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Summary 

The use of heavy agricultural equipment often produces significant changes in soil 

physical properties through compaction. Soil compaction is one of the environmental factors 

in agriculture that adversely affect soil functions and crop growth. In recent years there has 

been an increased application of conservation-oriented tillage techniques where instead of 

being turned the soil is only loosened or not tilled at all. Nevertheless, tillage always impacts 

on soil physical properties and processes. Some soil physical properties can easily be 

measured using classic laboratory methods. However, explicit information about soil 

structural changes cannot be obtained with classic methods. This requires non-destructive 

measurements such as X-ray computed tomography (CT), a non-invasive 3D image analysis 

technique which allows to analyze the soil pore system in some detail.  

This study, divided into three separate trials, combines parameters obtained with 

computed tomography (mean macropore diameter, macroporosity, pore connectivity, 

anisotropy) and classic laboratory methods (dry bulk and aggregate density, saturated 

hydraulic conductivity, mechanical precompression stress) to analyze soil compaction, 

exemplified on samples from different tillage treatments (strip tillage, mulch tillage, no tillage, 

tillage with a disc harrow, rotary tiller, cultivator and plough), different moisture tensions (6 

and 1000 kPa) and different textures (sandy loam, loam, silt loam, silty clay loam) in the 

topsoil. In addition, biological (earthworm activity) and crop factors (grain and straw yield) are 

used to describe the effects of compaction on soils with different textures. Based on all the 

listed parameters, critical stress values and critical stress ranges are derived which make it 

possible to assess site-specific effects of compaction on soil functions, and the maximum 

allowable load to prevent such negative effects, respectively.  

In particular the trials showed that: 

 Strip tillage combines the advantages of no tillage and a deeper soil conservation-

oriented primary tillage, because, on a small scale, it creates two distinct soil 

structures which are beneficial in terms of optimal plant growth as well as mechanical 

resistance to driving over the soil.  

 The matric potential can have a decisive impact on the mechanical stability of a soil, 

in particular in case of conventional soil tillage with a plough. Ploughing has only a 

temporary positive effect that persists as long as macroporosity and mean macropore 

diameter remain high.  

 The critical stress ranges display differences between sites that occur due differences 

in the pore space, but the medians of the critical stress ranges are similar and concur 

with the values of the mechanical precompression stresses. This trial did not find a 
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dependence on texture of the critical stress value for various parameters, or of the 

critical stress range defined by these critical stress values for a soil. This means that 

studies which recommend maximum values for mechanical loads to prevent harmful 

soil compaction solely on the basis of texture should be treated with caution. 

 Soil mechanical and morphometric parameters supplement each other in terms of 

what they reveal about the mechanical properties of a soil and its structure. With CT 

the soil structure is made visible, which provides a more definite picture of the effects 

of compaction. The CT parameters are therefore highly suitable for providing 

additional information about the compaction process.  

 The classic soil mechanical parameters are closely related to the CT ones. However, 

the relationships are affected by the tillage method and soil texture, with the former 

having the more pronounced effect. Due to these two factors there are, for example, 

several different values for macroporosity for the same dry bulk density and vice 

versa. This implies that neither classic soil physical parameters alone, nor CT 

parameters alone provide a complete picture of soil compaction.  

 The CT parameters are all related to each other. The precise relationships are again 

dependent on the tillage method and on soil texture. Tillage usually has the bigger 

effect here, too. 
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1. Introduction 

One of humanity's most important mediums worthy of protection is the soil. Soil is the 

irreplaceable basis of life which has a habitat function for humans, animals, plants and soil 

organisms. All occurrences of life in the soil are affected by interactions between its solid, 

liquid and gaseous phases, but also by transport and translocation processes and are thus 

directly or indirectly related to soil texture and porosity. Soil is therefore a variable medium 

and can be irreversibly damaged. For that reason it is a top priority to use soil in a 

sustainable manner, since it ensures the food basis for humans through the cultivation of 

crops. This is in line with the following definition of tillage by Estler and Knittel (1996): “The 

tasks of tillage are timeless and subordinate to just one goal, namely to increase the 

productivity of a site in the short term and maintain it in the long term, without negatively 

affecting the environment” (free translation from German). So, soil tillage aims to help to 

achieve optimal crop establishment, i.e. to optimize gas exchange and the water balance, 

and at the same time to preserve ecological soil functions, like habitat functions and 

regulatory functions for water and nutrients. This was pointed out by many other authors (e.g. 

Gantzer and Anderson, 2002; KTBL, 1993). Therefore, every tillage step not only needs to 

meet the demands of the following crop, but also to be adapted to the entire crop rotation, 

taking into account the location and its climatic conditions. 

A soil is used by plants as a growth medium which supplies water, oxygen and nutrients. 

On agricultural soils an attempt is therefore made with various tillage systems to create a soil 

structure that allows optimal plant and root growth, optimal biological activity to release 

nutrients, and facilitates the supply of water and oxygen (Carter, 1986). The most common 

categorization of tillage systems in Germany which corresponds to modern situations is (i) 

conventional tillage with a plough, (ii) conservation tillage, i.e. merely tilling the soil with a 

cultivator, and (iii) direct seeding which omits tillage altogether (Wiermann, 1998). In recent 

decades an increasing number of practitioners have abandoned traditional tillage methods 

which turn the soil using a plough (conventional) in favour of conservation-oriented soil tillage 

(e.g. Licht and Al-Kaisi, 2005; Nowatzki et al., 2009). The latter does not involve turning the 

soil with a plough, but instead only loosening it or leaving it completely untilled. This allows 

dead plant material to remain close to or on the surface of the soil, which offers both 

ecological and economic benefits, such as the conservation of water, the prevention of soil 

erosion, and less time spent on seedbed preparation (Carter, 2004; FAO, 1993, Strudley et 

al. 2008). There are a variety of conservation tillage systems which can be roughly divided 

into no tillage, mulch tillage, strip tillage, ridge tillage and minimum tillage (FAO, 1993). Strip 

tillage is special in that the soil is divided into a sowing zone and a soil management zone. 

The sowing zone is 5-15 cm wide and worked mechanically down to a depth of 25 cm to 

optimize soil and microclimatic conditions for crop germination and growth, while the soil 
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management zone is left untilled (Lal, 1983). Strip tillage therefore combines the advantages 

of no tillage and those of deeper, non-turning primary tillage. It also allows farmers to 

combine individual working steps which reduces the number of times the field is driven over 

(Nowatzki et al., 2009). The American Soil Conservation Service (1983) describes 

conservation-oriented tillage (as opposed to conventional tillage) as any tillage method that 

leaves at least 30% of the soil surface covered with plant residues from preceding crops and 

catch crops. This means that it views direct seeding as a form of conservation-oriented 

tillage, too. Regardless of these classifications, any form of tillage affects the soil structure 

which was popularly defined by Dexter (1988) as ‘‘the spatial heterogeneity of the different 

components or properties of a soil’’. However, not just tillage operations, but also the driving 

required during seeding, fertilization, crop protection and harvest (e.g. Dürr et al., 1995; 

Hamza and Anderson, 2005) affects the physical, mechanical and biological properties of the 

soil (Carter, 2004). If the machinery is not adapted to the site and local conditions 

(Rücknagel et al., 2012a; Koch et al., 2008), e.g. by not adjusting the air pressure in the tires, 

or if the soil water content during agronomic operations is unfavorable (Pagliai et al., 2000; 

Rücknagel et al., 2012a), there will be a risk of soil damage due to compaction. The Soil 

Science Society of America (1996) defines soil compaction as ‘‘the process by which the soil 

grains are rearranged to decrease void space and bring them into closer contact with one 

another, thereby increasing the dry bulk density’’.  

In an agricultural system one can speak of harmful soil compaction, if the soil properties 

are changed to such an extent that this significantly affects the growth and development of 

crops as well as soil life (Semmel and Horn, 1995). Harmful soil compaction causes serious 

environmental and agricultural problems, e.g. soil erosion and flooding due to increased 

runoff, water quality problems due to the deposition of eroded material in water bodies, and 

yield reductions due to the loss of fertile topsoil and the restriction of root growth. More 

directly, compaction has a negative impact on soil aeration and the water balance (FAO, 

1993; Pagliai and Jones, 2002; Voorhees, 1986). Economic implications are reflected in the 

need for higher tractive power, rising fuel consumption, and increased expenditure on 

fertilizers and crop protection agents (e.g. Dürr et al., 1995; Krümmelbein et al., 2008; 

Semmel and Horn, 1995). The extent of the ecological and economic impairments depends 

on exogenous (load intensity and duration, number and type of loads, driving speed, contact 

surface pressure) and endogenous soil factors (structural arrangement and stability, degree 

of cross-linkage of roots, hyphae and humic substances, particle size distribution and particle 

shape, clay mineral type and adsorbed cations, organic matter and fertilization, shear 

resistance, angles of internal friction, cohesion, water potential, degree of soil aggregation) 

(Dürr et al., 1995; Horn, 1981; Koolen and Kuipers, 1983; Kühner, 1997; Semmel and Horn, 
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1995; Wiermann, 1998). In addition to site-related factors, weather conditions when 

performing soil tillage operations also play an important role. 

Studies of soil mechanical parameters are increasingly concerned with structural 

differences due to individual soil tillage systems, especially under consideration of modern 

soil conservation tillage systems (strip tillage, zone tillage, slot tillage etc.). When comparing 

different tillage methods the greatest differences in the aforementioned parameters are seen 

in the structure of the topsoil. Physical soil properties such as dry bulk density, aggregate 

stability or pore size distribution are directly influenced by mechanical disturbances during 

tillage (FAO, 1993), and by driving over the ground (Carter, 2004). Soil compaction is an 

undesireable change in soil structure (Ishaq et al., 2001a) which influences not only pore 

functions such as air and water movement (Lipiec and Hatano, 2003), but also biological 

activity (Imhoff et al., 2004; Lipiec and Simota, 1994; Pagliai and Jones, 2002; Saffih-Hdadi 

et al., 2009). One or more of these factors can become critical. To what extent this happens 

depends on climatic conditions, soil type and crop species (Rashid and Sheikh, 1977). 

With respect to soil matric potential there is a sensitive response, due to its effect on the 

mechanical stability of a soil (Rücknagel et al., 2012b). This is well known and adequately 

researched. The water content, and hence soil moisture tension, is not only subject to 

seasonal fluctuations, but also affected by soil tillage and crop type (Khan et al., 1999; 

Mackie-Dawson et al., 1989). Thus, the mechanical stability of a soil varies considerably over 

the course of the year, too. This means that even with a suitable tillage system and suitable 

tillage tools the local operating conditions at the site remain as one of the factors which can 

massively influence harmful soil compaction. Many previous studies have extensively dealt 

with the effect of different tillage systems on soil compaction (e.g. Dal Ferro et al., 2014; 

Jarvis et al., 2017), with the interactions between mechanical precompression stress, dry 

bulk density and water content (e.g. Alexandrou and Earl, 1998), and with models and 

predictions of mechanical precompression stress at different water contents (e.g. Rücknagel 

et al., 2012b; Saffih-Hdadi et al., 2009). 

Numerous studies conducted under the same weather conditions have shown that, in 

addition to tillage, the reaction of a crop to compaction is strongly influenced by soil type and 

differences in soil texture (Lehfeldt, 1988; Tursic, 1982). Hence, attempts have been made 

by different authors to base the resulting restrictions on loads on soil texture and display 

them in tables or maps showing different maximum wheel loads depending on soil texture 

(Diserens, 2009; Schjonning et al., 2015). 

Biological properties as well as physical or mechanical properties are important 

components of the soil ecosystem (Carter, 1986). Indices of both soil structure and biological 

conditions are important for understanding the behaviour of soil functions (Carter, 1986) and, 
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thus, the ability to avoid soil damage. Earthworms are important biological factors in soil 

ecosystems. They are sensitive to tillage techniques and can therefore be used as bio-

indicators of soil conditions (Lemtiri et al., 2014). For plants a common reaction to 

compaction is decreasing root penetration (Lipiec and Simota, 1994) due to excessive 

mechanical resistance and insufficient aeration. The study of root system parameters such 

as root mass and root length (e.g. Czyz et al., 2001; Ishaq et al., 2001b) is very elaborate. 

For this reason, and from a practical agricultural point of view, above ground plant 

parameters such as yield, biomass, grain weight or number of shoots are often used to 

assess the effects of compaction (Rashid and Sheikh, 1977; Saqib et al., 2004) which are 

mostly related to constraints in the extent and functioning of the root system in compacted 

soils. 

Some of the aforementioned soil physical and biological properties can easily be 

measured using classic laboratory methods. Traditionally the most widely used method to 

assess the effects of compaction on soil physical properties are soil compression tests. They 

make it possible to assess the compaction process and identify volumetric soil deformation 

for different initial soil structures. This yields indirect information about functional properties 

of the internal structure, such as the stress - strain relationship and the aggregate density/dry 

bulk density ratio (Rücknagel et al., 2007). Typically there is a lack of direct information about 

changes to geometric properties and morphologies of the void system. Explicit information 

about soil structure changes cannot be obtained with classic methods. With non-destructive 

3D imaging methods such as X-ray computed tomography (CT) additional information on the 

geometry of the pore space can be gained to describe the shape, arrangement and 

continuity of pores, while the disturbance of soil samples used in the analysis of compaction 

is minimized (Lipiec and Hatano, 1993; Pöhlitz et al., 2018). CT has been increasingly used 

in recent decades for the visualization and subsequent quantification of structural changes to 

obtain more information about the soil non-destructively (e.g. Keller et al., 2013; Pöhlitz et al., 

2018; Rabot et al. 2018; Schlüter et al., 2011, 2016). Computed tomography not only detects 

the spatial distribution of pore geometries and maps their positions precisely, but also 

enables a quantitative image analysis.  

Imaging methods such as CT focus on the possibilities of visualization and calculation. In 

the studies here imaging and classic methods are brought together to obtain a more 

extensive array of parameters than in previous work, leading to the following central research 

issues: 

(i) Comparison of classic soil mechanical methods (stress-strain test) with modern 

methods (CT) and combining them for greater informational benefit. 
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(ii) Application of information from these two methodological complexes to ascertain the 

limits of soil compaction on soil functions for a variety of cultivation systems and 

locations. 

The studies involve three different trials. In each trial the classic soil mechanical 

parameters are related to the morphometric parameters determined by CT to assess what 

additional information the latter can provide about the mechanical properties of soils and their 

structures. The interactions between high soil stresses and changes in soil structure, and the 

mechanical stability under different management systems were investigated in detail under 

three different aspects as outlined below: 

Trial 1: Computed tomography and soil physical measurements of compaction 

behaviour under strip tillage, mulch tillage and no tillage 

Only a few studies have dealt with the analysis of structural differences between 

individual conservation tillage systems and compaction effects under those tillage systems 

with the aid of CT scans in conjunction with classic methods (e.g. Dal Ferro et al., 2014; 

Jarvis et al., 2017; Luo et al., 2010). None of these studies considered the strip tillage 

method. In addition, no links have been established between classic soil mechanical 

methods and those involving computed tomography.  

This trial focuses on the dual soil structure present under strip tillage compared to mulch 

tillage and no tillage. Specifically, it aims to answer the following questions: (i) Does the strip 

tillage method create small-scale structural differences within and between the seed rows? 

(ii) Under strip tillage, how do dry bulk density and aggregate density change compared to 

mulch tillage and no tillage as stress increases? (iii) To what extent can morphometric 

parameters based on CT describe the difference in soil compaction under strip tillage 

compared to mulch tillage and no tillage? (iv) Are there correlations between the parameters 

determined using classic methods and those determined with CT? (v) What implications do 

the results have for agricultural land use? 

Overall, this trial focuses on the role of the different soil tillage methods in the compaction 

process. 

Trial 2: Effects of soil moisture during soil compaction due to soil tillage as assessed 

by classic and CT methods 

Previous studies have either dealt with the interactions between mechanical 

precompression stress, water content and dry bulk density (e.g. Alexandrou and Earl, 1998) 

and subsequently developed models and predictions of mechanical precompression stress 
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for different water contents (e.g. Rücknagel et al., 2012b; Saffih-Hdadi et al., 2009), or tried 

to demonstrate the compaction effects of individual soil tillage systems (e.g. Dal Ferro et al., 

2014; Jarvis et al., 2017). None of the previous studies involved determining stress-related 

changes to pore space geometries depending on water content and different tillage systems 

by means of a combined application of classic soil mechanical and CT methods, except for 

Pöhlitz et al. (2018).  

In this trial the effects of increasing stress on soil samples from two tillage treatments 

(cultivator and plough) and at two moisture tensions (6 and 1000 kPa) are explored. The 

following questions are considered in detail: (i) As stress increases, how do the soil physical 

properties change in the plough compared to the cultivator treatment, depending on soil 

moisture tension? (ii) To what extent does matric potential as a destabilising or stabilising 

factor influence the compaction effects? (iii) To what extent can morphometric parameters 

explain the compaction effects for ‘cultivator’ compared to ‘plough’ based on CT at different 

matric potentials? (iv) Are there any correlations between the classic parameters and those 

determined using CT?  

Trial 3: Estimation of critical stress ranges to preserve soil functions at differently 

textured sites using computed tomography, soil physical, biological and 

agronomic measurements 

The questions arise, whether different soil functions react differently to soil compaction, 

or if they become limiting at the same applied stress, and whether there are texture 

dependent differences as shown by various authors quoted above. With regard to 

compaction, attempts have only been made in the literature to date to define critical values 

for single soil functions or properties. For example, O'Connell (1975) shows regression 

equations that can be used to calculate limiting dry bulk density values based on 10% air 

filled porosity at field capacity using soil organic matter, particle density, and silt and clay 

content. 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. Although dry 

bulk density is often closely correlated with root and plant growth, there are also studies that 

do not show such a correlation (Kaufmann et al., 2010).  

In this trial critical stress values are defined as the values at which the effects of 

compaction result in a limitation of soil functions. Soil functions are influenced to a different 

degree by soil compaction, so one has to assume that there is not a single stress value for a 

soil, but a range of critical stress values, hereafter called critical stress range. The focus of 

the present trial is to quantify critical stress values and critical stress ranges of soil functions 
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for differently textured sites. To see how big the influence of texture really is a number of 

parameters which are important for different soil functions are tested. Classic soil mechanical 

parameters, CT parameters, biological and plant parameters are linked. It is investigated, if 

there are differences in the critical stress values for the different soil functions, and if these 

differ for different textures. This should provide extended insights into the compaction 

process and structural characteristics of different soil textures, and contribute to the 

management of soils so that soil physical, morphological, biological and plant parameters are 

not adversely affected by soil compaction. 

In all thee trials field samples were taken and subjected to classic soil physical and CT 

measurements. While the primary goal in the three trials is different, they have in common 

that a combination of classic and CT measurements is employed.  

I am well aware that some aspects of the trials here were already researched extensively. 

However, the trials were deliberately set up in the manner described later to be able to make 

clear statements about what can be gained, if computed tomography is used in conjunction 

with classic methods to describe soil compaction under different conditions.  

Before turning to a detailed description of the material and methods employed here, a 

brief review of some classic soil mechanical methods and CT is given. 
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2. Brief review of some classic soil mechanical methods and X-ray computed 

tomography (CT) 

2.1. Stress and deformation behavior 

To be able to take timely action against unwanted structural changes in agricultural soils 

before harmful soil compaction becomes a serious problem the structural characteristics of 

the soil as they are changed by applied compressive loads need to be identified as 

accurately as possible. The procedures used for this must reflect typical field conditions so 

that the information gained can be directly applied to agricultural practice (Semmel and Horn, 

1995). Mechanical loads are forces on the soil (Wiermann, 1998). If those forces are related 

to an area, this results in a pressure (DVWK, 1997). Since a compressive load causes 

stresses inside a soil mass, the term ‘stress’ is also used for this pressure to describe the 

situation within the soil arrangement itself (Wiermann, 1998). 

The ‘total stress’ (σ) is the sum of all stresses acting on a point (Kühner, 1997). The three 

main variables for the spatial propagation of stresses are the three principal stresses σ1, σ2 

and σ3 (Semmel and Horn, 1995). The largest stress which is oriented in the direction of 

maximum force is called the first principal stress (σ1). Under a static load in naturally layered 

soils it is vertically aligned. The second (σ2) and third principal stress (σ3) act at right angles 

to the first and are usually considered to be equal, but lower than σ1, i.e. σ2 = σ3 < σ1. The 

stress distribution in structured soils is therefore anisotropic (Hartge and Horn, 1991; Kezdi, 

1969). Other important variables which are derived from the three principal stresses are the 

mean normal stress σn (average of the three principal stresses), and the octahedral shear 

stress  (remaining strain energy in the state of stress) (Hartge and Horn, 1991; Semmel and 

Horn, 1995; Wiermann, 1998).  

Each point within a soil volume subjected to a load not only has a certain state of stress, 

but also a certain state of deformation - the strain. Analogous to stress theory, strain theory 

describes the state of deformation (Kühner, 1997). The components of a deformation are 

‘normal strain’ and ‘shear strain’. The assumptions for the description of the state of 

deformation correspond to those of stress theory (Kühner, 1997).  

The propagation of stress and strain is a time-dependent process (Dürr et al., 1995; 

Fazekas and Horn, 2005). Strain is the downward movement or settlement. At the very 

moment of load application air is squeezed out of the soil pores. The ensuing reduction in 

pore space is called primary settlement. Next, pore water is squeezed out, leading to so-

called secondary settlement. If the applied load greatly exceeds the mechanical 

precompression stress, then plastic flow occurs. This means a soil completely looses its 

original structure and the deformation which has taken place is no longer reversible. 
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The relationship between stress and deformation depends on soil stability and is 

therefore specific to a given soil. In a stable soil high stresses only cause relatively small 

deformations, while in unstable soils low stresses cause relatively high deformations 

(Kühner, 1997). 

2.2. Measures of compaction in the field 

To investigate soil compaction in the field a soil is studied which has already experienced 

different levels of compaction in different areas of the site. Alternatively, a soil can be 

compacted in a driving experiment where a machine is driven over it several times with a 

different load or tire pressure. 

To actually measure compaction undisturbed soil cores are collected and analyzed in the 

laboratory. Another method is to install in the soil (before its compaction) a device called 

stress state transducer (SST) which measures soil deformation directly on site, namely at the 

point of compaction. This technique evolved over the years to yield ever better results. 

The first soil pressure measurements were performed in the 1930s in order to assess 

building sites (Rütemann, 1996). The sensors developed since that time differ in how they 

record pressure and deformation behaviour (Rütemann, 1996), but still work on the same 

physical principals. The mechanical pressure gauges placed in the soil by Bolling in the mid-

1980s only allowed the measurement of the maximum ground pressures (Rütemann, 1996).  

At around the same time scientists in Germany, England and America (Nichols et al., 

1987) used stress state transducers (SSTs) as we know them today to measure ground 

pressure. These allow direct measurements of ground pressures which can be used to 

calculate the principal and shear stresses as well as their directional vectors (Horn et al, 

1996; Rütemann, 1996). Disadvantages include the installation of the device which results in 

the disturbance of the surrounding material, as well as the highly laborious data analysis 

(Rütemann, 1996). In a next step Kühner (1997) connected an SST to a mobile measuring 

device, a so-called displacement transducer system (DTS), to determine the vertical and 

horizontal displacement of the SST. This recorded the movement of the soil particles and 

enabled a more accurate description of the soil compaction process, e.g. as caused by wheel 

tires (Wiermann et al., 1999). 

2.3. Measures of compaction in the laboratory 

According to Hartge and Horn (1991) soil deformation induced by mechanical loads 

generally follows Hooke’s law and is therefore, up to some load, elastic and reversible. The 

soil returns to its original state once the load is removed - the recompression range. If the 
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mechanical load continues to increase, Hooke’s law no longer applies to the deformation and 

the behaviour of the soil is semi-elastic, i.e. the deformation can only be partially reversed. 

This means the deformation is partially plastic, and particle displacement occurs until the 

grain contact points have been increased to the extent necessary for the establishment of a 

new equilibrium of forces (DVWK, 1997) - the virgin compression range. The stress at the 

point where the recompression range reaches the virgin compression range is referred to as 

the mechanical precompression stress. It indicates the soil’s current intrinsic stability and 

thus represents the highest possible load at which the soil will not change its current 

properties (DVWK, 1995; Lebert, 1989).  

Mechanical precompression stress can be determined by means of the frequently used 

(Dürr et al., 1995; Fazekas and Horn, 2005; Kühner, 1997; Peth and Horn, 2011) semi-

quantitative graphical method of Casagrande (1936) illustrated in Figure 2.3-1. In this method 

the point of greatest curvature of the load - settlement curve is determined first (A) (Fig. 2.3-

1). Through this point a line I parallel to the abscissa (B) and the tangent II (C) are drawn. 

The angle bisector between line I and line II is then constructed (D). The virgin compression 

line, i.e. the inclined line which intersects the abscissa, is now extrapolated backwards from 

the intersection as a straight line III (E) until it intersects with the angle bisector. This 

intersection point defines the value of the mechanical precompression stress which can be 

read off the abscissa at IV (F). 

 

Figure 2.3-1: Identification of the mechanical precompression stress according to 
Casagrande (1936). For further details see text. 
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The load - settlement behaviour of a soil is usually expressed by relating the log of the 

stress (load) to the void ratio (VR) or the dry bulk density (BD) (settlement = strain) 

(Mosaddeghi et al., 2003). VR is commonly used in civil engineering, BD in agricultural 

applications.  

The void ratio VR describes the volume fraction of pores (porosity, p) in relation to the 

volume fraction of solid matter (Dürr et al., 1995; DVWK, 1997). Porosity is computed using 

dry bulk density (BD) and particle density (PD). The following equations show how BD, PD, p 

and VR are related (DVWK, 1997): 

BD = md / Vst  (2.1) 

PD  = ms / Vss (2.2) 

p   = 1 - BD/PD (2.3) 

VR = P / (1-p)  (2.4) 

where ms is the mass of the soil, Vss the total volume of soil solids, md the dry soil mass, and 

Vst the total soil volume. 

Measuring the stress - strain relationship (strain is represented in this study here by BD) 

generally involves studying undisturbed soil samples in a triaxial or uniaxial oedometer under 

drained conditions for a specified time (DVWK, 1995; Wiermann, 1998). The triaxial test is 

very time consuming. Hence, for general strength analysis agricultural soil mechanics 

primarily employs uniaxial compaction tests which hinder lateral expansion (i.e. samples in 

rigid rings). It is often criticized that the determination of mechanical precompression stress 

under static load conditions does not quite correspond to field conditions, because soils are 

repeatedly subjected to a series of brief and intermittent instances of load application, relief 

and reapplication, or to a high number of loads over time (Krümmelbein et al., 2008). 

However, the effects of many brief mechanical loads on a soil add up so that repeatedly 

driving over the ground over the course of a year produces a total settlement which has 

similar consequences for the soil as a prolonged load event, which in turn can be equated 

with a long-term load in the oedometer (DVWK, 1997; Krümmelbein et al., 2008). Hence, this 

test for the determination of mechanical strength is valid.  

It should be noted that soil compaction not only changes the size and number of pores, 

but also their shape and continuity (Dürr et al., 1995). Even if soil type and dry bulk density 

are the same, other properties such as aggregation or water content are not necessarily 

identical. If the aim is a comprehensive characterization of the structural conditions of 

relevance for crop cultivation, these cannot be determined exclusively using soil compression 

tests and mechanical precompression stress. They show only a change in height reduction 

or an increase in density, but, for example, not the arrangement of individual particles. For 
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this purpose ‘microscopic’ methods such as non-destructive measurements with CT must be 

used. The latter shall be discussed in section 2.5. 

Until today soil structural changes have been described only by changes in pore size 

distribution derived indirectly from water retention curves. In this way local shifts and (micro-) 

structural changes are statistically averaged for a given volume, assuming that the stress -

 strain relationship progresses homogeneously within the soil sample between loads. 

However, this completely neglects the spatial heterogeneity of the various components which 

form soil structure (Gantzer and Anderson, 2002), and the complex modifications of internal 

morphologies arising from locally changing pressure conditions (Peth et al., 2010). These are 

prerequisites for making realistic statements about the use-related genesis and functioning of 

a soil’s structure (Werner, 1993).  

2.4. Mathematically derived measures of compaction  

A method which involves reasonable effort and provides reproducible "in situ" 

measurements of the current strain is lacking (Vorderbrügge and Brunotte, 2011). Therefore, 

laboratory soil physical parameters are used to investigate soil compaction and soil property 

changes in the field (Raghavan and Ohu, 1985). The results, for example, of the mechanical 

precompression stress according to the graphical method of Casagrande (1936), or the 

degree of compactness introduced by Håkansson (1988) can be used as guidelines for 

carrying out agricultural activities at specific times (Shafig et al. 1994).  

There is some subjectivity in the graphical method of Casagrande (1936) which can be 

reduced, if it is carried out by several independent people. Nevertheless, it is difficult to 

determine the maximum curvature, which is a prerequisite to get the mechanical 

precompression stress. There are other graphical methods for determining the mechanical 

precompression stress (Burmister, 1951; Dias Junior and Pierce, 1995; Jose et al., 1989; 

Lebert and Horn, 1991; Schmertmann, 1955; Sällfors, 1975), as well as models and 

pedotransfer functions which mathematically approximate the load capacity of a soil (Berli et 

al., 2003; DVWK, 1995, 1997; Lebert, 1989; Rücknagel et al., 2007, 2012a). In the latter 

case, however, a disadvantage lies in the multitude of parameters to be estimated, since 

soils are heterogeneous systems which do not lend themselves to calculations. In addition, 

pedotransfer functions are difficult to reproduce, cannot withstand statistical validation, and 

there is no demonstrable correspondence between estimates and measurements 

(Vorderbrügge and Brunotte, 2011). 

The degree of compactness which is defined as the ratio (in %) between the dry bulk 

density of the soil and the dry bulk density of the same soil in a compacted reference state is 

often used to facilitate comparisons of compaction effects between sites, and to eliminate the 
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influence of soil texture. However, this is only applicable to sites which are disturbed by 

tillage every year. In layers not ploughed annually the volume and properties (continuity, 

tortuosity, etc.) of the macropore system may be more important for the functioning of the soil 

than its density. In such layers the degree of compactness is too rough a parameter to 

characterize the soil properties (Håkansson, 1990). 

In addition to the above, there are a variety of other soil and plant properties which can 

be used to describe the effect of soil compaction on tilth (Carter, 2006). For this purpose the 

measured value of a soil property can be classified as "optimal" or "limiting" for a particular 

land use. Staying below the limit ensures that soil processes and functions are not impaired 

(Carter, 2006). For many soil properties a quantitative range of values (e.g. low, optimal, 

high) can be given based on empirically derived relationships between the property and soil 

processes or an aspect of a soil function (e.g. plant growth). Selected properties, e.g. soil 

hydraulic conductivity (Marshall and Holmes, 1978), macroporosity and aeration 

(Thomasson, 1978), dry bulk density (Håkansson and Lipiec, 2000), strength or penetration 

resistance (Glinski and Lipiec, 1990), or the least limiting water range (Kay and Angers, 

1999) can provide a quantitative index of soil quality (Carter, 2006). These parameters have 

been applied to describe a variety of limiting situations in the field, e.g. for plant root 

development and growth (Carter, 2006). With respect to aeration an air filled porosity at field 

capacity of 10% is often considered as necessary for an optimal air supply in a soil (Carter, 

1988; Greenland, 1981; Lipiec and Hatano, 2003; O'Connell, 1975). The disadvantage of the 

“10% rule” is the great simplification, since only the topsoil is taken into account, and 

seasonal fluctuations as well as changes in crops are ignored (Greenland, 1981). Kaufmann 

et al. (2010) suggest that optimal or limiting values of dry bulk density should be defined, 

because there is a parabolic relationship between dry bulk density and crop yield with a 

pronounced maximum depending on soil conditions, crop species and climate. In general, 

critical values for soil properties are location and soil specific (Carter, 2006).  

Previous studies have rarely identified limits or thresholds for various soil functions to 

characterize the state of compacted soils and their suitability for plant growth (e.g. Daddow 

and Warrington, 1983; Greenland, 1981; Werner and Paul, 1999). Håkansson and Lipiec 

(2000) pointed out the need to find a single parameter for the characterization of the state of 

compaction of a soil which gives directly compatible values to compare soils among each 

other. The question remains whether this is possible, because soils are highly variable. 

2.5. X-ray computed tomography 

At the microscopic level changes in soil structure can be investigated using image 

analysis methods (Wiermann, 1998). One method of directly measuring the structure of an 
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undisturbed (by sampling) soil core is the use of an CT scanner to determine the spatial 

arrangement of soil particles (Anderson et al., 1988; Gantzer and Anderson, 2002). CT 

measures the soil structure of a sample non-destructively and provides a three-dimensional, 

high-resolution visualization and characterization of pores and the soil matrix. Since the data 

are digital, this method is easy to use for quantitative analyses (Ketcham and Carlson, 2001). 

The purpose of computed tomography is to capture multiple sets of views of an object 

over a range of angular orientations (Ketcham and Carlson, 2001) by exposing the object to 

radiation and determining the attenuation with the help of a charge-coupled device (CCD) 

detector. This leads to additional representations of different structures.  

The technical principle of computed tomography lies in the varying attenuation of beams 

as they traverse a matrix (e.g. Pires et al., 2010; Taina et al., 2008). Computed tomography 

is based on the Beer-Lambert law: 

I = I0 exp(-µD) (2.5) 

where I = intensity of the radiation after passing through the object, I0 = initial intensity of the 

radiation received by the object, µ = attenuation coefficient of the object, and D = thickness of 

the object.  

According to this law only part of the emitted X-radiation passes through the object, and 

the relative attenuation of the X-ray beams is exponentially related to the product of an 

attenuation coefficient and the thickness of the object. Theoretically, for a homogeneous 

object there needs to be only one X-ray beam to describe the object. This is represented in a 

simplification with one pixel in Figure 2.5-1. In a soil µ depends on the density of the material 

(the higher the density, the more energy is absorbed and vice versa), the effective atomic 

number, and the energy of the incoming X-ray beam (Taina et al., 2008).  

 

Figure 2.5-1: Schematic representation of the attenuation of an X-ray beam of initial 
intensity I0 through a material of thickness D with a constant attenuation 
coefficient µ. 

Since objects can be heterogeneous, the X-ray beams pass through areas of varying 

attenuation, which is related to density. The attenuation of the X-ray beams is then made up 

D 

I=I
0
 exp(-µD) I

0
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of the sum of the attenuation by the different components of the object, weighted by their 

thickness: 

I=I0 exp[-Σ(µi·zi)] (2.6) 

where µi = attenuation coefficient of component i of the object, and zi = thickness of the 

component. This is exemplified in Figure 2.5-2 with four pixels. By passing beams at two 

different angles through these pixels one gets four equations with four unknowns. This 

means one can solve for the attenuation coefficient in each pixel.  

 

Figure 2.5-2: Schematic representation of the attenuation of an X-ray beam of initial 
intensity I0 through a material of total thickness D and variable attenuation 
coefficients (µ1 to µ4) for four discrete components of thickness ∆z. 

In a soil there is usually a large number of possible densities. This fact is displayed in a 

simplified manner in Figure 2.5-3. There are 64 pixels of which 8 are irradiated from the left 

side and 8 from the top by the beams shown. This yields 16 equations, but to solve for the 

attenuation coefficient in each pixel one needs 64 equations. Hence, 48 further equations are 

required.  
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Figure 2.5-3: Schematic representation of the attenuation of an X-ray beam of initial 
intensity I0 through a material of thickness D and variable attenuation 
coefficients (µi) for 64 discrete units of thickness ∆z. 

To obtain them X-ray beams are send through the object at additional angles. The above 

explanations are simplified to illustrate the need for various beam angles to get enough 

equations. In the CT machine used for the samples in this study the beams are not parallel, 

but cone beams (Fig. 2.5-4) and the sample is three-dimensional as opposed to the 2D 

examples described in Figure 2.5-2 and 2.5-3. So, the situation is a bit more complicated 

than just described, but the same in principle. 

 

Figure 2.5-4: Schematic representation of a cone X-ray beam in a 360° rotation. 
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The purpose of a scan is to determine the attenuation coefficient μ for every voxel in the 

matrix. As already described, a soil sample can have different attenuation coefficients at 

different positions. The measured attenuation coefficients are in turn used to determine the 

average density of every voxel in the scanned matrix (Brown et al., 1987). To visualize the 

various densities they are converted into a grey scale where the pixel with the highest 

density (typically a mineral grain or small rock fragment) is assigned the colour white, and the 

pixel with the lowest (typically a void in the pore space) is assigned the colour black. All other 

densities, e.g. that of the soil matrix, roots or other organic matter, and of the water filled pore 

space are represented by various shades of grey. The method used for this scaling is called 

filtered back projection. 

A detailed explanation of how tomography works can be found in Anderson et al. (1988), 

Brown et al. (1987), Ketcham and Carlson (2001), Pires et al. (2010), Taina et al. (2008) and 

Wildenschild et al. (2002). 
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3. Material and Methods 

3.1. Trial sites and sampling design 

3.1.1. Trial 1 

Soil sampling was performed at the strip tillage experiment set up by the International 

Crop Production Centre in Bernburg-Strenzfeld (Germany, federal state of Saxony-Anhalt, 

11°41′E, 51°50′N; 80 m above sea level) in 2012. The average annual temperature at the site 

is 9.7°C, the average annual precipitation 511 mm, and the average annual 

evapotranspiration 650 mm. The soil type is a chernozem (FAO, 1998). The texture of the 

topsoil (0-30 cm) is comprised of 60 g kg-1 sand, 740 g kg-1 silt and 200 g kg-1 clay, thus 

constituting a silt loam (Soil Survey Staff, 1997). The total organic carbon content in the 

topsoil is 1.65 g kg-1, the pH is 6.8.  

The field experiment is organized as a completely randomised block design, including 

four blocks each with the treatments strip tillage, mulch tillage and no tillage. Each individual 

trial plot measures 18 x 50 m. The row spacing in the strip tillage treatment is 50 cm. The 

tilled strips measure 15-20 cm across and are ploughed to a depth of 20-25 cm. Under strip 

tillage there is no soil tillage between seed rows. Because of this differentiation in the strip 

tillage treatment, spatially separate samples were taken from within (strip tillage WS) and 

between seed rows (strip tillage BS). These were considered as independent treatments for 

the rest of the experimental procedure and during evaluation. In the mulch tillage treatment 

the soil was tilled with a cultivator to a depth of 15-20 cm, while the no tillage treatment was, 

as the name says, not tilled at all. 

For the measurement of dry bulk density and saturated soil hydraulic conductivity, two 

classic soil physical parameters, undisturbed soil samples (volume = 250 cm3, height = 6 cm) 

were taken in the years 2014 and 2015 in three replications per tillage treatment and field 

block from a soil depth of 2-8 cm (n = 3 x 4 x 4 = 48 samples), and 12-18 cm (n = 48). In 

addition, in 2012, before the tillage treatments were initiated, soil cores (n = 48) were taken in 

three replications from the same four blocks and two depths (3 x 4 x 2 = 24 samples) to 

determine the initial physical conditions. The soil conditions at sampling were the same in all 

three sampling years (water content close to field capacity) and always took place under a 

winter wheat crop. 

Two types of soil compression test were conducted in this trial, which required two 

different sampling regimes. In both, undisturbed soil samples (220 cm3, height = 2.8 cm) 

were taken at soil depth 12-18 cm from each tillage treatment per field block and later 

subjected to 8 different load steps (5, 10, 25, 50, 100, 200, 350 and 550 kPa). In the first type 

of compression test a load was applied to a sample which was broken up afterwards to 
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determine the aggregate density (AD) after compression (section 3.3.). Because of the 

destruction, a different soil sample was required for each load step. Hence, at total of 

5 x 4 x 8 = 160 samples was required. In the following this type of load application is called 

‘single load application’. In the second type of compression test all eight aforementioned 

loads were successively applied to the same sample. After each load step a CT scan of the 

sample was carried out (section 3.4.). Since each sample was loaded and scanned eight 

times, only of 5 x 4 = 20 samples were required. In the following this type of load application 

is called ‘sequential load application’ (Bradford and Gupta, 1986).  

3.1.2. Trial 2 

The site is located near Buttelstedt (Germany, federal state of Thuringia, 11°20′O, 

51°4′N; 200 m above sea level) where a tillage trial was established in 2008. The average 

annual temperature is 8.4°C, the average annual precipitation amounts to 541 mm and the 

average annual evapotranspiration to 641 mm. The soil type is a chernozem (FAO, 1998), 

the texture of the topsoil (0-30 cm) is silty clay loam (Soil Survey Staff, 1997) with 293 g kg-1 

clay, 662 g kg-1 silt and 45 g kg-1 sand. The total organic carbon content in the topsoil 

amounts to 1.9 g kg-1, the pH is 7.0. 

Samples were taken from one plot each under the tillage treatments ‘cultivator’ and 

‘plough’ (cultivation depth 5 cm, ploughing depth 25 cm) on winter wheat stubble before 

summer barley was sown in March 2016. Throughout the trial primary tillage was always 

performed in the previous autumn, some six months before sampling. There was no traffic on 

the plots during this time and they were fallow, except for stubble. 

For the determinations of dry bulk density and saturatred hydraulic conductivity 

undisturbed soil samples (volume 250 cm3, height = 6 cm) were taken from a soil depth of 

16-22 cm in three replications at five places per tillage treatment, resulting in a total of 

3 x 5 x 2 = 30 samples. 

For the soil compression tests undisturbed soil samples (volume 220 cm3, 

height = 2.8 cm) were taken from a depth of 16-19 cm in each tillage treatment. As in trial 1 

the soil compression tests required two sampling regimes. The samples were collected at 

five places for each tillage treatment in two replications for two soil moisture tensions, this 

time for nine load steps (10, 25, 50, 100, 200, 350, 550, 1250 and 2500 kPa). This amounts 

to a total of 9 x 5 x 2 x 2 = 180 samples for single load application, but only 5 x 2 x 2 = 20 

samples for sequential load application. 
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3.1.3. Trial 3 

In autumn 2016 soil samples were taken from the topsoil (0-20 cm) of four cropped sites 

(Quellendorf, Buttelstedt, Rothenberga, Kranichborn) which were specifically selected to 

represent a wide range of soil textures. The clay content varies between locations from 

70 g kg-1 to 280 g kg-1. The sand contents are between 40 g kg-1 and 530 g kg-1. An overview 

and description of the locations is given in Table 1. 

For the initial characterization of the soils (Tab. 1) undisturbed and disturbed soil samples 

were taken. The former were analyzed for saturated hydraulic conductivity and dry bulk 

density, the latter were air-dried, passed through a 2 mm sieve and analyzed for particle size 

distribution, total organic carbon content, pH and nutrient content. The undisturbed samples 

(volume = 250 cm3, height = 6 cm) were taken in three repetitions at 5 places per site 

(3 x 5 x 4 = 60). 

For both soil mechanical and CT examinations undisturbed soil samples 

(volume = 220 cm3, height = 2.8 cm) were taken at 4 places per site (4 x 4 = 16). For the 

compression tests with eight load steps (5, 10, 25, 50, 100, 200, 350 and 550 kPa) 

sequential load application was used. 

For the column experiments (section 3.5) a total of approximately 750 kg of disturbed soil 

from 0-20 cm depth was taken from each site (750 x 4 = 3000 kg). This soil mass was 

distributed among 240 columns. 
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Table 3.1-1: Description of the sites sampled sites for trial 3. 

Site 
T 

(°C) 
N 

(mm) Taxonomya 
Texture 
(g kg-1) Texture classb 

TOC 
(g kg-1) pH 

Nutrients 
(mg per 100 g) 

Nmin 
(kg N ha-1) 

BD 
(g cm-3) 

Ks 
(cm d-1) 

 

  
 Clay Sand   

  

P K Mg 

   
Quellendorf 8.7 526 Chernozem 130 450 loam 14 7.4   6.8 22.1 10.4 11 1.29 158 

Buttelstedt 8.4 541 Chernozem 280 40 silty clay loam 21 6.9   3.5 51.3 24.1 15 1.14 157 

Rothenberga 8.5 500 Haplic Luvisol 130 60 silt loam 13 6.7   5.9 19.0   6.0 17 1.10 137 

Kranichborn 8.5 500 Mollic Fluvisol 70 530 sandy loam 51 7.4 12.4 13.9 12.1 30 0.82 157 

T = average annual temperature; N = average annual precipitation 

TOC = total organic carbon; P = phosphorus; K = potassium; Mg = magnesium; Nmin = mineralizable nitrogen; BD = dry bulk 
density; Ks = saturated hydraulic conductivity 

all parameters except BD and Ks were determined by Eurofins Agraranalytik Deutschland GmbH, Jena, Germany 

a FAO (1998) 

b USDA classification scheme (Gee and Bauder, 1986) 

 



Material and Methods 

22 
 

3.2. Soil compression tests 

The soil samples (volume = 220 cm3, height = 2.8 cm) 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. 

In trial 2 two different tensions had to be achieved. Hence, half of the soil mechanical 

(n = 90) and half of the CT (n = 10) samples from the cultivator and plough treatments were 

drained as just described to a matric potential of -6 kPa, corresponding to pF1.8. The 

gravimetric water content was identified by weight loss (Gardner, 1986). These samples are 

labelled as CpF1.8 (‘cultivator’ drained to -6 kPa matric potential) and PpF1.8 (‘plough’ drained to 

-6 kPa). The other half of the soil mechanical (n = 90) and computed tomography (n = 10) 

samples from the cultivator and plough treatments were drained for seven days to a matric 

potential of -1000 kPa using the pressure plate method (Klute, 1986). Their gravimetric water 

content was again identified by weight loss (Gardner, 1986). They are labelled as CpF4.0 

(‘cultivator’ drained to -1000 kPa) and PpF4.0 (‘plough’ drained to -1000 kPa).  

Fully automated oedometers and the associated software (WINBOD32, Wille Geotechnik, 

APS Antriebs-, Prüf- und Steuertechnik GmbH, Göttingen-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. According to previous studies on similar soils a longer load 

time does not cause significant further settlement (Rücknagel et al., 2007). The oedometer 

dial indicator records settlement with an accuracy of 0.01 mm. 

It should be noted that the present study only involves uniaxial compaction. In practice, 

when driving over a field with agricultural machinery the soil is also subjected to dynamic 

loads which are propagated three-dimensionally. Nevertheless, the results of the present 

study can be applied to the field scale, because the greatest principal stress acts in the 

direction of the maximum force applied which is vertical in naturally layered soils (Horn and 

Peth, 2011). 

After the compression tests the soil samples were dried at 105°C for 48 h and then 

weighed (Blake and Hartge, 1986). The thus obtained dry mass was then divided by the 

initial sample volume to compute the dry bulk density prior to the compression tests (BD0). 

Using the settlement (s), the initial height of the soil sample (h0), and BD0 the resulting BD 

after each load application (BDxi) was calculated as follows:  

𝐵𝐷𝑥𝑖 = 𝐵𝐷0 ∙
ℎ0

ℎ0−𝑠
 (3.1) 

A semi-logarithmic stress - BDxi curve was then created. The mechanical precompression 

stress was determined based on these curves using the graphical method of Casagrande 
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(1936). To minimize subjectivity (Rücknagel et al., 2010) it was applied by several 

experimenters. 

3.3. General soil physical investigations 

The saturated hydraulic conductivity (Ks, cm d-1) of the soil samples (volume = 250 cm³, 

height = 6 cm) was measured by means of a stationary system (Klute and Dirksen, 1986) 

with a flow duration of 4 h. The dry bulk density (BD, g cm-3) of the same samples was 

subsequently determined by drying them at 105°C for 48 h and then weighing them (Blake 

and Hartge, 1986). 

For the determination of aggregate density (AD) the soil samples were carefully broken 

up by hand after the load application. Following that, aggregates with a size of 8-10 mm were 

sieved out. A subsample thereof was then dried at 105°C for 48 h to determine the aggregate 

dry mass. Another subsample was prepared to determine the aggregate volume. In three 

parallel repetitions these aggregates were submerged into 100% rapeseed oil at room 

temperature until no more air leakage was detected before draining the oil residue onto 

absorbent paper. Next, the aggregates’ volume was determined using “immersion weighing” 

(Koenigs, 1981). The volume and dry mass of the aggregates served to calculate AD. For the 

calculations the aggregate volume was reduced by 3.5 vol.-% to account for a minimal oil film 

coating the aggregates. This correction value for the amount of oil on the aggregates was 

obtained from test measurements using differential weighing. AD was only determined in trial 

1 and 2. 

In aggregated agricultural soils the ratio of aggregate density to dry bulk density 

(AD/BDxi) can serve as an indicator of density heterogeneity (Rücknagel et al. 2007). A low 

AD/BDxi ratio (< 1.05 to 1.10) suggests damaging soil compaction, whereas a high AD/BDxi 

ratio (1.15 to > 1.20) is indicative of a loose soil structure (Rücknagel et al. 2013). 

In trial 2 only, semi-logarithmic load - AD diagrams were created and curves fitted 

according to the method of least squares. Mechanical precompression stress was 

determined based on these curves using the graphical method of Casagrande (1936) to 

assess, if it is possible to determine the mechanical precompression stress of aggregates. 

3.4. Computed tomography and image processing 

Soil samples from the stress - strain tests were scanned with an energy of 150 kV and a 

beam current of 550 µA using an industrial X-ray scanner (X-Tek XTH225, Nikon Metrology). 

One scan comprised 2480 projections with an exposure time of 1.41 s (2 frames per 

projection). A CCD detector panel with 2000×1750 diodes recorded the projections. Beam 
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hardening was reduced with a 0.1 mm copper filter. The CT scans were reconstructed with a 

spatial resolution of 60 μm and an 8-bit greyscale resolution using the X-Tek CT Pro software 

package. This is the maximum resolution which allows to scan the entire sample (10 cm in 

diameter) and to get representative CT images. The results therefore pertain to pore sizes 

larger than 60 µm. Image processing was performed 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 (Fiji Is Just ImageJ) (Buades et al., 2005).  

To make full use of the detector panel three samples of 3 cm height were stacked on top 

of each other. For demarcation plastic plates were placed between the samples. This also 

ensured that the samples did not dry out. 

In order to exclude artefacts at the edges of the sample and reduce the data volume a 

cylindrical 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). Segmentation is a prerequisite for the determination of mean macropore diameter, 

macroporosity, pore connectivity and anisotropy. In trial 3 only macroporosity and pore 

connectivity were determined. 

The ImageJ plugin “BoneJ − Thickness” (Doube et al., 2010) was used to determine the 

pore size distribution by means of the maximum inscribed sphere method. The mean 

macropore diameter was then calculated as the weighted mean of the measured macropore 

diameters with the frequency of a given diameter range as the weighting factor. 

Macroporosity (here pore diameter > 60 μm) was quantified as the ratio of the number of 

pore voxels to the total number of voxels within the ROI (Dewry et al., 2008).  

The ImageJ analysis “Particle Analyzer” (Ferreira and 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 

dimension free number is also denoted as the Γ indicator (Renard and Allard, 2013; Schlüter 

et al., 2014) and has a value between 0 and 1.  

The ImageJ plugin “BoneJ - Anisotropy” (Doube et al., 2010) was used to determine the 

degree of anisotropy which is a measure of how highly oriented substructures are within a 
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volume, with 0 reflecting the minimum (completely isotropic) and 1 the maximum (completely 

anisotropic). 

3.5. Soil biological and agronomic measurements 

Soil biological and agronomic measurements were only carried out in trial 3. 

Column preparation 

The soil biological and agronomic analyses were performed only in trial 3. For the column 

experiments with earthworms (Lumbricus terrestris) and also for the column experiments with 

spring barley (Hordeum vulgare) six bulk densities were produced in five repetitions for each 

site (6 x 5 x 4 = 120 columns). For both column experiments the columns were positioned in 

a randomized order. The two column experiments took place independently of each other. 

Opaque polyvinyl chloride (PVC) pipes were used for the column experiments (19 cm 

inside diameter, 283.52 cm2 surface area, 30 cm height). For each site it was tested in 

advance how far the soil was compactable. From this the remaining five bulk densities were 

calculated in steps of 0.07 g cm-3. Thus, for the four sites dry bulk density ranges of 1.42-

1.77 g cm-3 (Quellendorf), 1.28-1.63 g cm-3 (Buttelstedt), 1.21-1.56 g cm-3 (Rothenberga) and 

0.72-1.07 g cm-3 (Kranichborn) were produced.  

As an explanation for the different dry bulk density ranges consider the following: The 

particle size distribution which theoretically allows the most compact packing consists of 67% 

sand, 24% silt and 9% clay, because the particles thusly graded in size fit best into a tight 

packing. This particle size distribution corresponds to a sandy loam (Larson and Allmaras, 

1971). In the present study, however, the sandy loam at the Kranichborn site had the lowest 

dry bulk density as a result of the rather high organic matter content. Since the Quellendorf 

site has the next most graded mixture of sand, silt and clay of the four sites, but relatively 

little organic matter, it has the highest BD here. In contrast, the Buttelstedt and Rothenberga 

sites have a more equal particle size distribution and therefore a less dense packing. 

The soil was manually compacted at a water content near field capacity 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. 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 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. 
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Using the same soil mass means the amount of nutrients in each column representing 

the same field site are the same. If one would have used the same soil volume rather than 

the same soil mass, then there would have been fewer nutrients at low BD values than at 

higher ones, which may have affected growth. 

On the inside of the columns a strong tape was attached after the second (10 cm), third 

(15 cm) and fourth (20 cm) layer counting from the top. It reached about 2.5 cm into the 

column. This was done to prevent earthworms from crawling and plant roots from growing 

preferentially along the inside column wall. 

Biological measurements (Earthworm activity) 

The earthworm genus Lumbricus terrestris L. was used for these column experiments. In 

each column six earthworms were placed on the soil surface. To prevent soil drying while 

permitting gas exchange (O2) at the same time 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 an escape of the earthworms. 

The experimental conditions were constantly dark at 20°C. The total burrowing period of L. 

terrestris was 18 days, from 29.01.2017 to 16.02.2017. 

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 number of biopores was 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 and added up. Furthermore, 

mortality was determined as a percentage of the original number of earthworms. 

Agronomic measurements 

For the agronomic column experiments 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, and thinned to ten plants after emergence. For nitrogen a target value of 

90 kg N ha-1 was aimed at. To achieve it Nmin 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. 

The bottom of each column was covered with a fleece to prevent roots from growing 

beyond it. The columns were weighed regularly every few days to monitor water loss by 

evapotranspiration. This loss was then replaced by watering so that lack of water did not 

restrict plant growth.  
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The experiments were carried out in a greenhouse with the climatic conditions regulated 

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

germination, leaf 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, from 09.03.2017 to 17.07.2017. 

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). 

3.6. Derivation of critical stress values and critical stress ranges 

This point also applies only to trial 3. 

The mechanical precompression stress is widely viewed as the most important measure 

to assess harmful soil compaction. Hence, it is used in trial 3 as a benchmark to compare 

other critical stress values to, i.e. it is viewed as a critical stress value, too. Its value for the 

soils under investigation here is derived from the stress - BDxi curves (section 3.2.).  

According to Werner and Paul (1999) an air capacity of ≥ 8 vol.-% at pF1.8 

(pores > 50 µm) 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 resolution of 60 µm. Following Werner and Paul (1999) a 

macroporosity ≥ 8 % was considered to be the minimum required. So, as soon as a 

macroporosity of 8 % was reached, the corresponding stress value was read off the abscissa 

of the stress - macroporosity diagram and considered to be the critical stress value. 

There are no critical values given in the literature regarding pore connectivity, i.e. for the 

collapse of a well-connected pore network into many isolated pores. The first significant 

change in connectivity with increasing load application is therefore considered to be the 

critical stress value. 

In the case of the effect of dry bulk density on yield the literature (Czyz et al., 2001, Czyz, 

2004) often reports an optimal dry bulk density for maximum yields. This relationship is 

frequently described with a second or third degree polynomial, depending on the statistical 

quality. As will be shown later, such polynomials can also be employed to describe the 

relationship between dry bulk density and the number of biopores. They have the general 

form:  
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 𝑦 = 𝑎 ∙ 𝐵𝐷2 + 𝑏 ∙ 𝐵𝐷 + 𝑐  (3.2a) 

or  

 𝑦 = 𝑎 ∙ 𝐵𝐷3 + 𝑏 ∙ 𝐵𝐷2 + 𝑐 ∙ 𝐵𝐷 + 𝑑  (3.2b) 

where y can be number of biopores, grain or straw yield, and a, b, c and d are coefficients to 

be determined by regression. The maximum of these curves, i.e the maximum number of 

biopores, or the maximum yield at an optimal dry bulk density (BDopt) is found at: 

𝑑𝑦

𝑑𝐵𝐷
= 0  (3.3) 

Applying equation 3 to equation 2a and b yields: 

𝐵𝐷𝑜𝑝𝑡 𝑦 = −
𝑏

2𝑎
  (3.4a) 

𝐵𝐷𝑜𝑝𝑡 𝑦 =
−2𝑏±√4𝑏2−12𝑎𝑐

6𝑎
  (3.4b) 

BDopt is then used to derive the critical stress value with the help of the stress - BDxi 

diagram as follows: BDopt is targeted on the ordinate. Then the BDopt value is tracked in the 

direction of higher stress values until the stress - BDxi curve is hit and the critical stress value 

can be read off the abscissa. 

Not only were the critical stress values derived, but also the range of the possible 

variation of those values, in the following referred to as ‘bars’ and shown in the respective 

figures. For the mechanical precompression stress the bars correspond to the real standard 

deviation of the values obtained with the graphical method of Casagrande (1936) by several 

experimenters. For the critical stress values of the CT parameters the bars correspond to the 

load steps which lie before and after the stress values in the stress - macroporosity or 

stress - pore connectivity diagram. For the critical stress values of the number of biopores 

and agronomic parameters only BD levels were included in the bars which were overlapping 

clearly. 

3.7. Statistical analyses 

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

0.99.893, R Foundation for Statistical Computing). 

For the variance analyses all parameters were tested for normal distribution (Shapiro-

Wilk test) and variance homogeneity (Levene’s test). The arithmetic mean values for BD, 

BDxi, AD, macroporosity, pore connectivity and anisotropy were calculated separately for 

each tillage variant, pF or texture treatment from the site repetitions. The means of the log-

normally distributed saturated hydraulic conductivity and precompression stress values were 
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calculated based on the logarithmized values. The mortality of L. terretris was calculated per 

site. 

In trial 1 a two-way analysis of variance was conducted for the soil physical parameters 

BD and Ks with soil tillage and year as the independent factors. A one-way analysis of 

variance was conducted for the soil mechanical and for the morphometric parameters 

between load steps for the respective tillage treatment, and between the individual tillage 

treatments within a particular load step. Using Tukey’s honestly significant difference test 

differences among group mean values were identified and considered to be significant at a 

significance level of p ≤ 0.05.  

In trial 2 the statistical analysis was carried out separately for ‘cultivator’ and ‘plough’ and 

is presented in figures and in tables. The figures show the results of the one-way analysis of 

variance between the different matric potentials. The tables give the results of the one-way 

analysis of variance performed across the load steps (10-2500 kPa). Tukey’s honestly 

significant difference test served to determine differences from group mean values (p ≤ 0.05). 

In trial 3 a one-way analysis of variance was performed for all parameters along the eight 

load steps of the compression tests, and along the six bulk densities from the column 

experiments for each location. The Tukey honestly significant difference test was applied to 

determine differences in group means and was considered significant at a significance level 

of p ≤ 0.05. 

In addition, in trial 1 and 2 correlations were performed between BDxi, AD and the 

AD/BDxi ratio on the one hand, and mean macropore diameter, macroporosity, pore 

connectivity and anisotropy on the other hand. In trial 2 the CT parameters were correlated 

with each other as well. 

For most correlations in this study no equation is presented, because no physically 

meaningful mathematical description was obvious.  
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4. Results 

4.1. CT and soil physical measurements of compaction behaviour under strip 

tillage, mulch tillage and no tillage 

4.1.1. Soil physical conditions 

Dry bulk density 

Before the strip tillage trial was set up in 2012, BD at soil depths 2-8 cm and 12-18 cm 

was 1.15 g cm-3 and 1.36 g cm-3, respectively, in all plots, regardless of the later tillage 

treatment (Tab. 4.1-1). In 2014 and 2015 neither depth displayed any significant differences 

in BD between mulch tillage and strip tillage WS on the one hand, and strip tillage BS and no 

tillage on the other. By contrast, at both depths and in both years BD was significantly lower 

for mulch tillage and strip tillage WS compared to strip tillage BS and no tillage.  

Table 4.1-1: Dry bulk density (BD) and saturated hydraulic conductivity (Ks) at 2-8 and 12-
18 cm depth for mulch tillage (MT), strip tillage within the seed row (STWS), 
strip tillage between seed rows (STBS), and no tillage (NT). Statistically 
significant differences (p ≤ 0.05) are in lower-case letters (tillage system within 
year and depth), and upper-case letters (year within tillage system and depth). 

Parameter Depth (cm) Year Tillage system 

   
MT STWS STBS NT 

BD (g cm-3) 2-8 2012 1.15 aB 1.15 aB 1.15 aA 1.15 aA 

  
2014 1.09 aA 1.06 aA 1.29 bB 1.28 bB 

  
2015 1.11 aAB 1.09 aAB 1.39 bC 1.43 bC 

       

 
12-18 2012 1.36 aB 1.36 aB 1.36 aA 1.36 aA 

  
2014 1.21 aA 1.17 aA 1.41 bAB 1.41 bAB 

  
2015 1.24 aA 1.22 aA 1.42 bB 1.45 bB 

       
Ks (cm d-1) 2-8 2012 111.3 aA 111.3 aA 111.3 aA 111.3 aA 

 
 

2014 227.3 aA 255.0 aA   81.7 aA 109.8 aA 

 
 

2015 144.9 abA 295.0 bA   39.8 abA   30.4 aA 

 
      

 12-18 2012   26.7 aA   26.7 aA   26.7 aA   26.7 aA 

  2014 145.9 bB 158.2 bB   34.8 aAB   45.2 aA 

  2015 147.5 bB 107.6 abB   81.7 abB   22.5 aA 

Compared to the beginning of the trial in 2012 there was a significant decline in BD for mulch 

tillage and strip tillage WS at soil depth 2-8 cm in the year 2014, and at a soil depth of 12-

18 cm in the years 2014 and 2015. Strip tillage BS and no tillage displayed a significant 

increase in BD over time, which was more prominent at soil depth 2-8 cm than at 12-18 cm.  
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Saturated hydraulic conductivity 

In 2012, prior to the initiation of the tillage treatments, the Ks values at soil depths 2-8 cm 

and 12-18 cm were 111.3 cm d-1 and 26.7 cm d-1, respectively, again in all plots, regardless 

of the later tillage treatment (Tab. 4.1-1). In the years 2014 and 2015 differences in the Ks 

value were observed between tillage treatments at a soil depth of 2-8 cm. Because of high 

standard deviations, these differences were only significant in 2015. In this year strip tillage 

WS had a significantly higher Ks value than no tillage. Mulch tillage and strip tillage BS did 

not differ significantly from strip tillage WS or from no tillage. In 2014 there were no 

significant differences between mulch tillage and strip tillage WS on the one hand, and strip 

tillage BS and no tillage on the other at a soil depth of 12-18 cm. Conversely, mulch tillage 

and strip tillage WS differed from strip tillage BS and no tillage in that they displayed 

significantly higher Ks values. In 2015 mulch tillage had a significantly higher Ks value in  

12-18 cm depth than no tillage, while strip tillage WS and strip tillage BS did not differ 

significantly from mulch tillage and no tillage. 

In 2014 and 2015 the Ks values in 12-18 cm depth were significantly higher than in 2012 

for all tillage variants, with the exception of no tillage and strip tillage BS in 2014. 

Relationship between dry bulk density and saturated hydraulic conductivity 

It is common soil physical knowledge that an increase in BD results in a decrease in 

porosity, especially macroporosity. This reduction in the number and size of larger pores then 

leads to a marked decrease in the saturated hydraulic conductivity of a soil. Hence, as BD 

increases, Ks decreases and vice versa. Unsurprisingly, this was observed in this study, too, 

(Fig. 4.1-1). It appears that the points for all depths and tillage treatments fall onto the same 

line. This would imply that there is a unique relationship between BD and Ks. However, this 

should be viewed with caution, because the data for MT and STWS all have low BD and high 

Ks values, while all data for STBS and NT show high BD and low Ks values and there is no 

overlap between the data for these two groups. 
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Figure 4.1-1: Correlation between dry bulk density (BD) and the logarithm of hydraulic 
conductivity (Ks) at 2-8 and 12-18 cm depth in the years 2012, 2014 and 2015 
for mulch tillage (MT), strip tillage within the seed row (STWS), strip tillage 
between seed rows (STBS), and no tillage (NT). 

4.1.2. Soil compression tests with single load application 

Dry bulk density 

In terms of BDxi the load steps 5 and 10 kPa resulted in no significant differences 

between mulch tillage and strip tillage WS, or between strip tillage BS and no tillage 

(Tab. 4.1-2). In contrast, mulch tillage and strip tillage WS displayed significantly lower BDxi 

values than strip tillage BS and no tillage. For the load steps 25 and 50 kPa there was no 

significant difference between strip tillage BS and no tillage. Both did, however, display 

significantly higher BDxi compared to mulch tillage. At the 350 kPa load step there was no 

significant difference between mulch tillage and strip tillage WS. However, both displayed 

significantly lower BDxi compared to strip tillage BS. In addition, mulch tillage had significantly 

lower BDxi than no tillage. At the beginning of stress application there was a maximum 

difference in dry bulk density between the treatments of 0.29 g cm-3 which decreased to a 

maximum of 0.11 g cm-3 by the end of stress application. Overall, BDxi increased by 

approximately 0.40 g cm-3 under mulch tillage and strip tillage WS, while the higher initial 

values meant that BDxi only increased by around 0.25 g cm-3 in the strip tillage BS and no 

tillage treatments.  
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Table 4.1-2: Dry bulk density (BDxi), aggregate density (AD) and AD/BDxi ratio from single load application to soil cores from 12-18 cm depth 
for mulch tillage (MT), strip tillage within the seed row (STWS), strip tillage between seed rows (STBS), and no tillage (NT). 
Statistically significant differences (p ≤ 0.05) are indicated by lower case letters (load step within each tillage system), and upper 
case letters (tillage system within each load step). 

Parameter Tillage system Load step (kPa) 

    5 10 25 50 100 200 350 550 

BDxi MT 1.14 aA 1.20 abA 1.27 abA 1.31 abcA 1.44 abcA 1.47 acdA 1.49 cdA 1.57 dA 

(g cm3) STWS 1.21 aA 1.23 aA 1.30 abAB 1.38 abcAB 1.46 bcdA 1.49 bcdA 1.53 cdAB 1.61 dA 

 
STBS 1.43 aB 1.45 aB 1.46 abB 1.53 abB 1.55 bcA 1.59 cdA 1.65 deC 1.68 eA 

 
NT 1.40 aB 1.47 aB 1.45 abB 1.48 abAB 1.53 bcA 1.59 cdA 1.61 deBC 1.66 eA 

          AD MT 1.47 aAB 1.47 aA 1.51 abA 1.50 abA 1.51 abA 1.59 bcA 1.62 cA 1.66 cA 

(g cm3) STWS 1.45 aA 1.50 aA 1.48 aA 1.49 aA 1.56 abA 1.50 aA 1.58 abA 1.66 bA 

 
STBS 1.58 aC 1.59 aA 1.51 aA 1.59 aA 1.55 aA 1.57 aA 1.58 aA 1.63 aA 

 
NT 1.57 aBC 1.55 aA 1.53 aA 1.54 aA 1.60 aA 1.59 aA 1.58 aA 1.60 aA 

          AD/BDxi MT 1.31 aB 1.30 aB 1.21 abB 1.10 bA 1.08 bA 1.13 abA 1.09 bC 1.07 bA 

(-) STWS 1.20 acA 1.22 aAB 1.14 abcAB 1.08 abcA 1.07 abcA 1.00 bA 1.03 bB 1.04 bcA 

 
STBS 1.11 aA 1.09 aA 1.03 abA 1.04 abA 1.00 abA 0.99 bA 0.95 bA 0.97 bA 

 
NT 1.12 bA 1.06 abA 1.06 abA 1.04 abcA 1.04 abcA 1.00 acA 0.98 acAB 0.96 cA 
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Aggregate density 

Significant differences in AD between the tillage treatments were only seen for the 5 kPa 

load step (Tab. 4.1-2). There were no significant differences in AD between mulch tillage and 

strip tillage WS, and between strip tillage BS and no tillage. Strip tillage BS displayed 

significantly higher AD than strip tillage WS and mulch tillage. No tillage displayed 

significantly higher AD than strip tillage WS. At the beginning of stress application there was 

a maximum difference in aggregate density between the treatments of 0.13 g cm-3, but during 

the course of further stress application this difference became ever smaller. At the end of 

stress application the final AD values were quite similar at around 1.64 g cm-3 in all four 

treatments. 

At the end of stress application the final AD values were around 1.65 g cm-3 were very 

similar for all four treatments. 

AD increased under mulch tillage and strip tillage WS by around 0.20 g cm-3, while the 

higher initial values meant that the AD only increased by around 0.05 g cm-3 in the strip 

tillage BS and no tillage treatments. 

AD/BDxi ratio 

Throughout the entire course of stress application BDxi was significantly lower at most 

load steps for mulch tillage (5-50, 350, 550 kPa) and strip tillage WS (5-25, 100 kPa) than the 

corresponding AD, while this only occurred in isolated cases in the strip tillage BS (10, 

350 kPa) and no tillage treatments (5, 10, 100 kPa) (Fig. 4.1-2). For all tillage treatments the 

compaction curves of BDxi and AD converged as stress application increased, resulting in a 

decline of the AD/BDxi ratios (Tab. 4.1-2). At the 5 kPa load step mulch tillage displayed a 

significantly higher AD/BDxi ratio than the other three tillage treatments. For the 10 and 

25 kPa load steps there were no significant differences between strip tillage BS and no 

tillage, although they had a significantly lower AD/BDxi ratio than mulch tillage. As further load 

steps were applied there were no further significant differences between tillage treatments, 

with the exception of the 350 kPa load step. Here, mulch tillage, strip tillage WS and strip 

tillage BS differed significantly from each other. Furthermore, no tillage displayed a 

significantly lower AD/BDxi ratio than mulch tillage. Overall, the AD/BDxi ratios for mulch 

tillage and strip tillage WS decreased by approximately 0.20 throughout the compaction 

process, while the AD/BDxi ratios for strip tillage BS and no tillage only decreased by around 

0.15. 

According to the classification of the AD/BDxi ratios outlined by Rücknagel et al. (2007) 

the soil structure under strip tillage WS changed from a blocky structure with open 

positioning and subangular aggregates with semi-open to open positioning to become a 
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coherent mass with no visible aggregation. The soil in the strip tillage BS treatment initially 

displayed a blocky structure with semi-open to open positioning and subangular aggregates 

with semi-open positioning. This also developed into a closed aggregate arrangement. 

 

Figure 4.1-2: Dry bulk density (BDxi) and aggregate density (AD) from single load 
application to soil cores from 12-18 cm depth for mulch tillage (MT), strip 
tillage within the seed row (STWS), strip tillage between seed rows (STBS), 
and no tillage (NT). Error bars show the standard deviations, different lower 
case letters indicate statistically significant differences (p ≤ 0.05) between BDxi 
and AD for each load step. The legend is given in the graph for NT. 
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4.1.3. Soil compression tests with sequential load application 

Dry bulk density and mechanical precompression stress 

With regard to BDxi the load steps from 5-100 kPa yielded no significant differences 

between mulch tillage and strip tillage WS, or between strip tillage BS and no tillage 

(Tab. 4.1-3, Fig. 4.1-3A). On the other hand, within the 5-25 kPa load steps mulch tillage and 

strip tillage WS displayed significantly lower BDxi values than strip tillage BS and no tillage. At 

the 50 kPa load step mulch tillage as well as strip tillage WS displayed significantly lower 

BDxi values than strip tillage BS. In addition, mulch tillage displayed significantly higher BDxi 

than no tillage. At the 100 kPa load step mulch tillage displayed significantly lower BDxi than 

strip tillage BS and no tillage. At the beginning of stress application there was a maximum 

difference in dry bulk density between the tillage treatments of 0.29 g cm-3. At the end of the 

compaction process there were similar density values of around 1.70 g cm-3 for all 

treatments. As stress increased the BDxi values under mulch tillage and strip tillage WS rose 

by approximately 0.45 g cm-3, while they only increased by around 0.20 g cm-3 under strip 

tillage BS and no tillage.  

The mechanical precompression stress values identified using the stress - BDxi diagrams 

(σP BDxi) differed between the tillage systems. Strip tillage WS (log σP = 1.58 ≙ 38 kPa) 

displayed significantly lower mechanical precompression stress than strip tillage BS 

(log σP = 2.15 ≙ 141 kPa). Mulch tillage (log σP = 1.67 ≙ 46 kPa) and no tillage 

(log σP = 2.05 ≙ 112 kPa) did not differ significantly from each other, or from strip tillage WS 

or strip tillage BS.  
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Table 4.1-3: Dry bulk density (BDxi), mean macropore diameter, macroporosity, pore connectivity, anisotropy, and logarithm of the 
precompression stress (log σP) from sequential load application to soil cores from 12-18 cm depth for mulch tillage (MT), strip 
tillage within the seed row (STWS), strip tillage between seed rows (STBS), and no tillage (NT). Statistically significant differences 
(p ≤ 0.05) are indicated by lower case letters (load step within each tillage system), and upper case letters (tillage system within 
each load step). 

Parameter Tillage system Stress stage (kPa) log σP 

    5 10 25 50 100 200 350 550 (kPa) 

BDxi (g cm-3) MT 1.23 bA 1.24 abA 1.3 acA 1.35 cA 1.42 dA 1.52 eA 1.61 fA 1.68 gA 1.67 AB 

 

STWS 1.25 aA 1.28 aA 1.34 abA 1.41 abAB 1.49 bcAB 1.58 cdA 1.66 deA 1.71 eA 1.58 A 

 

STBS 1.52 aB 1.53 aB 1.55 aB 1.57aC 1.59 aB 1.62 aA 1.64 aA 1.67 aA 2.15 B 

 

NT 1.45 aB 1.47 aB 1.49 abB 1.52 abBC 1.55 bcB 1.59 cdA 1.65 deA 1.70 eA 2.05 AB 

           
Mean macropore MT 0.72 aA 0.72 aA 0.64 aA 0.64 aA 0.56 aA 0.47 aA 0.53 aA 0.55 aA - 

diameter (mm) STWS 0.94 aA 0.92 aA 0.88 aA 0.82 abA 0.65 abA 0.51 bA 0.51 bA 0.53 bA - 

 

STBS 0.95 aA 1.12 aA 1.06 aA 1.13 aA 1.10 aA 0.90 aA 0.76 aA 0.64 aA - 

 

NT 1.14 aA 1.21 aA 1.19 aA 1.16 aA 1.13 aA 0.83 aA 0.59 aA 0.48 aA - 

           
Macroporosity (-) MT 0.12 aB 0.10 aC 0.08 abB 0.04 bcA 0.02 bcA 0.01 cA 0.01 cA 0.00 cA 1.86 A 

 

STWS 0.10 aB 0.09 aBC 0.06 abAB 0.03 bcA 0.02 bcA 0.01 cA 0.00 cA 0.00 cA 1.69 A  

 

STBS 0.02 aA 0.02 aA 0.02 aA 0.01 aA 0.01 aA 0.01 aA 0.01 aA 0.00 aA 2.08 AB 

 

NT 0.04 aA 0.04 aAB 0.03 aA 0.03 aA 0.02 aA 0.01 aA 0.01 aA 0.00 aA 2.39 B 

           
Pore connectivity (-) MT 0.80 aB 0.74 aC 0.67 aB 0.22 bA 0.08 bA 0.03 bA 0.03 bA 0.05 bA - 

 

STWS 0.69 aB 0.60 aBC 0.39 abAB 0.17 bcA 0.07 cA 0.03 cA 0.06 cA 0.07 cA - 

 

STBS 0.08 aA 0.09 aA 0.08 aA 0.08 aA 0.09 aA 0.07 aA 0.05 aA 0.06 aA - 

 

NT 0.16 aA 0.14 aAB 0.08 aA 0.09 aA 0.06 aA 0.07 aA 0.06 aA 0.04 aA - 

           
Anisotropy (-) MT 0.18 aA 0.18 aA 0.16 aA 0.17 aA 0.17 aA 0.25 aA 0.86 bA 0.88 bA - 

 

STWS 0.22 aA 0.23 aA 0.25 aA 0.25 aA 0.20 aA 0.22 aA 0.83 bA 0.91 bA - 

 

STBS 0.27 aA 0.26 aA 0.26 aA 0.22 aA 0.44 aA 0.45 aA 0.40 aA 0.88 aA - 

 

NT 0.28 aA 0.29 aA 0.30 aA 0.24 aA 0.30 aA 0.30 aA 0.54 aA 0.77 aA - 
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Figure 4.1-3: Dry bulk density (BDxi) (A), mean macropore diameter (B), macroporosity (C), 
pore connectivity (D), and anisotropy (E) of soil cores from 12-18 cm depth 
from sequential load application for mulch tillage (MT), strip tillage within the 
seed row (STWS), strip tillage between seed rows (STBS), and no tillage (NT). 
Error bars show the standard deviations. Unlike in Fig. 4.1-2 statistically 
significant differences are not stated here, because this would have made the 
plots somewhat difficult to read. However, they are given in Table 4.1-3. The 
legend is given in graph E. 
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Morphometric parameters 

Macropore structure characteristics of a representative sample from mulch tillage and no 

tillage at all eight load steps are depicted in Figure 4.1-4 and 4.1-5, respectively. Note that 

the following results are only true for pore sizes ≥ 60 µm. Under no tillage the application of 

higher load steps resulted in only minor visual changes to the macropore space, due to the 

higher initial density. In contrast, under mulch tillage many macropores, but also aggregates, 

can be seen at the beginning of stress application. When the applied stress reached 50-100 

kPa, the CT scans show that under mulch tillage most macropores were already reduced in 

size. Overall, increased stress application resulted in a progressive homogenisation of the 

soil structure in both tillage treatments. 

 

Figure 4.1-4: CT cross section images from sequential load application (5 to 550 kPa) for 
mulch tillage (MT). The images show half a core viewed from the top at an 
angle of 45°. 
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Figure 4.1-5: CT cross section images from sequential load application (5 to 550 kPa) for no 
tillage (NT). The images show half a core viewed from the top at an angle of 
45°. 

The reduction in the mean macropore size with increasing stress was only significant 

under strip tillage WS (Tab. 4.1-3, Fig. 4.1-3B). The differences between the tillage 

treatments at the individual load steps were not significant. Apparently there is a balance 

between bigger macropores merely being reduced within the visible range and smaller 

macropores being compacted beyond the image resolution limit and therefore excluded from 

averaging. Throughout the course of stress application strip tillage BS and no tillage tended 

to display higher mean macropore sizes than mulch tillage and strip tillage WS. At the 

550 kPa load step all treatments displayed similar average final pore sizes of around 

0.55 mm. 

The increase in compressive stress resulted in a decline in macroporosity and pore 

connectivity, irrespective of tillage treatment, although this was only significant under mulch 

tillage and strip tillage WS (Tab. 4.1-3, Fig. 4.1-3C and D). For the load steps 5-25 kPa there 

were significant differences in macroporosity and pore connectivity between the tillage 

treatments. At lower load steps the pairs mulch tillage and strip tillage WS, and no tillage and 
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strip tillage BS differed significantly from each other with regard to macroporosity and pore 

connectivity, but hardly at all among each other (Tab. 4.1-3). At the highest load steps almost 

the entire void volume had been reduced and the tillage treatments displayed similar 

macroporosity and pore connectivity values.  

The mechanical precompression stress values identified using the double logarithmic 

stress - macroporosity diagrams (σP MP) differed between the tillage systems (Tab. 4.1-3). 

There were no significant differences between mulch tillage (log σP = 1.86 ≙ 80 kPa) and 

strip tillage WS (log σP = 1.69 ≙ 50 kPa), while both displayed significantly lower mechanical 

precompression stress values compared to no tillage (log σP = 2.39 ≙ 270 kPa). Strip tillage 

BS (log σP = 2.08 ≙ 150 kPa) did not differ significantly from the other tillage treatments.  

Increasing the stress application resulted in a change from isotropic to anisotropic 

conditions, regardless of the tillage treatment. Due to the broad distribution of values, the 

increase in anisotropy was only significant for mulch tillage and strip tillage WS at the load 

steps 350 and 550 kPa (Tab. 4.1-3, Fig. 4.1-3E). No significant differences were observed 

between tillage treatments. 

4.1.4. Relationship between morphometric and soil mechanical parameters 

Correlations were performed between BDxi, AD and the AD/BDxi ratio on the one hand, 

and the various CT parameters on the other (Fig. 4.1-6). In eight of them there was a unique 

relationship, i.e. independent of tillage treatment. In four of them there was such a 

dependence. For NT and STBS the data for mean macropore diameter and BDxi follow the 

same course, but for MT and STWS they follow two different courses (Fig. 4.1-6A). The 

same holds for the correlation between the AD/BDxi ratio and mean macropore diameter 

(Fig. 4.1-6I). For the relationship between BDxi and macroporosity (Fig. 4.1-6B), as well as 

between AD and mean macropore diameter (Fig. 4.1-6E) there are two different courses, 

one for MT and STWS, and one for NT and STBS. 

At a given BDxi the mean macropore diameter and the macroporosity are higher for NT 

and STBS than for the MT and STWS. A given mean macropore diameter corresponds to a 

higher AD and a lower AD/BDxi ratio in the case of NT and STBS compared to MT and 

STWS. 
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Figure 4.1-6: Correlation between dry bulk density (BDxi), aggregate density (AD) and the 
AD/BDxi ratio on the one hand, and mean macropore diameter, macroporosity, 
pore connectivity, and anisotropy on the other hand of samples from 12-18 cm 
depth for mulch tillage (MT), strip tillage within the seed row (STWS), strip 
tillage between seed rows (STBS), and no tillage (NT). The legend is given in 
graph L. 
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4.2. Effects of soil moisture during soil compaction due to soil tillage as 

assessed by classic and CT methods  

4.2.1. Initial soil physical conditions 

As one would expect from the research cited in the introduction, the plough treatment 

initially had a significantly lower BD (1.19 g cm-3) and a significantly higher saturated 

conductivity (530.3 cm d-1) compared to the cultivator treatment (1.48 g cm-3, 47.9 cm d-1). 

The gravimetric water content was significantly higher for ‘plough’ than ‘cultivator’ at -6 kPa. 

However, at -1000 kPa matric potential the water content did not differ significantly between 

‘cultivator’ and ‘plough’ (Tab. 4.2-1). 

Table 4.2-1: Gravimetric soil water content (gSWC, g kg−1) and the corresponding soil water 
content as a percentage of field capacity (SWC, % FC) for single load 
application and sequential load application for ‘cultivator’ and ‘plough’ at -6 kPa 
and -1000 kPa matric potential. Statistically significant differences (p ≤ 0.05) 
between tillage systems are indicated by lower case letters. 

Tillage 
system 

load application method 
Matric 

potential 
Soil water 

tension 
gSWC SWC 

 
 

(kPa) (pF) (g kg-1) (% FC) 

Cultivator single -6 1.8 255.30 a 100.00 

 
 

-1000 4.0 204.50 b   80.10 

 sequential -6 1.8 242.20 a 100.00 

 
 

-1000 4.0 184.50 b   76.18 

 
  

 
  

Plough single -6 1.8 308.00 c 100.00 

 
 

-1000 4.0 191.80 b   62.27 

 sequential -6 1.8 271.00 c 100.00 

 
 

-1000 4.0 210.90 b   77.82 

4.2.2. Comparison of CpF1.8 and CpF4.0 

Parameters obtained from compression tests 

The stress - BDxi curves for both moisture regimes for the single load (Fig. 4.2-1A) and 

the sequential load application (Fig. 4.2-2A) show a typical compaction behaviour, namely a 

slow increase in BD at first and then an ever steeper increase in BD with increasing load 

application. The curves are very similar for the single and sequential load application, 

irrespective of tillage treatment and matric potential. In the cultivator treatment none of the 

load steps shows a significant difference in BDxi between the two matric potentials (Fig. 4.2-

1A, Tab. 4.2-2). The compaction curves of the sequential load application (Fig. 4.2-2A) show 

a smoother course, because all load steps were applied to the same sample so that the 

curve is not composed of individual samples, which increases the variability in the single load 

application. Therefore, the mechanical precompression stress was determined here from the 
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curves from the sequential load application. The mechanical precompression stress values 

for the two pF treatments in the cultivator treatment do not differ significantly from each other 

(log σP = 2.43 for CpF1.8, and 2.55 for CpF4.0).  

 

Figure 4.2-1: Dry bulk density (BDxi), aggregate density (AD) and AD/BDxi-ratio from single 
load application (stress) for ‘cultivator’ (A-C) at -6 kPa (CpF1.8) and -1000 kPa 
matric potential (CpF4.0), and for ‘plough’ (D-F) at -6 kPa (PpF1.8) and -1000 kPa 
matric potential (PpF4.0). Error bars show the standard deviations, stars indicate 
a statistically significant difference (p ≤ 0.05) between pF1.8 and pF4.0. 
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Figure 4.2-2: Dry bulk density (BDxi), mean macropore diameter, macroporosity, pore 
connectivity and anisotropy from sequential load application (stress) for 
‘cultivator’ (A-E) at -6 kPa (CpF1.8) and -1000 kPa matric potential (CpF4.0), and 
for ‘plough’ (F-J) at -6 kPa (PpF1.8) and -1000 kPa matric potential (PpF4.0). Error 
bars show the standard deviations, stars indicate a statistically significant 
difference (p ≤ 0.05) between pF1.8 and pF4.0. 
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Table 4.2-2: Dry bulk density (BDxi), aggregate density (AD) and AD/BDxi-ratio from single load application, and BDxi, mean pore diameter, 
macroporosity, pore connectivity, anisotropy and logarithmic precompression stress (log σP) from sequential load application for 
‘cultivator’ at -6 kPa (CpF1.8) and -1000 kPa matric potential (CpF4.0). Statistically significant differences (p ≤ 0.05) between load 
applications are indicated by lower case letters. 

Load Parameter Treatment Load step (kPa) 

application   10 25 50 100 200 350 550 1250 2500 

single 

BDxi  CpF1.8 1.49 a 1.51 a 1.53 a 1.57 ab 1.64 bc 1.65 bc 1.70 cd 1.77 de 1.86 e 

(g cm-3) CpF4.0 1.38 a 1.47 ab 1.52 ab 1.56 ab 1.59 b 1.61 bc 1.72 bc 1.79 cd 1.84 d 
                    

AD  CpF1.8 1.59 a 1.62 ab 1.62 ab 1.62 ab 1.60 a 1.63 ab 1.65 ab 1.74 bc 1.81 c 

(g cm-3) CpF4.0 1.70 a 1.71 a 1.71 a 1.69 a 1.68 a 1.70 a 1.72 ab 1.75 ab 1.82 b 
                    

AD/BDxi CpF1.8 1.07 a 1.07 a 1.06 abc 1.03 abcd 0.98 cd 0.98 bcd 0.97 d 0.99 bcd 0.97 d 

(-) CpF4.0 1.24 a 1.17 ab 1.12 abc 1.08 abc 1.06 bc 1.06 bc 1.06 bc 0.98 c 0.99 c 
                     

                     

sequential 

BDxi  CpF1.8 1.53 a 1.55 a 1.56 ab 1.59 ab 1.63 abc 1.67 bc 1.70 cd 1.79 de 1.86 e 

(g cm-3) CpF4.0 1.53 a 1.55 ab 1.56 ab 1.58 abc 1.61 abc 1.64 bc 1.68 c 1.78 d 1.85 d 

                    

Mean macropore diameter CpF1.8 0.78 a 0.67 a 0.83 a 0.70 a 0.69 a 0.49 a 0.41 a 0.32 a 0.31 a 

(mm) CpF4.0 0.77 a 0.60 a 0.66 a 0.53 a 0.71 a 0.54 a 0.56 a 0.63 a 0.32 a 
                    

Macroporosity CpF1.8 0.02 ab 0.03 a 0.02 ab 0.02 ab 0.02 ab 0.01 ab 0.01 ab 0.01 b 0.02 ab 

(-) CpF4.0 0.02 ab 0.02 ab 0.02 ab 0.03 a 0.02 ab 0.02 ab 0.02 ab 0.01 ab 0.00 b 
                    

Poreconnectivity CpF1.8 0.16 ab 0.21 a 0.15 ab 0.10 ab 0.13 ab 0.07 ab 0.07 ab 0.04 b 0.03 b 

(-) CpF4.0 0.14 a 0.13 a 0.08 a 0.10 a 0.09 a 0.08 a 0.09 a 0.06 a 0.06 a 

                    

Anisotropy CpF1.8 0.33 ab 0.24 a 0.70 ab 0.52 ab 0.67 ab 0.68 ab 0.85 ab 0.80 ab 1.00 b 

(-) CpF4.0 0.38 ab 0.20 a 0.40 ab 0.16 a 0.52 ab 0.57 ab 0.20 a 0.81 ab 0.91 b 
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The compression curves of the aggregates (Fig. 4.2-1B, Tab. 4.2-2) show a somewhat 

different behavior. There is no change in AD with increasing load until 350 to 550 kPa for 

both matric potentials. An additional difference compared to the BDxi curves is that the initial 

densities are higher. At pF4.0 the AD is significantly higher for the load steps 10, 50 and 

200 kPa than at pF1.8. This is indicated by the stars above the data points. Visually the 

curves differ clearly from each other with higher aggregate densities for pF4.0. They have a 

more or less parallel course until 350 kPa. Thereafter they converge with each further load 

increase. The mechanical precompression stress identified using the fitted stress - AD 

diagrams (σP AD) is the same for both matric potentials (log σP AD = 2.95). 

In the AD/BDxi curves (Fig. 4.2-1C, Tab. 4.2-2) there are no significant differences 

between the two matric potentials with regard to the AD/BDxi ratio, except at two loads. 

According to the classification of the AD/BDxi ratios by Rücknagel et al. (2007) the soil 

structure in the cultivator treatment at pF1.8 changed from an initial blocky structure with 

semi-open to open positioning and subangular aggregates with semi-open positioning to a 

closed aggregate arrangement. At pF4.0 the soil structure developed from a blocky structure 

with open positioning and subangular aggregates with semi-open to open positioning to 

become a coherent mass with no visible aggregation.  

Parameters obtained from computed tomography 

The CT cross sections for ‘cultivator’ (Fig. 4.2-3A, B) show examples of the macropore 

structure (here pore sizes ≥ 60 μm) for the entire load range of 10-2500 kPa.  

Due to the high initial dry bulk density both cultivator treatments have a compact 

structure with only a few isolated large biopores visible to begin with. For the same reason 

compression initially only leads to slight visible changes in the pore space. Still, the biopores 

are completely ‘dissolved’ at loads > 350 kPa for pF1.8. In contrast, at pF4.0 they remain 

pretty stable up to 550 kPa before their diameter is reduced markedly. 

The course of the curves of the parameters mean macropore diameter (Fig. 4.2-2B), 

macroporosity (Fig. 4.2-2C) and pore connectivity (Fig. 4.2-2D) is almost identical for the two 

matric potentials (Tab. 4.2-2). Especially for the last two parameters the values were already 

quite low at the beginning of the load application. For this reason neither the matric potential 

nor the load application has a great effect on these parameters. 

The ansiotropy starts with low values for both matric potentials (Fig. 4.2-2E, Tab. 4.2-2). 

At the end of the load application they have risen to almost 1. The curves show very high 

standard deviations and fluctuate very much. Hence, there are only occasional significant 

differences between the two matric potentials. 
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Figure 4.2-3: CT cross sectional images from sequential load application (10 to 2500 kPa) for ‘cultivator’ at -6 kPa (CpF1.8) (A) and -1000 kPa 
matric potential (CpF4.0) (B), and for ‘plough’ at -6 kPa (PpF1.8) (C) and -1000 kPa matric potential (PpF4.0) (D). 
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4.2.3. Comparsion of PpF1.8 and PpF4.0 

Parameters obtained from compression tests 

Here, too, the stress curves of both moisture regimes show a classic compaction 

behaviour. Again, the stress - BDxi curves from the sequential load application (Fig. 4.2-2F) 

show a smoother course in comparison to the curves from the single load application 

(Fig. 4.2-1D) for the reason already given. Nevertheless, the curves of both stress - strain 

tests resemble each other. The stress - BDxi curves at pF4.0 have significantly lower BD 

values at the middle load steps, particularly for the sequential load application. The 

mechanical precompression stress values identified using the stress - BDxi diagrams display 

significantly lower mechanical precompression stress values at pF1.8 (log σP = 1.62) than at 

pF4.0 (log σP = 2.08).  

In terms of aggregate compaction behaviour (Fig. 4.2-1E, Tab. 4.2-3) the results are 

similar at first to those obtained for the cultivator treatments. However, now AD does not 

change up to a load of just 100 kPa. Also, the initial ADs are slightly higher than in 

‘cultivator’. In the range of 10 to 550 kPa the pF4.0 samples have significantly higher AD 

values. The mechanical precompression stress identified using the fitted stress - AD 

diagrams are similar for both moisture regimes, and similar to those in the cultivator 

treatments. 

As one can deduce from the above, the AD/BDxi ratio also results in a significant 

difference between the two moisture regimes (Fig. 4.2-1F, Tab. 4.2-3). At the beginning of 

stress application, from 25 to 200 kPa, the pF4.0 data show significantly lower AD/BDxi 

ratios. According to the classification of the AD/BDxi ratios by Rücknagel et al. (2007) the soil 

structure for both matric potentials developed from a blocky structure with open positioning 

and subangular aggregates with semi-open to open positioning to a coherent mass with no 

visible aggregation.  

Parameters obtained from computed tomography 

The CT cross sections for the plough treatments (Fig. 4.2-3C, D) show several 

interaggregate pores before compaction. While at pF1.8 the pore space decreases steadily 

already at low load steps, large pores remain visible to higher load steps at pF4.0, similar to 

the cultivator treatments. Overall, the increasing stress application results in a steady 

homogenisation process of the soil structure at both matric potentials. This process starts 

with a reduction in macropore diameters and ends when individual aggregates are 

compressed into a coherent soil mass. 
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Table 4.2-3: Dry bulk density (BDxi), aggregate density (AD) and AD/BDxi-ratio from single load application, and BDxi, mean pore diameter, 
macroporosity, pore connectivity, anisotropy and logarithmic precompression stress (log σP) from sequential load application for 
‘plough’ at -6 kPa (PpF1.8) and -1000 kPa matric potential (PpF4.0). Statistically significant differences (p ≤ 0.05) between load 
applications are indicated by lower case letters. 

Load Parameter Treatment Load step (kPa) 

application   10 25 50 100 200 350 550 1250 2500 

single 

BDxi (g cm-3) PpF1.8 1.18 a 1.32 ab 1.41 bc 1.51 c 1.54 c 1.54 c 1.53 c 1.72 d 1.75 d 

 PpF4.0 1.21 a 1.22 a 1.26 a 1.36 ab 1.45 abc 1.58 bcd 1.68 cde 1.84 de 1.87 e 
                    

AD (g cm-3) PpF1.8 1.53 ab 1.53 ab 1.54 ab 1.51 a 1.59 ab 1.60 ab 1.62 b 1.73 c 1.74 c 

 PpF4.0 1.66 a 1.67 ab 1.73 abc 1.69 ab 1.72 ab 1.71 ab 1.72 abc 1.77 bc 1.83 c 
                    

AD/BDxi PpF1.8 1.30 a 1.17 b 1.09 bc 1.00 c 1.04 c 1.05 c 1.05 bc 1.01 c 0.99 c 

(-) PpF4.0 1.40 a 1.38 a 1.38 a 1.25 ab 1.20 abc 1.09 bc 1.03 bc 0.97 c 0.98 c 
                     

                     

sequential 

BDxi (g cm-3) PpF1.8 1.22 a 1.29 b 1.37 c 1.48 d 1.57 e 1.63 ef 1.68 f 1.77 g 1.85 h 

 
PpF4.0 1.11 a 1.16 ab 1.20 ab 1.26 bc 1.36 cd 1.44 de 1.53 e 1.69 f 1.80 f 

                    

Mean macropore diamater PpF1.8 1.24 a 1.13 a 0.99 ab 0.90 abc 0.66 bcd 0.61 bcd 0.56 cd 0.47 d 0.48 d 

(mm) PpF4.0 1.53 a 1.48 a 1.32 ab 1.26 ab 1.08 bc 0.89 cd 0.80 cd 0.65 d 0.53 d 
                    

Macroporosity PpF1.8 0.16 a 0.13 a 0.09 b 0.03 c 0.01 c 0.01 c 0.01 c 0.01 c 0.01 c 

(-) PpF4.0 0.17 a 0.17 a 0.15 ab 0.15 ab 0.09 bc 0.06 cd 0.04 cd 0.02 d 0.01 d 
                    

Poreconnectivity PpF1.8 0.95 a 0.88 a 0.60 b 0.12 c 0.05 c 0.08 c 0.08 c 0.08 c 0.06 c 

(-) PpF4.0 0.95 a 0.95 a 0.96 a 0.95 a 0.86 ab 0.73 ab 0.54 b 0.17 c 0.11 c 

                    

Anisotropy PpF1.8 0.18 a 0.17 a 0.16 a 0.35 ab 0.43 ab 0.89 b 0.83 b 0.53 ab 0.72 ab 

(-) PpF4.0 0.20 a 0.23 a 0.20 a 0.22 a 0.22 a 0.20 a 0.54 a 0.55 a 0.61 a 
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The course of the mean macropore diameter curves of both moisture regimes  

(Fig. 4.2-2G) is very similar in shape to those of the BDxi curves, but slightly more S-shaped. 

The stress - macroporosity (Fig. 4.2-2H) and the stress - pore connectivity curves 

(Fig. 4.2-2I) are S-shaped, but the difference between the two moisture regimes is more 

pronounced (Tab. 4.2-3). For both parameters the initial values are the same for the two 

moisture regimes. As increasing stress is applied the values at pF1.8 decrease immediately. 

In contrast, the values at pF4.0 remain constant up to the 100 kPa load step and then 

decline. So, there are significant differences in the middle range of the stress-strain tests. At 

the end of the load application the two moisture regimes display the same final value for both 

parameters.  

The anisotropy values (Fig. 4.2-2J, Tab. 4.2-3) for both moisture regimes remain constant 

at the beginning of the stress application, for pF1.8 up to the 50 kPa, and for pF4.0 up to the 

350 kPa load step. Thereafter the values increase. The final values are lower than for 

‘cultivator’. There are no significant differences between the moisture regimes because the 

standard deviations are quite high. 

4.2.4. Comparison of C and P 

Parameters obtained from compression tests 

Basically ‘plough’ has lower initial BD values compared to ‘cultivator’, regardless of the 

moisture regime (Fig. 4.2-1A, D, and Fig. 4.2-2A, F) so that the difference in the mechanical 

precompression stress is also much higher. However, the plough treatment has a 

significantly lower mechanical precompression stress compared to the cultivator treatment 

for both the pF1.8 and pF4.0 variant. The density of the aggregates at pF1.8 is lower for 

‘plough’ than for ‘cultivator’, whereas at pF4.0 the densities are very similar (Fig. 4.2-1B, E). 

Parameters obtained from computed tomography 

As mentioned earlier, the visible soil structures clearly differ between ‘cultivator’ and 

‘plough’ (Fig. 4.2-3). At the beginning of stress application both cultivator treatments have a 

more compact structure with only isolated large biopores. In the plough treatments more 

pores are visible before compaction. At pF1.8 the pore space decreases more quickly with 

increasing load steps than at pF4.0. This holds for ‘cultivator’ and ‘plough’.  

‘Plough’ shows a smoother course of the mean macropore diameter curves (Fig. 4.2-2G) 

compared to ‘cultivator’ (Fig. 4.2-2B) and has higher initial and final values for both matric 

potentials. Compared to ‘cultivator’ there is a distinct difference between the moisture 

regimes in that ‘plough’ at pF4.0 has lower values over most of the load step range. For the 



Results 

52 
 

parameters macroporosity (Fig. 4.2-2C, H) and pore connectivity (Fig. 4.2-2D, I) this fact is 

even more obvious. 

Uniaxial vertical compression preferentially removes horizontally oriented pores. Hence, 

there is a shift towards higher anisotropy in both tillage treatments at both matric potentials 

as the load increases, but the variability among replications is high (Fig. 4.2-2E, J).  

4.2.5. Comparison of BDxi obtained from compression tests with parameters 

obtained from computed tomography 

The BD-values from the compression tests were correlated with the parameters obtained 

from computed tomography (Fig. 4.2-4). In general, increasing dry bulk density leads to 

decreasing mean macropore diameters, macroporosity and connectivity, while anisotropy 

increases. In the cultivator treatment the increase in BDxi mainly entails a reduction in 

mesoporosity, because macroporosity was already low (< 0.05) before compression. In the 

plough treatment macroporosity was initially higher. An increase in BDxi therefore leads to a 

macroporosity reduction.  

The correlations between BDxi and the CT parameters for ‘cultivator’ are very similar with 

respect to the soil matric potential (Fig. 4.2-4A, B, C), except for anisotropy (Fig. 4.2-4D) 

where for a given BDxi the value is higher for pF1.8.  

For ‘plough’ the correlations between BDxi and mean macropore diameter and 

macroporosity, respectively, also do not differ with respect to soil matric potential, but they 

cover a larger range than for ‘cultivator’. For pore connectivity the values for both matric 

potentials agree at the beginning and the end of the BDxi range, but differ at a given BDxi in 

the intermediate range: They are lower at pF1.8 than at pF4.0. In the case of anisotropy 

(Fig. 4.2-4H) the values for both matric potentials fall on the same line for BDxi < 1.5 g cm-3. 

At higher BD values there are no data for pF4.0. Hence no statements can be made. 

If one superimposes the data for ‘cultivator’ and ‘plough’ (Fig. 4.2-5) one can note that all 

points, irrespective of tillage treatment or matric potential, fall on the same curve for mean 

macropore diameter and macroporosity. This is partially true for pore connectivity, too, were 

the ‘cultivator’ and the ‘plough’ data for pF1.8 follow the same relationship, while the data for 

‘plough’ at pF4.0 take a different course at midrange BDxi-values. For anisotropy the data 

seem to diverge for ‘cultivator’ at BD > 1.5 g cm-3 with higher values for pF1.8 than for pF4.0. 
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Figure 4.2-4: Correlation between dry bulk density (BDxi) and mean macropore diameter, macroporosity, pore connectivity and anisotropy from 
sequential load application for ‘cultivator’ (A-D) at -6 kPa (CpF1.8), and for -1000 kPa matric potential (CpF4.0) and ‘plough’ (E-H) at  
-6 kPa (PpF1.8) and -1000 kPa matric potential (PpF4.0). 
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Figure 4.2-5: Superposition of the data from Figure 4.2-4. 
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This entails that a given BDxi corresponds to just one value of mean macropore diameter 

and macroporosity and vice versa. However, there can be two different values of pore 

connectivity and anisotropy, or expressed the other way around, there can be two BDxi for a 

given pore connectivity or anisotropy. Hence, BD alone is not a sufficient to describe soil 

compaction in full.  

4.2.6. Comparison of parameters obtained from computed tomography with each 

other 

Three of the four relationships are independent of matric potential and tillage treatment, 

.e. all data points in a given correlation follow the same course (Fig.  4.2-6). In the correlation 

between macroporosity and pore connenctivity the data for the two matric potentials deviate 

somewhat from each other, but only in the middle of the range. The cultivator data cover a 

narrower range than the plough data in all four diagrams. 

 

Figure 4.2-6: Cross-correlations between mean macropore diameter, macroporosity, pore 
connectivity and anisotropy from sequential load application for ‘cultivator’ at  
-6 kPa (CpF1.8) and -1000 kPa matric potential (CpF4.0), and for ‘plough’ at  
-6 kPa (PpF1.8) and -1000 kPa matric potential (PpF4.0). The legend is given in 
graph A. 
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Figure 4.2-5A depicts that macroporosity decreases with decreasing mean macropore 

diameter in a unique correlation. Since this correlation is very close, no further correlations 

with the mean macropore diameter are shown, macroporosity is used instead. As 

macroporosity decreases, so does pore connectivity (Fig. 4.2-5B). Pore connectivity 

(Fig. 4.2-5C) and macroporosity (Fig. 4.2-5D) have to decrease to some point with increasing 

stress before anisotropy increases. In the investigated soil this point is reached at a pore 

connectivity of 0.1 and at a macroporosity of 0.025.  
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4.3. Estimation of critical stress ranges to preserve soil functions at differently 

textured sites 

4.3.1. Soil mechanical parameters and accompanying critical stress values 

The stress - BDxi diagrams (Fig. 4.3-1) show classic compaction curves for each of the 

four sites. For the 5-100 kPa load steps the Quellendorf site (Fig. 4.3-1A) had the 

significantly highest and the Kranichborn (Fig. 4.3-1D) site the significantly lowest BDxi, while 

the Buttelstedt (Fig. 4.3-1B) and Rothenberga (Fig. 4.3-1C) sites did not differ significantly in 

their BDxi (Tab. 4.3-1). At the 200-550 kPa load steps the Kranichborn site differed 

significantly from the other sites, which did not differ significantly from each other. The BDxi 

curves for the four sites run more or less parallel, but are shifted up or down with respect to 

their initial densities. At the beginning of the load application there was a maximum 

difference in BDxi of 0.61 g cm-3 between the sites which did not change until the end of the 

load application. The values of the mechanical precompression stress (σP BDxi) determined 

from the stress - BDxi diagrams do therefore not differ significantly between the sites. They 

are in the range of log σP = 1.65 to 1.85 (45 to 71 kPa). 

 

Figure 4.3-1: Dry bulk density (BDxi) from sequential load application (stress) to soil cores 
from (A) Quellendorf, (B) Buttelstedt, (C) Rothenberga and (D) Kranichborn. 
Error bars show the standard deviations. Statistically significant differences 
(p ≤ 0.05) are indicated by lower case letters. Black symbols and numbers 
indicate the values (kPa) of the mechanical precompression stress. 
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Table 4.3-1: Dry bulk density (BDxi), macroporosity, pore connectivity, and logarithmic precompression stress (log σP) for Quellendorf (QD), 
Buttelstedt (BS), Rothenberga (RB) and Kranichborn (KB). 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 σP  

     5 10 25 50 100 200 350 550     
 

 

BDxi  QD 1.37 aC  1.42 abC  1.45 abC  1.51 acC  1.59 cdC  1.65 deB  1.72 efB  1.77 fB  1.65 a   

(g cm-3) BS 1.20 aB  1.21 abB  1.24 abB  1.32 abB  1.45 bcB  1.56 cdB  1.65 deB  1.72 eB  1.76 a   

 
RB 1.23 bB  1.27 abB  1.30 abB  1.36 abcB  1.44 abcB  1.53 acB  1.58 cB  1.62 cB  1.85 a   

 
KB 0.76 aA  0.78 abA  0.83 bA  0.87 bA  0.97 cdA  1.04 deA  1.12 efA  1.14 eA  1.66 a   

    
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  

  

Macroporosity QD 0.09 aA  0.08 aAB  0.07 aA  0.05 aA  0.01 bA  0.00 bA  0.01 bB  0.01 bA  
  

  

(-) BS 0.23 aB  0.22 abCB  0.21 abC  0.18 aB  0.12 cB  0.06 dB  0.02 dAB  0.02 dA  
  

  

 
RB 0.12 aA  0.12 aAB  0.10 abAB  0.08 abcA  0.06 abcAB  0.03 bcAB  0.01 cAB  0.00 cA  

  

  

 
KB 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 QD 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 BS 0.96 aB  0.96 aB  0.96 aB  0.92 abB  0.82 bA  0.50 cB  0.14 dA  0.10 dA  
  

  

(-) RB 0.81 aAB  0.81 aA  0.75 aAC  0.66 aA  0.51 abA  0.25 bcAB  0.12 cA  0.15 cA  
  

  

  KB 0.94 aB  0.95 aAB  0.92 abAB  0.85 abAB  0.48 bcA  0.25 cAB  0.20 cA  0.14 cA        
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4.3.2. Morphometric parameters and accompanying critical stress values 

The CT images in Figure 4.3-2 show the structural features in samples from the four sites 

at all eight load steps. At the Quellendorf site (Fig. 4.3-2A) the increased load application 

leads to only slight visible changes in the pore space. There were few macropores to begin 

with, due to the high initial BD. At the other sites, in addition to many pores, aggregates can 

also be seen at the beginning of the load application, especially at the Buttelstedt  

(Fig. 4.3-2B) and Kranichborn (Fig. 4.3-2D) sites. Overall, the increasing load application 

leads to a progressive homogenization process of the soil structure at all sites. At Buttelstedt, 

Rothenberga (Fig. 4.3-2C) and Kranichborn this process begins in the 50-100 kPa range with 

the compression of the macropores, i.e. a reduction in their diameter. Furthermore, the soil 

aggregates are pressed together and their structures become disintegrated. The stress 

range just mentionded covers the values of the mechanical precompression stress for the 

four soils. 

The increase in load results in significant decreases in macroporosity (Fig. 4.3-3) and 

pore connectivity (Fig. 4.3-4), regardless of the site. Only at the lowest load steps did the 

sites Quellendorf and Rothenberga on the one hand, and Buttelstedt and Kranichborn on the 

other differ significantly from each other in terms of macroporosity and pore connectivity 

(Tab. 4.3-1). The former two mostly have significantly lower macroporosity and pore 

connectivity values than the latter two. 

The stress - macroporosity curves of the four sites (Fig. 4.3-3) show a significant change 

in their course in the load range of 25-200 kPa. There is a significant decrease in 

macroporosity at all sites with macropores no longer present at the highest load steps. The 

macroporosity at Quellendorf can already be regarded as critical at a load of 12 kPa 

(Fig. 4.3-3A), because at this load the macroporosity is just 8% (see section 3.6.). At 

Buttelstedt (Fig. 4.3-3B) this macroporosity is reached at much higher load (critical stress 

value) of 155 kPa. Rothenberga (Fig. 4.3-3C) and Kranichborn (Fig. 4.3-3D) 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. 

 



Results 

60 
 

Figure 4.3-2: CT cross section images from sequential load application (5 to 550 kPa) for the sites (A) Quellendorf, (B) Buttelstedt, (C) 
Rothenberga and (D) Kranichborn. The images show half a core viewed from the top at an angle of 45°. 

10 mm 
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Figure 4.3-3: Macroporosity from sequential load application to soil cores for (A) 
Quellendorf, (B) Buttelstedt, (C) Rothenberga and (D) Kranichborn. 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 a macroporosity of 8%. 

The course of the stress - pore connectivity curves (Fig. 4.3-4) for all sites is similar to 

that of the stress - macroporosity curves, with the difference that the pore connectivity 

remains more constant with increasing load for a longer time before decreasing steeply in the 

load range of 50-200 kPa. Except for the Rothenberga site (Fig. 4.3-4C) where the critical 

stress value is 200 kPa, the critical stress value at which pore connectivity collapsed is at the 

100 kPa load step for the remaining sites. 
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Figure 4.3-4: Pore connectivity from sequential load application to soil cores for (A) 
Quellendorf, (B) Buttelstedt, (C) Rothenberga and (D) Kranichborn. 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. 

4.3.3. Soil biological parameters and accompanying critical stress values 

L. terrestris dug successfully into the soil in all columns, even at the highest bulk 

densities, and disappeared from the soil surface. Mortality was too low to mention and did 

not show a connection to BD. L. terrestris formed permanent uninterrupted burrows which 

showed little branching. Several individuals of L. terrestris in a column sometimes used the 

same burrow system. This means not every earthworm dug a biopore. Since due to the 

compaction procedure the upper part of a layer was slightly denser than the soil below, L. 

terrestris tended to follow the thin crack between two successive layers so that the burrows 

in those areas were horizontal. This was especially observed at the maximum burrowing 

depths of the respective soil texture and density. 

At Buttelstedt, Rothenberga and Kranichborn the number of biopores increases with 

increasing density up to an optimal density value (Fig. 4.3-5B-D). As the density increases 

further, the number of biopores declines. At the Quellendorf site there are no significant 
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differences in the number of biopores between the BD stages (Fig. 4.3-5A, Tab. 4.3-2) so 

that there was no convex curve. For this reason the critical stress value of 170 kPa was set 

at BDxi = 1.63 g cm-3 where the highest number of biopores was determined.  

 

Figure 4.3-5: Number of biopores from Lumbricus terrestris as a function of dry bulk density 
(BDxi) for (A) Quellendorf (1.42-1.77 g cm-3), (B) Buttelstedt (1.28-1.63 g cm-3), 
(C) Rothenberga (1.21-1.56 g cm-3) and (D) Kranichborn (0.72-1.07 g cm-3). 
Error bars show the standard deviations. Statistically significant differences 
(p ≤ 0.05) are indicated by lower case letters. Black symbols and numbers 
indicate the maximum number of biopores (in brackets) and the corresponding 
optimum BD (g cm-3) derived from fitted second order polynomial functions. 

Significant differences in the number of biopores occur at the Buttelstedt site (Fig. 4.3-

5B). The BD stage 1.35 g cm-3 has the significantly highest, and the BD stage 1.63 g cm-3 the 

significantly lowest number of biopores, while the remaining BD stages do not differ 

significantly from them and from each other. Based on the fitted polynomial an optimum 

appears at BDxi = 1.40 g cm-3, corresponding to a critical stress value of 80 kPa.  

The amplitude of the fitted polynomials, and thus the compression, is lowest at the 

Quellendorf site where the graph is very flat, whereas the Buttelstedt site has the largest 

amplitude in the number of biopores and consequently a greater steepness of the polynomial 
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function, i.e. here the influence of soil compaction on biological activity is clearly noticeable. 

The sites Rothenberga and Kranichborn fall between these two. 

Table 4.3-2: Number of biopores from Lumbricus terrestris, grain yield, straw yield, and 
above ground biomass of Hordeum vulgare for different bulk densities (BD) for 
Quellendorf (QD), Buttelstedt (BS), Rothenberga (RB) and Kranichborn (KB). 
Statistically significant differences (p ≤ 0.05) are indicated by lower case 
letters. 

Site BD Biopores Grain yield Straw yield Above ground biomass 

  (g cm-3) (n) (g m2) (g m2) (g m2) 

QD 1.42 9.2 a 630 a 927 a 1557 a 

QD 1.49 8.0 a 525 ab 949 a 1473 a 

QD 1.56 8.6 a 466 abc 944 a 1410 a 

QD 1.63 9.6 a 544 abc 792 abc 1337 a 

QD 1.70 7.2 a 239 bc 552 bc 792 b 

QD 1.77 8.6 a 166 c 430 c 595 b 

          BS 1.28 9.4 ab 308 a 507 a 815 a 

BS 1.35 13.8 a 277 a 478 a 756 a 

BS 1.42 10.0 ab 256 a 433 a 688 a 

BS 1.49 11.6 ab 72 b 279 b 351 b 

BS 1.56 8.8 ab 31 b 261 b 292 b 

BS 1.63 5.8 b 13 b 157 b 170 b 

          RB 1.21 13.4 a 301 a 660 a 961 ab 

RB 1.28 15.2 a 333 a 674 a 1006 ab 

RB 1.35 15.0 a 288 a 676 a 964 ab 

RB 1.42 13.6 a 333 a 682 a 1016 a 

RB 1.49 15.2 a 397 a 745 a 1142 a 

RB 1.56 12.2 a 182 a 453 b 634 b 

          KB 0.72 13.0 abc 416 a 653 ab 1069 ab 

KB 0.78 15.4 a 520 a 655 ab 1175 ab 

KB 0.85 15.0 a 526 a 673 a 1199 ab 

KB 0.92 13.4 abc 593 a 699 a 1292 a 

KB 1.00 10.8 bc 570 a 708 a 1278 ab 

KB 1.07 10.0 c 357 a 508 b 865 b 

At Rothenberga (Fig. 4.3-5C) no significant differences in the number of biopores with 

increasing density can be found, but according to the polynomial regression equation the 

density value with the maximum number of biopores is 1.35 g cm-3, corresponding to a 

critical stress value of 43 kPa.  

The Kranichborn site (Fig. 4.3-5D) shows only significant differences between the BD 

stages 0.77 and 0.85 g cm-3 on the one hand, and the BD stages 1.00 and 1.07 g cm-3 on the 



Results 

65 
 

other. At BDxi = 0.82 g cm-3 there is a maximum in the biopore number. This BD corresponds 

to a critical stress value of only 20 kPa. 

4.3.4. Agronomic parameters and accompanying critical stress values 

Up to a certain density grain yields at Rothenberga and Kranichborn increase (Fig. 4.3-6, 

Tab. 4.3-2) and then sink again. At Quellendorf and Buttelstedt there are no data points on 

the left side of the polynomial. The sites Quellendorf (Fig. 4.3-6A) and Buttelstedt (Fig. 4.3-

6B) have the largest amplitudes in grain yields. Correspondingly, the graphs of the 

polynomial functions are steeper than those for Rothenberga (Fig. 4.3-6C) and Kranichborn 

(Fig. 4.3-6D). At the latter two sites no significant differences in grain yield with increasing 

density are found.  

 

Figure 4.3-6: Grain yield of Hordeum vulgare as a function of dry bulk density (BDxi) for (A) 
Quellendorf (1.42-1.77 g cm-3), (B) Buttelstedt (1.28-1.63 g cm-3), (C) 
Rothenberga (1.21-1.56 g cm-3) and (D) Kranichborn (0.72-1.07 g cm-3). 
Statistically significant differences (p ≤ 0.05) are indicated by lower case 
letters. Black symbols and numbers indicate the maximum yield (g m-2, in 
brackets) and the corresponding optimum BD (g cm-3) derived from fitted 
second or third order polynomial functions. 
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At the Quellendorf site the BD stages 1.42 and 1.49 g cm-3 differ significantly from the BD 

stage 1.77 g cm-3, and the BD stage 1.42 g cm-3 from the BD stage 1.70 g cm-3, all other BD 

stages do not differ significantly in grain yield. At Buttelstedt the first three BD stages have 

significantly higher grain yields than the last three. The maximum grain yields are achieved at 

‘optimal’ densities of 1.39 g cm-3 at Quellendorf, 1.30 g cm-3 at Buttelstedt, 1.36 g cm-3 at 

Rothenberga, and 0.89 g cm-3 at Kranichborn. The critical stress values derived from these 

density values are lowest (7 kPa) at the Quellendorf site, highest (56 kPa) at Kranichborn, 

and in between for Buttelstedt (45 kPa) and Rothenberga (50 kPa). For the last three sites 

the derived critical stress values for grain yield are in the range of the mechanical 

precompression stresses (see chapter 4.3.1.). 

In principle the results for grain yield are reflected in the results for straw yield, with the 

difference that more straw was formed than grain, which led to shifts in the optimum density 

values (Fig. 4.3-7).  

 

Figure 4.3-7: Straw yield of Hordeum vulgare as a function of dry bulk density (BDxi) for (A) 
Quellendorf (1.42-1.77 g cm-3), (B) Buttelstedt (1.28-1.63 g cm-3), (C) 
Rothenberga (1.21-1.56 g cm-3) and (D) Kranichborn (0.72-1.07 g cm-3). Error 
bars show the standard deviations. Statistically significant differences (p ≤ 
0.05) are indicated by lower case letters. Black symbols and numbers indicate 
the maximum yield (g m-2, in brackets) and the corresponding optimum BD 
(g cm-3) derived from fitted second or third order polynomial functions. 
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The maximum straw yield occurs at a density of 1.47 g cm-3 at Quellendorf (Fig. 4.3-7A), 

1.31 g cm-3 at Buttelstedt (Fig. 4.3-7B), 1.35 g cm-3 at Rothenberga (Fig. 4.3-7C), and 

0.87 g cm-3 at Kranichborn (Fig. 4.3-7D). This corresponds to critical stress values of 30 kPa 

for Quellendorf, 48 kPa for Buttelstedt, 43 kPa for Rothenberga, and 50 kPa for Kranichborn. 

Again, for the last three sites the derived critical stress values for straw yield are in the range 

of the mechanical precompression stresses (see chapter 4.3.1.). 

4.3.5. Stress ranges 

The critical stress values just given in chapters 4.3.1 to 4.3.4. are summarized in 

Figure 4.3-8. The minimum and maximum stress values for each site determine the critical 

stress range, indicated by dotted vertical lines. In the following the middle of the critical stress 

ranges is called “median”.  

The ranges the stress values vary across for the six parameters differ between the sites. 

While the stress range is rather large at the Quellendorf site (7-170 kPa, Fig. 4.3-8A), it is 

similar and much smaller at Buttelstedt, Rothenberga and Kranichborn. The Buttelstedt site 

(Fig. 4.3-8B) has the highest median critical stress (101 kPa). The sites Rothenberga 

(Fig. 4.3-8C) and Kranichborn (Fig. 4.3-8D) have similar medians with 51 and 53 kPa, 

respectively, the value for Quellendorf is 82 kPa. 

At Quellendorf and Kranichborn the critical stress value for macroporosity is below the 

precompression stress, at Buttelstedt and Rothenberga the reverse is true.  

At the Quellendorf and Kranichborn sites which are both sandy textured the mechanical 

precompression stress sits virtually in the middle of the critical stress range and therefore 

represents it well. For the Buttelstedt and Rothenberga sites the mechanical precompression 

stresses are in the lower third of the critical stress range. This is still an acceptable 

representation of the stress range. The variation bars of the mechanical precompression 

stress are very small at all four sites.  

At the Quellendorf and Rothenberga sites the critical stress value for macroporosity is 

smaller than the one for pore connectivity. This can also be seen at Kranichborn, but the 

difference is less. At the Buttelstedt site the situation is reversed. However, since the 

variation bars overlap, it is possible that here, too, the critical stress value for macroporosity 

is smaller than the one for pore connectivity. 

The critical stress value of the earthworm activity defines the upper limit of the critical 

stress range at the Quellendorf site, and the lower limit at the Rothenberga and Kranichborn 

sites. At Buttelstedt it lies in the middle of the critical stress range. 
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Figure 4.3-8: Critical stress ranges for (A) Quellendorf, (B) Buttelstedt, (C) Rothenberga and 
(D) Kranichborn based on precompression stress (black circle), critical stress 
values of macroporosity and pore connectivity, and optimum values for the 
number of biopores, grain yield and straw yield (empty circles). The dotted 
vertical lines indicate the lower and upper limit of the critical stress range for a 
site. The dashed horizontal lines (bars) indicate the spread of the possible 
critical stress values for a given parameter. For details see text. 

The critical stress values for grain and straw yield are similar to each other at all sites, 

and similar between sites, too, except for Quellendorf, where the critical stress for grain yield 
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is much lower than at the other sites and differs greatly from the value for straw yield. The 

latter is similar to the values at the other three sites. At Buttelstedt and Rothenberga both 

parameters are at the lower end of the range. They are close to the center of the critical 

stress range at the Kranichborn site. At Quellendorf the critical stress value for grain yield is 

at the lower end of the range, while the value for straw yield is in the middle.  

The bars for biopores as well as grain and straw yield are similar and nearly reach or 

sometimes even exceed the upper limit of the critical stress range for all sites. They always 

exceed the lower limit, except at Quellendorf. 
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5. Discussion 

5.1. CT and soil physical measurements of compaction behaviour under strip 

tillage, mulch tillage and no tillage 

5.1.1. Soil physical conditions 

There were intact soil structures for all tillage treatments, depths and years, because BD 

values were always lower than a site-specific root-limiting BD of 1.55 g cm-3 (Kaufmann et 

al., 2010), and Ks values were always higher than the 10 cm d-1 minimum stated in Werner 

and Paul (1999).  

Strip tillage WS and mulch tillage displayed very similar soil structural properties. So did 

strip tillage BS and no tillage, but the groups differed from each other. 

Strip tillage WS and mulch tillage displayed significantly lower BD compared to strip 

tillage BS and no tillage. This is due to the fact that in the former two treatments the soil was 

loosened by tillage, while in the latter two it was left untilled with natural settlement as well as 

soil compaction occurring as a result of driving over the ground with agricultural machinery 

during tillage and harvesting. This result is in line with those of other studies (e.g. Hubbard et 

al., 1994; Kay and VandenBygaart, 2002). As time passed from 2014 to 2015 BD remained 

at a similar level at the depths sampled under strip tillage WS and mulch tillage, because the 

annual soil tillage counteracted the aforementioned processes.  

Previous studies have shown contradictory results with respect to the Ks value for various 

tillage systems. Benjamin (1993), for example, found that untreated variants promoted 

infiltration as a result of increased macroporosity. In contrast, some studies found that no 

tillage and other conservation-oriented soil tillage methods displayed lower Ks values 

compared to conventional soil tillage, due to low macroporosity (e.g. Lindstrom and Onstad, 

1984; Rücknagel et al., 2017). Other studies showed that there were no differences with 

respect to Ks values between untilled and conventionally tilled soils (Tollner et al., 1984; 

Culley et al., 1987). In this study strip tillage WS and mulch tillage displayed higher Ks values 

compared to strip tillage BS and no tillage, since the loosening of the soil resulted in an 

increase in large interaggregate pores which, due to their greater cross section, lead to an 

increased saturated hydraulic conductivity. This point and the contradictory effects of tillage 

on Ks will be picked up again in the next chapter. 

At 12-18 cm soil depth a significant increase in the Ks value was observed between 2012 

and 2015 for mulch tillage, strip tillage WS and strip tillage BS, despite a slight increase in 

BD under strip tillage BS. This may have been caused by an increased earthworm 

population. In another study at the same trial site the earthworm population was recorded for 

the strip tillage WS and strip tillage BS variants in the spring of 2015. Strip tillage WS had a 
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significantly lower earthworm abundance and biomass (68 individuals m-2, 17.3 g m-2;) than 

strip tillage BS (152 individuals m-2, 36.7 g m-2) (Koblenz et al., 2016). The distance between 

strip tillage WS and BS is shorter than the extent of the habitat of individual earthworms, 

which should be considered in the interpretation. The earthworms apparently feel more 

comfortable in the more compacted strip tillage BS region, which may be due to a higher soil 

moisture content and more plant residue on the soil, but may feed and move through the less 

compacted WS region.  

Kay and VandenBygaart (2002) found an increase in the number of biopores under no 

tillage due to an enhanced earthworm population which was able to develop well, because of 

a high availability of food from dead plant material on the soil surface, and a lack of annual 

disturbance by tillage. In the present study these positive biological effects were only 

achieved in the strip tillage BS treatment. 

It was possible to show that strip tillage combines, on a small scale, the soil physical 

properties of mulch tillage, a deeper non-turning form of primary tillage, and those of no 

tillage. 

5.1.2. Soil compression tests 

The soil structures which differed from each other over short distances also reacted to 

mechanical loads in different ways. The loosened rows under strip tillage WS displayed 

mostly unstable secondary pores (cracks and irregular voids > 60 µm). These were largely 

destroyed by loads  100 kPa. The annual soil tillage performed for strip tillage WS 

destroyed the structure, but thereafter structural formation began anew. This resulted in 

aggregates which were more porous and, thus, less dense. On the other hand, the lack of 

soil tillage in the strip tillage BS treatment guaranteed an undisturbed structural framework. 

The aggregates were not mechanically altered and further strengthened by mechanical loads 

from driving over the ground. This resulted in higher mechanical precompression stress 

(σP BDxi) due to a high number of contact points between the aggregates and primary 

particles. 

While the stress - BDxi curves showed a standard recompression path, virgin 

compression line and mechanical precompression stress (Lebert and Horn, 1991), the 

behaviour was not observed in the stress - AD curves. The AD values of the different tillage 

treatments only increased to a limited extent during the compaction process, making it 

impossible to determine the mechanical precompression stress values from the stress - AD 

functions. Apparently, the highest load of 550 kPa was still too low to obtain clear stress - AD 

curves, and, hence, mechanical precompression stress values for the aggregates at this site. 

It would therefore make sense to apply higher loads. On the other hand, it could be that it is 
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simply not possible to determine mechanical precompression stress from the stress - AD 

curves, since the aggregates do not display a standard compression curve, as suggested in 

Rücknagel et al. (2017). Overall, it can be stated that soil compression mainly occurred due 

to compaction of interaggregate pores which are not considered when measuring aggregate 

density. 

At the beginning of stress application there were isotropic initial structures, regardless of 

tillage treatment, and no significant differences in anisotropy were identified between the 

tillage treatments during the entire stress application process. Up to the 200 kPa load step 

strip tillage BS and no tillage tended to display not only higher mean pore diameters, but also 

slightly higher anisotropies than strip tillage WS and mulch tillage. One reason for this could 

be the dominance of plant root channels and biopores from macrofauna and their stability in 

untilled soils (Luo et al., 2010). Drees et al. (1994) also found higher mean pore diameters 

under no tillage than in conventionally tilled soils. Furthermore, vertically oriented pores are 

less susceptible to compaction than those aligned horizontally (Hartge and Bohne, 1983). 

Hence, in the case of uniaxial compaction it can be assumed that horizontal pores are 

compacted preferentially so that the ensuing predominance of vertical pores results in 

increased anisotropy. At the highest load steps all tillage treatments displayed a sudden rise 

in anisotropy. This can be inferred from the CT cross sections, too, because by the end of 

the stress application only isolated and irregularly distributed biopores were visible. 

The morphometric parameters mean macropore size, macroporosity and pore 

connectivity affect each other. One parameter which depends on pore size is pore 

connectivity (Jarvis et al., 2017). Generally speaking, the smaller the pores, the higher their 

connectivity (Vogel and Roth, 1998). Macroporosity also plays a role here. The higher the 

macroporosity, the higher the likelihood that macropores are connected and form a larger 

network (Luo et al., 2010). In the present study no tillage displayed just a few large isolated 

macropores and therefore a low macroporosity and low pore connectivity. At the same time 

no tillage lacked the multitude of interaggregate pores smaller than the image resolution, 

which in the mulch tillage treatment reduced the mean pore diameter and, at the same time, 

ensured a higher macroporosity and pore connectivity. In the untilled treatments the slightly 

higher mean macropore sizes did not coincide with a higher macroporosity. Pagliai (1988), 

who also worked with quantitative image analysis, includes a classification of macroporosity 

for pores > 50 µm. According to this classification mulch tillage and strip tillage WS were 

moderately porous at the beginning of stress application, and strip tillage BS and no tillage 

were highly compacted. Furthermore, Pagliai (1988) quotes a macroporosity of 10%, and 

Reynolds et al. (2009) a macroporosity of 4%, both derived from quantitative image analysis, 

as the lower limit for an intact soil structure. Here strip tillage BS and no tillage fell below the 

4%. Similar results concerning macroporosity with conservation-oriented methods compared 
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to conventional soil tillage were reported by Bullock et al. (1985) and Gantzer and Anderson 

(2002). In studies by Dal Ferro et al. (2014) and Jarvis et al. (2017) comparable experimental 

conditions to those at the Bernburg site also yielded similar values for the morphometric 

parameters from the quantitative image analysis of CT scans. 

In addition to the conventional procedure using stress - BDxi diagrams mechanical 

precompression stress values were also determined for the four tillage treatments based on 

the double logarithmic stress - macroporosity diagrams (σP MP) from the CT investigations. 

These showed good agreement with the values derived from the stress - BDxi diagrams 

(σP BDxi). Despite the general suitability of σP MP, the double logarithmized representation of 

the diagrams means it is necessary to examine the extent to which there may be errors in the 

visual identification of the strongest curvature of the stress - macroporosity curves, which is 

one of the bases of Casagrande’s (1936) graphical method. For all treatments there seems 

to be a critical stress value of around 100 kPa where macroporosity and pore connectivity 

reach a minimum which cannot be reduced any further, and where anisotropy increases 

considerably, but with a rather high variability due to the variable morphology of the 

remaining few macropores, as evident from the CT cross sections. A similar stress value for 

soil structure deformation was reported for compaction during centrifugation (Schlüter et al. 

2016). This critical stress value is reflected well by the mechanical precompression stress 

values for the individual tillage treatments. 

Strip tillage means that the seed rows are tilled, but the areas in between are not. Hence, 

the treatment STBS is in essence the same as no tillage (NT), another treatment considered 

here. Hence, it is not surprising that STBS is similar to NT for most parameters assessed in 

this study, and that these two treatments show the same course in the correlations presented 

above. STBS and NT have a higher AD than MT and STWS. Both have a higher mean 

macropore diameter and a higher macroporosity for a given BD as well. This only seems 

logical, because AD is higher at a given BD so that the interaggregate space is larger. For 

the same reason a given mean macropore diameter is associated with a higher AD/BDxi 

ratio. Hence, it is plausible that MT and STWS have higher values for mean macropore 

diameter at a given BD than STBS and NT. However, it is not clear why MT differs from 

STWS in this relationship, while they follow the same course in the rest of the relationships in 

Figure 4.1-6. It is puzzling that STWS has a lower mean macropore diameter at a given BD 

than MT, but the same macroporosity and pore connectivity.  

At this point it becomes clear again that a strip tillage system is very beneficial for 

parameters which are important for the tilth of a soil. Among them are the pore space and its 

connectivity, both of which are important for the conductivity and availability of air and water.  
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5.2. Effects of soil moisture during soil compaction due to soil tillage as 

assessed by classic and CT methods 

5.2.1. Effects of tillage treatment and matric potential on compaction 

Before looking at the advantages of combining CT and classic soil mechanical 

parameters to describe soil compaction, I shall briefly discuss the results found with respect 

to the effects of tillage treatment and matric potential on compaction, although this has been 

researched extensively before and is not the focus of this trial. 

 Both tillage treatments initially displayed intact soil structures with BD values lower 

than a site-specific root-limiting density of 1.50 g cm-3 (Kaufmann et al., 2010), and Ks 

> 10 cm d-1 (Werner and Paul, 1999).  

 The cultivator treatment showed a significantly higher initial BD than the plough 

treatment. Something similar was described by, for example, Amin et al. (2014), 

Nizami and Khan (1990) and Strudley et al. (2008).  

 In this trial the plough treatment was associated with significantly higher Ks values 

compared to ‘cultivator’. Previous studies have returned conflicting results with regard 

to the Ks value under different tillage systems. This was already discussed in section 

5.1.1. and will be revisited in section 5.4.  

 There was a positive correlation between mechanical precompression stress and BD. 

For that reason the samples from the cultivator treatment were less susceptible to 

compaction. 

 As the load steps increased, regardless of matric potential, the plough treatment 

displayed a more pronounced progressive homogenisation of the soil structure than 

the cultivator treatment. This happened, because BD was initially lower in the plough 

treatment. Once BD reached the same value as in ‘cultivator’ the response to applied 

loads was the same. 

 As in a variety of other studies (e.g. Imhoff et al., 2004; Saffih-Hdadi et al., 2009), I 

also found a negative correlation between mechanical precompression stress and 

matric potential (water content). This arises, because in unsaturated soils shear 

resisting forces are stronger, the more negative the matric potential is. In addition, 

they are higher, if soil density is higher (Cruse and Larson, 1977). Thus, the matric 

potential has a considerable impact on soil stability. This was confirmed again here by 

a disproportionately high increase in mechanical stability in the ploughed soil. This 

increase was found to a much lesser extent in the cultivator treatment. 
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 Aggregates have a much larger recompression range than the total soil. It is possible 

to determine the mechanical precompression stress using stress - AD curves. In our 

case the mechanical precompression stresses of the aggregates were not influenced 

by the different moisture regimes. Contrary to trial 1 a stress - AD curve could be 

derived now, because the applied stress was much higher (up to 2500 kPa compared 

to a maximum of 550 kPa in trial 2). 

 Contrary to the the blabal in chapter x it is possible to determine the mechanical 

precompression stress using stress - AD curves, if stress was high enough.  

 In our case the mechanical precompression stresses of the aggregates were not 

influenced by the different moisture regimes. 

 Up to the 550 kPa load step the aggregates showed higher AD values at pF4.0 than 

at pF1.8 in both ‘cultivator’ and ‘plough’. Given the higher level of interaggregate 

support at pF4.0, this would suggest a mechanically stabler soil structure which is 

accompanied by a higher aggregate stability.  

5.2.2. Advantage of combining CT and classic soil mechanical parameters to 

describe soil compaction 

The CT images of the pore structure revealed that the soils from the two tillage 

treatments reacted to mechanical loads in different ways. In the plough treatment the annual 

turning of the soil resulted in the creation of secondary pores (cracks, irregular voids 

> 60 µm) which, however, were unstable and therefore susceptible to compression, 

particularly under moist conditions. Also, the aggregates were more porous and therefore 

less dense. On the other hand, in the cultivator treatments the implement did not reach the 

sampling depth of 16-19 cm so that no secondary pores were created and fewer structural 

pores were available at that depth for compression compared to the plough treatment. If it 

was not for CT, one would not see these soil structures, but could only infer them from BD. 

Hence, CT provides a more definite picture of the situation. 

Since the application of CT to soils is fairly new, there are no comparisons or 

classifications of the values of CT parameters in the literature, with the exception of 

macroporosity as previously pointed out in section 5.1.2. According to Pagliai (1988) the 

cultivator treatments here would be classified as highly compacted at the beginning of the 

load application, and the plough treatments as moderately porous. 

BD is a widely used parameter to describe soil compaction. However, with BD or 

mechanical precompression stress alone there is no information on the arrangement, 

distribution or interconnection of pores. This is of great importance in the system ‘soil’ to 



Discussion 

76 
 

maintain aeration and the water balance. To illustrate this consider the following: Clay has a 

low BD and a large pore volume, but a low saturated hydraulic conductivity. Sandy soils on 

the other hand have a high BD and a small pore volume, but a high saturated hydraulic 

conductivity. This difference in Ks is due to a different pore size distribution. Now, when is a 

soil is loosened during tillage and then recompacted in the course of subsequent agronomic 

operations, the classic methods indicate an increase in dry bulk density, but provide no 

information about the change in pore size distribution. CT does. 

Looking at the correlations between BD and the various CT parameters shown here for 

both tillage treatments and soil matric potentials it can be seen that for macroporosity and 

mean macropore diameter the correlation is not affected by these two variables. Load 

application reduced the higher macroporosity and the larger mean macropore diameter 

created by ploughing. At a certain load the values of these two parameters were reduced to 

those of the cultivator treatments where they were not altered by tillage in the first place. 

Thus, ploughing has only a temporary positive effect that persists as long as macroporosity 

and mean macropore diameter remain high.  

For pore connectivity the correlation with BD is a bit more complicated. While the data for 

‘plough’ at pF1.8 and the data for ‘cultivator’ at both matric potentials apparently fall on the 

same curve, the data for plough at pF4.0 take a different course, showing higher 

connectivities at a given BD. The correlation between BD and anisotropy is different again. 

Here the data for ‘cultivator’ and ‘plough’ show the same relationship, but it is different for the 

two matric potentials. At pF1.8 anisotropy is higher.  

Hence, there is one value for the CT-parameters mean macropore diameter and 

macroporosity for a given BDxi, but two different values for pore connectivity and anisotropy 

due to soil matric potential. This means that for the description of soil compaction BD alone is 

not sufficient, although it is very useful to assess parameters such as the mechanical 

precompression stress. This statement can be reinforced with obervations from trial 1 

published already by Pöhlitz et al. (2018). For a given BDxi they, too, reported different values 

of CT-parameters, in their case mean macropore diameter and macroporosity. In the trial 

here these two parameters were not dependent on tillage, even though a different behavior 

between ‘cultivator’ and ‘plough’ was expected.  

For completeness it should be stated that for the correlation between BDxi and pore 

connectivity and anisotropy, respectively, there was no dependence on tillage treatment in 

the study of Pöhlitz et al. (2018) either. Furthermore, the data for these two parameters from 

trial 1 and 2 fall on top of each other when pooled together. This topic shall be picked up 

again in the section 5.4. 
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At this point the controversial statements quoted above about the the effect of different 

tillage systems on Ks shall be picked up again. The data here may provide a possible 

explanation. Figure 4.2-1 and 2 show that dry bulk density is much lower right after ploughing 

than after applying a cultivator. As a consequence, macroporosity, mean macropore 

diameter and pore connectivity are higher (Fig. 4.2-1, 2 and 4). Since these three parameters 

ultimately determine Ks, ploughing results in higher values. However, with time this beneficial 

effect of ploughing on Ks disappears, because natural settlement and, more importantly, 

increasing traffic across the field in the process of various agronomic operations lead to 

compaction, i.e. an increase in BD (Fig. 4.2-1 and 2) and a concurrent decrease in 

macroporosity, mean macropore diameter and pore connectivity (Fig. 4.2-4) and, thus, Ks. 

Compaction occurs under a cultivator treatment, too, but to a much lesser extent (Fig. 4.2-1, 

2 and 4). 

If compaction in a ploughed field does not reach the BD values encountered under a 

cultivator treatment, then macroporosity, mean macropore diameter and pore connectivity 

remain higher under ploughing (Fig. 4.2-4), and therefore Ks. If, however, compaction does 

reach these values, then macroporosity, mean macropore diameter, pore connectivity and 

lastly Ks will be the same under both tillage treatments. However, there is a deviation from 

this. If compaction occurs while the soil is dry (here at a matric potential of -1000 kPa), it 

appears that pore connectivity (Fig. 4.2-4C) remains higher under ploughing, even if BD is 

reduced to the same values found with the use of a cultivator. This implies that Ks under 

ploughing would still be higher than under the use of a cultivator. Following the above, Ks 

under ploughing can be higher or the same as under the use of a cultivator, but never lower.  

However, there is a lot of research which indicates a lower Ks under conventional tillage. 

This may have the following reasons: A cultivator loosens the soil only superficially. This 

entails that macroporosity, mean macropore diameter, pore connectivity and therefore Ks are 

hardly enhanced lower in the soil profile. However, it also means that the continuity of the 

pores is not disrupted very much. (I explicitly used the word continuity instead of connectivity 

to differentiate between the situation in a small soil core and in a soil profile.) In contrast, 

ploughing greatly loosens the soil down to a depth of around 20 to 30 cm. While this greatly 

increases macroporosity, mean macropore diameter, pore connectivity and therefore Ks in 

the plough layer, it severs the connection of pores from lower in the profile to the surface 

horizon. This in turn reduces the Ks-value of the soil as a whole, though not of the plough 

layer, below that of a cultivator treatment. Now, if Ks is determined on soil cores from the 

topsoil, then a ploughed soil will either have a higher or the same Ks as a soil treated with a 

cultivator. However, if Ks is determined using an in-situ infiltration test which penetrates 

beyond the surface layer, then Ks is lower under ploughing, due to the disruption of the 

pores. 
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The reasons for the contradictory results about the effect of different tillage systems on Ks 

just given appear logical and are consistent with the results from this trial and from other 

research. However, to back them up further a thorough analysis of data published in the 

literature on this topic should be carried out. In particular, attention should be given to the 

time after tillage when the Ks data were determined, the method used and the depth this 

method covered. 

The CT-parameters were all closely and uniquely related to each other, i.e. the 

relationships were not affected by tillage treatment or matric potential. Macroporosity is best 

suited for correlations with the other parameters, because it is the parameter which is 

measured directly with CT. 

Schlüter and Vogel (2016) observed a linear relationship when comparing macroporosity 

with mean macropore diameter. For the data presented here the relationship is non-linear, S-

shaped to be precise. The difference probably arises, because the data of Schlüter and 

Vogel cover a smaller range. The relationship they found between macroporosity and pore 

connectivity is non-linear. Up to a certain macroporosity value (10-12 %) pore connectivity is 

virtually constant. This is followed by a sharp transition after which there is a large change in 

pore connectivity with just a small change in porosity. The data here show much the same 

behavior, except that the decrease in pore connectivity with macroporosity is less steep and 

starts later (at 15 % macoroporosity). The reason for that may be that they used sieved and 

reconstituted soil in a very regular packing (texture: silt loam). This resulted in a well-

connected pore network with a large number of uniform pores. 

The correlations between macroporosity and mean macropore diameter as well as 

between macorporosity and pore connectivity show an S-shaped course. The first correlation 

causes the second, i.e. compaction decreases the pore volume, predominantly by 

decreasing macroporosity, which in turn lowers the chance for pores to be connected.  

The two remaining correlations, namely between macroporosity and anisotropy as well as 

between pore connectivity and anisotropy, show a threshold behaviour in which isotropy is 

preserved up to a certain value of macroporosity (0.025) or pore connectivity (0.10), and then 

decreases rapidly. In the cultivator treatments macroporosity and pore connectivity were low 

from the start. Hence, anisotropy decreased immediately with increasing load. In contrast, in 

the plough treatments the higher initial macroporosity and pore connectivity values effected 

that isotropy was sustained longer. A few large macropores withstood a compression stress 

up to 550 kPa and caused the connection probability to remain > 0.5 at a dry bulk density of 

< 1.6 g cm-³.  
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5.3. Estimation of critical stress ranges to preserve soil functions at differently 

textured sites 

5.3.1. General remarks 

Before taking a look at the critical stress values and critical stress ranges resulting from 

soil compaction I shall briefly discuss the effects of compaction on the examined soil 

functions observed here. 

 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 Ks values were much 

higher than the minimum rate recommended by Werner and Paul (1999). Hence, the 

soil structures were intact at all sites. 

 With increasing load application a homogenization of the soil structure progressed at 

all sites. Some biopores, however, remained visible even at the highest load steps. 

 Despite different initial densities, all stress - BDxi curves showed a similar classic 

course. The individual curves were merely shifted somewhat along the ordinate. As a 

consequence the values for the mechanical precompression stress were similar. 

 According to Pagliai (1988) the macroporosity at the beginning of the load application 

can be classified as follows for the sites: Buttelstedt, Rothenberga and Kranichborn 

were moderately porous and Quellendorf was dense. In general, the greater the 

macroporosity, the higher the chance for macropores to be connected (Luo et al., 

2010). This was found here only for the Buttelstedt and Kranichborn site. 

 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. 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 g cm-3. Similarly, Horn (1999) named 

1.67 g cm-3 as the BD limit for L. terrestris.  

 At high soil densities L. terrestris tended to remain in a particular location. Such a 

behaviour was also reported by Perreault and Whalen (2006), if L. terrestris was 
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exposed to unfavorably cold and wet soil conditions. (Recall that in the trial here the 

soil was at 20°C and moist, i.e. the conditions were favorable.) 

 The parabolic correlation between dry bulk density and burrowing activity of L. 

terrestris depends on the site. The optimal BD and the steepness of the curve differ.  

 Very loose (bad soil root contact ) as well as heavily compacted soil (high mechanical 

resistance to root penetration, reduced availability of oxygen, water and nutrients) 

leads to reduced yields, as found by Daddow and Warrington (1983), Håkansson 

(1989), Saqib et al. (2004) and Shah et al. (2017), too. 

5.3.2. Stress ranges 

Based on a multitude of tests concerning the compaction of soil due to loads, texture 

dependent maximum loads are quoted in the literature (Diserens, 2009). One key question to 

be addressed here is, how the critical stress values differ between textures and thus explain 

the differences between the critical stress ranges. In addition, the question arises, how well 

the mechanical precompression stress concurs with the value ranges of the other 

parameters determined here, because until recently the mechanical precompression stress 

was a common parameter for assessing the compaction sensitivity of soils due to mechanical 

loads. This is linked to the question of what is gained by considering the other parameters. 

In chapter 4.3 stress values for various parameters 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. As a consequence 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 the number of biopores at 

Quellendorf. This is because the curve of the relationship between dry bulk density and 

number of biopores there was almost horizontal (see Fig. 4.3-8). Overall, the spread for grain 

and straw yield 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 the middle of the critical stress ranges for the other five investigated parameters 

and covers them reasonably well. Nevertheless, useful additional information is gained from 

considering the other parameters as well. 

There is a tendency that the critical stress value for macroporosity is smaller than for pore 

connectivity. This can be seen clearly at three of the four sites, with Buttelstedt as the 

exception. However, if one considers the spread, than this is possible at this site, too. This 

tendency can be explained by the fact that with increasing load the pores are first reduced in 
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diameter, but can still be connected. Even if the mechanical precompression stress is 

exceeded, the macropores are still connected, as shown for Buttelstedt and Kranichborn in 

Fig. 4.8-8. 

About the critical stress value for the number of biopores no general statement is 

possible. At the Quellendorf site it was highest and the spread was also highest. At 

Kranichborn it was lowest with the second lowest spread. The spread at these two as well as 

the other two sites overlap. For the Quellendorf 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. At higher bulk densities this effect may increase, 

because the particles move closer together, which further increases friction. However, with 

increasing dry bulk density no significant differences in the number of biopores could be 

determined. This could be attributed to the lack of aggregation (Beisecker et al., 1994) and 

the accompanying evenly distributed 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 Kranichborn site the high content of organic matter qualifies the 

aforementioned effect of a high sand content, because it ensures a loose and thus easily 

penetrable packing. In general the bulk densities were low so that there was little burrowing 

resistance. 

With the exception of Quellendorf, the critical stress value for grain yield is very close to 

the one for straw yield. If one considers the spread, this can also be the case at Quellendorf. 

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 

parameters and form the lower limit of the critical stress range. Iler and Stevenson (1991) 

report that sandy soils have high growth-limiting bulk densities of around 1.65-1.75 g cm-3, 

but that plants already show a significant reduction in growth before those densities are 

reached. This implies, too, that soil conditions are limiting for plant growth before its 

mechanical precompression stress is reached. Ultimately grain and straw yield are the most 

important parameters for the farmer. 

Grain and straw yield are more sensitive and have a wider spread than macroporosity 

and pore connectivity.  

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 considered here, and that its value and spread may differ between sites. For 

example, the critical stress range is widest at Quellendorf and narrowest at Buttelstedt. 

However, if the medians of the critical stress ranges are looked at, it can be seen that they 
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are similar in value (50 - 100 kPa), and also similar to the values of the mechanical 

precompression stresses (45 - 71 kPa).  

Since the soil textures are quite different at the four sites, it follows that it is not texture 

alone (or at least not primarily) which determines the compaction sensitivity of soils and the 

associated changes in soil functions. Therefore, based on the results presented here one 

should be careful to connect the compaction vulnerability of soils exclusively to texture. 

There is more to it. 
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5.4. Comparison between BDxi and CT parameters 

In connection with trial 1 and 2 relationships between BDxi and the CT parameters mean 

macropore diameter, macroporosity, pore connectivity and anisotropy were presented and 

discussed. In the course of trial 3 BDxi and these CT parameters were determined as well, 

but not explicitly related to each other, because this did not fit in with the topic of this trial, 

namely critical stress values and ranges. Furthermore, the data for mean macropore 

diameter and anisotropy were not presented at all. In this section all relationships between 

BDxi and the four CT parameters obtained in all three trials are combined, with the execption 

of the data for pF4.0 from trial 2. They are left out, because all other data were acquired at a 

soil moisture tension of pF1.8. 

Table 5.4-1 summarizes the various treatments in the three trials. The first column gives 

the abbreviations assigned to the treatments in the respective chapters. For reasons which 

will become obvious in connection with the description of Figure 5.4-1 to 8 they are not 

ordered by trial. In some cases the abbreviations indicate a tillage system, in others a 

location. Therefore the trial sites and the manner of tillage carried out there are named 

explicitely in column 2, and in columns 4 and 5, respectively. Also listed are the soil texture 

(column 3) and the sampling depths (column 6). Note that the Buttelstedt site in trial 2 (C) is 

the same as in trial 3 (BS). The difference is the depth of tillage and the sampling depth. 

Table 5.4-1: Summary of the treatments in the three trials. 

treatment site texture 
tillage 

implement 
tillage depth 

sampling 
depth 

KB Kranichborn sandy loam cultivator 30 cm 10-13 cm 

QD Quellendorf loam cultivator 25 cm 2-5 cm 

RB Rothenberga silt loam cultivator 25 cm 5-8 cm 

MT Bernburg silt loam disc harrow 25 cm 12-18 cm 

STWS Bernburg silt loam rotary tiller 25 cm 12-18 cm 

NT Bernburg silt loam – – 12-18 cm 

STBS Bernburg silt loam – – 12-18 cm 

C Buttelstedt silty clay loam cultivator 5 cm 16-19 cm 

BS Buttelstedt silty clay loam cultivator 15 cm 10-13 cm 

P Buttelstedt silty clay loam mouldboard 
plough 

30 cm 16-19 cm 

Recall that in trial 1 there were different courses for the relationship between mean 

macropore diameter and BDxi, depending on the tillage treatment. The same was observed, 

though not as clearly, for the relationship between macroporosity and BDxi. In contrast, in trial 

2 there was no dependence on tillage, but on soil moisture tension in the relationship 

between pore connectivity and anisotropy and BDxi.  
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Figure 5.4-1 shows the relationships between BDxi and mean macropore diameter. In all 

treatments the mean macropore diameter decreases with increasing BDxi. However, the data 

follow at least four different courses. The first is for KB and MT. The data seem to fall onto 

the same line, but they cover different ranges which do not overlap. Hence, it cannot be said 

for certain that they do follow the same line. Besides, the tillage systems used and the soil 

textures are different (Tab. 5.4-1). 

 

Figure 5.4-1: Correlation between dry bulk density (BDxi) and mean macropore diameter for 
samples from all three trials. KB = Kranichborn, QD = Quellendorf, 
RB = Rothenberga, MT = mulch tillage, STWS = strip tillage within the seed 
row, NT = no tillage, STBS = strip tillage between seed rows, C = cultivator, 
BS = Buttelstedt, and P = plough. 

The second course is for STWS only. It clearly differs from all others, even though texture 

and depth of tillage are similar to other treatments. The only real difference is the tillage 

implement (rotary tiller) which operates very differently to the others. 
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BS and RB form the third course. Both sites follow the same path for some distance, but 

not the entire way. So does QD, but with much more scatter. The tillage system was the 

same at all three sites (cultivator), but the soil textures were different.  

The forth course is taken by NT, STBS and C. In NT and STBS there was no tillage. In C 

a cultivator was employed which, however, only worked the soil down to 5 cm depth, far 

above the sampled depth of 16-19 cm. Hence, C can be viewed as no tillage here, too. So, 

sites receiving the same tillage treament again follow a similar path, despite some 

differences in texture. This one is very different though from the course for three of the four 

cultivator treatments (course 3). 

This leaves P. Up to BD = 1.5 g cm-3 P could be added to course 3, but at higher BD’s it 

deviates clearly. This is not surprising, since tillage with a plough is something altogher 

different then applying one of the conservation (and no) tillage systems employed in the 

other treatments. 

The above discussion reveals that the tillage system has an effect on the relationship 

between BDxi and mean macropore diameter. It also indicates that there may an effect of 

texture, too. To clarify this some of the data are replotted in Figure 5.4-2A to D.  

In the five silt loam treatments the relationship is strongly affected by tillage (Fig. 5.4-2A). 

In the three silty clay loam ones (Fig. 5.4-2B) the course is similar at first, but then their 

courses diverge. Here the tillage effect is not as obvious, but definitely present. Figure 5.4-

2C depicts the three no tillage treatments. The data are pretty close together, but 

nevertheless the points from the silty clay loam site at Buttelstedt (C) are always highest, 

those from the silt loam site at Bernburg (STBS) are always the lowest. This points to a 

certain dependence of texture, too. For the four cultivator sites (Fig. 5.4-2D) a similar 

observation can be made. The data for QD, RB and BS are close together, but not on top of 

each other. This again points to a slight texture dependence. The data for KB lie much 

higher, due to the high OM content mentioned before. 
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Figure 5.4-2: Correlation between dry bulk density (BDxi) and mean macropore diameter for 
treatments with the same texture but a different tillage system (A, B), and for 
treatments with the same tillage system but different texture (C, D). The 
abbreviations are explained in Figure 5.4-1. 
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The relationship between BDxi and macroporosity is depicted in Figure 5.4-3. Initially 

macroporosity decreases markedly for only a small change in BDxi. Beyond a BDxi of about 

1.4 g cm-3 the reverse happens: There is only a small change in macroporosity for a 

substantial change in BDxi. Most treatments follow virtually the same course, except KB and 

BS. The data for KB lie far above the other data points. Again, this is most likely due to the 

low bulk densities as a result of the high content of organic matter at this site. The data for 

BS fall below the others. If one shifts the data for BS up along the BDxi-axis by about 

0.15 g cm-3, they merge with the other data. Similarly, if one shifts the data for KB 

downwards along the BDxi-axis by about 0.4 g cm-3, they merge with the other data, too. 

Interestingly, going back to Figure 5.4.-1, if one shifts the KB data there downwards along 

the BDxi-axis by about 0.4 g cm-3, they fall on course 3 for the treamtents tilled with a 

cultivator, just like KB was. 

 

Figure 5.4-3: Correlation between dry bulk density (BDxi) and macroporosity for samples 
from all three trials. The abbreviations are explained in Figure 5.4-1. 
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Again, some of the data are redrawn (Fig. 5.4-4A to D). Here the tillage dependence at 

the silt loam sites (Fig. 5.4-4A) is much smaller than for the parameter mean macropore 

diameter (Fig. 5.4-2A), but still discernable. Also, it is smaller than at the silty clay loam sites 

(Fig. 5.4-4B). For the latter three sites the data follow a different path at first, but come 

together at a BDxi of about 1.6 g cm-3 (Fig. 5.4-4B). This is the reverse of the behavior 

observed for the mean macropore diameter (Fig. 5.4-2B). For the no tillage treatments there 

is no dependence on texture (Fig. 5.4-4C). For the cultivator treatments there is (Fig. 5.4-

4D), and is about as evident as for the mean macropore diameter (Fig. 5.4-2D). 

 

Figure 5.4-4: Correlation between dry bulk density (BDxi) and macroporosity for treatments 
with the same texture but a different tillage system (A, B), and for treatments 
with the same tillage system but different texture (C, D). The abbreviations are 
explained in Figure 5.4-1. 
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The relationship between BDxi and pore connectivity (Fig. 5.4-5) is similar for MT, STWS, 

and P. At first there is a big decline in connectivity with a small change in BDxi. At 

BDxi > 1.4 g cm-3 connectivity changes little with increasing BDxi.  

 

Figure 5.4-5: Correlation between dry bulk density (BDxi) and pore connectivity for samples 
from all three trials. The abbreviations are explained in Figure 5.4-1. 

The data for the no tillage variants NT, STBS, C only begin at BDxi > 1.4 g cm-3, but 

match the data for MT, STWS, and P. However, nothing can be said about their behaviour at 

lower BD values. Here, too, the data for KB lie above all the others, but their course is similar 

so that a downward shift merges them. The data for the other cultivator treatments (BS, QD 

and RB) fall below the bulk of the data. QD and BS are close together, while RB takes a 

somewhat different course. 

Figure 5.4-6A to D depicts the data differentiated by texture and tillage system. The 

observations which can be made are essentially the same as for macroporosity, with two 

differences: The tillage dependence at the silt loam and the silty clay loam sites is equally 
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strong (Fig. 5.4-6A, B), and there is a small texture dependence in the no tillage treatments 

(Fig. 5.4-6C).  

 

Figure 5.4-6: Correlation between dry bulk density (BDxi) and pore connectivity for 
treatments with the same texture but a different tillage system (A, B), and for 
treatments with the same tillage system but different texture (C, D). The 
abbreviations are explained in Figure 5.4-1. 

Notwithstanding a lot of scatter, for all treatments except KB the data for the last CT 

parameter, anisotropy (Fig. 5.4-7), follow the same course. Up to a BDxi of 1.6 g cm-3 

anisotropy remains practically constant. Thereafter it decreases as BDxi increases. Shifting 

the data for KB downwards by 0.5 g cm-3 merges them with the rest. 
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Figure 5.4-7: Correlation between dry bulk density (BDxi) and anisotropy for samples from 
all three trials. The abbreviations are explained in Figure 5.4-1. 

When separated by texture and tillage (Figure 5.4-8A to D) it becomes clearly visible that 

the relationship for the five silt loam treatments is strongly affected by tillage (Fig. 5.4-8A). 

The data from the three silty clay loam sites scatter (Fig. 5.4-8B). At no site do they follow a 

defined course. Hence, it cannot be said if there is a tillage dependence or not. The data 

from the no tillage sites follow the same course, albeit with some scatter, and do not exhibit 

an obvious texture dependence (Fig. 5.4-8C). In the cultivator treatments (Fig. 5.4-8D) the 

KB site falls, as usual, above the others. With respect to the other three sites, the situation is 

similar to the one in Figure 5.4-8B: The data from none of them delineate a describable 

course, they merely scatter. Consequently, it cannot be said if there is a texture dependence 

or not. 
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Figure 5.4-8: Correlation between dry bulk density (BDxi) and anisotropy for treatments with 
the same texture but a different tillage system (A, B), and for treatments with 
the same tillage system but different texture (C, D). The abbreviations are 
explained in Figure 5.4-1. 
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5.5. Comparison of the CT parameters with each other 

To complete the data analysis the CT parameters are now cross-correlated with each 

other, as already done with some of the data in section 4.2.6. The result there was that all 

data points in most of the given correlations followed the same course. This will now be 

checked on the basis of the data from all three trials depicted in Figures 5.5-1 to 5.5-6. Note 

that here it was possible to display the data for all three trials (Fig. 5.5-1A to 5.5-6A) in the 

same size as the data differentiated by tillage and texture. In chapter 5.4 this was not 

possible, because the resulting figures would have been to confusing to read. 

Decreasing mean macropore diameters results in a decrasing macroporosity until a 

macroporosity of around 0.05 is reached (Fig. 5.5-1A). Below this value the macroporosity 

hardly changes any more, even for a considerable further decline in the mean macropore 

diameter. In total two courses can be identified. The first one has data points in the area 

where the rapid changes of the mean macropore diameter occur and is followed by all 

treatments, except the no tillage ones NT, STBS and C. The latter form the second course 

where all macroporosites are below 0.05. 

The data for the five silt loam sites (Fig. 5.5-1B) show a clear response to the different 

tillage treatments. The same holds for the silty clay loam sites (Fig. 5.5-1C), but the effect is 

much smaller. The data points for the no tillage sites are pretty close together (Fig. 5.5-1D), 

but nevertheless the points from the silty clay loam site at Buttelstedt (C) are always the 

highest, those from the silt loam site at Bernburg (STBS) always the lowest. This points to a 

certain dependence of texture. An even stronger texture dependence is visible in the 

cultivator treatments (Fig. 5.5-1E). 

There is an S-shaped decline in pore connectivity as the mean macropore diameter 

decreases for all except the no tillage sites (Fig. 5.5-2A). At the latter sites the connectivites 

are always below 0.2 and do not become much less as mean macropore diameter 

decreases. The statements made in connection with Figure 5.5-1B to D apply to  

Figure 5.5-2B to D as well. 

In Figure 5.5-3A anisotropy increases with decreasing mean macropore diameter. When 

the mean macropore diameter reaches  1 mm there is a rapid change in anisotropy for all 

treatments, except MT and STWS where the rapid change in anisotropy starts at diameters 

 0.6 mm. Despite the great scatter a tillage effect can be seen in the silt loam treatments 

(Fig. 5.5-3B). In the silty clay loam treatments (Fig. 5.5-3C) there is also scatter, but the 

course of the data points is more clearly defined (S-shaped). However, it is difficult to discern 

a tillage effect. The same holds true for Figure 5.5-3D and E with respect to a texture 

response. Here, though, the paths are not S-shaped. 
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Figure 5.5-1: Cross-correlations between mean macropore diameter and macroporosity for 
samples from all three trials (A), for treatments with the same texture but a 
different tillage system (B, C), and for treatments with the same tillage system 
but different texture (D, E). The abbreviations are explained in Figure 5.4-1. 
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Figure 5.5-2: Cross-correlations between mean macropore diameter and pore connectivity 
for samples from all three trials (A), for treatments with the same texture but a 
different tillage system (B, C), and for treatments with the same tillage system 
but different texture (D, E). The abbreviations are explained in Figure 5.4-1. 
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Figure 5.5-3: Cross-correlations between mean macropore diameter and anisotropy for 
samples from all three trials (A), for treatments with the same texture but a 
different tillage system (B, C), and for treatments with the same tillage system 
but different texture (D, E). The abbreviations are explained in Figure 5.4-1. 

In summary, Figures 5.5-1 to 5.5-3 show many different courses and quite some scatter 

for the cross correlations involving mean macropore size. 
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The most striking relationship appears in Figure  5.5-4A. Here pore connectivity 

decreases with decreasing macroporosity in a treshold function. Almost all treatments follow 

the same course. The only one that differs slightly is QD. This is curious, because in the 

other data here it is usually KB which deviates, due to the high OM contents. The replotted 

Figures 5.5-4B to D reflect the same picture, which implies that this relationship seems to be 

influenced neither by tillage nor by texture.  

This extraordinary connection means that for a given macroporosity value there is one 

corresponding pore connectivity and vice versa. Referring back to trial 3, there is no literature 

value for the critical stress values for pore connectivity, but there is one for macroporosity 

(8%). The above correlation could be used to derive one for pore connectivity based on the 

8% macroporosity. This value would be around 0.65 and could be listed as a first literature 

value for pore connectivity at which restrictions may appear due to soil compaction. 

Figure 5.5-5 and 5.5-6 look very similar. Therefore, the same statements can be made. 

At first anisotropy remains fairly constant as macroporosity or pore connectivity decrease, 

until a macroporosity of ~0.05 and a pore connectivity ~0.20 is reached. Thereafter follows a 

steep rise in anisotropy (Fig. 5.5-5A and 5.5-6A). The data show a pretty similar course, only 

RB and KB are responsible for some greater diversions. The treatments with the silt loam 

texture do not all show the same course. This is due to tillage (Fig. 5.5-5B and 5.5-6B). On 

the other hand, Figures 5.5-5C and 5.5-6C depict a single relationship with almost no scatter 

for the silty clay loam texture, i.e. no tillage dependence. In Figure 5.5-5D and 5.5-6D the 

data points are close to each other, which suggests that texture has only little or no effect in 

the no tillage treatments. In contrast, in Figure 5.5-5E and 5.5-6E the deviations for the 

different textures are larger and indicate a texture dependence. 

Overall, it was possible to show that the differences between all shown relationships 

between the CT parameters are due to the tillage system and soil texture, with the former 

usually having a more pronounced influence than the latter. 
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Figure 5.5-4: Cross-correlations between macroporosity and pore connectivity for samples 
from all three trials (A), for treatments with the same texture but a different 
tillage system (B, C), and for treatments with the same tillage system but 
different texture (D, E). The abbreviations are explained in Figure 5.4-1. 
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Figure 5.5-5: Cross-correlations between macroporosity and anisotropy for samples from all 
three trials (A), for treatments with the same texture but a different tillage 
system (B, C), and for treatments with the same tillage system but different 
texture (D, E). The abbreviations are explained in Figure 5.4-1. 
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Figure 5.5-6: Cross-correlations between pore connectivity and anisotropy for samples from 
all three trials (A), for treatments with the same texture but a different tillage 
system (B, C), and for treatments with the same tillage system but different 
texture (D, E). The abbreviations are explained in Figure 5.4-1. 
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6. Conclusions 

Trial 1 revealed that there can be clear differences in the initial structure and compaction 

behaviour due to different tillage treatments. In addition to higher mechanical 

precompression stress values strip tillage BS and no tillage also showed higher BDxi and AD 

values than strip tillage WS and mulch tillage throughout almost the entire load range. The 

morphometric parameters obtained from CT scans also confirmed the mechanically more 

stable soil structure under strip tillage BS and no tillage. They revealed higher mean 

macropore diameters and lower macroporosity and pore connectivity values compared to 

strip tillage WS and mulch tillage. In all tillage treatments stress application resulted in a 

decrease in mean macropore diameter, macroporosity and pore connectivity, and an 

increase in anisotropy.  

From an agronomic point of view the most important result from trial 1 is that it illustrated 

that strip tillage combines the advantages of no tillage with those of deeper non-turning 

primary tillage. Between the seed rows it is similar to no tillage and preserves an undisturbed 

and therefore stable soil structure. In addition, it leaves plant residues on the surface, which 

reduces evaporation and enhances soil tilth. Within the seed row the soil is loosend, which 

provides good conditions for crop establishment. Strip tillage thus offers farmers an 

advantageous soil structure which is capable of sufficiently withstanding mechanical stresses 

in the areas between seed rows which are driven over and, at the same time, allows optimal 

conditions for plant growth in the seed rows. 

Trial 2 demonstrated that, if tillage was carried out with a plough, a more negative matric 

potential was clearly beneficial to the mechanical stability of a soil. In already dense soil 

structures, as in the cultivator treatment here, it was less effective. Furthermore, it was 

shown that ploughing has only a temporary positive effect on soil structure which persists 

merely as long as macroporosity and the mean macropore diameter remain high. Lastly, 

aggregates were found to have a much larger recompression range than the soil as a whole.  

Trial 3 showed that macroporosity usually had a greater critical stress value than pore 

connectivity, because with increasing load the pores are first reduced in diameter, but can 

still be connected. The agronomic parameters grain and straw yield mostly occurred at the 

lower limit of the critical stress ranges and were therefore the most sensitive parameters. 

Nothing can be generalized about the number of biopores (earthworm activity). The critical 

stress ranges were different between the sites for all parameters, due to differences in the 

pore space. Although the soil textures at the four sites were quite different, the medians of 

the critical stress ranges were similar and concurred with the values of the mechanical 

precompression stresses which were similar at all four sites, too. Hence, the mechanical 
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precompression stress turns out to be well suited as a measure of the critical stress values 

and the critical stress ranges.  

This trial did not find a dependence on texture of the critical stress value for various 

parameters, or the critical stress range defined by these critical stress values for a soil. This 

means that studies which recommend maximum values for mechanical loads to prevent 

harmful soil compaction solely on the basis of texture should be treated with caution.  

All three trials proved that the morphometric parameters obtained with CT provide 

valuable additional information about the effect of mechanical stresses on the soil structure 

created by different tillage methods (or other external effects such as soil moisture tension). 

Classic soil physical methods and CT usefully complement each other. Hence, combining 

them greatly improves the understanding of the effects of different tillage methods on soil 

functions. With CT it is possible to make the structure in a soil sample visible, which can 

otherwise only be inferred from BD. Hence, the addition of CT parameters provides a more 

definite picture of compaction effects.  

In addition, all three trials established that the classic soil mechanical parameters are 

closely related to the CT parameters. However, the course of the relationships is influenced 

by the tillage treatment, texture and soil moisture tension. On the whole the effect of tillage is 

greater than that of texture. Due to these two effects there are, for example, several different 

values for macroporosity for the same dry bulk density and vice versa. This implies that 

neither classic soil physical parameters alone, nor CT parameters alone provide a complete 

picture of soil compaction. To illustrate this consider the following: Mean macropore 

diameter, macroporosity, pore connectivity and anisotropy which are determined with CT 

control the hydraulic conductivity of a soil. Dry bulk density is a classic soil physical 

parameter which affects the shear stress faced by growing roots or burrowing earthworms. 

For a given BD there can be different values of the four CT parameters and vice versa. This 

means two soils with the same BD can have different hydraulic conductivities. Hence, based 

on BD alone nothing definite can be said about hydraulic conductivity. On the other hand, 

two soils with the same CT parameters can have different bulk densities so that based on CT 

parameters alone nothing definite can be said about shear stress. Consequently, a 

combination of classic and CT method allows a more complete analysis of the structural 

status of a soil.  

Furthermore, the CT parameters were all related to each other, but the relationships were 

quite different in the various treatments, with one execption which will be discussed shortly. 

These differences were again due to the different tillage treatments and soil textures, with the 

former generally having the more pronounced effect. 
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In the relationship between macroporosity and pore connectivity there is no tillage or 

texture dependence. The data for all treatments follow the same course. Based on a 

macroporosity of 8 %, which is considered to be the minimum for an intact soil structure, this 

makes it possible to define a limiting value for pore connectivity of about 0.65, for which no 

threshold value was defined in the literature so far. 
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7. Outlook 

More soils of different texture should be subjected to more tillage treatments to have 

more than just silt loam and silty clay loam soils with different tillage treatments, and more 

than just no tillage and cultivator applied to several soil textures. 

The column experiments should be carried out with different crops to check, how the 

critical stress ranges change. 

It would also be interesting to investigate, whether the unique correlation between 

macroporosity and pore connenctivity remains, if data for different soil moisture tensions are 

included. The few data from trial 2 for a different tension fall a bit outside of this course, but 

not a great deal. 

It is necessary to determine the mechanical precompression stress of aggregates on 

more than one soil to assess, whether aggregates really have a virgin compression and a 

recompression line. 

In all the studies proposed above the same classic and CT parameters as in this thesis 

should be determined. In addition, the CT parameters could be extended, for example by 

determining the tortuosity as an important criterion for the Ks value. 

The Ks value itself should be measured repeatedly under different tillage systems and in 

connection with the CT parameters at different times of the year to find out, how the sampling 

time or tillage operations influence the values. 
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