determine the optimal BD and critical load
which led to 1.40 Mg m*/80 kPa, 1.35 Mg m®/43 kPa and 0.82 Mg m™/20 kPa for the silt clay loam,

silt loam and sandy loam respectively.

3.3. Agronomic parameters and accompanying critical stress values

For the silt loam and sandy loam soil grain yields increased with increasing bulk density (Fig. 6,
App. 3) before it decreased again after an optimal bulk density was exceeded. For the loam and
silty clay loam soils, grain yields decrease already with the first investigated reduction in bulk den-
sity. The loam (Fig. 6A) and silty clay loam (Fig. 6B) have the largest amplitudes in grain yields.
Correspondingly, the graphs of the polynomial functions are steeper than those for the silt loam
(Fig. 6C) and sandy loam (Fig. 6D) sites. For the latter two soils, no significant differences in grain

yield with increasing density are found.

To determine an optimal BD with respect to the grain yield a polynomial could be fitted reason-
ably well to the measures grain yield densities except for the silt loam (Fig. 6A-D). We used the
maximum value of the fitted polynomials to determine the optimal BD and critical load which led to
1.39 Mg m*®/7 kPa, 1.30 Mg m®/45 kPa, 1.36 Mg m®/50 kPa and 0.89 Mg m®/56 kPa for the loam,

silt clay loam, silt loam and sandy loam respectively.

In principle, the results for grain yield are reflected in the results for straw yield, with the differ-
ence that more straw was formed than grain, which led to shifts in the optimum density values

(Fig. 7).

The maximum straw yield occurs at a density of 1.47 Mg m™ for loam (Fig. 7A), 1.31 Mg m™ for
silty clay loam (Fig. 7B), 1.35 Mg m® for silt loam (Fig. 7C), and 0.87 Mg m*® for sandy loam
(Fig. 7D). This corresponds to critical stress values of 30 kPa for loam, 48 kPa for silty clay loam,
43 kPa for silt loam, and 50 kPa for sandy loam. Again, for the last three sites the derived critical

stress values for straw yield are in the range of the mechanical precompression stresses.
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3.4. Critical stress ranges

The critical stress values given in chapters 3.1 to 3.3. are summarized in Figure 8. The mini-
mum and maximum stress values for each soil determine the critical stress range, indicated by
dotted vertical lines. The critical stress ranges differ between the soils. While the stress range is
rather large for the loam, it is similar and much narrower for the silty clay loam, silt loam and sandy

loam.

For the relations between individual critical stress values some general trends can be derived.
The spread of the mechanical precompression stress are very small for all four soils. For most of
the soils the critical stress value for macroporosity is smaller than the one for pore connectivity.
The critical stress values for the biopores, grain and straw yield are usually in the lower part of the

critical stress ranges.

4. Discussion

4.1. General remarks

Before looking at the critical stress values and critical stress ranges resulting from soil compac-
tion the effects of compaction on the examined soil functions observed here should be briefly dis-

cussed.

e The initial BD’s for the four sites were much lower than site-specific plant root limiting BD’s
according to Kaufmann et al. (2010). Furthermore, the K values were much higher than the
minimum rate recommended by Werner & Paul (1999). Hence, the soil structures were in-

tact at all sites.

o Despite different initial densities, all stress - BD,; curves showed a similar shape. The indi-
vidual curves were merely shifted somewhat along the ordinate. Therefore, the values for

the mechanical precompression stress were similar.
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For soils with low initial macroporosity the critical stress value for macroporosity is smaller
than the one for pore connectivity, whereas the values are similar for soils with high initial
macroporosity. This discrepancy is caused by the different criteria of how critical stress val-
ues are determined for both properties. For macroporosity absolute values are considered
(threshold at 0.08), whereas for pore connectivity relative differences mattered (significant
changes between consecutive load steps). This also restricted critical stress values to ac-
tual measured load steps as no interpolation is possible. In the future the method could be
changed to an absolute threshold of 0.5. It has been shown frequently that pore connectivi-
ty drops in a narrow macroporosity range of 5-10% (Jarvis et al., 2017; Pihlap et al., 2019;
Poéhlitz et al., 2019). This also explains the empirical air capacity limit of about 8 % by vol-
ume in Werner & Paul (1999), because then the air-filled pore space becomes discontinu-
ous and the oxygen supply is disturbed. Even if the mechanical precompression stress is

exceeded, the macropores are still connected.

Several individuals of L. terrestris shared biopores. This is in agreement with the studies of

Jegou et al. (1998) and Joschko et al. (1989).

The burrowing activity of L. terrestris varied with dry bulk density, following a parabolic
curve except for the loam site. At low BD there was little burrowing activity, because there
is less need to dig to obtain food and shelter. Up to a certain point (optimal BD) the number
of burrows increased with increasing soil density. Beyond this point the burrowing activity
decreased with BD, because L. terrestris was mechanically restricted, i.e. soil strength
seemed to be a limiting factor at higher densities. A lower burrowing rate at higher densities
was also found by Kemper et al. (1988) and Stovold et al. (2004). Schrader et al. (2007)
and Kemper et al. (1988) observed that L. terrestris failed to penetrate a silt loam soil with a
BD of

1.60-1.70 Mg m™. Similarly, Horn (1999) named 1.67 Mg m™ as the BD limit for L. terrestris.

We observed that at high soil densities, L. terrestris tended to remain in a particular loca-

tion. Perreault & Whalen (2006) also reported such a behaviour, if L. terrestris was exposed
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to unfavorably cold and wet soil conditions. Recall that in this study, the soil was at 20°C

and moist, i.e. the conditions were favorable.

e Very loose (bad soil root contact) as well as heavily compacted soil (high mechanical re-
sistance to root penetration, reduced availability of oxygen, water and nutrients) leads to
reduced yields, as found by Daddow & Warrington (1983), Hakansson (1989), Saqib et al.

(2004) and Shah et al. (2017), too.

e The parabolic relationship between dry bulk density and burrowing activity of L. terrestris as
well as grain and straw yield of H. vulgare depends on texture. The optimal BD and the

steepness of the curve differ.

o It seems that an increased content of organic matter like at the sandy loam site (51 g kg™)
only has an effect on the dry bulk density of a soil, but not on the other parameters studied

here.

e The mechanical precompression stress reflects critical stress value for yield or critical

stress ranges in general.
4.2. Critical stress ranges

In this study, critical stress values for various parameters in topsoil near field capacity were
presented. Single values were taken from fitted curves. However, in some cases, the curves were
fairly flat and the data had a high standard deviation. Consequently, it is possible to pick a number
of plausible critical stress values for a given parameter. For some the possible critical stress values
have a rather big spread, for example the critical stress value for biopores at the loam site. This is
because biopore density is insensitive to dry bulk density. Overall, for grain and straw yield the

spread among soils is widest.

The values for the mechanical precompression stress at the four sites are fairly similar. The

spread is the lowest for all parameters. In general, the mechanical precompression stress lies in
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the middle of the critical stress ranges for the other five investigated parameters and covers them

reasonably well.

The critical stress value for biopores, usually appeared at the lower part of the critical stress
range. For the loam site, one can assume that the critical stress value is very low due to the high
sand content, because the rough surface of the sand particles can impair burrowing activity
(McKenzie et al., 2009). At higher dry bulk densities this effect may increase, because the particles
move closer together, which further increases friction (Horn et al., 1995). However, with increasing
dry bulk density no significant differences of biopore number could be determined. This could be
attributed to the lack of aggregation (Beisecker et al., 1994) and the accompanying evenly distrib-
uted resistance. That may be why the earthworms were still able to burrow through the soil even
after the mechanical precompression stress was exceeded. For the sandy loam site, the high con-
tent of organic matter compensates the aforementioned effect of a high sand content, because it
ensures a loose and thus easily penetrable packing. In general, the dry bulk densities were low so

that there was little burrowing resistance.

The critical stress value for grain yield is very close to the one for straw yield. The loam soil
seems to be an exception to this but generalizations are difficult due to large spread in the data.
Grain and straw yield tend to become critical before the mechanical precompression stress is
reached. If one looks at the spread, grain and straw yield seem to be the most sensitive parame-
ters and form the lower limit of the critical stress range. This is because they are determined at the
bulk density of optimal growth and not at the bulk density of steepest decrease in some property,
e.g. pore connectivity. ller & Stevenson (1991) report that sandy soils have high growth-limiting dry
bulk densities of around 1.65-1.75 Mg m™, but that plants already show a significant reduction in
growth before those densities are reached. In addition, plants differ in their tolerance of soil com-
paction affecting germination and growth of some species but not others (Skinner et al., 2009).

Ultimately, grain and straw yield are the most important parameters for the farmer.

Following these explanations it is not surprising that at different sites the critical stress value for

a given parameter may lie at the upper or lower end of the critical stress range for all parameters
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considered here, and that its value and spread may differ between sites. For example, the critical
stress range is widest at the loam site and narrowest at the silty clay loam site. However, if the
middle of the critical stress ranges (recall the logarithmic scale) are looked at, it can be seen that
they are similar in value (50 - 100 kPa), and also similar to the values of the mechanical precom-
pression stresses (45 - 71 kPa). Hence, the mechanical precompression stress turns out to be well
suited as a measure of the critical stress values and the critical stress ranges. Nevertheless, useful
additional information about the effect of mechanical stresses on the soil structure is gained from

considering the other parameters as well.

The results show that topsoil texture does not determine the compaction sensitivity near field
capacity alone or at least not primarily. Field capacity has an important role because at this point
the soil is most susceptible to compaction and corresponds to the field conditions when mechanical
loading typically occurs, namely high water content in the spring after the winter melt and in late
autumn for sowing and harvesting. Furthermore, this moisture level is the closest state of the ag-
gregates for clay soils, which we have at the Buttelstedt site. However, of course the relationship
between precompression stress and soil moisture (matric potential) is different for different soil
textures — clay is very weak when wet but becomes very hard when dry, while sandy soils will not

show as much change with initial matric potential (Schjgnning & Lamandé 2018).

5. Conclusions

In this study we found that critical stress with respect to soil functions does not depend on soil
texture. This can be concluded from a number of physical and biological soil characteristics (me-
chanical precompression stress, macroporosity, pore connectivity, number of biopores, grain and
straw yield) which are known to reflect soil functions and which were measured after applying in-
creasing mechanical loads for differently textured topsoils near filed capacity. This means that
studies, which recommend maximum values for mechanical loads to prevent harmful soil compac-

tion solely based on texture, should be treated with caution.
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Based on the different soil characteristics we could identify critical stress ranges which slightly
differ between the soils. However, despite the considerably contrast in soil texture, the centers of
the determined stress ranges were similar and concurred with the values of the mechanical pre-
compression stresses which were similar for all four soils. Hence, the mechanical precompression
stress was confirmed to be a suitable measure of the critical stress values and the critical stress
ranges. Nevertheless, useful additional information is gained from considering the other character-
istics as well. The critical stress values for indicators of plant growth (i.e. grain and straw yield),
were mostly found at the lower limit of the critical stress ranges meaning that plant growth is most

sensitively affected by soil compaction.
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Table 1: Description of the sampled sites.

T N Taxonomy? Texture Texture class® TOC pH Nutrients Nmin BD Ks
Site
(°C)  (mm) (g kg™ (g kg™) (mgper100g)  (kgNha') (Mgm?®) (cmd")
Clay Sand P K Mg

Quellendorf 8.7 526 Chernozem 130 450 loam 14 74 6.8 221 104 11 1.29 158
Buttelstedt 8.4 541 Chernozem 280 40 siltyclay loam 21 69 35 513 241 15 1.14 157
Rothenberga 8.5 500 Haplic Luvisol 130 60 silt loam 13 6.7 59 190 6.0 17 1.10 137
Kranichborn 8.5 500 Mollic Fluvisol 70 530  sandy loam 51 74 124 139 121 30 0.82 157

T = average annual temperature; N = average annual precipitation; TOC = total organic carbon; P = phosphorus; K = potas-

sium; Mg = magnesium; N, = mineralizable nitrogen; BD = dry bulk density; Ks = saturated hydraulic conductivity
All parameters except BD and K were determined by Eurofins Agraranalytik Deutschland GmbH, Jena, Germany.
4FAO (1998)

® USDA classification scheme (Gee & Bauder, 1986)
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Figure 1: Scheme to derive critical stress value for earthworm activity. BDoy (1.41 Mg m®) is tar-
geted on the abscissa of the BD — Biopores diagram. Then the critical stress value
(80 kPa) at which BD, value is reached can be read of the ordinate of the stress - BDy

diagram.
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Figure 2: Dry bulk density (BDy;) from sequential load application (stress) to soil cores from (A)
loam, (B) silty clay loam, (C) silt loam and (D) sandy loam. Error bars show the stand-
ard deviations. Statistically significant differences (p < 0.05) are indicated by lower case
letters. Black symbols and numbers indicate the values (kPa) of the mechanical pre-

compression stress.
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Figure 3: Macroporosity from sequential load application to soil cores for (A) loam, (B) silty clay
loam, (C) silt loam and (D) sandy loam. Error bars show the standard deviations. Sta-
tistically significant differences (p < 0.05) are indicated by lower case letters. Black
symbols and numbers indicate the critical stress values (kPa) which correspond to a

macroporosity of 0.08.
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Figure 4: Pore connectivity from sequential load application to soil cores for (A) loam, (B) silty
clay loam, (C) silt loam and (D) sandy loam. Error bars show the standard deviations.
Statistically significant differences (p < 0.05) are indicated by lower case letters. Black
symbols and numbers indicate the critical stress values (kPa) which correspond to the

first significant change in pore connectivity.
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ters. Black symbols and numbers indicate the optimum BD (Mg m™®) at which the bio-

pores are at maximum and their critical stress value (kPa) in brackets.
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Figure 6: Grain yield of Hordeum vulgare as a function of dry bulk density (BD,;) for (A) loam

(1.42-1.77 Mg m®), (B) silty clay loam (1.28-1.63 Mg m®), (C) silt loam (1.21-
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1.56 Mg m®) and (D) sandy loam (0.72-1.07 Mg m™). Statistically significant differences
(p £ 0.05) are indicated by lower case letters. Black symbols and numbers indicate the
optimum BD (Mg m™®) at which the grain yield of Hordeum vulgare is at maximum and

their critical stress value (kPa) in brackets.
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Figure 7: Straw yield of Hordeum vulgare as a function of dry bulk density (BDy) for (A) loam
(1.42-1.77 Mg m®), (B) silty clay loam (1.28-1.63Mgm?®), (C) silt loam (1.21-
1.56 Mg m®) and (D) sandy loam (0.72-1.07 Mg m™®). Error bars show the standard de-
viations. Statistically significant differences (p < 0.05) are indicated by lower case let-

ters. Black symbols and numbers indicate the optimum BD (Mg m™®) at which the straw
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yield of Hordeum vulgare is at maximum and their critical stress value (kPa) in brack-

ets.
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Figure 8: Critical stress ranges for (A) loam, (B) silty clay loam, (C) silt loam and (D) sandy loam
based on precompression stress (black circle), critical stress values of macroporosity
and pore connectivity (grey circle), and optimum values for biopores, grain yield and

straw yield (white circles). The dotted vertical lines indicate the lower and upper limit of
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the critical stress range for a site. The dashed horizontal lines (bars) indicate the

spread (min-max) of the critical stress values among replicates for a given parameter.

Appendix 1: Examples of CT cross sectional images from load application for a load of 5, 10, 25,
50, 100, 200, 350 and 550 kPa loam (L), silty clay loam (SICL), silt loam (SIL) and

sandy loam (SL).

silty clay loam silt loam sandy loam

200 kPa

350 kPa
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Appendix 2: Dry bulk density (BD,), macroporosity, pore connectivity, and logarithmic precompression stress (log op) for loam (L), silty clay

loam (SICL), silt loam (SIL) and sandy loam (SL). Statistically significant differences (p < 0.05) are indicated by lower case (load

step within each site), and upper case letters (sites within each load step).

Parameter  Texture Load step (kPa) log op
5 10 25 50 100 200 350 550
BD, L 1.37 aC 1.42 abC 1.45 abC 1.51 acC 1.59 cdC 1.65 deB 1.72 efB 1.77 B 1.65 a
(Mg m®) SICL 1.20 aB 1.21 abB 1.24 abB 1.32 abB 1.45 bcB 1.56 cdB 1.65 deB 1.72 eB 176 a
SIL  1.23 bB 1.27 abB 1.30 abB 1.36 abcB  1.44 abcB 1.53 acB 1.58 cB 162 cB 185 a
SL 0.76 aA 0.78 abA 0.83 bA 0.87 bA 0.97 cdA 1.04 deA 1.12 efA 114 eA 166 a
Macroporosity L 0.09 aA 0.08 aAB 0.07 aA 0.05 aA 0.01 bA 0.00 bA 0.01 bB 0.01 bA
(-) SICL 0.23 aB 0.22 abCB 0.21 abC  0.18 aB 0.12 cB 0.06 dB 0.02 dAB  0.02 dA
SIL  0.12 aA 0.12 aAB  0.10 abAB 0.08 abcA  0.06 abcAB 0.03 bcAB 0.01 cAB  0.00 cA
SL 0.23 aB 0.23 aC 0.18 aBC  0.12 abAB  0.05 bcA 0.04 bcAB 0.03 bcAB 0.01 cA
Pore L 0.76 aA 0.81 aA 0.74 aC 0.61 aA 0.34 bA 0.17 bA 0.15 bA 0.13 bA
Connectivity SICL 0.96 aB 0.96 aB 0.96 aB 0.92 abB 0.82 bA 0.50 cB 0.14 dA 0.10 dA
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SIL

SL

0.81 aAB 0.81 aA

0.94 aB 0.95 aAB

0.75 aAC

0.92 abAB

0.66 aA

0.85 abAB

0.51 abA

0.48 bcA

0.25 bcAB 0.12 cA

0.25 cAB 0.20 cA

0.15 cA

0.14 cA
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Appendix 3: Biopores from Lumbricus terrestris, grain yield, straw yield, and above ground

biomass of Hordeum vulgare for different dry bulk densities (BD) for loam (L),

silty clay loam (SICL), silt loam (SIL) and sandy loam (SL). Statistically signifi-

cant differences (p < 0.05) are indicated by lower case letters.

Texture BD Biopores  Grain yield Straw yield
(Mgm?)  (m?) (g m?) (g m?)
L 1.42 65 a 630 a 927 a
L 1.49 56 a 525 ab 949 a
L 1.56 61 a 466 abc 944 a
L 1.63 68 a 544 abc 792 abc
L 1.70 51 a 239 bc 552 bc
L 1.77 61 a 166 c 430 c
SICL 1.28 66 ab 308 a 507 a
SICL 1.35 97 a 277 a 478 a
SICL 1.42 71 ab 256 a 433 a
SICL 1.49 82 ab 72 b 279 b
SICL 1.56 62 ab 31 b 261 b
SICL 1.63 41 b 13 b 157 b
SIL 1.21 95 a 301 a 660 a
SIL 1.28 107 a 333 a 674 a
SIL 1.35 106 a 288 a 676 a
SIL 1.42 96 a 333 a 682 a
SIL 1.49 107 a 397 a 745 a
SIL 1.56 86 a 182 a 453 b
SL 0.72 92 abc 416 a 653 ab
SL 0.78 109 a 520 a 655 ab
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SL

SL
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1.00

1.07

106 a

95 abc

76 bc
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