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Abstract

Compacted soils occur widely in agricultural lands and bring a multitude of chal-

lenges. A possible alleviation method is the mechanical loosening of these soils.

However, according to the literature, mechanical loosening has not always yielded

improvements in soil structure. This thesis investigated the effect of mechanical

loosening on the soil structure and the physical properties of a severely compacted

subsoil. During construction work, a field in Changins was used as a deposit for ex-

cavated material over several years, which led to a high level of subsoil compaction.

After the deposit was removed, the soil was loosened mechanically. Penetration re-

sistance was assessed with a penetrologger before loosening and with a penetrome-

ter one and a half years after loosening. One year after the loosening, soil samples

were collected from the still compacted, the loosened, and the reference plots and

scanned with X-rays. From the resulting 3D images (resolution >126 µm), changes

in soil matrix density and morphological measures of the imaged pore network were

studied. In the laboratory, air diffusion and air permeability were measured at -30

hPa, -100 hPa, and -300 hPa matric potential. The results suggested that the ref-

erence plots, assumed to have experienced no compaction, were moderately com-

pacted. Mechanical loosening decreased penetration resistance, partially decreased

soil matrix density, and increased macroporosity at 60 cm depth. However, the con-

nectivity of macropores was not restored. Percolation of the macropore network did

not improve after loosening, and neither did air permeability at -30 and -100 hPa.

Only at smaller pore diameters (9-28 µm) increased air permeability and air diffu-

sion were found in the loosened plots. A year after loosening, biopores were not

restored, which might explain the low connectivity. Hence, local anoxic conditions

under high moisture levels (field capacity) may appear in the soil, which does not

favor root growth and aerobic microbial life. The improvements in mechanical loos-

ening were strongest, where the highest level of compaction was previously found

(60 cm depth). Although some parameters showed significant alleviation, mechan-

ical loosening could not fully restore a firmly compacted soil within one year. Soil

structure recovery progresses slowly since natural restoring mechanisms are slow.

Mechanical loosening only supports and cannot replace them. Since the success of

mechanical loosening cannot always be guaranteed and soil structure recovery re-

mains a slow process, the focus should lie on prevention of compaction.
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Chapter 1

Introduction

1.1 Consequences of soil compaction

Soil compaction is one of the main challenges of modern agriculture. In the Nether-

lands, 43 % of the agricultural land is affected by compaction (Brus and Akker, 2018).

Evidence suggests that the impacted area accounts for 25 % of the arable land in Eu-

rope (Schjønning et al., 2015). Grazing of animals in large numbers, mining, and

construction work are possible causes of soil compaction (Batey, 2009; Spoor, 2006).

Naturally compacted soils like iron pans in podsols exist as well (Batey and McKen-

zie, 2006). However, the main reason for the broad occurrence of compacted soils

is the intensification of agriculture, which led to an increase in farm vehicle weight

(Keller et al., 2019). Today’s farm machinery weight is approaching the weight of

sauropods which once walked the Earth (Keller and Or, 2022). This puts arable

soils under alarmingly high pressure and makes soil compaction a very current is-

sue (Keller and Or, 2022).

Soil compaction strongly affects soil structure which is the property, that describes

the state of a pore system and its channels in the soil (Weil and Brady, 2017). A

healthy soil structure is characterized by well-connected pores and stable aggregates

that enable water and nutrient flow and aeration for roots and microbes (Zhang et

al., 2021). During soil compaction, particles are pressed together and aggregates

are crushed or combined into larger aggregates (Batey, 2009; DeJong-Hughes, 2018).

This leads to an increase in soil bulk density, larger soil cohesion, fewer large pores

(macropores), and reduced pore connectivity (Hamza and Anderson, 2005; Hemmat

and Adamchuk, 2008; Tarawally et al., 2004). Since macropores efficiently transport

water and air in the soil system, air and water infiltration and nutrient transport are

limited in a compacted soil (Hemmat and Adamchuk, 2008; Keller et al., 2021; Schäf-

fer et al., 2007). Although signs of compaction occur in a broad range of soils and

climates, soils with low organic matter content, fine texture, and intensive agricul-

ture are especially vulnerable (Hamza and Anderson, 2005).

Soils provide vital ecosystem services to the human civilization and terrestrial life

(Figure 1.1). Under compaction, four of these services are strongly reduced: water
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FIGURE 1.1: Ecosystem services provided by soils (FAO and ITPS,
2015).

purification and storage, provision of food, nutrient cycling, and habitats for organ-

isms. Due to limited gas diffusion, the soil is not habitable for aerobic organisms

anymore (Berisso et al., 2012; Drew, 1992). Furthermore, root growth is restricted

at penetration resistances above 2.5 MPa (Gao et al., 2016a). Reduced root growth

leads to lowered nutrient cycling efficiency (Hammel, 1994; Kautz et al., 2013). With

limited rooting depth and reduced water availability, crop growth is similarly re-

stricted, which leads to a reduction of yield (Chen and Weil, 2010; Keller et al., 2019;

Wahlström et al., 2021). A compacted soil has a reduced water storage capacity due

to a lowered porosity (Keller et al., 2019). With drought intensity and frequency

expected to increase in the light of climate change, compacted soils offer a reduced

water stress resilience (Batey, 2009; IPCC, 2022). Additionally, soil compaction en-

hances preferential water flow, which lowers the water purification ability of soils

and might lead to increased pesticide and fertilizer outwash to nearby water bodies

and groundwater (Jarvis, 2007). Since soil compaction affects physical, biological,

and chemical soil properties, the sum of all these effects can lead to significant soil

degradation (Batey, 2009).

According to the environmental legislation of Switzerland (UGS, SR 814.01 of 07.10.1983),

physical soil stress is only allowed to a level where soil fertility is still ensured. A

soil is regarded as fertile if it inheres sufficient biological activity, an intact soil struc-

ture, and shows the ability for decomposition of organic material (VBBo), SR 814.12

of 01.07.1998). However, soil protection in Switzerland focuses mainly on chemical

aspects and few guidelines on protection of soil structure have been published so far,

let alone threshold values (Johannes et al., 2021b). (Switzerland, 1998), (Switzerland,

1983)
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1.2 Subsoil structure recovery

FIGURE 1.2: Example
of a common soil pro-

file (BAFU, 2022).

The subsoil is located below the topsoil (A-horizon) and

is often called B-horizon (Figure 1.2). Subsoils are char-

acterized by a lower biological activity, lower soil organic

matter content and lower temperature variations (Håkans-

son and Reeder, 1994; Weil and Brady, 2017). Mostly,

subsoils have a large volume, where water and nutrients

are stored, readily available for plant roots (Kautz et al.,

2013).

With the increase of farm vehicle weight, subsoils are prone

to compaction (Keller et al., 2019). Regardless of the

widespread issue, literature on subsoil remediation after

compaction is scarce (Berisso et al., 2012; Keller et al., 2017).

Subsoils behave differently under compressive forces com-

pared to topsoils (Fu et al., 2019). For example, Wiermann et al. (2000) found a

decrease of vertical and round pores upon compaction in the topsoil but not in the

subsoil. Hence, insights on compaction and recovery of topsoils cannot simply be

transferred to subsoils. In agriculture, subsoil compaction poses a great challenge

since it is often invisible under the cover of the topsoil (Johannes et al., 2021b). Re-

duced water storage and nutrient accessibility due to compaction might only come

to light in dry years, when the increased water deficit leads to reduced plant growth

(Batey, 2009). On the other hand, soils with compacted subsoils are prone to flood-

ing due to poor water infiltration (Batey and McKenzie, 2006).

Natural restoring mechanisms from compaction in soils are swelling and shrinking,

freezing and thawing, bioturbation, and root growth (Dexter, 1991). The structural

recovery progression originates from pockets like biopores (Keller et al., 2021). After

root decomposition or earthworm passing, a continuous macropore remains in the

soil - a biopore is formed. Owing to their high connectivity, biopores improve wa-

ter and air permeability in soils (Lipiec and Hatano, 2003). However, not all plant

species succeed at biopore formation in compacted soils, especially in strongly com-

pacted soil, where soil strength exceeds the growing limit of roots (Cresswell and

Kirkegaard, 1995; Gao et al., 2016a).

The most challenging issue of subsoil compaction is the very slow recovery rate after

compaction (Schjønning et al., 2015). Natural recovery time scales have been esti-

mated to reach from years to decades, even centuries (Etana et al., 2013; Schjønning

et al., 2015). With low biological activity and reduced temperature variations, the

natural restoration mechanisms do not work efficiently (Schjønning et al., 2015). Ad-

ditionally, if penetration resistance is too high, root growth might be limited, which
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reduces the formation of biopores (Cresswell and Kirkegaard, 1995). Therefore, it

has even been argued that subsoil compaction may be permanent without external

aid (Håkansson and Reeder, 1994).

1.3 Mechanical loosening operations

The policy of the Swiss construction supervision of soils (Bodenkundliche Baube-

gleitung) states that a soil with reduced fertility after constructional work needs to

be restored (BAFU, 2022). This is done by mechanical loosening. However, the goal

of mechanical operations is not to restore a soil completely but to support the natural

recovery mechanisms, which will create suitable physical soil conditions over time

(Spoor, 2006). These conditions involve better root penetration, improved aeration,

and augmented water infiltration (Hamza and Anderson, 2005). It takes an average

ameliorated soil 3-5 vegetation periods to recover fully with the natural restoration

mechanisms at work (BAFU, 2022).

Subsoil is loosened with different techniques depending on the degree of compaction

and equipment available (Sinnett et al., 2006). In agriculture, the soil is often sub-

soiled by ripping the soil without turning the soil horizons (Schneider et al., 2017).

If the compaction exceeds a certain limit, subsoiling is not possible due to high re-

sistance in soils. In this case, a digger is used, which lifts and drops the soil material

separately for each horizon (Sinnett et al., 2006).

Unfortunately, mechanical operations are not always successful (Munkholm et al.,

2005; Olesen and Munkholm, 2007; Soane et al., 1987). Even though they have been

shown to be effective in topsoils, this is not necessarily the case in subsoils (Spoor,

2006). Since subsoil loosening is very labor- and energy-intensive, an increase in

yield due to improved soil conditions is necessary from a monetary and agricultural

perspective (Salvador et al., 2009). In a review by Schneider et al. (2017), they found

inconsistent results from many studies investigating yield changes after subsoiling.

On average, the yield increased by 6 % but 40 % of the studies observed a decrease

in yield. Soils with a silty texture (>70 % silt) showed poor results. Mechanical loos-

ening operations were only successful if they lifted a root-inhibiting layer, improved

aeration and water availability. Since soil loosening almost completely destroys the

inherent pore structure, decreased pore connectivity may lead to poor aeration and

reduced water transport in soils (Spoor et al., 2003). Unsuccessful outcomes of me-

chanical loosening are attributed to reduced water transportation ability. This results

in water deficit of roots or, paradoxically, water logging if the water cannot drain

from the soil (Schneider et al., 2017; Soane et al., 1987; Spoor et al., 2003).
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The long-term success of mechanical loosening also depends on the aftertreatment

of the soil (BAFU, 2022). It is advised to omit heavy traffic on an ameliorated soil, es-

pecially at moist conditions, since the soil is prone to recompaction due to its weak

structure (BAFU, 2022; Munkholm et al., 2005; Schäffer et al., 2007). Additionally,

the soil should be cropped with deep-rooting vegetation (BAFU, 2022). Since me-

chanical loosening is not always a reliable solution, only soils suffering from severe

compaction should be mechanically loosened (Munkholm et al., 2005).

1.4 Research question and hypotheses

Whether or not mechanical loosening is a reliable remediation technique is a ques-

tion that is still under debate in soil science. Few studies have looked at subsoil

loosening under very high levels of compaction. Hence, in the course of this master

thesis, the following question and hypotheses were investigated:

1. How does mechanical loosening of a heavily compacted subsoil affect physical

soil properties and structure?

2. Hypothesis 1: Loosening as an ameliorative mechanical operation yields sig-

nificant improvements regarding physical soil structure and properties com-

pared to compacted soil.

3. Hypothesis 2: Within one year, soil structure and properties are not restored

completely compared to an uncompacted soil.

To answer this research question, I measured the soil strength with a penetrometer

and scanned soil samples with X-rays. Using computer tomography, matrix den-

sity and morphological measures were calculated. In the laboratory, the relative

diffusivity coefficient and air permeability were measured. Finally, the laboratory

measurements and results from the CT images were compared.
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Chapter 2

Materials and Methods

2.1 Research site description

The research site of this thesis is located in Switzerland, close to Lake Geneva in

Changins and the Jura mountains, 447 meters above sea level. The coordinates are

46°23’53.1" North and 6°13’43.4" East (Swisstopo, 2022). According to WRB taxon-

omy, the soil is classified as a calcareous Pseudogley with a depth of 71-100 cm (Bon-

nard, 1982). The soil has a loamy texture (Table B.1). Brick fragments were found

while sampling the easternmost third of the investigated area. The abundance of

brick fragments raises the question of whether classifying the soil of this part of the

field as an anthroposol would be more accurate. In the past, the field was used for

other agricultural experiments carried out by Agroscope (pers. com. Alice Johannes,

2022). The detailed descriptions of these experiments were not available.

2.2 ROCSUB project

This thesis is part of the ROCSUB project, which stands for restoration of a severely

compacted subsoil. During construction works of the new AO building on the Agro-

scope ground at Changins, the field of the project served as a deposit of excavation

material for several years until 2019 (Figure 2.1a). The responsible construction com-

pany removed the topsoil before the pile of soil material was stacked on the field.

The highest point of the deposit reached approximately ten meters in height (Figure

2.1b). The long-standing overlying pressure of the pile resulted in a high degree of

subsoil compaction.

After the construction work was finished, the company removed the deposit and

returned the topsoil to its original place. Later, the construction supervision of soils

(Bodenkundliche Baubegleitung) discovered the strong compaction of the subsoil.

Together, the construction company, the construction supervision of soils, the Fed-

eral Office for the Environment (BAFU), and the Agroscope initiated the ROCSUB

project.
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(A) Areal photo of the research site from 2015
with the deposit in the lower left (Johannes et

al., 2021a).

(B) Side view of the deposit. The white arrow
indicates the previously removed topsoil (Jo-

hannes et al., 2021a).

FIGURE 2.1: Top and side view of the construction material deposit.

In 2020, the uncompacted topsoil was removed to loosen the underlying subsoil me-

chanically. Due to the high levels of compaction, subsoiling was impossible. Hence,

a digger had to lift and drop the soil material to induce cracks in the dense mate-

rial. Only two stripes of nine meters in width were mechanically loosened, and the

remaining area was left compacted and unchanged (Figure 2.2). Immediately af-

ter applying the topsoil on the loosened subsoil, grassland was planted to prevent

erosion and recompaction.

(A) Mechanical loosening of the soil with a
digger (Photo: Alice Johannes).

(B) Mechanical loosening in two stripes of the
field (Photo: Alice Johannes).

FIGURE 2.2: Mechanical loosening of the compacted soil in 2020.

Over six years, the changes in subsoil structure recovery will be monitored and ana-

lyzed. The soil was covered in grass when the soil samples were taken in April 2021.

In the middle of the field, as a line pointing in the North-Eastern direction (Figure

2.4), salix trees were planted a month before the sampling took place. However, the

influence of salix roots on soil structure recovery is not part of this thesis since the

tree roots most likely had no measurable effect on the sampled soil structure within

a month.
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Since the previously removed topsoil was stored next to the pile of construction

material, the soil close to the compacted site also showed signs of moderate com-

paction. Therefore, the reference plot, where it was assumed that no compaction

had occurred, was chosen at 40 meters from the compacted site (Figure 2.3).

2.3 Sampling strategy

In January 2020, premeasurements with a penetrologger were conducted by Alice

Johannes to quantify the degrees of compaction on the research site. Since the soil

had not been compacted purposefully, the compaction levels differed strongly hor-

izontally and vertically. A clearer picture arose by smoothing the spatial pattern

and adding a median filter (Figure 2.3). Nevertheless, the degrees of compaction

remained spatially highly variable. In the center of the field, an area of relatively ho-

mogeneous compaction degree was detected. This area was chosen as the sampling

location (Figure 2.4).

(A) Penetrologger measurements showed for
different depths (35-60 cm) (Johannes et al.,

2021a).

(B) Penetrologger measurements smoothed with a
median filter for different depths (35-60 cm) (Jo-

hannes et al., 2021a).

FIGURE 2.3: Penetrologger measurements as heatmap.

The core samples were taken in April 2021 with an Eijkelkamp sample ring kit and

stored in aluminum cylinders (Eijkelkamp, 2019). The aluminum cylinders were

0.05 m high with a diameter of 0.05 m and a volume of 100 cm3. Due to an arid

spring, the topsoil was dry. The subsoil was moderately moist. Soil samples were

taken from 10 cm (topsoil), 30 cm (upper subsoil), and 60 cm (lower subsoil) depth

in the compacted, loosened, and uncompacted treatment (Figure 2.4). The uncompacted

treatment corresponds to the reference plots described in chapter 2.2. A total of 135

samples were taken, 15 in each depth and treatment. Due to the dry conditions, three
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FIGURE 2.4: Sampling location and field classification in compacted,
loosened, and uncompacted plots (Johannes et al., 2021a).

topsoil samples were of overly poor quality and discarded. Therefore, the analysis

was conducted with 132 core samples.

2.4 Penetrometer

Prior to any mechanical improvements to the soil structure, the penetration resis-

tance was measured by Alice Johannes on 22th January 2020 (Figure 2.3). The mea-

surements were conducted after a precipitation event of 10 mm three days earlier

(Meteotest, 2022). The matric potential was -25 hPa at 30 cm and -51 hPa at 60 cm

depth (Table B.2). The measurement station is not located precisely on the ROCSUB

field but at a distance of 590 m to the field. Indeed, the subsoil at the measurement

station is not equally compacted as on the ROCSUB field. The matric potential val-

ues are only supposed to estimate the water saturation. The instrument used was an

Eijkelkamp Penetro Viewer Vs. 6.08 with a cone area of 1 cm2 (Eijkelkamp, 2018b),

which measures the penetration resistance automatically and includes depth. The

maximum sampling depth was 80 cm, but since 80 cm was rarely reached, only the

first 60 cm were considered.

The second measurement for the penetration resistance was conducted on 4th Novem-

ber 2021 after 73 mm of rainfall during the five days prior to the measurement (Me-

teotest, 2022). The second measurement of the penetration resistance was done un-

der moister conditions than the previous measurement in January 2020. -13 hPa (30

cm depth) and -10 hPa (60 cm depth) matric potential were measured (Table B.2).

Additionally, soil moisture was measured with a frequency domain reflectometry

(FDR) instrument installed on the ROCSUB field at depths of 15 cm, 35 cm, and 60



2.5. X-ray tomography 11

cm in the three treatments. Since the FDR was installed in April 2021, there is no

data from January 2020.

Instead of a penetrologger, an Eijkelkamp hand penetrometer Vs. 6.01 with a cone

area of 1 cm2 was used (Eijkelkamp, 2018a). Contrary to the penetrologger, the pen-

etrometer only displays the penetration resistance every 10 cm that needs to be noted

manually. Measurements were made to a depth of 60 cm. The measurement unit was

Newton and was later converted to Megapascal. In the plots cropped with salix, the

distance of the penetration point to each plant was 20 cm.

2.5 X-ray tomography

Soil samples were scanned at the ETH in Zurich with an X-ray scanner GE phoenix

v|tome|x s 240 featuring a GE DXR250 HCD (4MP) detector plate with 2024 x 2024

crystals in x and y directions (GE Sensing Inspection Technologies GmbH, Wunstorf,

Germany). At the time of the X-ray measurements, all soil samples had a consistent

matrix potential of -100 cm. Before the measurements, the detector plate was cali-

brated to prepare the scanner. To limit image noise, the binning was used and set

to 2x2 pixels. Several optical filters were applied (two of 0.1 mm copper and one of

0.5 mm copper) to filter photons of low energies and avoid beam hardening. The

X-ray tube was operated with an electron flow of 420 µA with a voltage of 150 kV.

The voxel size was 63.216 µm. The resulting resolution corresponds to the minimal

distance at which two objects can be distinguished and is approximated as twice the

voxel size (126 µm). The scanning time per sample was 7 minutes. A 16-Bit unsigned

grayscale was chosen for the image reconstruction to keep the file size within rea-

sonable limits (4 GB). The gray values reach from 0 (black) to 65 536 (white) in an

unsigned 16-Bit image.

Twenty-six samples were scanned in October 2021. Since the X-ray scanner broke

down, the remaining 106 samples were scanned five months later, in February 2022

when the scanner was operational again. During the five months, the samples were

covered with a lid on both sides and stored in a box at 7 °C to limit water evapora-

tion.

2.6 Image processing

For image processing, the Fiji ImageJ software was used (Schindelin et al., 2012).

If not stated otherwise, the following steps were conducted using the plugin SoilJ

version 1.2.18 for image processing (Koestel, 2018). Additional macros written for

this thesis are listed in the Appendix C. The images obtained from the X-ray scanner

were in raw format. These files were converted to tiff format using a macro in the

first step (see Appendix C.1). The resulting images were straightened and centered
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with the SoilJ plugin. In the next step, the wall coordinates, top and bottom of the

column, were identified with SoilJ. However, some images had to be resliced man-

ually since the detection did not go smoothly. A 3D adaptive Gaussian filter was

applied with a 2x2x2 kernel size to remove noise from the image (Ollion et al., 2013)

(see Appendix C.2).

Image processing aims to classify voxels according to different materials in the soil:

air-filled pores, particulate organic matter (POM) and roots, and soil matrix. This

process is called segmentation. Particulate organic matter consists of bits of plant

tissue (Weil and Brady, 2017). In subsoils, most organic carbon stems from plant

roots (Rumpel and Kögel-Knabner, 2011). In the CT images, fresh roots are included

in POM as well. Since materials differ in density, they also differ in gray values.

The denser the material is, the brighter the gray value. For example, specific ranges

of dark gray values are identified as air-filled pores. However, deciding where to

set the shared threshold over all 132 images for each material is non-trivial. There

are standardized procedures that work with the histogram of the gray values. For

example, the minimum method sorts the materials according to the minimum be-

tween two peaks. However, due to the strong compaction, there were very few air

voxels in the 3D images. Therefore, the air peak was shallow, and the standardized

minimum method was very unreliable (Figure 2.5).

In this case, the threshold needs to be selected manually by comparing the perfor-

mance of the chosen threshold between the images and adjust it until it includes all

the gray values of interest (e.g. air-filled pores). This procedure only works correctly

if all 16-Bit images are calibrated at the same grayscale. If the calibration was suc-

cessful, identical materials exhibit the same gray values throughout all the images.

The calibration used the following formula:

x =
(s − l) · (Tu − Tl)

(u − l)
+ Tl (2.1)

s is the current gray value of the voxel and x the gray value after the calibration. The

SoilJ plugin needs an upper and lower reference gray value to recalculate the gray

value of each voxel relatively to the reference values. The target variables describe

the reference value to which the gray value of the image is adjusted. Tl is the lower

reference target value and Tu the upper reference target value. These are equal for

all 132 images. For Tl , a gray value of 5000 was chosen, representing air-filled pores.

The upper target value Tu was set to a gray value of 20 000, representing the value

of the column material aluminum. The u and l mark the sampled gray value from

each image, respectively. Therefore, u and l are different for each 3D image.

Under normal circumstances, the reference value for air (l) is chosen in an air-filled
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pore within the column. However, a third of the samples showed severe compaction,

offering too few pores to sample within the column. On the first try, the lower ref-

erence value was taken closely outside the column by the algorithm of SoilJ. For

comparison, an additional reference value sampling was performed far away from

the cylinder wall. However, both resulting calibrations were of poor quality, show-

ing high variability in the gray values of air and POM between different images.

Therefore, a second calibration was done using a Python 3.9 script (see Appendix

C.3). For the lower reference value (l), the median of two manually selected air vox-

els of three different 2D image slices in each 3D image was taken, making it a total

of six sampled values per 3D image. From the six values, the median was calculated

and used as the lower reference value (l). The upper reference value was left un-

changed since the gray values of the aluminum wall were all approximately at 20

000 after the initial calibration attempt and did not show high variability. In the next

step, the histogram of the gray values in each of the 132 3D images was extracted

and further processed using Python 3.9.

A 1D median filter with a window size of ten was applied to smooth each image’s

histogram individually. In the next step, the mean over all 132 histograms was cal-

culated. The resulting mean histogram was smoothed using a 1D median filter with

a window size of 50. In Figure 2.5 the 1D filtered histogram over all 132 3D images

is shown. The peak of the histogram is called the mode. The y-axis marks the fre-

quency (abundance of voxels), and the x-axis the gray values. The small peak at the

gray value of 5000 marks the air-filled pores, and the large peak between 15 000 and

20 000 shows the gray values of the soil matrix. These voxels contain a combination

of air-filled pores, water-filled pores, and solid material (Lamandé et al., 2013). The

pores in these voxels are smaller than the image’s resolution.

The threshold was identified manually, comparing its feasibility to every single his-

togram. A gray value of 12 000 was selected as the threshold below which the voxels

are classified as either air-filled or POM. Additionally, the gray value of 8000 was

chosen as the best threshold between air-filled pores and POM.

The images were segmented with SoilJ according to the two thresholds. This re-

sulted in a binary image with white voxels classified as pores and a second binary

image with white voxels classified as pores and POM. The pore images were sub-

tracted from the pore and POM image to extract only the POM voxels. After the

subtraction, partial volumes were removed by eroding and dilating (morphological

opening) the images once three-dimensionally on the white voxels. The resulting

image contained only POM voxels displayed in white.

In a further step, the pore space analyzer in SoilJ was run. The pore space ana-

lyzer evaluates the morphological properties in a binary image with the help of the
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FIGURE 2.5: Mean histogram with standard deviation of all 3D im-
ages.

BoneJ plugin (Doube et al., 2010). It calculates the following morphological mea-

sures: macropores volume, average thickness, bottleneck diameter, cluster thickness,

and percolation. These measures extracted macroporosity, pore size distribution,

average pore diameter, bottleneck diameter, and percolating properties. Percolat-

ing samples offer an imaged pore connection from top to bottom. The percolation

threshold is the theoretical porosity at which a percolating cluster would emerge

(Soto-Gómez et al., 2020). The ratio of the percolating pore volume to the total pore

volume is called the percolating volume fraction. The bottleneck diameter marks the

diameter of the largest sphere that could be moved through the pore network from

top to bottom.

Since scanning artifacts resulted in a brightness shift in the bottom and top of the soil

columns, 70 voxels were removed on both sides. Since the soil material detached

from the cylinder wall in some samples, this could influence the measurement of

the pore properties. The pore space analyzer was run for the pore voxels, with 60

voxels cut from the wall to ensure a more representative volume. SoilJ is capable

of differentiating biopores and non-biopores according to their pore shape. Biopore

analysis and POM segmentation resulted both in additional binary images, on which

the pore space analyzer was run.

The samples scanned in October 2021 were reconstructed with the GE beam-hardening

correction. However, this was not done for the samples scanned in February 2022,

which led to brighter gray values in the images scanned in February compared to

those scanned in October. Hence, the histogram analysis of matrix density was con-

ducted only with the 113 samples scanned in February (chapter 3.3). Omitting the
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samples scanned in October led to a reduced sample size. However, the omitted

samples were almost from all depths and treatments, which did not result in a very

uneven sampling size. The smallest number of samples per treatment and depth

was 11 samples. Before publication, the image analysis of this thesis should be re-

peated with uniformly reconstructed images by the ROCSUB scientists.

2.7 Air diffusion and air permeability

Diffusion and air permeability were measured at -30 hPa, -100 hPa, and -300 hPa

matric potential by Marlies Sommer in the soil physics laboratory at Agroscope. The

air permeability measurements were conducted with a prototype device (Agroscope,

2018). Air is pushed through the soil sample. The device measures how much air

must be pushed through until 2 hPa resistance is reached. Air permeability mea-

surements below the measurement threshold of <2.3 µm2 were set to 2.3 µm2 and

considered impermeable.

The relative gas diffusivity coefficient
[

Dp

Do

]

was measured with a prototype device

(Agroscope, 2019). The top of the soil sample is placed in a chamber, shut air-tight,

and filled with nitrogen gas. The bottom of the soil sample is exposed to the sur-

rounding air. Over 45 minutes, the oxygen concentration is measured as it slowly

diffuses back into the chamber through the soil sample. From here on, the relative

gas diffusivity coefficient will be referred to as air diffusion.

If the measured diffusion values were slightly below zero, they were set to zero.

Negative diffusion values were very close to zero and lay within the fluctuation of

the measurement device. For some samples, the measured diffusion value at -100

hPa was higher than that at -300 hPa. This is not realistic since smaller pore diam-

eters are drained at -300 hPa and the diffusion is supposed to increase when more

pores are drained. The values with this behavior were manually removed. Addi-

tionally, at -300 hPa, the laboratory assistant detected a visible detachment of the soil

matrix from the aluminum cylinder. Since the gap between the soil matrix and the

cylinder significantly influences the diffusion and air permeability measurements,

these samples were removed as well.

2.8 Capillary rise

To compare measured values at different moisture levels, it is important to know

which pore diameters are drained and which diameters are still occupied by water.

The formula of the capillary rise enables this calculation:

h =
4σcosα

ρgd
(2.2)



16 Chapter 2. Materials and Methods

where σ is the surface tension of water, α the contact angle, ρ the density of water,

g the gravitational acceleration, and d the diameter of the tube. In this idealized

formula, the pores are approximated as tubes of diameter d, where the water rises

as high as the diameter allows. At room temperature, σ is assumed to be 0.0728 J
m , α

is assumed to be 0°, ρ is 1000
kg
m3 , and g is 9.81 m

s2 (Hendriks, 2010). With these values,

the formula is simply:

h ≈
2.8 · 10−5m2

d
(2.3)

Since the matric potential [hPa] is equal to the negative pressure head [m], the fol-

lowing table is deduced:

TABLE 2.1: Drained pore diameter at specific matric potential Ψ ac-
cording to equation 2.3.

Ψ [hPa] d [µm]

-30 >93.2
-100 >28.0
-300 >9.3

The matric potential of -100 hPa marks the field capacity, which is the maximum

amount of water the soil can hold against gravity (Hendriks, 2010). Usually, the

drained pores at the field capacity are referred to as macropores (>30 µm diameter)

(Hendriks, 2010). However, in this thesis, macropores are defined as pores with

diameter >126 µm since these are the smallest pores visible in the X-ray images with

the given resolution.

2.9 Statistics

The data analysis was conducted with Python 3.9. Since depth is an influencing

variable, only treatments within the same depth were compared. When comparing

different depths, only one treatment was analyzed. First, the data was checked for

normal distribution using a Shapiro Wilkinson test. If the data was not normally

distributed, they were transformed logarithmically or by taking the square root.

Furthermore the data was analyzed for homoscedasticity with a Bartlett’s test for

normally distributed data and Levene’s test for non-normally distributed data to

check the data for equal variance. If the normal distribution was not reached and

the variance was unequal, a Kruskal Wallis test for non-normally distributed data

was conducted to test the data for significant differences. If the data was normally

distributed and homoscedastic, an ordinary least square (OLS) model was fitted us-

ing Python. To assess the reliability of the OLS model, the residuals were checked

for normal distribution. If the data was heteroscedastic but normally distributed, a

weighted least square (WLS) regression model was applied with the inverse of the
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variance as weight. To enhance the contrast and test the data for variance difference

between the treatments, a posthoc test was applied (Tukey test). The same test was

used to compare the histograms since this test works as well for unequal sample

sizes. As a significant p-value, 0.05 was taken.
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Chapter 3

Results

3.1 Penetration resistance

In the measurements conducted by Alice Johannes in January 2020, the soil was not

yet loosened (Figure 3.1a). There was no significant difference in soil strength be-

tween the treatments in the topsoil. The penetration resistance increased with depth

except for the uncompacted treatment. In the subsoil, the penetration resistance in

the uncompacted treatment differed significantly from the values in the compacted and

before loosened treatments (p-values: <0.05). The soil strength at 30 cm depth of the

before loosened treatment did not differ from the soil strength in the compacted treat-

ment (p-value: 0.14).

In the topsoil, the penetration resistance between the treatments did not differ in the

measurements conducted in November 2021 (Figure 3.1b). The soil strength of the

compacted treatment showed the highest and most variable penetration resistance at

30 and 60 cm depth (p-values: <0.01). The lowest penetration resistance was ob-

served in the loosened plots (p-values: <0.01). Soil strength increased with depth

(p-values: <0.01), except for the loosened treatment (p-value: 0.14). The penetration

resistance measured in January 2020 was significantly higher compared to the mea-

surements from November 2021.

(A) Penetrologger measurements in January 2020
(before loosening).

(B) Penetrometer measurements in November
2021 (after loosening).

FIGURE 3.1: Penetration resistance [MPa].
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3.2 Visual results of CT images

In Figure 3.2, samples from different treatments are shown from above. The com-

pacted sample shows little pores and a dense soil matrix (Figure 3.2a). More macro-

pores are visible in the loosened samples (Figure 3.2b). In the uncompacted sample,

the macropores have a rounder shape (biopores) than in the loosened sample (green

circle) (Figure 3.2c). Close to the center of the uncompacted sample, in lighter gray

values than the pores, a root is shown (red square).

(A) compacted. (B) loosened.

(C) uncompacted.

FIGURE 3.2: Top view of X-ray scanned samples from 30 cm sampling
depth. Roots are marked in a red square and a biopore in a green

circle.
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The compacted sample does not show visible macropores from the side view either

(Figure 3.3a). In the loosened sample, remaining fragments from the loosening oper-

ation are clearly visible and marked in red (Figure 3.3b). Round biopores are also

visible from the side in the uncompacted treatment and were marked in green (Figure

3.3c).

(A) compacted. (B) loosened.

(C) uncompacted.

FIGURE 3.3: Side view of X-ray scanned samples (30 cm sampling
depth) with a biopore marked in a green cicle in the uncompacted sam-

ple and a fragment marked in red in the loosened sample.

Red pore clusters mark the percolating macropores, which have a visible connec-

tion from the top of the sample to the bottom (Figure 3.4). In the compacted sample,

there was no percolating cluster and very few pores (Figure 3.4a). In the compacted

treatment, samples were rarely percolating. An example for a compacted sample with

a percolating pore cluster is Figure 3.4b, where a crack in the soil matrix formed a

connected pore. The loosened treatment showed much more pores than the compacted

treatment. However, the pore clusters were not well connected since no cluster was

marked in red (Figure 3.4c). In the uncompacted sample, a percolating pore cluster

emerged. In comparison to the loosened sample, the uncompacted sample showed a

better connected pore space with more tube-like clusters (biopores) (Figure 3.4d).
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Red pore clusters mark the percolating macropores, which have a visible connection

from the top of the sample to the bottom (Figure . In the compacted sample (a), there

was no percolating cluster and very few pores. In the compacted treatment, samples

were rarely percolating. An example for a compacted sample with a percolating pore

cluster is , where a crack in the soil matrix formed a connected pore. Twed a better

connected pore space with more tube-like clusters (biopores).

(A) compacted I. (B) compacted II.

(C) loosened. (D) uncompacted.

FIGURE 3.4: 3D visualization of pore space with percolating pore
clusters marked in red from 30 cm sampling depth.
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3.3 Histograms from 3D images

The histograms in Figure 3.5 were cropped to the gray values of interest (15 000 - 22

000), which contain the soil matrix. In the interval of the soil matrix, the histograms

followed a normal distribution. With increasing sampling depth, the modes of the

histograms moved to higher gray values. Additionally, the modes move further

apart from top to subsoil.

The distribution of the histograms in the topsoil was flat (Figure 3.5a) which in-

dicated a high variance. In the subsoil, the distribution of the histograms became

steeper (Figures 3.5b and 3.5c). Hence, the variance was smaller, but the histogram

of the loosened treatment still showed high variability. In the topsoil and the upper

subsoil, the histograms did not differ significantly between the treatments (p-values:

>0.12). In the lower subsoil, the mode of the uncompacted treatment showed the low-

est value (p-value: <0.01), followed by the mode of the loosened treatment. The mode

of the compacted treatment was highest (p-value: <0.01).

(A) 10 cm depth. (B) 30 cm depth.

(C) 60 cm depth.

FIGURE 3.5: Median histograms of the different treatments with inter-
quartile range (iqr) smoothed with a 1D median filter of window size

100.
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3.4 Macroporosity

In the topsoil, the visible macroporosity (for pores >126 µm diameter) was very vari-

able (Figure 3.6). The macroporosity of the loosened treatment was lower compared

to the value of the compacted treatment (p-value: 0.03).

At 30 cm depth, the macroporosity did not differ significantly between treatments.

Further down at 60 cm depth, the macropores were nearly entirely absent in the com-

pacted treatment. In comparison to the compacted treatment, there were more macro-

pores in the loosened treatment (p-value: 0.04) but not in the uncompacted treatment

(p-value: 0.13). With increasing depth, the loosened treatment was the only treatment

with a not significantly different macroporosity (p-value: 0.66).

FIGURE 3.6: Visible macroporosity (>126 µm diameter) [vol%] in the
different treatments in depths of 10 cm, 30 cm, 60 cm.

3.5 Pore size distribution and average pore diameter

The average pore diameter (>126 µm) did not change strongly with sampling depth

(Figure 3.7). In the topsoil, the average pore diameter of the uncompacted treatment

was significantly higher than the value of the loosened and compacted treatment (p-

values: 0.03). In the subsoil, the difference in average pore diameter between the

treatments was insignificant (p-value: >0.65). The only treatment that showed a

significant decrease in average pore diameter with depth was the uncompacted treat-

ment (p-value: 0.05).
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FIGURE 3.7: Average pore diameter (>126 µm) [mm] in the different
treatments in depths of 10 cm, 30 cm, 60 cm.

The macropore volume decreased with depth in all pore diameters (Figure 3.8). In

the topsoil, the uncompacted treatment had the most evenly distributed macropore

diameter (Figure 3.8a). In contrast, the macropore diameter of the loosened treatment

was very unevenly distributed, showing a high pore volume in small macropores

(<0.5 mm) and a low volume of large macropores (>1.2 mm). The compacted treat-

ment had the highest volume of small macropores in the topsoil.

In the subsoil, the compacted treatment showed the lowest volume of macropores

throughout the different diameter classes in the subsoil (Figure 3.8b and 3.8c). As

in topsoil, the uncompacted treatment showed the most even distribution. The loos-

ened treatment was more unevenly distributed, showing low volume at large pore

diameters and high volume at small pore diameters.
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(A) 10 cm depth. (B) 30 cm depth.

(C) 60 cm depth.

FIGURE 3.8: Macropore size distribution from 0.126 - 3 mm in pore
volume [cm3].

3.6 Percolation

The percolating volume fraction (for pores >126 µm diameter) showed a higher

variability in the topsoil (Figure 3.9a). Both compacted and uncompacted treatments

showed a high percolating volume fraction, whereas in the loosened treatment mostly

no percolating pore cluster was found for the imaged pores (p-values: 0.03). In the

subsoil, the percolating fraction became very small, and only the uncompacted treat-

ment showed a value above the resolution.

Figure 3.9b displays the percentage of percolating samples. In the topsoil, samples

from the compacted and uncompacted treatment percolated more often compared to

those from the loosened treatment. In the uncompacted treatment, many samples had

a connecting pore space from top to bottom throughout the sampling depths. How-

ever, in the compacted and loosened treatment, fewer samples were percolating, espe-

cially in the subsoil.

The median percolation threshold in the uncompacted treatment in the subsoil was

very low compared to the percolation threshold of the other treatments (p-value:
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<0.07) (Figure 3.9c). The compacted treatment showed the highest percolation thresh-

old in the subsoil. In the top and upper subsoil, the difference between the treat-

ments was not significant except for the difference between compacted and uncom-

pacted treatment (p-value: <0.01). However, in the lower subsoil, all treatments dif-

fered significantly (p-value: <0.01).

(A) Ratio of percolating pore volume to total
pore volume (>126 µm diameter) [vol%] in the
different treatments in depths of 10 cm, 30 cm,

60 cm.

(B) Percentage of percolating samples [%] in
the different treatments in depths of 10 cm, 30
cm, 60 cm. fudifudifudi fudifudifudi fudifudi

fudifudifudi fudifudi

(C) Percolation threshold (>126 µm diameter)
[vol%] in the different treatments in depths of

10 cm, 30 cm, 60 cm.

FIGURE 3.9: Percolation properties.

3.7 Bottleneck diameter

In the topsoil, the uncompacted treatment showed the largest median bottleneck di-

ameter (>126 µm) (Figure 3.10). The bottleneck diameter of the uncompacted treat-

ment differed significantly from the values of the other treatments (p-value: 0.05).

The smallest median bottleneck diameter was observed in the loosened treatment. In

the subsoil, only the uncompacted treatment had a median bottleneck diameter above

the image resolution. The decrease of the bottleneck diameter with depth in the

uncompacted treatment was only significant for the upper to lower subsoil (p-value:

<0.01).
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FIGURE 3.10: Bottleneck diameter (>126 µm diameter) [mm], which
visibly connects the top and bottom of the soil column.

3.8 Biopore ratio

In Figure 3.11 the median ratio of biopores to non-biopores is shown. A high median

biopore ratio indicates an abundance of biopores compared to non-biopores. More

biopores were found throughout the profile in the uncompacted treatment (p-value:

<0.01). Additionally, the median biopore ratio increased with depth (p-values: 0.09

and <0.01). No difference was found between the ratio of the loosened and compacted

treatment in the subsoil at 30 cm (p-value: 0.30) nor at 60 cm (p-value: 0.21).

FIGURE 3.11: Fraction of percolating pores (>126 µm diameter) in the
different treatments in depths of 10 cm, 30 cm, 60 cm.
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3.9 Particulate organic matter (POM) and roots

The POM content marks the ratio of POM and roots to the total volume of the soil

sample (with 60 voxels removed from the wall) (Figure 3.12). The topsoil’s highest

variability and POM content was found in the compacted treatment. The uncompacted

treatment showed a significantly lower POM content in comparison to the loosened

(p-value: <0.01) and compacted treatments (p-value: <0.01). From the topsoil to

the subsoil, there was a strong decrease in POM content in all treatments (p-value:

<0.05 ). At 30 cm depth, there was no significant difference in the POM content

between the treatments (p-values: >0.44). In the lower subsoil (60 cm), there was

nearly no POM content observed in the compacted treatment compared to the value

in the other treatments (p-values: <0.01). The POM content of the uncompacted and

loosened treatment did not differ significantly at 60 cm depth (p-value: 0.88).

FIGURE 3.12: Particulate organic matter (POM)-content [%] in the dif-
ferent treatments in depths of 10 cm, 30 cm, 60 cm.

3.10 Air diffusion

With drier conditions, the air diffusion increased (Figure 3.13). At -30 hPa matric

potential, a higher variability was observed in the topsoil (Figure 3.13a). The treat-

ments did not differ significantly in each depth (p-value: >0.25).

At -100 hPa, the air diffusion of the topsoil did not differ significantly between the

treatments (p-values: >0.40) (Figure 3.13b). At 30 cm depth, the air diffusion of the

uncompacted treatment showed the highest air diffusion. A similar tendency was

observed at 60 cm depth, where the diffusion of the uncompacted treatment was in-

significantly higher (p-value: 0.07). The air diffusion of each treatment showed a
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decreasing diffusion from top- to subsoil (p-values: <0.01) but not within the sub-

soil (p-values: >0.12).

At -300 hPa, there was no significant difference in topsoil diffusion between the treat-

ments (Figure 3.13c). In the upper subsoil (30 cm), the compacted treatment showed

a significantly lower diffusion compared to the value of the other treatments (p-

values: 0.04). In the lower subsoil (60 cm), the air diffusion of the loosened treatment

was higher than the value of the compacted treatment (p-value: 0.02) but did not dif-

fer significantly from the uncompacted treatment (p-value: 0.11).

(A) -30 hPa. (B) -100 hPa.

(C) -300 hPa.

FIGURE 3.13: Diffusion [-] at different matric potentials.
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3.11 Air permeability

Similarly to the diffusion data, the air permeability [µm2] increased from -30 hPa to

-300 hPa (Figures 3.14-3.16). At -30 hPa, most samples in the subsoil did not conduct

enough air to reach the measurement threshold of 2.3 µm2 (Figure 3.14b). The air

permeability values of the topsoil were highly variable (Figure 3.14a). There were no

significant differences between the values of the treatments in the topsoil (p-values:

>0.24) or in the subsoil (p-values: >0.15).

At -100 hPa, the air permeability showed high variability in the topsoil (Figure

3.15a). Within the topsoil, there is no significant difference between the values of

the treatment (p-values: >0.13). In the subsoil, few measurements were above the

threshold of 2.3 µm2 (Figure 3.15b).

At -300 hPa, there was still a high variability in the topsoil (Figure 3.16). No sig-

nificant difference was observed between the values of the treatments in the topsoil

(p-values: >0.17). In the upper subsoil (30 cm), only few values in the compacted

treatment were above the measurement threshold (Figure 3.16b). The highest air

permeability in the upper subsoil was found in the uncompacted treatment, which did

not differ significantly from the values of the loosened treatment (p-value: 0.12). In

the lower subsoil (60 cm), the air permeability of the loosened treatment was strongest

but not significantly higher than the values from the uncompacted treatment (p-value:

0.08).



(A) Air permeability [µm2]. (B) Percentage of permeable samples.

FIGURE 3.14: Air permeability [µm2] at 30 hPa matric potentials and
permeable samples (>2.3 µm2).

(A) Air permeability [µm2]. (B) Percentage of permeable samples.

FIGURE 3.15: Air permeability [µm2] at 100 hPa matric potentials and
permeable samples (>2.3 µm2).

(A) Air permeability [µm2]. (B) Percentage of permeable samples.

FIGURE 3.16: Air permeability [µm2] at 300 hPa matric potentials and
permeable samples (>2.3 µm2).
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Chapter 4

Discussion

4.1 Alleviation of compaction in the soil matrix

4.1.1 Histogram analysis

Dry bulk density increases naturally with depth (Gao et al., 2016a). The increase

from top to subsoil in the gray values in the histograms was more substantial in the

compacted than in the uncompacted treatment. This indicates a rise in soil matrix den-

sity, which highlights the compaction in the subsoil (Figure 3.5a and 3.5b).

Mechanical loosening had a remediating effect on soil matrix density since the mode

of the loosened treatment was significantly lower than the mode of the compacted treat-

ment (Figure 3.5b and 3.5c). However, it was not equal to the uncompacted treatment,

which implies that the soil matrix density is not fully restored. Furthermore, the

histogram of the loosened treatment showed a higher variability in the soil matrix

density. Hence, some parts of the soil matrix were dense, and others were loose.

This variability is explained as an outcome of the loosening itself, leaving the soil

partially in fragments which are still compacted (Sinnett et al., 2006). Upon visual

inspection, compacted fragments were indeed found in the CT images (Figure 3.3b).

Apart from fragments, loose and fine particles are also generated by mechanical

loosening (Hamza and Anderson, 2005). Additionally, storing the soil samples from

October to February may have altered the matrix density and porosity.

4.1.2 Changes in penetration resistance

Soil strength naturally increases with depth due to hydrostatic pressure, internal

friction forces, and the weight of the overlying soil material (Richards and Greacen,

1986; Gao et al., 2016a). In the uncompacted and compacted treatment of November

2021, this behavior was observed (Figure 3.1b). However, in the compacted treat-

ment, the rise in penetration resistance was exceptionally high and related to subsoil

compaction. Since root growth is restricted above a soil strength of >2.5 MPa, the
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subsoil in the compacted treatment is almost impenetrable for roots (Gao et al., 2016a).

In chapter 4.1.1, it was shown that mechanical loosening partially lifted compaction.

Dry bulk density and penetration resistance are proportional to each other (Gao et

al., 2016b). Accordingly, the lowest penetration resistance of the data from Novem-

ber 2021 was expected in the uncompacted treatment, where the lowest bulk density

occurred. However, the lowest soil strength was observed in the loosened treatment.

A possible explanation for this unexpected behavior are the fragments created by the

loosening (Figure 3.3b). These are quickly displaced upon inserting the penetrom-

eter into the ground and oppose less resistance than an unloosened, uncompacted

soil.

Evaluation of the soil strength with penetration resistance measurements is the most

commonly used method to assess soil compaction (Fountas et al., 2013). However,

this method is highly susceptible to changes in soil moisture and soil texture (Gao et

al., 2016b). As seen in Table B.1, the texture did not vary strongly with depth. Hence,

soil texture changes were not responsible for the changes in penetration resistance

with depth. With low soil water content, the soil gets harder to penetrate (Gao et al.,

2016b). The FDR measurements from November 2021 showed approximately even

soil moisture with depth (Table B.3). Within the treatments, there was a difference in

volumetric water content. However, the soil in the compacted treatment was moister

than the soil in the uncompacted and loosened treatment. Therefore, the high penetra-

tion resistance of the compacted treatment is not due to a lower moisture level but to

increased bulk density.

A different measurement device was used to sample in January 2020 (penetrolog-

ger), whereas during the measurements in November 2021, a penetrometer was

used. During the penetrologger measurements in January 2020, the matric potential

of the nearby measurement station differed strongly with depth (Table B.2). Depth-

dependent soil moisture contents might have influenced the measurements more

strongly in January 2020. Furthermore, the sampling conditions were drier, which

explains the generally higher values in January 2020 compared to November 2021.

Therefore, the lower penetration resistances in the compacted and uncompacted treat-

ment of November 2021 were most likely related to moister conditions and a differ-

ent sampling device and not to natural alleviation of compaction.

Different moisture levels and different measurement device make interannual com-

parison of the measurements questionable. Therefore, only the difference in penetra-

tion resistance between treatments within a year should be analyzed. The penetra-

tion resistance of the compacted and loosened treatment differed strongly in November

2021 (Figure 3.1b). In the measurements before the mechanical loosening in January
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2020, the difference in these two plots was not yet significant (Figure 3.1a). There-

fore, mechanical loosening efficiently reduced soil strength. Olesen and Munkholm

(2007) assessed the effect of subsoil loosening one and a half years after the loos-

ening event and found a similar beneficial effect on penetration resistance. At 30

cm depth, penetration resistance was reduced from 2 MPa (compacted) to 1.5 MPa

(loosened). Their initial compaction level was lower compared to the ROCSUB field.

Hence, reduction of penetration resistance by mechanical loosening works for dif-

ferent degrees of initial compaction.

Surprisingly, the penetration resistance of the uncompacted plots was relatively high

at 2.1±0.4 MPa (30 cm) and 2.2±0.6 MPa (60 cm). Etana et al. (2013) measured a

similar values for penetration resistance in a compacted subsoil. This suggests that

the uncompacted treatment of this thesis might have experienced compaction before

the experiment started.

4.2 Alteration of macroporosity

The image resolution of the CT images only gives information about macropore di-

ameter of >126 µm. However, in literature, macropore diameters are often defined

as >30 µm. Comparing different pore diameters with each other is not advisable.

For example, at -30 hPa matric potential, pore diameters of 126 µm are drained but

pores of 30 µm are not, which may lead to different results in soil aeration measure-

ments. Nevertheless, due to a lack of more suitable data, the values of this thesis

(>126 µm pore diameter) were compared to these literature values (>30 µm pore di-

ameter). The soil water retention curve would have offered a better insight into the

pore diameters below 126 µm but was unfortunately not ready by the time this thesis

was written. Therefore, the following comparisons should be taken with a grain of

salt.

The visible macroporosity (>126 µm) in the compacted treatment was so low that

technical alleviation measures were necessary (Figure 3.6). This arguably improved

the macroporosity from 0.2±0.9 vol% to 1.1±2.2 vol% at 60 cm. However, Johannes

et al. (2021b) suggested a trigger value of 7.7 vol% macroporosity (>30 µm diame-

ter) for subsoils, below which crop production is at risk. Even after loosening the

soil mechanically in the ROCSUB field, the macroporosity was still below this trig-

ger value. Johannes et al. (2021b) considered lower macropore diameters (>30 µm),

which provides more pore volume than just considering the pore diameters of >126

µm. Hence, the strong difference between the macroporosity of this thesis to the trig-

ger value of Johannes et al. (2021b) might originate from the different pore classes

taken into account.
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Bochert (1984) studied the outcome of subsoiling in Germany and compared over 60

research sites. According to the author, mechanical subsoil loosening only increased

macroporosity (>30 µm diameter) and reduced bulk density if the soil contained

>20 % clay and <70 % silt. With a clay-silt ratio <0.3, the subsoil is prone to collaps-

ing instead of loosening (Bochert, 1984; Schneider et al., 2017). Hence, the texture

is a significant parameter in compaction remediation. The texture in the ROCSUB

field lay within this range of suitable grain size (Table B.1). Therefore, the texture

cannot explain the lack of macroporosity improvement by mechanical loosening in

this thesis.

Etana et al. (2013) found macroporosity values (>30 µm diameter) of 4.0 vol% (com-

pacted) and 6.4 vol% (control, uncompacted) at 30-35 cm depth. At 60 cm depth,

they measured 7.0 vol% (compacted) and 8.9 vol% (control, uncompacted) at 50-55

cm depth. Their values from the compacted treatment were closer to the values of

this thesis. However, the uncompacted treatment of ROCSUB showed a much lower

macroporosity than the control of Etana et al. (2013). This underlines again that the

uncompacted plots at ROCSUB may not be as uncompacted as was assumed at the

beginning of the project.

A shift in pore size distribution towards smaller pore diameters with increasing com-

paction level was observed by Fu et al. (2019), even though the total porosity stopped

changing after several traffic passes. Large pores have a weaker internal structure

than smaller pores, which makes them more susceptible to compression (Fu et al.,

2019). When macropores are crushed, their size is reduced to smaller pore diame-

ters. Therefore, it is essential to consider the pore size distribution and not the total

porosity. For example, there was almost no significant change in the visible average

pore diameter with depth in the data of this thesis (Figure 3.7). Similarly, the differ-

ence in macroporosity (>126 µm) between the treatments was only significant at 60

cm depth, where there were nearly no macropores in the compacted treatment (Figure

3.6). So, the pore size shift to smaller pores due to compaction was not visible in the

macroporosity and average pore diameter.

In the pore size distribution, the picture was drawn more clearly (Figure 3.8). The un-

compacted treatment showed the most even macropore size distribution, as expected

from a subsoil with intact large macropores. Fewer macropores were present in the

compacted treatment over all diameters since they were crushed under the overlying

weight. The loosened treatment showed the highest volume of small macropores in

the upper subsoil. Mechanical loosening mostly destroys the soil structure and the

large macropores (BAFU, 2022; Schneider et al., 2017; Spoor et al., 2003). This results

in an abundance of smaller macropores.
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4.3 Connectivity of macropores

4.3.1 Percolation

The continuity of macropores is reduced upon compaction (Hemmat and Adam-

chuk, 2008; Keller et al., 2021; Schäffer et al., 2007). Destruction of connected macro-

pores results in a larger fraction of isolated pore space (Jégou et al., 2002; Schäffer et

al., 2007). This was observed in Figure 3.4a, where the compacted treatment showed

more isolated pores and a lack of connected pores (>126 µm diameter). Similarly,

not a single sample of the compacted treatment from the lower subsoil showed per-

colating pores (Figure 3.9b).

A year after loosening the soil mechanically, only 13 % of the loosened samples at 30

cm depth were percolating, which is exactly the percentage for the compacted samples

in the upper subsoil (Figure 3.9b). In the uncompacted treatment where the soil struc-

ture was intact, 67 % of the samples showed a visible connection from top to bottom.

A similar picture was drawn in the fraction of percolating pore volume, where only

the uncompacted treatment showed a percolating porosity of 0.6±1.2 vol% at 30 cm

depth (Figure 3.9a). Additionally, the only treatment showing a visible median bot-

tleneck diameter was the uncompacted treatment (Figure 3.10). Therefore, the uncom-

pacted treatment showed a much better connectivity of macropores than in the other

treatments.

Considering the percolation threshold (Figure 3.9c), the difference between the loos-

ened and compacted treatment at 30 cm depth is not significant and above their macro-

porosity. Hence, the macroporosity of both treatments is too low to allow percola-

tion. In the lower subsoil, loosening improved the percolation threshold but still not

enough to percolate or match the threshold of the uncompacted treatment.

In their review, Schneider et al. (2017) proposed that mechanical loosening could

mitigate drought-induced water stress in a compacted soil and make agriculture

more resilient to the consequences of climate change. However, the results of this

thesis suggest that macropore connectivity and percolation are not necessarily im-

proved with mechanical loosening.

4.3.2 Air diffusion

Diffusivity in soil is the most important gas transport process to ensure respiration

of microorganisms and roots (Berisso et al., 2012). In contrast to air permeability,

diffusivity does not depend on the minimal pore diameter of a pore network (Keller

et al., 2021). Similarly to the air permeability values, the diffusivity showed lower

values compared to literature. Keller et al. (2021) measured 0.011 at 30 cm and 0.009

at 60 cm depth for the uncompacted treatment at -100 hPa. In this thesis, the values
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for the uncompacted treatment were 0.004 (30 cm) and 0.001 (60 cm) at similar matric

potential. The compacted values of Keller et al. (2021)’s data were 0.005 at 30 and 60

cm depth. As already observed in chapter 4.3.3, the uncompacted diffusivity values

from this thesis were lower than the compacted values of Keller et al. (2021). Hence,

the uncompacted plot might not be as uncompacted as it was assumed when estab-

lishing the ROCSUB experiment.

Only at -300 hPa, mechanical loosening showed an improvement in diffusivity, where

the loosening led to equal values as in the uncompacted treatment (Figure 3.13c).

However, no significant improvement was found by loosening the soil mechanically

at -30 and -100 hPa. Zhai and Horn (2019) found an increasing relative diffusivity

coefficient after ameliorating the soil mechanically. They measured a value of 0.007

at -300 hPa, whereas prior to loosening, the soil exhibited a value of 0.002 under the

highest compaction degree. Similar to the ROCSUB values, the loosening had an

alleviating effect on diffusion at -300 hPa.

4.3.3 Air permeability

According to Fish and Koppi (1994) air permeability measurements are governed

by soil structure, particularly by the connectivity and diameter of macropores. The

air permeability measured in the laboratory showed low values (Figure 3.14a-3.16a).

At field capacity (-100 hPa) and higher moisture levels, the subsoil remained almost

impermeable to air (Figure 3.15b). Hence, pores with >28 µm diameter showed a

poor connectivity in all treatments. Only in drier conditions of -300 hPa, the subsoil

showed air permeability in the uncompacted and loosened treatment. This suggests

that pores drained at this matric potential (9.3 µm diameter) have a better connec-

tivity in the subsoil. However, even at -300 hPa, the subsoil remained mostly imper-

meable in the compacted treatment (Figure 3.16b).

The values of air permeability obtained in this thesis were very low in comparison

to the values of Keller et al. (2017) that were measured two weeks after compaction.

In the compacted treatment they measured 4.2 µm2 (30 cm depth) and 3.0 µm2 (60

cm depth). This was close to the values of this thesis (<2.3 µm2). The uncompacted

treatment at their site showed 17.7 µm2 (30 cm depth) and 10.9 µm2 (60 cm depth) at

-100 hPa, which was much higher than the <2.3 µm2 measured in the uncompacted

treatment of this thesis. This indicates that the uncompacted plots of this thesis are not

well suited as uncompacted reference plots. Since there was no significant difference

in air permeability between the compacted and uncompacted treatment at -100 hPa of

this thesis, the uncompacted treatment was most likely slightly compacted in the past.

Many authors found an increase in air permeability after subsoiling (Drewry and

Paton, 2000; Greenwood and Cameron, 1990; Olesen and Munkholm, 2007). Olesen
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and Munkholm (2007) found an increase of air permeability due to mechanical loos-

ening from 9.2 µm2 (compacted) to 14.6 µm2 (loosened) at 25-29 cm depth and -100

hPa matric potential. The values at the ROCSUB site were much lower and did not

increase (both 2.3 µm2) for the compacted and loosened treatment. The high variability

in the air permeability measurement is explained by the small sample volume (100

cm3) (Iversen et al., 2001). However, the low air permeability cannot be accounted

for by the small cylinder volume, since the studies listed above used the same vol-

umes.

4.3.4 Connectivity and biopores

Biopores offer a high degree of continuity and are very important for air and water

transports in soils due to their often vertical orientation (Kautz et al., 2013; Keller

et al., 2021; Volkmar, 1996). The ratio of biopores to non-biopores showed a high

fraction of biopores in the uncompacted treatment (Figure 3.11 and 3.2c). This could

explain the better performance of percolation and aeration properties in the uncom-

pacted treatment. In Figure 3.4d, the higher connectivity of the pore space in the un-

compacted sample was clearly visible. Additionally, persistence of biopores increases

with soil depth (Dexter, 1991). This is in line with the increasing biopore ratio with

depth in the uncompacted treatment (Figure 3.11).

In Figure 3.11 both the compacted and loosened treatment showed a low biopore frac-

tion. Soil compaction disrupts pore networks and negatively affects soil structure

(Keller et al., 2021), which explains the low biopore ratio in the compacted treatment.

As seen in Figure 3.4c, mechanical loosening destroys the inherent soil structure al-

most completely (BAFU, 2022; Schneider et al., 2017; Spoor et al., 2003). The new

formation of biopores takes time since roots need to grow and earthworms to tun-

nel (BAFU, 2022). Therefore, it was not surprising to observe a low biopore ratio in

the loosened treatment a year after the mechanical operations. The strong difference

in biopore ratio between the uncompacted and loosened treatment showed that more

time is needed for a soil to reform biopores.

4.4 Comparison of methods

Air permeability in the loosened treatment seemed to perform equally well as the

uncompacted treatment (chapter 4.3.3 and 4.3.2). contrary to the behavior the perco-

lating properties (chapter 4.3.1), where the loosened treatment showed poorer con-

nectivity than the uncompacted treatment. How is it possible to observe such con-

tradicting behavior when percolation and air permeability should both be related to

connectivity of macropores? Why was the soil impermeable at -100 hPa but showed

percolating properties in the X-ray images?
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The percolating properties were calculated by analyzing the X-ray images where

the smallest pore diameter visible was 126 µm. However, air permeability and air

diffusion were measured in the laboratory. According to equation 2.3, pores of the

diameter >28 µm are drained at -100 hPa. Therefore, different pore diameters are

compared. In the loosened treatment, pores with >126 µm diameter were connected

more poorly, whereas pores below 28 µm may be better connected.

The equation of capillary rise is idealized and assumes that the pores are pipes of

round shape, which is of course not the case in reality. In soils, pore networks show

different shapes and tortuosity. When the soil samples are dried, the large pores

drain first but water may occlude smaller pores. This leads to air entrapment, which

may influence the air permeability measurements (Luo et al., 2008). The imperme-

ability of the soil samples at -100 hPa could be explained by water remaining in

pores and closing off the larger pore behind for gaseous transport (Luo et al., 2008;

Stonestrom and Rubin, 1989).

4.5 Inferred consequences for plants and soil biota

So far, the results were discussed on a physical level. However, four important

ecosystem services that soils provide are dependent on life in soils (provision of

food, nutrient cycling, carbon sequestration, water storage and purification, and

habitat for organisms) (FAO and ITPS, 2015). Therefore, in this chapter, the impact

of mechanical loosening on plant roots and soil microorganisms is discussed.

Mechanical loosening led to a distinctive decrease in penetration resistance in the

subsoil. The soil strength in the loosened treatment reached lower values than the

uncompacted soil and did not exceed the critical soil strength of >2.5 MPa, where

most roots cease to grow (Gao et al., 2016a). Hence, mechanical loosening clearly

had a beneficial effect on soil strength reduction and is beneficial for root growth.

However, by only looking at the root growth from a purely physical perspective, the

root’s need for sufficient aeration and water is omitted. Most root cells of crops are

capable of surviving several hours, e.g. due to water logging, in an oxygen-depleted

environment (Drew, 1992). However, under long-term anoxic conditions, most roots

will die.

Fish and Koppi (1994) found a limiting threshold of air permeability of 20 µm2 for

root growth in soils. In the subsoil of the ROCSUB site, this threshold was not ex-

ceeded for -30 and -100 hPa by any treatment. At -300 hPa, only single measurements

were above 20 µm2, which implies that this subsoil is generally poorly aerated in ev-

ery treatment (Berisso et al., 2012). The relative diffusivity confirms these findings.
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A satisfactory relative diffusivity coefficient of 0.005-0.02 for root growth was de-

termined by Stepniewski (1980). For aerobic microbial activity, the threshold lies at

0.005 (Berisso et al., 2012; Schjønning et al., 2003). The threshold of 0.005 was rarely

reached at field capacity (-100 hPa) and almost never at -30 hPa. Only at -300 hPa, the

loosened and uncompacted treatment managed to provide sufficiently high diffusion

values to sustain aerobic microbial activity and root growth in the subsoil. Hence,

the subsoil of the ROCSUB field experiences regularly oxygen-depleted conditions

and might even exhibit anoxic regions under high levels of moisture, especially in

the compacted plots.

In light of the suitability of the soil for plant growth, the POM content should not be

forgotten. The compacted treatment exhibits poor conditions for root growth with its

high soil strength, low aeration, poor connectivity for percolation, and small macro-

porosity. Unsurprisingly, this led to very low POM contents in the subsoil of the

compacted treatment (Figure 3.12).

The loosened treatment showed an equal POM content as in the uncompacted treat-

ment in the subsoil. In the loosened treatment, the roots benefited from the low pene-

tration resistance, whereas in the uncompacted treatment, the macropores were better

connected and more biopores were present. According to literature, higher biopore

abundance is beneficial for root growth, since roots preferentially reuse biopores,

where they grow faster (Kautz et al., 2013; Wahlström et al., 2021). Another expla-

nation for the almost even POM content in the loosened and uncompacted treatment

is presented in the air permeability and air diffusion (Figure 3.13a-3.16b). Colombi

et al. (2019) linked higher organic carbon content to improved gas transportation

ability in tilled subsoils, which resulted in better growing conditions for roots. At

low moisture levels, the loosened and uncompacted treatment shared similar air per-

meability and air diffusion.

However, POM content might not be the best predictor for root growth conditions.

Under low oxygen supply, decomposition of organic material is limited (Parr and

Reuszer, 1962). Hence, high POM content could also be linked to poor degradation

ability. This occurs, when the ROCSUB soil reaches field capacity and air permeabil-

ity and air diffusion is lowered.
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Chapter 5

Conclusion

The goal of this master thesis was to assess the effect of mechanical loosening a year

later on different physical soil properties and structure in a severely compacted sub-

soil. The following research question and hypotheses were stated in the beginning

of this thesis:

1. How does mechanical loosening of a heavily compacted subsoil affect soil

physical properties and structure?

2. Hypothesis 1: Loosening as an ameliorative mechanical operation yields sig-

nificant improvements regarding physical soil structure and properties com-

pared to compacted soil.

3. Hypothesis 2: Within one year, soil structure and properties are not restored

completely compared to an uncompacted soil

Mechanical loosening significantly improved many soil properties compared to severely

compacted soil. Penetration resistance was strongly reduced, soil matrix density

was lowered, and macroporosity increased at 60 cm depth. Additionally, the pore

size distribution of the loosened treatment showed more pores over all diameters in

comparison to the compacted treatment. Loosening led to an increase in POM content.

Loosening only improved air diffusion and air permeability at -300 hPa, where smaller

pores were drained. However, almost no improvements by mechanical loosening

were found in the percolating properties. The median bottleneck diameter did not

improve significantly and neither did the biopore ratio in the subsoil. Hence, proper-

ties linked to connectivity only showed an improvement owing to mechanical loos-

ening at the mesopore scale (<28 µm pore diameter). Even though connectivity

was not improved throughout all pore diameters, most physical properties showed

strong improvements after mechanical loosening. Therefore, the first hypothesis was

accepted.

One year after loosening the compacted soil, there were still significant differences be-

tween the loosened and the uncompacted treatment. The soil matrix density of the loos-

ened treatment was significantly different from the uncompacted treatment. The pore
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size distribution of the loosened treatment showed an uneven distribution compared

to the uncompacted treatment. However, the macroporosity was similar and the pen-

etration resistance was lower in the loosened treatment. The uncompacted treatment

showed higher connectivity and biopore ratio than the loosened treatment one year

after loosening. However, at smaller pore diameters (<28 µm), the loosened soil per-

formed equally well regarding soil aeration. Since most physical soil properties still

differed between the loosened and uncompacted treatment and connectivity was not

yet fully restored, the second hypothesis was accepted.

It will be interesting to observe the development of the ROCSUB field over the years.

With the increase of biopores over time, the connectivity in the loosened treatment

will hopefully improve. As a result, water infiltration and aeration are bound to in-

crease. Due to time constrains, it was not possible to include the soil water retention

curve, which would have shed light on the meso- and micropore distribution. Addi-

tionally, studying the loosened treatment’s resistance to withstand mechanical stress

would make an interesting topic for future research since loosened soils are prone to

recompaction.

Under vulnerable circumstances, the time it takes for a soil to get compacted lies

below a minute. Driving over the field with high axial load at the wrong time is all

it takes for a soil to strongly reduce its ecosystem functions over several years. The

recovery process is slow and can be supported by mechanical loosening. As seen in

this thesis, mechanical operations improve many physical properties in soils. How-

ever, the vital connectivity of macropores for fluid transportation in soils is not nec-

essarily restored. Within a year, the formation of biopores did not progress enough

to ensure macropore connectivity in the loosened soil. Hence, mechanical loosening

cannot instantaneously restore a soil. Since civilization strongly depends on intact

soils, the focus should lie on treating the soils more sustainably and emphasizing the

prevention of compaction.
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Data tables

The accuracy of the measurement device defines the amount of decimal places. The

air diffusion is usually given with three decimal places after the comma, according

to literature.

TABLE A.1: Median of penetration resistance [MPa] measured on
January 2020 by Alice Johannes with a penetrologger and measured

on November 2021 by Alina Widmer with a penetrometer.

Treatment Depth [cm] Penetration resistance [MPa] Penetration resistance [MPa]

Date Jan 20 Nov 21

compacted 10 2.4±0.8 1.2±0.6
loosened 10 2.5±0.4 1.1±0.3

uncompacted 10 2.6±0.4 1.1±0.4
compacted 30 4.6±1.2 3.2±1.1
loosened 30 3.8±0.6 1.3±0.6

uncompacted 30 3.0±0.5 2.1±0.4
compacted 60 5.3±0.4 3.6±0.9
loosened 60 4.5±0.6 1.7±1.0

uncompacted 60 3.1±0.4 2.2±0.6
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TABLE A.2: Median macroporosity [vol%] and median pore diameter
[mm] derived from CT images (for pore diameters >126 µm).

Treatment Depth Macroporosity Average pore diameter

[cm] [vol%] [mm]

compacted 10 8.6±4.2 0.2±0.0
loosened 10 5.2±2.1 0.2±0.1

uncompacted 10 8.1±3.1 0.3±0.1
compacted 30 1.1±2.0 0.2±0.2
loosened 30 2.1±1.8 0.2±0.1

uncompacted 30 2.5±1.2 0.2±0.1
compacted 60 0.2±0.9 0.2±0.3
loosened 60 1.1±2.2 0.2±0.1

uncompacted 60 1.0±1.0 0.2±0.1

TABLE A.3: Median percolating volume fraction [vol%] and median
percolation threshold [vol%] derived from CT images (for pore diam-

eters >126 µm).

Treatment Depth Percolating volume fraction Percolation threshold

[cm] [vol%] [vol%]

compacted 10 7.6±5.2 5.5±5.4
loosened 10 0.0±2.3 8.2±5.0

uncompacted 10 5.9±3.8 2.9±4.1
compacted 30 0.0±1.5 10.6±17.7
loosened 30 0.0±1.4 12.1±8.5

uncompacted 30 0.6±1.2 1.4±3.9
compacted 60 0.0±0.0 24.4±7.9
loosened 60 0.0±0.0 13.6±10.6

uncompacted 60 0.0±0.6 1.6±6.6

TABLE A.4: Median bottleneck diameter, median biopore ratio, and
median POM content [vol%] derived from CT images (for pore diam-

eters >126 µm).

Treatment Depth Bottleneck diameter Biopore ratio POM content

[cm] [mm] [-] [vol%]

compacted 10 0.2±0.2 1.2±0.5 6.4±3.0
loosened 10 0.0±0.2 1.0±0.3 5.9±1.5

uncompacted 10 0.4±0.4 1.5±0.7 3.0±0.8
compacted 30 0.0±0.2 0.8±0.4 0.6±0.9
loosened 30 0.0±0.1 1.3±0.4 1.4±0.6

uncompacted 30 0.2±0.5 1.8±0.8 1.4±0.4
compacted 60 0.0±0.0 1.7±1.1 0.1±0.1
loosened 60 0.0±0.1 1.1±0.5 0.4±0.7

uncompacted 60 0.0±0.2 2.7±1.1 0.8±0.4
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TABLE A.5: Median of air permeability [µm2] measurements at dif-
ferent matric potentials by Marlies Sommer.

Treatment Depth [cm] -30 hPa -100 hPa -300 hPa

compacted 10 2.6±4.0 12.4±16.2 24.1±33.2
loosened 10 2.3±1.8 4.3±8.7 7.2±10.3

uncompacted 10 3.3±3.7 14.2±19.1 29.6±18.1
compacted 30 2.3±0.8 2.3±3.3 2.3±12.9
loosened 30 2.3±0.3 2.3±2.7 3.1±13.8

uncompacted 30 2.3±0.7 2.3±2.8 9.3±15.0
compacted 60 2.3±0.0 2.3±0.5 2.3±2.8
loosened 60 2.3±0.3 2.3±1.5 5.8±14.3

uncompacted 60 2.3±1.4 2.3±3.3 2.3±6.7

TABLE A.6: Median of relative gas diffusivity coefficient
[

Dp

Do

]

[-]

measurements at different matric potentials by Marlies Sommer.

Treatment Depth [cm] -30 hPa -100 hPa -300 hPa

compacted 10 0.001±0.003 0.009±0.008 0.020±0.012
loosened 10 0.002±0.002 0.007±0.005 0.007±0.008

uncompacted 10 0.002±0.002 0.010±0.008 0.017±0.004
compacted 30 0.001±0.002 0.001±0.004 0.005±0.007
loosened 30 0.001±0.001 0.001±0.003 0.011±0.006

uncompacted 30 0.001±0.001 0.004±0.003 0.010±0.005
compacted 60 0.001±0.001 0.001±0.002 0.004±0.003
loosened 60 0.000±0.001 0.001±0.002 0.009±0.007

uncompacted 60 0.001±0.001 0.001±0.002 0.006±0.003
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Appendix B

Supplementary tables

TABLE B.1: Soil texture of ROCSUB field with each fraction in % pro-
vided by Alice Johannes.

Depth Clay [%] Silt [%] Sand [%]

0-20 cm 26.3 ± 2.0 43.0 ± 0.9 30.8 ± 2.3
10-20 cm 26.2 ± 2.0 43.7 ± 0.9 30.1 ± 2.3
20-50 cm 27.5 ± 2.9 44.1 ± 1.6 28.4 ± 3.1

total 26.7 ± 2.4 43.6 ± 1.3 29.8 ± 2.5

TABLE B.2: Matric potential Ψ measurements at Changins measured
with a tensiometer (Meteotest, 2022).

Depth 22.01.2020 04.11.2022

[cm] Ψ [hPa] Ψ [hPa]

10-20 -34 -17
30-35 -25 -13

60 -51 -10

TABLE B.3: Mean of the volumetric water content θ measurements
done with a frequency domain reflectometry (FDR) on 04.11.2021.

Depth Compacted Loosened Uncompacted Mean

[cm] θ
[

m3

m3

]

θ
[

m3

m3

]

θ
[

m3

m3

]

θ
[

m3

m3

]

15 0.34 0.32 0.31 0.33
35 0.35 0.33 0.33 0.34
60 0.37 0.37 0.32 0.35
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Appendix C

Macros and programs

C.1 Macro: Conversion from raw to tiff format

C.2 Macro: Adaptive Gaussian filtering
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C.3 Gray scale calibration
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