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Subsoil improvement for sustainable intensification.
Impact of loosening with straw incorporation or liming on
subsoil properties, crop performance and water quality

Abstract

Subsoil has a high capacity for nutrient and water retention, but arable subsoil is
often nutrient poor, carbon-deficient and compacted, affecting both root growth and
yield. In field and lysimeter experiments, this thesis investigated the effects of
subsoil loosening and loosening with cereal straw incorporation (24-60 Mg ha™)
(loosening + straw) on crop yield, soil properties (bulk density, penetration
resistance, moisture characteristics) and leaching. A rectangular metal tube welded
behind each tine of a deep loosener was used to inject straw as a slurry in the field,
while subsoil was loosened and mixed manually with milled straw in lysimeter
studies. In laboratory experiments, subsoil was limed with different amounts of
CaCOj; and CaO to increase soil pH from 7.0 to 7.5, 8.0 and 8.4 and incubated for
22 months to examine changes in soil structural stability and dissolved reactive
phosphorus.

Field subsoil loosening + straw significantly increased soil organic carbon, total
nitrogen and water holding capacity. It also decreased bulk density, from around 1.5
Mg m™ in the control to about 1.0 Mg m™. The effects of loosening + straw persisted
for at least three years, but loosening alone had weak and short-lived effects.
Loosening + straw significantly increased grain yield in the first cropping season
(6% higher than the control), but not in the following two years.

Nitrogen balance calculations of lysimeters showed that short-term nitrogen
losses were lowest in the subsoil loosening + straw treatment and that nitrogen
leaching was reduced by about 62%. In incubations, subsoil liming decreased clay
dispersion. Wet aggregate stability and concentration of dissolved reactive
phosphorus increased and peaked around pH 7.8 and 7.5, respectively. Combining
loosening with straw incorporation into subsoil appeared to improve soil properties
and water quality, but not crop yield on the experimental soil. On other soil types,
this practice may have more beneficial effects.

Keywords: aggregate stability, grain yield, immobilisation, lysimeter, organic
matter, N-balance, N-leaching, soil pH
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1. Introduction

The global population is increasing, with an associated increase in demand
for food (Ray et al. 2013; FAO 2018). However, arable land acreage is
limited and there is little option to expand (Alakukku 1999; Rengasamy et
al. 2003). In addition, in various parts of the world, further increases to crop
yield is impeded by climate change (Brisson et al. 2010; Ray et al. 2012),
land degradation (Ladha et al. 2003), reduced fertiliser use (Brisson et al.
2010; Lin & Huybers 2012) efc. Thus, it will be a challenge for future
agriculture to sustainably produce more food to meet the needs of the global
population (Foley et al. 2011; Ray et al. 2012).

To avoid further deforestation and exploitation of other ecosystems, crop
yield per unit area must increase (Rengasamy et al. 2003; Ray et al. 2013).
In this regard, it could be better to integrate the subsoil fully into crop-soil
management decisions (Frelih-Larsen et al. 2018). The role of subsoil has
been often neglected and subsoil is not valued as it should be (Kautz et al.
2013).

In soils where roots have access to a deeper soil layer, the subsoil can
contribute water and nutrients such as nitrogen, phosphorus and potassium
to crops, even during seasonal drought and nutrient depletion and in low-
input farming systems (Kautz et al. 2013; Sosa-Hernandez et al. 2019). Thus,
subsoil management may increase crop adaptive capacity to adverse impacts
of climate change (e.g. use of subsoil water during drought) and mitigate
climate change through carbon sequestration (Schneider et al. 2017; Frelih-
Larsen et al. 2018). However, subsoils are often deficient in nutrients, low in
soil organic carbon, poor in structure and limited in microbial activity
(Hékansson et al. 1988; Kautz et al. 2013).

Access to subsoil by roots can be limited due to acidity and water-logging
(Lynch & Wojciechowski 2015) and by the presence of a plough pan and

15



compaction due to heavy agricultural machinery and dense subsoil matrix
(Hékansson & Reeder 1994). Under suboptimal conditions, root growth into
deeper layers is restricted and roots grow thicker and shorter and extend
laterally (Oussible et al. 1992; Lipiec et al. 2003). This adversely affects
acquisition of resources from the deeper soil layer, weakening the productive
capacity of soils.

Mechanical subsoil loosening is a way to loosen up dense soil layers and
improve subsoil properties. Specifically, loosening decreases penetration
resistance and bulk density (Varsa et al. 1997), while it increases infiltration
(Raper & Bergtold 2007), rooting depth (Jakobs ef al. 2019) and crop yield
(Khalilian ef al. 1991; Adcock et al. 2007). However, the benefits of subsoil
loosening may disappear over time due to recompaction (Larney & Fortune
1986; Johnson et al. 1989; Hakansson et al. 1996). Subsoil loosening is also
expensive and may have adverse effects by destroying the soil structure
(Hakansson & Reeder, 1994; Schneider ef al., 2017).

Combining subsoil loosening with other remedial practices, such as
addition of straw, manure, compost or lime, may be a more promising
approach to address several subsoil problems at once (compaction, low soil
organic carbon content, nutrient deficiency, acidity etc.) (Hamza &
Anderson 2005; Leskiw et al. 2012; Davies et al. 2019; Jakobs et al. 2019).
However, combining subsoil loosening with incorporation of soil
amendments is not an easy task in practice, due to lack of technical solutions
and high cost. In order to apply amendments to the deeper layer, the soil has
to be loosened, which typically entails high costs. Heavy-duty equipment for
injecting and incorporating amendments at depth into soil needs to be
developed (Hamza & Anderson 2005).

Previous studies that have combined loosening of the subsoil with
amendments have demonstrated promising results (Khalilian et al. 2002;
Clark et al. 2007; Gill et al. 2008; Leskiw et al. 2012). The findings include
low physical strength for root channels, increased soil organic carbon
content, more plant-available water, better crop performance and higher crop
yield. Besides, the presence of organic and/or inorganic amendments is likely
to sustain the effects of subsoil loosening. Addition of straw from external
sources, alone or in combination with loosening, is also important, as it could
increase water-holding capacity (Van Donk et al. 2010; Cong et al. 2019),
yield (Cong et al. 2019) and reduce nitrogen leaching (Nicholson ef al. 1997;
Silgram & Chambers 2002). Liming alone could also promote flocculation
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and improve soil structure and stability (Haynes & Naidu 1998; Blomquist
et al. 2018). However, the effectiveness of combinations of subsoil loosening
and amendments (organic and inorganic materials) or single measures needs
to be further investigated.
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2. Aim and objectives

The overall aim of this thesis was to examine the effect of subsoil
improvement on subsoil properties, crop performance and the environmental
impact. Specific objectives of the work were to:

Evaluate the effectiveness of subsoil improvement on subsoil
properties (soil organic carbon content, total nitrogen, bulk
density, penetration resistance, water holding capacity) and crop
yield in a three-year field study (Papers I and IV).

Quantify the effect of subsoil treatments (subsoil loosening and
subsoil loosening combined with straw) on nitrogen leaching
and crop yield in a lysimeter study (Paper II).

Evaluate structural stability (wet aggregate stability, clay
dispersion) and dissolved reactive phosphorus in subsoil after
applying liming materials at different rates (Paper III).

The following hypotheses were tested:

Subsoil loosening combined with straw incorporation increases
subsoil organic carbon, total nitrogen and water holding
capacity, and decreases bulk density and penetration resistance
(Papers I and IV).

Subsoil loosening with straw addition improves crop yield and
decreases leaching water and nitrogen losses (Paper 1I).
Application of lime improves structural stability in the subsoil
(Paper III).
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3. Background and problem statement

3.1 Food demand, trends in crop yield and available
arable land

The global population is increasing and is estimated to reach about 10 billion
within the next 30 years, leading to high demand for food (Ray et al. 2013;
FAO 2018). This means that food production needs to increase by more than
70% by 2050 to satisfy human needs (Schmidhuber 2010; Tilman et al.
2011). Moreover, the demand for feed and biofuel will increase, putting more
pressure on agriculture.

Recent years have witnessed a crop yield plateau in various parts of the
world, including Europe and North America (Calderini & Slafer 1998;
Cassman et al. 2003; Brisson et al. 2010; Lin & Huybers 2012; Grassini et
al. 2013). Meanwhile, arable land is a limited resource and bringing more
land into cultivation at the expense of natural ecosystems might result in
biodiversity loss, water quality deterioration, degradation of land and
increased greenhouse gas emissions (Foley et al. 2005; Green et al. 2005;
Power 2010).

The great challenge for agriculture is therefore to guarantee food supply
for humankind in the future using existing arable land with minimal adverse
environmental impacts (Foley et al. 2011; Ray et al. 2012). Increasing the
soil volume penetrated by roots, thereby improving crop yield per unit area,
could be one solution to address the rising food requirements (Lin & Huybers
2012). In this case, ameliorating subsoil problems would provide the
opportunity for crops to utilise additional resources to boost crop production
(Jakobs et al. 2017; Frelih-Larsen et al. 2018).
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3.2 Subsoil properties

Subsoil in this thesis refers to the soil layer below ploughing depth, which is
typically around 25 cm in Sweden. Despite the subsoil comprising a large
volume and supporting root growth, studies on this soil resource and
published evidence on its properties are limited (Kautz et al. 2013; Sosa-
Hernandez et al. 2019).

In most subsoils, organic carbon and nutrient concentrations are generally
lower than in topsoil and are not uniformly distributed, and roots are sparse
and spatially dispersed (Chabbi et al. 2009; Kautz et al. 2013). While the
bulk subsoil is a less favourable habitat for root growth and microbial
activities, there are hotspots with intense microbial activity and nutrient
acquisition (Kautz et al. 2013). These hotspots, combined with a lack of soil
mixing by tillage practices and differences in ploughing depth over time,
may result in variations in root, carbon and nutrient distribution in subsoil.

3.2.1 Role of subsoils

The subsoil has high potential for nutrient and water retention. According to
a comprehensive review of nutrient acquisition by Kautz et al. (2013),
subsoils can supply crops with nutrients, with the contribution from subsoil
varying from less than 10% of annual nutrient uptake in fertile soils to more
than 65% when the topsoil is nutrient-depleted or dry. Subsoils also provide
water to plants. Being able to take up water from subsoils will become more
important under a future warming climate. In a study of amelioration of
subsoil constraints via deep placement of organic amendments (Lucerne
pellets or dynamic lifter) on a dense sodic subsoil by Gill et al. (2008),
extraction of approximately 50 mm of extra water below 40 cm by crops was
observed. This additional water uptake by plants, together with nutrient
supply, led to a yield increase of about 60-70% compared with a control,
which received only 70 kg ha! mono-ammonium phosphate as a starter at
the time of sowing.

These results reflect the importance of the subsoil for water and nutrient
supply and crop yield. It has been predicted that dry periods will increase and
droughts will last longer in the future, affecting agriculture (Heinrich &
Gobiet 2012; Spinoni et al. 2018). Thus, the use of available water in subsoil
can be important for crops when there is water shortage during the growing
season (Schneider & Don 2019).
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The subsoil is relatively low in soil organic carbon, but some subsoils
hold over 50% of total soil carbon stocks (Rumpel & Kogel-Knabner 2011).
Furthermore, the potential to store and stabilise additional carbon is higher
in the subsoil than in the surface layer (Lorenz & Lal 2005), because of its
large volume (Alcantara et al. 2017), content of mineral surfaces unsaturated
with soil organic carbon (Beare ef al. 2014) and slower decomposition rates
(Rumpel & Kogel-Knabner 2011).

The higher stability of soil organic carbon in subsoils may also be due to
inaccessibility (physical protection) and limited supply of fresh organic
material, resulting in overall low microbial activity (Fontaine ef al. 2007).
Likewise, the subsoil is less prone to mechanical disturbance and associated
acceleration of decomposition. Environmental conditions in the deep soil
profile may also limit decomposition in the subsoil (Rumpel & Kogel-
Knabner 2011).

Paul et al. (1997) found shorter residence time of organic matter and
higher decomposability in the surface layer than in deeper soil layers. A long
mean residence time of organic carbon in subsoils means a low turnover rate
and good potential of subsoil to function as a carbon sink (Rumpel & Kogel-
Knabner 2011). The high stability of organic matter in subsoil offers the
opportunity for more carbon sequestration. However, due to the normally
low carbon input by roots and root exudates and low input of dissolved
organic matter from the topsoil, the bulk subsoil is low in organic carbon.
Thus, finding ways to add organic matter to the subsoil is necessary. Despite
decreasing microbial abundance with depth, the subsoil is host to distinct
microbial communities that may prove important in maintaining the system’s
viability under fluctuating environmental conditions (Turner et al. 2017,
Sosa-Hernandez et al. 2019).

3.2.2 Constraints of subsoil on root and shoot growth

Root and shoot growth may be constrained by physical and chemical subsoil
properties. Poor conditions such as a plough pan, poor soil structure, soil
acidity (aluminium toxicity), hypoxia (level of oxygen below the normal
range) and suboptimal temperature negatively affect root penetration and
elongation, leading to low yields (Rengasamy ef al. 2003; Lynch &
Wojciechowski 2015).

A study by Voorhees et al. (1989) showed lower water uptake and lower
grain yield from a compacted subsoil than a non-compacted control.
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Compaction reduces the amount of air-filled macropores, limiting aeration
and affecting root respiration, increasing nitrous oxide production and losses
of nitrogen through denitrification (Hakansson 2005).

Soil constraints that restrict root growth affect the supply of water and
nutrients to shoots and thereby retard overall crop growth (Masle &
Passioura 1987). Shoot growth retardation due to suboptimal growth
conditions suggests that shoots are receiving root-derived hormonal signals
(Lynch et al. 2012). As mechanical impedance increases, leaf area and shoot
dry weight decrease. Limited water availability to shoots diminishes the rate
of photosynthetic activity, due to a drop in stomatal conductance (Masle &
Passioura 1987).

Thus, management strategies to alleviate subsoil constraints are needed
to improve root and shoot growth. Improved root growth into the subsoil and
efficient extraction of soil water and nutrients could be an option to improve
crop production. This can be considered as an alternative to areal expansion
of arable land.

3.3 Measures to improve subsoil conditions

Under current soil management practices, processes such as freezing-
thawing, wetting-drying, roots and soil organism activities are mainly
responsible for subsoil structural development (Ball et al. 2015). However,
the intensity and frequency of these processes diminish with depth, which
means that improvement through these mechanisms is a slow process
(Hékansson et al. 1988; Héakansson 2005). As these processes are often
inadequate to alleviate subsoil problems, there is a need to look for
management options.

However, established subsoil improvement options are limited (Batey
2009; Kautz et al. 2013). This is mainly because subsoil sampling is
laborious and time-consuming and there has been a lack of interest (Kautz et
al. 2013; Schjenning et al. 2015). Besides, the role of subsoil in nutrient
acquisition has been underestimated (Kautz et al. 2013). Thus, information
on improving subsoil conditions is relatively scarce (Kautz et al. 2013;
Kirchmann et al. 2013). Some management practices have been
implemented to improve subsoils, and a few of these are described below.
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3.3.1 Mechanical measures

Subsoil loosening, also known as deep loosening, deep ripping or subsoiling,
is a technique commonly used to ameliorate subsoil compaction (Ghadim et
al. 1991; Davies et al. 2019). However, it may not be possible to perform in
all soil types or in wet years (Schulte-Karring & Haubold-Rosar 1993;
Schneider et al. 2017). Subsoil loosening is intended to break up the plough
pan, loosen dense soil layers and increase the topsoil depth, using strong tines
without inverting and mixing the soil profile. Thus, the surface soil is not
expected to be turned down into the subsoil.

For subsoil loosening to be effective, it should be done when the soil is
sufficiently dry, but not fully dry. In this condition, the soil is expected to be
friable and the bearing capacity is high to moderate (Larson et al. 1994).
Subsoil loosening should be avoided when the soil is wet, because the soil
may smear and become compacted (Schulte-Karring & Haubold-Rosar
1993; Soane & Ouwerkerk 1994). Similarly, subsoil loosening should be
avoided when the soil is too dry, since it demands high traction power and
creates thick clods (Schulte-Karring & Haubold-Rosar 1993). The need for
optimum soil moisture makes the time window for implementation of
subsoiling rather narrow.

Positive outcomes due to loosening of compacted subsoils have been
reported, such as reduced penetration resistance (Larney & Fortune 1986)
and improved yield (Adcock et al. 2007). However, the effect is not long
lasting and subsoil loosening has been found to be ineffective in most cases.
Inconsistent results have been attributed to site, weather conditions, soil type,
and recompaction by subsequent field operations and adverse impacts, and
mechanical loosening may make bad subsoil conditions worse (Raper 2005;
Raper & Bergtold 2007; Kautz et al. 2013; Schneider ef al. 2017).

The major drawbacks of subsoil loosening are that it is expensive (the
average cost of subsoiling in the United Kingdom according to (Chamen et
al. 2015) is £50-56 ha'!, demands more time to implement at a large scale, is
energy-demanding and its effect can be short-lived as there is a risk of
recompaction (Larney & Fortune 1986; Raper et al. 2005). In summary,
subsoil loosening alone is not considered the best alternative for improving
subsoil conditions.

It might be beneficial to combine subsoil loosening with addition of
organic or inorganic soil amendments (Hamza & Anderson 2005), relevant
field practices, e.g. controlled traffic (Duval et al 1989) or on-land
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ploughing (Hakansson & Reeder 1994; Munkholm ez al. 2005). The positive
effects of subsoiling have been found to last for years when followed by
reduced traffic (Duval ef al. 1989; Raper 2005), when performed together
with organic amendments (Sale & Malcolm 2015; Sale ef al. 2019) or when
rotated with no-till (subsoiling once every two years) (Zhang et al. 2017).

3.3.2 Combined mechanical subsoil loosening and organic
amendments

One management option for ameliorating subsoil problems is deep
placement of organic material, which could resolve physical and biological
constraints (Davies et al. 2019). Subsoil loosening can be expected to break
up the plough pan, fracture dense soils and open up a space for incorporation,
while organic matter addition can be expected to improve aggregation,
increase water-holding capacity and maintain the effect of subsoil loosening
(Zhang et al. 2020).

Deep placement of organic amendments has been tested in different parts
of the world and has been found to result in increased water-holding capacity
and grain yield (Khalilian e al. 2002; Gill et al. 2008; Leskiw et al. 2012;
Jakobs et al. 2017). For instance, in a study by Peries (2013), subsoil
manuring increased plant-available water and resulted in a yield increase of
27-96% in different soil types and rainfall conditions. The soils studied were
low in available water, constrained root growth and were prone to dispersion.

Despite promising results, implementation of this measure is technically
difficult and expensive, and success depends on other factors. For example
subsoil loosening combined with incorporating an organic amendment may
not significantly affect yield if the topsoil supplies enough moisture and
nutrients to the crop, or if a drought-induced moisture deficit develops in the
subsoil or no water moves into the subsoil (Gill ez al. 2008; Celestina et al.
2018). Machines that can simultaneously perform subsoil loosening and
incorporation of amendments are scarce. Table 1 shows how organic
materials have been added to the subsoil in previous studies and the outcome.
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3.3.3  Addition of straw: nitrogen immobilisation and physical benefits

Returning straw to the topsoil has become standard practice on farms without
animal husbandry, due to restrictions on straw burning, awareness of soil
quality and benefits for crop production (Allison et al. 1992; Nicholson et al.
2014). The amount of straw available determines the degree to which soil
organic matter content can be increased (Cong et al. 2019). Adding small
amounts has little effect on organic carbon level and soil physical properties
(Mulumba & Lal 2008). Bhogal et al. (2009) suggest that repeated and large
amounts of organic inputs are needed to give a considerable change in soil
properties (soil strength, nitrogen supply, water-holding capacity and
porosity).

Organic matter added through straw increases porosity, water-holding
capacity and biological activity (Van Donk et al. 2010; Cong et al. 2019).
Through microbial activity, soil particles are glued together, often forming a
more stable soil structure (Bhogal et al. 2009; Powlson et al. 2011). Soil
aggregate formation over time decreases bulk density and facilitates root
growth, enabling access to more resources. Enhanced root growth in subsoil
layers in turn means more organic matter input and improved soil structure
(Kautz et al. 2013).

The direct effect of straw incorporation on yield is not consistent. Some
studies have shown an increase in grain yield, whereas other field studies
have not found any impact or have found a decrease due to straw addition
(Nicholson et al. 2014). A yield decrease, especially in the first year of straw
addition, is often due to nitrogen immobilisation (Jenkyn et al. 2001).
Decomposition of energy-rich straw with a high carbon to nitrogen (C:N)
ratio requires extra nitrogen to compensate for soil microbes taking up
inorganic nitrogen from the soil solution, which can have an adverse impact
on yield (Elliott et al. 1981; Jenkyn et al. 2001). Over time, nitrogen
immobilised by microbes will be mineralised again, becoming available to
the next crop (Powlson et al. 1985). Shortage of nitrogen during crop growth
due to immobilisation through straw incorporation could be corrected by
adding extra nitrogen fertiliser (Jenkyn et al. 2001) or adding the straw some
time before drilling the crop to speed up decomposition (Harper & Lynch
1981; Singh et al. 2005). On the other hand, immobilisation can decrease
nitrogen losses via leaching (Powlson et al. 1985; Allison et al. 1992;

28



Powlson et al. 2011). Data obtained by Powlson et al. (1985) show that
incorporating 3 Mg ha™! of straw into a silty clay loam reduces nitrate losses.

Addition of straw to the subsoil may cause a priming effect, i.e.
decomposition of native organic matter due to incorporating readily
decomposable organic inputs (Lohnis 1926; Kuzyakov et al. 2000). Among
the few studies on priming in the subsoil, Fontaine ef al. (2007) observed
degradation of old, pre-existing organic matter upon adding fresh plant
material. However, other study did not find increased turnover of old organic
matter on adding labile material to the subsoil (Salome et al. 2010). It should
be kept in mind that subsoils have the potential to store additional carbon, as
they are far from carbon saturation (Lorenz & Lal 2005; Rumpel 2014). The
possibility to supply organic materials into the subsoil would be a useful
farming practice.

3.3.4  Structure liming

Improved aggregate stability has been observed upon liming (Ulén & Etana
2014; Blomquist et al. 2018). A surplus of calcium (Ca*") ions in the soil
leads to adsorption on surfaces of soil particles, displacing other ions and
causing an attraction between particles, which then floc together.
Flocculation occurs rapidly and improves soil workability (Mallela et al.
2004). Lime contributes to soil structural stability by aggregating particles
through ion exchange, flocculation and a long-term pozzolanic reaction
(Mallela et al. 2004). In the pozzolanic reaction, dissolving/dissolved silicic
acid (Si(OH)4), water and calcium oxide (CaO) or calcium hydroxide
(Ca(OH),) combine to form cementation products, resulting in a fundamental
rearrangement of alumino-silicate mineral structures (Cherian & Arnepalli
2015). The strong cementitious matrix that develops is irreversible.

It has been suggested that development of cation bridges between organic
matter and clay due to presence of calcium results in greater stability of soil
structure (Muneer & Oades 1989; Baldock et al. 1994).

When there is a positive impact on aggregate stability and a decrease in
clay dispersion, liming affects the soil structure and thus root growth and
development, with indirect positive impacts on crop growth and yield
(Holland et al. 2018). Structure liming of agricultural soils can reduce
phosphorus losses (Ulén & Etana 2014; Blomquist et al. 2018) and often
increases crop yield (Blomquist ez al. 2018). Liming affects pH in the soil
and phosphate solubility is in turn influenced by pH, but the effect of liming
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on phosphate solubility is not consistent (Haynes 1982). Lower phosphate
solubility at near-neutral pH was found by Gustafsson et al. (2012),
contradicting claims that optimum phosphate solubility is reached at near-
neutral pH (Troeh & Thompson 1993; Ashman & Puri 2002).

3.4 Compaction and plough pan: cause and extent

Soil compaction refers to a reduction in the pore space. It involves an
increase in bulk density and an associated decrease in porosity due to the
influence of pressure compelling soil particles closer together (Hamza &
Anderson 2005). A major cause of soil compaction is the use of heavy
machinery during wet soil conditions (Alakukku er al. 2003; Hamza &
Anderson 2005). Based on axle load and soil moisture status (moist to wet)
during field operations, Keller and Arvidsson (2006) rated the vulnerability
of Swedish subsoils to compaction as high to very high.

Repeated actions of wheels of a tractor and/or soil tillage implements to
the same soil depth for years lead to the formation of a discrete layer with
dense or platy structure called a plough pan (Alakukku et al. 2003; Raper &
Bergtold 2007; Peigné et al. 2013). Peigné (2013) referred to this as a
“transition layer” between the topsoil and subsoil horizons. The plough pan,
usually between 2 and 3 cm thick, acts as a physical barrier, posing a
challenge for roots to grow downwards and water to penetrate (Bowden &
Jarvis 1985).

Compaction is a widespread problem globally (Soane & Ouwerkerk
1994; Hamza & Anderson 2005). For instance, studies in Europe based on
risk assessment mapping of subsoils indicate that there is severe subsoil
compaction in around 39% of agricultural soils in Denmark (Schjenning et
al. 2015) and in 50% of the most productive agricultural soils in the
Netherlands (Van den Akker & Hoogland 2011). A recent study that
collected data on 128 sites in the Netherlands found that 43% of agricultural
soils had compacted subsoil (Brus & Van Den Akker 2018). A similar survey
covering 3078 sites at a national scale in Germany showed that compaction
was the leading cause of restricted root growth (to depths of <100 cm) in
51% of arable soils (Schneider & Don 2019). These data illustrate that
compaction of subsoils is a serious problem requiring the development of
appropriate remedial measures.
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4. Materials and methods

4.1 Experimental sites (Papers I-1V)

The field investigations described in Papers [ and [V were carried out in Sdby
near Uppsala (59°83'N, 17°71'E), Sweden. Soil columns for the lysimeter
experiment reported in Paper Il were also collected from Siby, at a site near
the field experiment area. For the incubation experiment (Paper III), soil
from Kungsingen (59°83'N, 17°68" E), one of the sites in the long-term
Swedish soil fertility experiments, was sampled.

According to the FAO classification, the soil at Siby is a Eutric Cambisol
and the Kungsingen soil is a Gleyic Cambisol. The soil in Sdby and
Kungsdngen has been under cultivation for more than a century.
Characteristics of the Kungsdngen soil are shown in Table 2 and
characteristics of the Séby soil in Table 3.

Table 2. Selected attributes of the bulk subsoil (34-44 cm) sample from Kungsdngen used
in the incubation experiment (Paper I1).

Soil properties Value
Sand % 32
Silt % 47.0
Clay % 49.8
Soil organic carbon (g kg™!) 7.3
Nitrogen (g kg™) 0.9
pH (H20) 7.0
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4.2 Weather conditions

Over the years during the experiment, the area experienced lower annual
precipitation and higher mean annual temperature than the long-term average
(1961-1990). The summer of 2018 was dry, with average monthly
temperatures considerably higher than normal (e.g. 21.6 °C in July,
compared with 16.3 °C as the long-term average). Precipitation was low in
2018 and not evenly distributed. Only about 5 mm of rain fell from June 22
to July 28, but a heavy rain event of 79 mm was recorded on July 29. Total
annual precipitation was 472 mm in 2016, 507 mm in 2017 and 429 mm in
2018, while the long-term average is 528 mm. Mean annual temperature over
the three years ranged from 6.9 to 7.6 °C and was higher than the long-term
average of 5.5 °C. Mean temperature between May and September (crop
growing period) over the three years was higher than the long-term average
(13.5 °C). It was 15.1 °C, 14 °C and 16.8 °C in 2016, 2017 and 2018,
respectively. In the same period, the precipitation deficit was up to 65 mm
smaller than the long-term average (Papers I and IV). The columns were
therefore irrigated with a total amount of about 157 mm water during
the 21 months of the lysimeter experiment (Paper II).

4.3 Experimental design and treatments

The field experiment in Séby had a randomised complete block design with
four replicates and five treatments, and ran for three years. Treatments were
control, subsoil loosening only in the first year (Liy), subsoil loosening
combined with straw addition only in the first year (LS1y), subsoil loosening
performed annually for three years (Lsy), and subsoil loosening combined
with straw addition once every year for three years (LS3y). In the remainder
of'this thesis, treatments Ly and L3y are sometimes referred to more generally
as ‘treatment L’ and treatments LSy and LS3y as ‘treatment LS. In the first
year of the field experiment (2016), repeated loosening and straw additions
had not yet occurred, so only three treatments were considered. Thus, the
first-year results are presented in this thesis for the control, subsoil loosening
as Liy and subsoil loosening + straw addition as Liy (Paper I). The lysimeter
experiment was randomised into four blocks and included three treatments:
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a control, subsoil loosening (L) and subsoil loosening combined with straw
addition (LS) (Paper II).

Seven treatments were considered and replicated three times in a
randomised complete block design in the incubation experiment. These
treatments were: a control at pH 7.0, addition of quicklime (CaO, Alfa Aesar
by Thermo Fisher (Kandel) GmbH, Germany, p.a.) to attain a pH of 7.5, 8.0
and 8.4, and addition of CaCOjs to achieve a pH of 7.5, 8.0 and 8.4 (Merck
KGaA, Darmstadt Germany, p.a.) (Paper III).

44 Soil and crop management, sampling and
measurements in field and lysimeter experiments

441 Subsoil loosening and loosening with addition of straw in the field
experiment (Papers | and 1V)

For the subsoil treatments in the field, a modified subsoil loosener with four
tines spaced 74 cm apart (Combiplow Gold, AGRISEM International
France) was used. The tines had 32 cm wide winged tips. The loosener also
had a roller packer, to shatter and level the clods generated during work. A
rectangular metal tube welded behind each tine and connected by tubing to
a tanker was used to inject straw (as a slurry) into the subsoil during
loosening (Figure la and b). The subsoil loosener was mounted behind the
tanker containing the straw slurry.

Combined subsoil loosening and addition of straw slurry to about 25-34
cm depth (loosening + straw) was performed after harvest in autumn. The
straw slurry was made from cereal straw pellets with a C:N ratio of around
85. The straw pellets were mixed with water until a slurry suitable for
pumping was obtained.

The amount of straw added in the first, second and third year of the
experiment was around 30, 24 and 29 Mg ha!, respectively, which was about
4 to 5 fold the annual amount commonly produced from a hectare of land in
the region.

In the second and third year, the subsoil loosening and subsoil loosening
combined with straw addition treatments were applied 10 cm away to the
right and left side of the first year lane, to allow space for straw addition. The
aim with subsequent straw incorporation on previously untreated soil in the
same plot was to increase the area affected by straw in each treatment plot.
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The subsoil loosening treatment affected around 43% of the plot area in the
first year, with around 11% of the plot enriched with straw slurry (Paper 1)
(Figure 1c and d). In the second and third year, subsoil loosening affected
56% and 64% of the plot area, respectively, while 21% and 32% of the plot
area, respectively, was enriched with straw slurry (Paper IV).

Due to pressure and limited space in the subsoil, around 15-20% of the
straw suspension ended up on the surface (Figure 1d). Straw slurry did not
run entirely sideways in the loosened subsoil and was mainly located in a
limited area.

Figure 1. a) Subsoil loosener being drawn behind the tanker containing straw slurry, b)
close-up view of the modified subsoiler with metal channels, c) soil after subsoil
loosening, and d) soil after subsoil loosening with straw slurry addition.

442 Soil management, fertilisation and sampling (Papers I, Il and V)

The field at the Saby site was cultivated to a depth of 15 cm in autumn and
harrowed to a depth of 4 c¢cm in spring each year. Seed drilling and
fertilisation were performed in spring each year. All plots were ploughed
with mould board (~22 to 24 cm) in autumn of 2017.

Fertiliser (NPKS) was added according to standard agricultural practices
for the area in all treatments considered in the field study. However, in the
second year, 156 kg N ha'!, which was about 36 N kg ha™! more than the first
and third year, was applied. In the lysimeter study, 100 kg N ha™! were
applied and cultivation and sowing were done by hand (Paper II).
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Lines of 8 and 32 cm width (4 lines in each treated plot) (Figure 2) for the
subsoil loosening combined with straw addition treatment and loosening
treatment, respectively along which the subsoil was treated were marked and
sampling to assess soil properties, crop growth and yield was made along
these marked lines (Papers I and IV). Measured and observed soil and crop
properties are listed in Figure 3.

Topsail

34 cm

poSena DSO oosened

Figure 2. Schematic illustration of the dimensions of the subsoil area affected by subsoil
loosening and loosening combined with straw addition.

Soil sampling in 2017 and 2018 in the repeated subsoil loosening (Lsy)
treatment was performed following repeated loosening lines, to evaluate
repeated effects of treatment, as lines loosened once, twice and three times
were available in 2016, 2017 and 2018 production seasons, respectively
(Paper IV). However, sampling did not follow the same trend in the subsoil
loosening combined with straw treatment. Since treatments were applied
once every year for three years in three separate lines in the LS3y plot, i.e.
subsequent straw incorporation was done on previously untreated soil in the
same plot (which means that there were lines only affected once in each
production season of 2016, 2017 and 2018), soil property measurements
were performed only in the latest straw addition line. Therefore, crop yield
was the only measured variable that was able to capture the response for the
repeated subsoil loosening combined with straw addition treatment (LSsy).
Soil samples for determination of soil organic carbon (SOC)
concentration and total nitrogen (total-N) concentration were sampled using
an auger at 0-10 and 29-34 cm soil depth. Samples from four sampling points
in each plot were pooled for analysis. The concentrations of SOC and total-
N were determined by dry combustion with a LECO CNS 2000 analyser.
At the field site, four undisturbed soil cores were extracted from the
29-34 cm subsoil layer in each plot, using open-ended cylinders (7.2 cm inner
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diameter, 5 cm height), in spring and autumn 2016, 2017 and 2018. The
cylinder containing the soil cores was weighed, oven-dried for 72 hours at
105 °C and re-weighed to quantify soil bulk density at sampling. Bulk density
at 0-10 cm soil depth was measured in the control treatment using cylinders
(7.2 cm inner diameter, 10 cm height). Measured bulk density was used as
input to determine porosity, assuming a particle density of 2.65 g cm™. The
particle density of straw was corrected using literature values (Guerif 1979
cite/q in Soane 1990).

Measured and calculated
Bulk density
Grain N
Grain yield
Leaching water
N concentration in leachate
Plant height
Porosity
PR
Soil organic carbon
SPAD index
Total N
Water retention characteristics
Observed
Aggregate size/shape
Earthworm casts and burrows
Porosity-biopores
Root distribution
Soil strength-ease of fragmentation

Surface

Plough pan

Earthworm burrow

\ /
L g

Figure 3. Schematic illustration showing soil and crop properties measured and observed
in the thesis. (N: nitrogen, PR: penetration resistance, SPAD: Soil Plant Analysis
Development index).

Penetrometer measurements to determine soil penetration resistance were
made using a hand-held cone penetrometer (Royal Eijkelkamp Company,
Netherlands) fitted with a cone of 11 mm diameter, 60° apex angle and 1 cm?
base area, in autumn 2016 (after harvest) and spring 2017 (in the growing
crop). Measurements were taken at 10 points in each plot, in treated subsoils
following lines of treatment (Papers I and IV). Measurements of gravimetric
water content were made on the same occasions.

Degree of compactness (DC) of the field soil was determined by dividing
the measured bulk density by the reference bulk density in the control
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treatment. Reference (maximum) bulk density was obtained using four
pedotransfer functions developed by Keller and Hakansson (2010) and
Naderi-Boldaji et al. (2016) (Paper V). To obtain a single DC value for the
field, the DC value was averaged over three years and seasons, and then
across four pedotransfer functions.

Water retention characteristics of soil were determined in the laboratory
at -0.5, -10, -30 and -60 kPa, using cylinders (7.2 cm inner diameter, 5 cm
height) taken in autumn 2018. The water content at -1500 kPa (wilting point)
was determined on disturbed soil samples.

4.4.3 Crop management and sampling (Papers I, Il and IV)

The crop rotation of spring-sown cereals in the Saby field was: spring wheat
(Triticum aestivum L. var. ‘Quarna’) (year 1), spring barley (Hordeum
vulgare L. var. ‘Makof”) (year 2) and oats (4vena sativa L. cv. Symfoni (year
3) (Papers I and IV). The lysimeters in 2017 were sown with spring barley
(Hordeum vulgare L. var. ‘Makof”) (Paper II). The lysimeters in 2018 and
2019 were sown with oats and spring wheat, respectively, and the yield data
are presented in this thesis (previously unpublished data). Measurements of
leaf relative chlorophyll content were carried out at different crop growth
stages (Zadoks et al. 1974) in both the field and lysimeters, using a hand-
held Soil Plant Analysis Development (SPAD-502) meter (Minolta Camera
Co., Osaka, Japan). Crop height was measured on the same occasions, using
a meter stick (Papers I, Il and V).

The aboveground crop was harvested in lysimeters by cutting close to the
soil surface with scissors. Samples were taken for straw and grain yield
analysis. Nitrogen harvest index was calculated as the ratio of grain N to total
aboveground biomass N (Fageria 2014). Biomass harvest index was assessed
based on grain yield as a fraction of aboveground dry matter production (Hay
1995). Grain nitrogen concentration was analysed using a LECO CNS 2000
analyser (Paper II).

In the field, plot-wise measurements of yield, including the straw, were
made using a combine harvester. The protein content of cereal grains was
also determined, using an Infratec™ NOVA grain analyser (Papers I and IV).
Crop samples were threshed, milled and weighed for yield, and data were
transformed to a per hectare basis (Papers I, Il and IV). Weed infestation was
observed in the field during the 2016 cropping season (Paper I) and crop
damage due to bird foraging, crop disease and placement of gas measurement
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chambers was observed in the lysimeter study in the 2017 cropping season
(Paper II).

4.44 Soil column collection and management (Paper II)

At the Siby site, undisturbed soil columns were sampled in May 2016 in
polyvinyl chloride (PVC) pipes (0.295 m inner diameter, 1.18 m height)
using the drilling method described by Persson and Bergstrom (1991) and a
tractor-mounted hydraulic soil auger. Each soil column was carved out by
placing the PVC pipe in a rotating drill cylinder and the soil column was
gently slid into the pipe. The soil column was then dug out at the bottom,
lifted, covered at both ends and transported to the lysimeter station for
preparation and installation. Before installation, a 5 cm soil layer at the
bottom of the PVC pipes was detached and replaced with washed gravel (2-
5 mm), with a stainless steel mesh placed between the soil and gravel (Paper
).

In the lysimeter station, the topsoil and upper layers of the subsoil were
manually excavated from the column in sequence and placed in separate
containers. Topsoil from all columns was mixed to produce a homogeneous
material. The subsoil was treated with loosening and loosening combined
with straw addition (loosening + straw), milled cereal straw with C:N ratio
of around 90 was added to the subsoil container at a rate of about 60 Mg ha
!. The subsoil was loosened and straw was manually mixed into it in this
case.

All lysimeters were then sequentially refilled with treated subsoil and
topsoil. After preparation, the lysimeters were installed in an outdoor
lysimeter station and exposed to natural weather conditions (Paper II).

In the lysimeter station, pipes were attached to a funnel outlet at the
bottom of each lysimeter and connected to glass bottles in the basement of
the station, where the amounts of leached water were monitored and water
samples for analysis were taken. Installation of the lysimeters was completed
in August 2016 and they were left uncropped until spring barley (Hordeum
vulgare L. var. ‘Makof”) was sown in June 2017. During the 21-month
experiment, a total of about 157 mm of water was added to the lysimeters by
irrigation. The barley was harvested in September 2017 (Paper II).
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4.4.5 Leachate sampling and nitrogen concentrations in water (Paper
1))

The leachate collected in glass bottles in the lysimeter station was weighed,
subsamples of leachate were analysed for nitrate (NO3"), nitrite (NO") and
ammonium (NH4") concentrations, and the concentrations of these were
combined to give total mineral N. Nitrate and nitrite plus ammonium were
determined colorimetrically, by the vanadium chloride-reduction method
and the salicylate method, respectively (ISO 2013) (Paper II).

4.4.6 Nitrogen balance of the soil-crop system (Paper II)

The nitrogen balance of the soil-crop system (kg ha') in the lysimeter
experiment was determined similar to a procedure by Sainju (2017) , i.e.
nitrogen outputs were subtracted from nitrogen inputs. Outputs comprised
nitrogen removal in crop fractions (grain and straw), nitrogen losses through
leaching and gaseous nitrous oxide emissions (N,O). Inputs comprised
nitrogen supplied in chemical fertiliser plus nitrogen in crop seed (Paper II).
An Infratec™ NOVA grain analyser was used to determine nitrogen
concentration in seeds and an element analyser (CNS Analyzer; LECO
Corporation, St. Joseph, MI, USA) was used to determine nitrogen
concentration in harvested straw plus grain.

Nitrous oxide emissions were measured using PVC chambers (0.02 m?)
equipped with a pressure ventilator and a small axial fan for air mixing within
the chamber. During measurements, chambers were placed on top of the
lysimeters for approximately 45 minutes, with five air collections taken
every 10 minutes beginning at chamber closure. During chamber air
sampling, an air pump moved chamber air in a loop between the chamber,
pump and a 20 mL glass collection vial for one minute. Measurements took
place on 19 occasions during the cropping season and started within 24 h of
the day of sowing. Ten measurements were taken in the first two weeks, and
then the frequency of measurements was reduced during the rest of the
growing period, when measurements were timed to follow periods of rainfall
or irrigation as much as possible. A gas chromatograph (Clarus 500, Perkin
Elmer, USA) was used to analyse gas samples for N>O. Individual N,O
fluxes were determined by the method "robust linear" within the R software
gasfluxes (FussR, 2019). Before calculation, data were corrected for ambient
air pressure and chamber temperature. The aggflux function from the R
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gasfluxes package was used to determine cumulative N>O emissions (Paper
1.

4.4.7 Visual observations of roots, earthworm burrows and casts and
soil structure in the subsoil (Papers | and IV).

The distribution of roots, occurrence of earthworm burrows and casts and

soil structure were visually examined in the field. In short, soil pits in each

treatment were dug before harvest (2016 to 2018), and root distribution was

assessed at 10, 25 and 34 cm depth at a horizontal line of 12 cm width, using

a simple and modified profile wall method (Bohm 1979).

A qualitative visual assessment of soil aggregate size and shape
(determined by observing the profile face and by breaking fragments),
strength (ease of fragmentation by hand or knife) and porosity (for example
biopore and root channels) in the subsoil was made in autumn 2018 using a
method similar to Ball ef al. (2015). Soil profile pits, about 60 cm deep and
wide enough to work inside, were dug in each replicate treatment for the
subsoil visual assessment of soil structure. A rapid visual observation was
also made in 2019.

4.4.8 Structural stability and dissolved reactive phosphorus
measurements (Paper Il1)

Subsoil taken from the Kungséngen site used for incubation was dried, mixed
and crushed to pass a 2-mm sieve and then mixed with CaO and CaCOj to
achieve soil pH levels of 7.5, 8 and 8.4. The samples were then incubated in
500 mL screw-cap polypropylene containers at about 56% of water-holding
capacity and 20 °C for 22 months. Regular opening for aeration and
monitoring of moisture was undertaken throughout the experiment (Paper
II). Structural stability (clay dispersion and wet aggregate stability) and
dissolved reactive phosphorus (DRP) were measured after 22 months. Clay
dispersion was analysed as outlined by Pojasok and Kay (1990) and wet
aggregate stability was determined using a Yoder-type wet sieving apparatus
(Yoder 1936). Determination of DRP was performed colorimetrically on
aliquots of suspension, using the ammonium molybdate blue method (ECS
1996) (Paper III).
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4.5 Statistical analysis

Statistical analysis was performed using the R software (RCoreTeam 2020).
Treatment effects on soil properties, crop variables and crop yield were
determined using analysis of variance followed by multiple comparisons
using Tukey’s test (p<0.05) (Papers I-1V). Relationships between soil
variables were evaluated using linear regression (Papers I, 11, and IV). The
associations of DRP and wet aggregate stability with soil pH were fitted to
piece-wise, two-segmented linear equations using SigmaPlot 14 (Systat
software) (Paper I1I).

Time series data on leachate, nitrogen load and volume-weighted
concentrations were transformed logarithmically to mnormalise the
distribution (Paper II). A mixed model considering time as a repeated factor
in ANOVA was used for data that were broken down into three-month
meteorological seasons over 21 months, to compare treatment differences in
amounts of leachate (mm), volume-weighted nitrogen concentration (mg N
L") and nitrogen load (kg N ha'). An autoregressive (AR (1)) model was
used for the error term (Paper II). The total amount of leachate (mm),
volume-weighted nitrogen concentration (mg N L) and total-N load (kg N
ha™') over 21 months in the lysimeter study were analysed using one-way
ANOVA followed by Tukey’s multiple comparison tests (Paper II).
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5. Results and Discussion

5.1 Changes in subsoil properties in the field experiment
(Papers | and 1V)

5.1.1 Soil organic carbon and total nitrogen (Papers | and V)

Straw is an essential source of SOC. In this thesis, incorporation of straw into
the loosened subsoil (29-34 cm) (treatment LS) resulted in higher
concentrations of SOC and total-N (Papers I and IV). For example, in autumn
2018, in the sampled lines where straw had been incorporated three years
previously (LSiy), the concentration of SOC was 33.3 g kg and the
concentration of total-N was 2.3 g kg™, compared with 8.6 g SOC kg! and
0.8 g total-N kg™! in the control (Table 4). These marked changes in SOC and
total-N concentration were due to the large amount of straw added in the field
experiments compared with the usual relatively smaller annual inputs. The
SOC included straw at different stages of decomposition (Papers I and IV).

The observed increase in SOC and total-N concentration was consistent
with previous findings for straw addition alone (Jun ez al. 2007; Malhi et al.
2011) or straw incorporation with subsoil loosening (Bai et al. 2016).
Continuous straw supply to the soil can be expected to increase SOC and
total-N levels over time. Morachan et al. (1972) reported a considerable
increase in SOC in the topsoil after adding chopped crop residues at rates of
up to 16 Mg ha! yr! for 13 years. Similarly, in an experiment conducted
between 2013 and 2016, Cong et al. (2019) noted a marked increase in SOC
and total-N in the subsoil after incorporating 6 to 18 Mg ha™! straw into a
loosened area. The greatest increase was observed at the highest application
rate of straw.
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The subsoil SOC concentration over the three years in the control
treatment in this thesis ranged between 5 and 20 g kg™!, while the total-N
concentration ranged between 0.5 and 1.5 g kg (Papers I and 1V) reflecting
the variation that existed in the subsoil. The SOC concentration in the topsoil
(0-10 cm), which was continuously mixed by tillage, ranged between 28 and
31 g kg over the three years and seemed to be relatively uniform. Total N
concentration in the topsoil (0-10 cm) ranged between 2.2 and 2.6 g kg™
Table 4. Mean soil organic carbon (SOC) and total nitrogen (N) concentration (g kg™')
and soil bulk density (kg dm™) at 29-34 cm depth at the Siiby site in spring and autumn
2016, 2017 and 2018. Different letters within columns indicate significant differences.
Ly loosening in one year, LS),: loosening + straw addition in one year, Lz, annual

loosening for three years, LS3,: annual loosening + straw addition for three years. The
first-year (2016) results were represented as control, Li,and LSy, plots.

Spring Autumn
Year  Treatment  SOC Total ~ Bulk SOC Total ~ Bulk
N density N density
2016 Liy 27.5% 2.1% 1.29% 24.12 2.1%® 1.39°
LSiy 40.1° 2.1% 1.05° 55.9° 2.5° 1.02°
Control 19.7% 1.4* 1.46° 16.7* 1.5% 1.422
2017 Liy 19.3* 1.6* 1.34* 17.7% 1.5° 1.422
LSy 46.4° 2.6° 1.04° 37.0° 2.6° 1.10°
Lsy 17.2% 1.5% 1.36° 21.0° 1.8° 1.27°
LSsy 47.0° 2.3b 0.97° 52.7¢ 2.7° 0.95¢
Control 13.0* 1.1# 1.49* 8.9% 0.8° 1.512
2018 Liy 19.5* 1.6° 1.36* 10.0% 0.8% 1.532
LSy 34.1° 2.5° 1.10° 33.3¢ 2.3¢ 1.20°
Lsy 12.5% 1.0% 1.46* 14.0° 1.2° 1.512
LSsy 53.6° 2.8¢ 0.87° 45.3¢ 2.5¢ 1.03¢
Control 10.5° 0.8* 1.51° 8.6% 0.75° 1.512

During the studies, there were occasions (autumn 2017 and 2018) when
measurements in the three-year loosening (Lsy) treatment revealed
significantly higher SOC and total-N concentrations than in the control,
despite no straw input (Paper IV) (Table 4). This might reflect subsoil
variation, based on findings for the control plots, or was possibly due to
inversion of topsoil into the subsoil during loosening. Subsoil variation in
SOC may also be due to vertical cracks that allow soil organic matter to move
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preferentially, thereby promoting earthworms and root activities and creating
hotspots (Kautz et al. 2013), or to variation in ploughing depth over time.

The degradation rate of straw depends on C:N ratio, the composition of
the straw and abiotic factors such as moisture and temperature (Hiel et al.
2016). In the field, remnants of straw were observed during the last subsoil
sampling, where it had been incorporated three years previously (Paper V).
This could be due to lignin and other recalcitrant structures present in straw,
which decompose slowly (Hiel et al. 2016).

The increase in SOC after loosening combined with straw addition had
important implications for soil properties. It decreased bulk density and
penetration resistance and increased water retention (Papers [ and 1V).

5.1.2 Bulk density and penetration resistance (Papers | and V)

Subsoil loosening when combined with straw addition effectively lowered
soil bulk density to significantly lower levels than in other treatments. In
spring and autumn, bulk density values over the three years in treatment LS,
following lines where straw was incorporated, varied between 0.9 and 1.2
Mg m>. In the control, bulk density was 1.42-1.51 Mg m™ (Table 4). Bulk
density in the topsoil (0-10 cm) in 2016-2018 was between 1.08 and 1.29 Mg
m?,

The lower bulk density values in treatment LS were due to a combined
effect of light organic matter particles dominating in samples and soil
dilution (Soane (1990) and loosening (Varsa et al. 1997). Loosening in
treatment LS was an added benefit to decrease the bulk density of the treated
soil. Enhanced activity of soil organisms facilitates decomposition and soil
aggregation over time, leading to increased porosity and lower bulk density
(Cogger 2005; Nicholson et al. 2014). These results are in agreement with
earlier findings of a decrease in bulk density on adding organic materials
(straw, organic pellets, manure) during loosening (Leskiw et al. 2012; Zhang
et al. 2020) or following loosening alone (Varsa et al. 1997).

The effect of loosening alone (treatment L) on bulk density was relatively
weak. Soil bulk density in these treatments, following lines of loosening,
ranged from 1.27 Mg m™ in autumn 2017 to about 1.53 Mg m? in autumn
2018 (Table 4). The last measurement was marginally higher than that in the
control (1.42-1.51 Mg m?) (Papers I and IV). A gradual increase in bulk
density in loosened soil may be due to recompaction triggered by field
operations and over burden pressure. The increase in bulk density over time
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supported previous findings that the effect of loosening alone is often of short
duration (Larney & Fortune 1986; Twomlow ef al. 1994; Carter et al. 1996).
Bulk density differences were not observed between the two different
loosening alone treatments (Liyand Lsy) except in autumn 2017, when the Lsy
treatment had lower bulk density than the L, treatment p<0.05). However,
at the last measurement, the values were almost equal (1.53 and 1.51 Mg
m>, respectively), confirming that subsoil loosening is not a sustainable
measure to alleviate subsoil constraints.

Calculations indicated that porosity at 29 to 34 cm soil depth was
considerably higher in treatment LS (54-66%) than treatment L (42-52%)
and the control (43-46%) between 2016 and 2018. In the same period,
porosity in the 0-10 cm topsoil layer ranged between 51 and 59%.

The SOC in the 29-34 cm soil layer and control top soil (0-10 cm) were
negatively correlated with bulk density. When the data for spring and autumn
were treated separately, strong linear relationships were found (R?=0.45-
0.95, p<0.05). When data for all seasons and years were combined, SOC and
bulk density were significantly negatively correlated (R*=0.84, p<0.01)
(Figure 4). Other studies have also found an inverse relationship between
SOC and bulk density (Schjenning et al. 1994; Kitterer et al. 2011).

In autumn 2016, the mean penetrometer readings at 29-34 cm depth were
high (3.7 MPa in LSy, 4.4 MPa in Ly, 5 MPa in the control) compared with
the threshold penetration resistance reading of about 3 MPa inhibiting root
growth. Statistical analysis of the data indicated that penetration resistance
was significantly lower in LS;, than in L;, and the control, and also
significantly lower in L;y than in the control (p<0.05). Mean gravimetric
water content in the 30-35 c¢m soil layer was 14% in the control, 14.4% in
Liy and 17.8% in the LS,y treatment (Paper I).

In spring 2017, mean penetrometer readings at 29-34 cm soil depth were
2.4 MPa in LS3y, that was significantly lower than in the control (3.9 MPa)
and Ly (3.5 MPa). However, penetration resistance readings in treatment L
did not differ from those in the control. During the 2017 season, the
gravimetric water content in the 29-34 cm soil layer ranged between 17 and
20% and was significantly higher in the LSsy treatment than in the control
(Paper 1V).
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Figure 4. Bulk density as a function of soil organic carbon (SOC) based on measured
data combined across seasons and years (spring and autumn 2016, 2017 and 2018) at 29-
34 cm depth and control top soil (0-10 cm). The first-year (2016) results represent
treatments of control, Ly, LSy and the 2017 and 2018 results of treatments L;,: loosening
in one year, LSiy: loosening + straw addition in one year, Ls,: annual loosening for three
years, LS3y: annual loosening + straw addition for three years.

Penetration resistance in 2016 was positively related to soil bulk density
(R?=0.48) and inversely related to soil water content (R?>=0.56) (Paper I). The
penetration resistance measurements in spring 2017 revealed similar
relationships, although the correlation was weaker than 2016 (Paper 1V),
indicating that the difference in moisture and bulk density drove penetration
resistance. These correlations are in agreement with findings in a study by
Khan et al. (2001).

As penetration resistance measurements are sensitive to soil moisture,
penetration speed and shaft friction (Bengough et al. 2000), it is difficult to
generalise or identify absolute values. However, the values obtained from
penetrometer readings are occasionally used to diagnose compaction levels
in soil (Kuhwald et al. 2020). Thus, the available data were used to indicate
the compaction level of the site used for field studies in this thesis. Except in
the LSsy treatment in 2017, the penetration resistance values in 2016 and
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2017 increased steadily below 25 cm, and most of the observed values were
greater than 3 MPa, which is higher than the threshold inhibiting root growth
(Hékansson & Lipiec 2000).

Relative bulk density values, expressed as degree of compaction (DC),
are commonly used to characterise compactness of soil layers loosened
regularly by tillage. However, DC may also be used for the subsoil or no-till
surface layer (Hakansson & Lipiec 2000). The average DC value of the four-
pedotransfer functions over the three years and seasons in the experimental
plots in this thesis was around 89%, slightly higher than the optimum DC
value for the barley crop, defined as 87% in the topsoil (loosened annually).

However, the penetration resistance value limiting root growth and the
optimum DC value for root growth in the subsoil may be higher than
literature values, because roots can still grow in macropores in a dense
subsoil. Hakansson and Lipiec (2000) hypothesised that DC values higher
than 87% in undisturbed fine-textured soil could be optimal, due to better
macropore continuity. There is also evidence showing that higher DC values
of about 95% to 102% were less detrimental in fine-textured soils after 8 to
15 years of reduced tillage (Comia et al. 1994; Etana et al. 1999). Hakansson
(2005) indicated that soil could be classed as very intensively compacted
when the DC value is 100 or above. As with the optimum DC, continuous
vertical macropores in the subsoil drive the penetration resistance limit to a
higher level than 3 MPa (Ehlers et al. 1983). Against this background, it can
be suggested that the subsoil (29-34 cm) at the field site was moderately
compacted, rather than severely compacted.

5.1.3 Water retention characteristics (Paper V)

Subsoil loosening combined with straw addition (treatment LS) significantly
increased plant-available water and water retention at 29-34 cm soil depth
compared with the control at all soil water potential values tested (p<0.05)
except at the highest suction corresponding to permanent wilting point
(-1500 kPa).The net increase in plant-available water at 29-34 cm depth due
to treatment LS was 3-4 mm compared with the control (9.2 mm) (Paper IV).
The water content in the control somewhat indicate the inherently high
capacity of the untreated soil to retain water. Plant-available water in
treatment L was 10-11 mm (Table 5).

The significant increase in plant-available water in treatment LS was
probably a combined effect of loosening and organic matter from the straw.
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An increase in SOC and a decrease in bulk density are associated with
increased porosity, creating an opportunity to retain more water in soil
(Bhogal er al. 2009). Changes in soil aggregation and structure
accompanying increased organic matter and the large surface area of organic
material may also contribute to higher plant-available water content, as
observed in the study by Franzluebbers (2002). The observed change in
water content was an increase at low and moderate suction, but not a change
in the wilting-point water content.

Table 5. Volumetric water content (m’m™) at different suctions (kPa) and plant-available
water (mm) measured in Siby soil sampled at 29-34 cm depth in autumn 2018. Different
letters within columns indicate significant differences between treatments (p<0.05,
Tukey comparison test). L;,: loosening in one year, LS},: loosening + straw addition in

one year, Lsy: annual loosening for three years, LS3,: annual loosening + straw addition
for three years.

Treatments Volumetric water content (m*m™) at suction: Plant-available
05  -10 30 60 -1500 Water (mm)

Liy 0.386*  0.325° 0.207*  0.190* 0.135° 9.5%

LSy 0.473% 0373  0.271® 0.238* 0.126° 12.3%

Lsy 0.401*  0.347° 0.270°  0.235* 0.136° 10.6%

LSsy 0.498>  0.380¢ 0.303°> 0.257° 0.117° 13.2¢

Control 0.392*  0.318 0.215*  0.185* 0.135° 9.2%

Based on correlation coefficients, the association between SOC and
volumetric water content was stronger at low or moderate suction than at
higher suction (R?= 0.85 to 0.32). The highest suction tested, representing
permanent wilting point, was influenced less by SOC than other suction
levels (Paper IV).

In summary, the positive change in soil properties (increased
concentration of SOC and water holding capacity, decreased bulk density
and penetration resistance) observed in this thesis supports the hypothesis
that subsoil conditions can be improved by loosening combined with straw
addition. Such changes in soil properties may have practical implications,
but a corresponding positive effect on grain yield was not seen in this thesis
work.
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5.2 Subsoil improvement and crop production in lysimeter
and field experiments (Papers I, Il and V)

5.2.1 Seed germination and crop growth

Subsoil improvement measures in the lysimeter and field experiments had
no noticeable influence on crop emergence and establishment. However, a
difference in plant height was observed. In the lysimeter experiment, the
control plots had taller crops than the LS treatment at heading stage (Paper
IT) (Table 6). However, the LSy, treatment in the field experiment in 2016,
and the Ly treatment in 2017, had taller plants than the control at anthesis
(Papers I and 1V). Significant changes in plant height due to subsoil
treatments were not observed at each measurement.

5.2.2 SPAD readings and their association with yield

In the lysimeter experiment, SPAD readings was significantly lower in the
LS treatment than in the control and loosening alone (L) treatments (Table
6). However, there was no difference in SPAD readings in the field study
except in 2018, when there was an indication that the nitrogen content was
significantly lower in LSsy (freshly incorporated straw) than in the other
treatments (Paper IV). The lower SPAD readings in these soil columns in the
lysimeters and in plots in the field (2018) may be attributable to temporary
nitrogen immobilisation caused by the high C:N ratio of straw hindering
nitrogen supply (Christian & Bacon 1991). However, the effect appeared to
be temporary and grain yield was not significantly affected, although mean
values in the lysimeter experiments were lower in LS than in treatment L and
the control (Paper II). In the field experiment, yield in 2018 was similar to
all treatments (Table 7). A transient effect of straw addition on nitrogen
uptake has also been reported in studies by Christian and Bacon (1991) and
Allison et al. (1992).

The results from the lysimeter and field experiments indicated that adding
a large amount of straw to the subsoil did not significantly affect the final
grain yield in treatments where SPAD readings were lower in the mid-
growing season. This could be explained partly by the addition of milled
straw and its incorporation 6-11 months before crop sowing. Decomposition
rate is higher for finely ground than intact straw (Summerell & Burgess
1989; Angers & Recous 1997), enabling a larger contact area to be exposed
to decomposition (Angers & Recous 1997). Incorporating straw prior to
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sowing the next crop allows microbes to degrade the straw over time,
minimising the adverse effects of immobilisation (Harper & Lynch 1981;
Singh et al. 2005).

Table 6. Treatment effects on relative leaf chlorophyll content (SPAD-index), plant
height at different growth stages and yield (Mg ha™') and nitrogen (N) content (%) of
barley straw and grain in the lysimeter experiment. Mean values within rows followed
by different letters are significantly different at p<0.05. L: loosening, LS. loosening +
straw addition).

Crop measurements L LS Control

SPAD-index at booting 51.1# 47.1° 52.0°
SPAD-index at heading 49.4* 45.1° 51.0°
Plant height (cm) at booting 54.0° 52.3* 51.2°
Plant height (cm) at heading 63.1% 60.0° 65.2°
Grain yield (Mg ha™) 6.3 5.8 6.2
Straw yield (Mg ha™!) 5.6 5.5° 5.5
Grain N content % 2.3? 2.1¢ 2.3?
Grain protein % 14.2% 13.1* 14.1*
Straw N content % 0.7% 0.6* 0.7¢
Biomass harvest index % 53.0° 51.0° 53.0°

5.2.3 Grain yield

Grain yield in the LS treatment was 5.8 Mg ha™!, which corresponded to an
average decrease of around 8% compared with the L treatment (6.3 Mg ha™)
and the control (6.2 Mg ha™!) in the lysimeter experiment (Table 6). In the
growing season of 2018, grain yield of oats was similar across treatments,
which was around 7 Mg ha! (unpublished data). However, in the growing
season of 2019, unpublished data showed that grain yield of spring wheat
crops increased in LS treatment (8.8 Mg ha™!), by 11% and 5%, respectively,
compared with the control (7.9 Mg ha') and L treatment (8.4 Mg ha™),
although the differences between treatments were not significant.. The grain
yield of 7.9-8.8 Mg ha! in 2019 possibly revealed the high yield potential of
Saby soil.

In the field experiment, grain yield increased by a small margin, of about
6% (p<0.05) and 4% (p=0.06), compared with the control in the LSy and L,y
treatments, respectively, during the initial years of the experiment (Table 7).
The marginally higher yield in that year may have been a combined effect of
improved plant-available water and increased amount of pores in which roots
could grow (Paper I). A major drawback for crop production in that crop-

51



growing season was weed infestation, the magnitude of which was somewhat
higher in the LS, treatment. Weed infestation could be expected to result in
yield loss in all treatments.

Another consideration was that biomass sampling during the mid-crop
growing season was not restricted to the borders. Mid-crop growing biomass
was sampled in the area where the final combine-harvested yields were
measured, which could have affected the absolute yield value. The grain
yield of spring barley in 2017 varied between 6.5 and 6.8 Mg ha™' and that of
oats in 2018 varied between 3.8 and 4.0 Mg ha™! in the different treatments
(Table 7). The lower yield of oats resulted from the low moisture and high
temperature observed during 2018 could be due to the susceptibility of oat
crops to drought stress (Zhao et al. 2020).

Table 7. Grain yield (standard water content) and grain protein content at harvest in the
2016 (spring wheat) 2017 (spring barley) and 2018 (oats) growing seasoms. Lj:
loosening in one year, LSy: loosening + straw addition in one year, L3, annual

loosening for three years, LS3,: annual loosening + straw addition for three years. The
first-year (2016) results were represented as control, L, and LS, plots.

Year Treatment Grain yield (Mg ha!) Grain protein %
2016 Ly 4.84® 16.2°
LSy, 4.91° 15.7°
Control 4.65% 16.1*
2017 Liy 6.68 14.5°
LSyy 6.77 14.2%
Lsy 6.63 14.7%
LSsy 6.46 13.8°
Control 6.52 14.6*
2018 Liy 3.94 15.1*
LSy 3.88 15.1*
Lsy 3.97 15.0°
LSsy 3.96 14.6°
Control 3.83 15.0°

However, in other studies of different settings, an increase in grain yield
greater than in the 2016 cropping season has been reported after deep
placement of organic materials (organic manure pellets, lucerne pellets,
dynamic lifter, maize residue fragments) and subsoil loosening (Adcock et
al. 2007; Gill et al. 2008; Leskiw & Zeleke 2009; Zhang et al. 2020).
Although there was a change in soil properties, the small treatment effect
on grain yield observed in this work in the first year of the field experiment
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was not repeated in the second and third years, as there was no difference
between treatments. Similarly, there was no difference in yield between
treatments in the lysimeter experiment. This is probably due to the
involvement of other factors, which may have buffered subsoil treatment
effects. The properties of Séby soil, site and weather condition could have
masked the impact of subsoil amendments on crop productivity. This agrees
with previous scientific studies and review articles (Kautz et al. 2013;
Schneider et al. 2017; Celestina et al. 2019). In general, the effects of subsoil
improvement on yield may have been attenuated by nutrient immobilisation,
fertility status of the surface layer, site conditions and drought stress.

5.3 Leaching and nitrogen balance in lysimeters (Paper
1))

The amount of leachate collected during the 21 months of the lysimeter study
did not differ significantly between treatments (260 mm on average for
treatment L, 271 mm for LS and 301 mm for the control). The amount of
leachate collected as a fraction of total precipitation and additional irrigation
over the 21 months was 26-30% (Paper II). Most leachate was collected
during autumn and spring and there was also leachate in winter, indicating
mild conditions. However, there was no leachate during the crop-growing
season, due to high evapotranspiration and possibly low precipitation in the
month before crop sowing.

The mean volume-weighted concentrations of nitrogen were significantly
higher in the loosening alone treatment (56 mg N L!) and the control (64 mg
N L) than in the loosening combined with straw (LS) treatment (28 mg N
L"). Accordingly, the nitrogen-leaching load from the lysimeters was
relatively high, ranging from 74 to 193 kg ha™! during the 21-month period
(Figure 5 and Table 8). This could be due to the content of organic matter in
the Séby soil being relatively high and thus mineralisation of nitrogen for
about 13 months in the lysimeter before cropping (as cropping was not done
immediately after soil column installation). The whole soil columns were
exposed to ambient air temperature for three months during this period.
Previous studies have reported high nitrogen leaching loads due to
uncropped periods (Francis ef al. 1992; Meissner et al. 1998).
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Figure 5. Mean (arithmetic) nitrogen load (kg N ha'!) from the different treatments during
the 21 months of the lysimeter study. Values within three-month periods with different
letters are significantly different at p<0.05. The p-value for the difference between
loosening + straw and loosening (December 2017-February 2018) was 0.06. Bars
indicate standard error of the mean of four replicates.

The nitrogen leaching load from the LS treatment was 62% and 49% lower
than of that from the control and loosening alone treatment, respectively
(»<0.05), while loosening alone reduced nitrogen leaching load by 25%
(»=0.07) compared with the control (Paper II). Similarly, the effect of straw
addition alone compared with the control (71 kg N ha'') lowered nitrogen
leaching by 37% (Figure 5 and Table 8). This outcome is in line with other
findings on reduced nitrogen leaching due to straw incorporation (Powlson
et al. 1985; Machet & Mary 1989; Nicholson et al. 1997; Silgram &
Chambers 2002). The decrease in nitrogen leaching has been ascribed to
immobilisation. Powlson et al. (1985) suggested that addition of straw in
autumn might decrease nitrogen leaching during the winter and help preserve
it within the system. Immobilised nitrogen can be expected to be re-
mineralised and delivered to crops in the long term (Powlson et al. 2011).
The decrease in nitrogen leaching in the short term supported the hypothesis
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that subsoil loosening with straw addition decreases nitrogen leaching. This
result has practical implications for water quality, but should be verified in
long-term field experiments.

Table 8. Nitrogen (N) balance for the soil-crop system in the 21-month lysimeter study
period (kg N hal 21 month'l), calculated as the difference between inputs and outputs,
where inputs are N additions (fertiliser and seeds) and outputs are N removal and losses
(harvest, leaching and N>O emissions) L: loosening, LS: loosening + straw.

N flux (kg N ha™) L LS Control
Inputs

Seeds 8 8 8
N fertiliser 100 100 100
Straw addition 0 282% 0
Subtotal 108 108 108
Outputs

Grain 144 122 141
Harvested straw 38.5 322 38.2
N leaching 145 74 193
N,O-N emissions 0.07 0.04 0.04
Subtotal 328 228 372
Balance -220 -120 -264

*Nitrogen input not available in the short-run initially, but during the latter part of the experiment, some straw-
derived N may have become available to the crop.

As shown in Table 8, apparent immobilisation corresponded to about 100 kg
N (difference between L and LS treatments) over a 21-month period,
suggesting that the straw decomposition led to immobilisation of around 1.7
kg N Mg' of incorporated straw. This is within the range found by
Christensen (1985) in a study at Askov Experimental Station in Denmark
(1-3 kg N Mg! of incorporated straw). Immobilised amount for the 11
months after crop sowing was 97 kg N (Figure 6), which was in the same
order as for the full 21-month period.
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Emissions of N>O during the crop growing period were low (0.04-0.07 kg
N>O-N ha'). These low emissions were probably due to relatively dry
subsoil conditions in the lysimeters, as they were detached from the
groundwater.

Considering all the above components, the nitrogen balance (amount in
inorganic nitrogen fertiliser and crop seed, minus amount in the grain and
straw plus leaching loss) over the 21 months was negative in the lysimeter
experiment, ranging from 120 kg N ha in the LS treatment to 264 kg N
ha'in the control, showing the potential to reduce nitrogen leaching through
addition of straw. The nitrogen balance in the loosening alone treatment was
220 kg N ha''. Similarly, the nitrogen balance for the 11 months after crop
sowing was -195 kg N ha in the control, -172 kg N ha™ in the loosening
alone treatment and -75 kg N ha' in the loosening combined with straw
treatment (Figure 6).

5.4 Visual observations in the field study (Papers | and IV)

Subsoil loosening combined with straw-treated soil resulted in higher
abundance of earthworms and many bio-channels and earthworm casts were
detected (Figure 7). Adding organic materials to soil increase earthworm
abundance and activities , as found by Bertrand et al. (2015). When the straw
is milled, this favours earthworms even more (Sizmur et al. 2017). A
combination of coarse and fine aggregates, which were almost friable, was
detected in the treatment LS soil. Roots were seen growing towards the
subsoil area where loosened and straw had been incorporated (Figure 7).
Root abundance decreased from the topsoil to the subsoil in all treatments.
In treatment L and the control, aggregates were often coarser and there were
fewer biological pores and sometimes clods with angular and platy structure
compared with treatment LS.
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5.5 Structure liming of subsoil (Paper III)

Tests on the use of lime to improve subsoil structural stability showed that
clay dispersion decreased linearly with an increase in soil pH achieved using
CaCOs and CaO (Figure 8). Addition of lime (CaCOs and CaO) reduced clay
dispersion on average by 3, 10 and 17 % at low, intermediate and higher rates
respectively, compared with the control. When compared to the control,
these reductions showed a trend for a difference at the highest CaCO; and
CaO addition rates (p=0.07 and p=0.1, respectively).

10.5 1

10.0

9.5 1

9.0 4

8.5 1

Clay dispersion (g kg")

g0 | CaCo, (R® = 0.53; P=0.007)
Ca0 (R%=0.44; P=0.01)
75 T T T T T T T T

70 72 74 76 78 80 82 84

pH (H,0)

Figure 8. Linear regression between clay dispersion (g kg™!) and pH after 22 months of
incubation with different rates of CaCOs (triangles and solid line) and CaO (diamonds
and dashed line).

The linear decrease with an increase in pH (due to an increase in lime
amount) (Figure 8) was possibly due to relatively strong bonds being formed
by calcium ions between clay colloids and negatively charged organic
materials (Amezketa 1999; Six et al. 2004).
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In response to lower and intermediate rates of lime addition, wet
aggregate stability increased by 10-13%, but the values were not
significantly different from the control. However, in the step-wise
regression, the amount of water-stable aggregates increased and peaked at
pH 7.8, but decreased again at higher pH (R?=0.73 for CaO, R?=0.68 for
CaCO3, P<0.001).

A lime-induced soil pH increase and the subsequent effect on organic
carbon solubility (You et al. 1999) may account for the reduced aggregate
stability at higher pH. This is because soil aggregates >250 um are held
together by temporary binding agents that are affected by soil organisms and
chemical conditions (Tisdall & Oades 1982). Chan and Heenan (1998) also
reported a decrease in structural stability due to lime-induced decomposition
of organic matter.

A reduction in wet aggregate stability (breakdown of macroaggregates)
may occur without dispersion of smaller aggregates into clay sized particles
(Oades & Waters 1991). No differences between the lime types tested were
found in terms of effect on clay dispersion and wet aggregate stability.

Phosphate solubility was lowest at neutral pH, while at higher soil pH, it
followed the same pattern as wet aggregate stability. The concentration of
DRP increased as the pH (corresponding to lime amount increase) was
increased to 7.5, by 25 and 37 % compared with the control for CaO and
CaCOs, respectively (Figure 9). At pH 8 the concentration of DRP was lower
than pH 7.5, however, it was still 15-17% higher than in the control. At pH
8.4, it was almost similar to that in the control for both lime types.

The increase in DRP up to pH 7.5 and 7.6 could be attributed to a less
positively charged surface (Murphy 2007) and site competition with
negatively charged organic matter (Guppy ef al. 2005). The subsequent
decrease after pH 7.5 was probably attributed to calcium precipitation with
soluble phosphate, thus lowering DRP (Haynes 1982) (Figure 9). In general,
the reduction in clay dispersion and increase in wet aggregate stability
(maximum at pH 7.8) supports the hypothesis that lime application improves
soil structural stability in heavy clay subsoil. This has practical implications
for crop production and the environment, as clay dispersion is related to soil
friability (Czyz & Dexter 2015) and nutrient transport.
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Figure 9. (Upper diagram) Wet aggregate stability (%) and (lower diagram)
concentration of dissolved reactive phosphorus (DRP, mg L) as a function of soil pH
after 22 months of incubation with different rates of CaCOs (triangles and solid line) and
CaO (diamonds and dashed line). The data were fitted to piece-wise linear functions.
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5.6 Practical implications of the results

Addition of lime is one of the management options for improving subsoil
structural stability. The results presented in this thesis demonstrated that
liming could improve structural stability (wet aggregate stability increased
and peaked at pH 7.8 and clay dispersion decreased) in the subsoil, which
may have important implications for soil structure and crop production.
These promising results should be further tested, possibly in combination
with subsoil loosening in field experiments.

At the same time, combining subsoil loosening with straw addition
generated the benefit of increasing soil organic matter, total nitrogen,
porosity and water-holding capacity while decreasing bulk density, physical
resistance to root growth and nutrient concentrations in leachate. This
suggests that in the short term, this management option has the potential to
improve soil properties and water quality. Low physical resistance is likely
to favour root growth and crop yield. However, it appears that crop yield are
not markedly improved. Although not systematically tested, the following
suggestions may be offered for why a substantial yield increase was not
observed in field and lysimeter experiments following subsoil improvement
treatments:

a) One aim of subsoil management is to make more soil water available
for crops. However, precipitation and temperature during the
experiment were below and above the long-term average,
respectively, possibly affecting the amount of water that could move
to the subsoil, particularly during the dry crop growing season .Thus,
moisture stress in the subsoil may have prevented achievement of the
maximum possible benefits from improving the subsoil conditions in
the field experiment. Lack of considerable yield differences after
deep placement of organic materials due to drought stress has been
reported previously (Celestina et al. 2018).

b) The field and lysimeter site (Sdby) has been under arable use for more
than a century, with standard agricultural practices that could have
enhanced surface soil fertility. In all treatments in both the lysimeter
and field experiments, grain protein level ranged between 13 and 16
%, indicating that nitrogen was probably not limiting in these years
(Papers 1, I and 1V). Holford ef al. (1992) found that yield of a wheat
crop may be only slightly responsive or unresponsive to additional
nitrogen fertiliser if grain protein content exceeds 12%. Therefore,
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the potential benefits of subsoil treatments could have been masked
by fertilisation effects coupled with relatively high fertility status in
the surface layer. A recent comprehensive review suggested that deep
tillage can positively impact yield by enhancing access to nutrients in
the subsoil when nutrients are limiting in the topsoil (Schneider et al.
2017).

¢) According to Schneider et al. (2017), soils with vertical root growth
restriction by compacted layers can be expected to react with up to
20% yield increases due to subsoil improvements. However, the field
and lysimeter treatments in this thesis did not enhance yield to that
level, perhaps partly because the Saby soil in the 29-34 cm layer
seems to be only rather moderately compacted (according to the
evaluation of DC results and penetrometer readings), as a result root
growth in that layer (29-34 cm) may not be adversely affected.

On the one hand, improvements such as an increase in soil organic matter,
water-holding capacity and a decrease in bulk density and nutrient
concentrations in leachate, while on the other hand a lack of considerable
increase in grain yield complicates generalizing the overall effect. However,
this management option may be appropriate for soils that are more severely
compacted and have low nutrient availability, or under weather conditions
other than those described here. Therefore, it might be useful to undertake
further investigations to reconsider the treatments and procedures tested in
this thesis or look for alternatives to improve subsoil conditions for Sdby
type soil in a Swedish climate to affect crop productivity and the environment
significantly. In addition, this type of application could benefit from long-
term observation. In this regard, cost-benefit analysis including a
comprehensive life cycle assessment would be useful for further evaluation
of the management options considering both productivity, economic and
environmental criteria.
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6. Conclusions

In this work, management options to improve subsoil properties, and thereby
crop performance, were tested. Large amounts of straw (24 to 60 Mg ha™)
were placed into subsoil in field and lysimeter experiments during loosening,
with the aim of achieving long-lasting improvements in soil properties and
crop yield. In a laboratory incubation with subsoil, the impact of liming on

structural

stability and dissolved reactive phosphorus (DRP) was

investigated. Based on the work in this thesis, the following conclusions were

drawn:

Subsoil loosening combined with straw incorporation positively
affected soil properties and the effect persisted for at least three
years.

Incorporation of straw into loosened subsoil increased soil water-
holding capacity and plant-available water

A comparison of repeated or one-time subsoil treatments (subsoil
loosening or subsoil loosening combined with straw) gave no
difference in grain yield

Subsoil improvement gave small or no yield benefit

Subsoil loosening as a management option was not an effective
measure in the experimental soil

Subsoil loosening combined with straw incorporation reduced
nitrogen leaching by 62% in the short term, indicating potential to
improve water quality

In general, liming a clay subsoil improved structural stability

65






7. Future perspectives

Subsoils have the potential to provide nutrients and water to plants. Limited
access by roots to subsoils can constrain crop production. The aim of future
agriculture must be to produce more food on existing arable land. The results
in this thesis indicate that subsoil loosening combined with straw
incorporation could be a useful practice to improve subsoil properties
(increased porosity and low physical resistance) and reduce nitrogen
leaching in the short run. However, high treatment costs, limited access to
organic amendments, lack of technical equipment and small effects on crop
yield are likely to constrain adoption of the practice.

Nutrients contained in the amendment, improvements in soil properties
due to the amendment (non-nutrient) or a combination of both may result in
yield increase following subsoil amendment. Understanding the processes
and mechanisms involved in subsoil improvement practices is useful to
determine the underlying reasons for crop yield increase. In this regard,
appropriately designed controlled experiments and modelling may be used
to complement field studies, in order to elucidate the mechanisms
responsible for crop yield increases and address confounding variables.

Subsoil constraints are numerous, variable and so far difficult to resolve.
Improving subsoil conditions may be achievable through the development of
new management approaches. Therefore, technical solutions and
combinations of measures that can principally re-shape subsoil properties
and reinforce each other to deliver multiple corrections are needed.

Understanding the extent of improvement achievable and how a single
measure and combinations of management options affect subsoil properties
is important. Deep placement of organic material in soils that are severely
compacted and have low productivity may be useful. The type of organic
material, optimum depth for placement, frequency needed, optimum amount

67



and timing of addition are still open questions. Lime as a means to improve
subsoil structure by aggregating particles could be a further option. Providing
answers to these questions, preferably in long-term field experiments, will
be valuable for crop production.

The effect of subsoil improvement practices probably depends on the soil
type, weather and specific site conditions. Thus, measures to alleviate
problems in the subsoil should be tailored to account for variability in soil
type, weather and site conditions, as these differences may contribute to
differences in soil and crop response.

It appears that not all soils respond positively to deep placement of
amendments, and soils with severely constrained root growth should be
studied in future work. To this end, constraints that limit crop yield should
be identified before employing subsoil improvement practices. This could be
done by measuring soil physical, chemical and biological properties and by
determining root depth and distribution.

68



References

Adcock, D., McNeill, A., McDonald, G. & Armstrong, R. (2007). Subsoil
constraints to crop production on neutral and alkaline soils in south-eastern
Australia: a review of current knowledge and management strategies.
Australian Journal of Experimental Agriculture, 47, 1245-1261.

Alakukku, L. (1999). Subsoil compaction due to wheel traffic. Agricultural and Food
Science in Finland, 8, 333-351.

Alakukku, L., Weisskopf, P., Chamen, W., Tijink, F., Van Der Linden, J., Pires, S.,
Sommer, C. & Spoor, G. (2003). Prevention strategies for field traffic-
induced subsoil compaction: a review. Part 1. Machine/soil interactions.
Soil & Tillage Research, 73, 145-160.

Alcantara, V., Don, A., Vesterdal, L., Well, R. & Nieder, R. (2017). Stability of
buried carbon in deep-ploughed forest and cropland soils-implications for
carbon stocks. Scientific Reports, 7, 1-12.

Allison, M., Jaggard, K. & Last, P. (1992). Effects of straw incorporation on the
yield, nitrogen fertilizer and insecticide requirements of sugarbeet (Beta
vulgaris). Journal of Agricultural Science, 118, 199-206.

Amezketa, E. (1999). Soil aggregate stability: A review. Journal of Sustainable
Agriculture, 14, 83-151.

Angers, D.A. & Recous, S. (1997). Decomposition of wheat straw and rye residues
as affected by particle size. Plant and Soil, 189, 197-203.

Ashman, M. & Puri, G. (2002). Essential Soil Science: A Clear and Concise
Introduction to Soil Science Blackwell Publishing,Carlton Victoria

Bai, W., Sun, Z., Zheng, J., Liu, Y., Hou, Z., Feng, L., Qian, C., Yang, N., Chen, F.
& Zhe, Z. (2016). The combination of subsoil and the incorporation of corn
stover affect physicochemical properties of soil and corn yield in semi-arid
China. Toxicological & Environmental Chemistry, 98, 561-570.

Baldock, J., Aoyama, M., Oades, J. & Grant, C. (1994). Structural amelioration of a
South Australian red-brown earth using calcium and organic amendments.
Soil Research, 32, 571-594.

Ball, B., Batey, T., Munkholm, L.J., Guimardes, R., Boizard, H., McKenzie, D.,
Peigné, J., Tormena, C. & Hargreaves, P. (2015). The numeric visual
evaluation of subsoil structure (SubVESS) under agricultural production.
Soil & Tillage Research, 148, 85-96.

Batey, T. (2009). Soil compaction and soil management—a review. Soil Use and
Management, 25, 335-345.

69



Beare, M., McNeill, S., Curtin, D., Parfitt, R., Jones, H., Dodd, M. & Sharp, J.
(2014). Estimating the organic carbon stabilisation capacity and saturation
deficit of soils: a New Zealand case study. Biogeochemistry, 120, 71-87.

Bengough, A.G., Campbell, D.J. & O’SULLIVAN, M.F. (2000). Penetrometer
techniques in relation to soil compaction and root growth. In: Soil and
environmental analysis: physical methods, 2, 377-403.

Bertrand, M., Barot, S., Blouin, M., Whalen, J., de Oliveira, T. & Roger-Estrade, J.
(2015). Earthworm services for cropping systems. A review. Agronomy for
Sustainable Development, 35, 553-567.

Bhogal, A., Nicholson, F. & Chambers, B. (2009). Organic carbon additions: effects
on soil bio-physical and physico-chemical properties. European Journal of
Soil Science, 60, 276-286.

Blomquist, J., Simonsson, M., Etana, A. & Berglund, K. (2018). Structure liming
enhances aggregate stability and gives varying crop responses on clayey
soils. Acta Agriculturae Scandinavica B-Soil & Plant Science, 68,311-322.

Bowden, J. & Jarvis, R. (1985). Soil hardpans and plant growth. Journal of the
Department of Agriculture, Western Australia, Series 4, 26, 16-17.

Brisson, N., Gate, P., Gouache, D., Charmet, G., Oury, F.-X. & Huard, F. (2010).
Why are wheat yields stagnating in Europe? A comprehensive data analysis
for France. Field Crops Research, 119, 201-212.

Brus, D.J. & Van Den Akker, J.J. (2018). How serious a problem is subsoil
compaction in the Netherlands? A survey based on probability sampling.
Soil, 4, 37-45.

Bohm, W. (1979). Methods of Studying Root Systems. Springer-Verlag, Berlin,
pp-188.

Calderini, D.F. & Slafer, G.A. (1998). Changes in yield and yield stability in wheat
during the 20th century. Field Crops Research, 57, 335-347.

Carter, M., Holmstrom, D., Cochrane, L., Brenton, P., Thomas, W., Roestel, J.v. &
Langille, D. (1996). Persistence of deep loosening of naturally compacted
subsoils in Nova Scotia. Canadian Journal of Soil Science, 76, 541-547.

Cassman, K.G., Dobermann, A., Walters, D.T. & Yang, H. (2003). Meeting cereal
demand while protecting natural resources and improving environmental
quality. Agronomy & Horticulture -- Faculty Publications. 318. Annual
Review of Environment and Resources, 28, 315-358.

Celestina, C., Hunt, J.R., Sale, P.W. & Franks, A.E. (2019). Attribution of crop yield
responses to application of organic amendments: A critical review. Soil &
Tillage Research, 186, 135-145.

Celestina, C., Midwood, J., Sherriff, S., Trengove, S., Hunt, J., Tang, C., Sale, P. &
Franks, A. (2018). Crop yield responses to surface and subsoil applications
of poultry litter and inorganic fertiliser in south-eastern Australia. Crop and
Pasture Science, 69, 303-316.

70



Chabbi, A., Kdgel-Knabner, I. & Rumpel, C. (2009). Stabilised carbon in subsoil
horizons is located in spatially distinct parts of the soil profile. Soil Biology
and Biochemistry, 41, 256-261.

Chamen, W.T., Moxey, A.P., Towers, W., Balana, B. & Hallett, P.D. (2015).
Mitigating arable soil compaction: A review and analysis of available cost
and benefit data. Soil & Tillage Research, 146, 10-25.

Chan, K. & Heenan, D. (1998). Effect of lime (CaCO3) application on soil structural
stability of a red earth. Soil Research, 36, 73-86.

Cherian, C. & Arnepalli, D. (2015). A Critical Appraisal of the Role of Clay
Mineralogy in Lime Stabilization. International Journal of Geosynthetics
and Ground Engineering, 1, 1-20.

Christensen, B.T. (1985). Wheat and barley straw decomposition under field
conditions: effect of soil type and plant cover on weight loss, nitrogen and
potassium content. Soil Biology and Biochemistry, 17, 691-697.

Christian, D.G. & Bacon, E.T.G. (1991). The effects of straw disposal and depth of
cultivation on the growth, nutrient-uptake and yield of winter-wheat on a
clay and a silt soil. Soil Use Management, 7, 217-222.

Clark, G., Dodgshun, N., Sale, P. & Tang, C. (2007). Changes in chemical and
biological properties of a sodic clay subsoil with addition of organic
amendments. Soil Biology and. Biochemistry, 39, 2806-2817.

Cogger, C.G. (2005). Potential compost benefits for restoration of soils disturbed by
urban development. Compost Science & Utilization, 13, 243-251.

Comia, R.A., Stenberg, M., Nelson, P., Rydberg, T. & Hékansson, 1. (1994). Soil
and crop responses to different tillage systems. Soil & Tillage Research, 29,
335-355.

Cong, P., Li, Y., Wang, J., Gao, Z., Pang, H., Zhang, L., Liu, N. & Dong, J. (2019).
Increasing straw incorporation rates improves subsoil fertility and crop
yield in the Huang-Huai-Hai Plain of China. Archives of Agronomy and
Soil Science, 66, 1-15.

Czyz, E.A. & Dexter, A.R. (2015). Mechanical dispersion of clay from soil into
water: readily-dispersed and spontancously-dispersed clay. International
Agrophysics, 29, 31-37.

Davies, S., Armstrong, R., Macdonald, L., Condon, J. & Petersen, E. (2019). Soil
Constraints: A Role for Strategic Deep Tillage. In: J Pratley, J.K. (ed.)
Australian Agriculture in 2020: From Conservation to Automation. Wagga
Wagga, Australia: Agronomy Australia. 117-135.

Duval, J., MEHUYS, G., RAGHAVAN, G. & Gameda, S. (1989). Residual effects
of compaction and tillage on the soil profile characteristics of a clay-
textured soil. Canadian Journal of Soil Science, 69, 417-423.

ECS (1996). Water quality. Determination of phosphorus. Ammonium-molybdate
spectrometric method. European Standard EN 1189. Brussels, Belgium:
European Committee for Standardization (ECS), 18 pp.

71



Ehlers, W., Kopke, U., Hesse, F. & Bohm, W. (1983). Penetration resistance and
root growth of oats in tilled and untilled loess soil. Soil & Tillage Research,
3,261-275.

Elliott, L., Cochran, V. & Papendick, R. (1981). Wheat residue and nitrogen
placement effects on wheat growth in the greenhouse. Soil Science, 131,
48-52.

Etana, A., Hakansson, 1., Zagal, E. & Bucas, S. (1999). Effects of tillage depth on
organic carbon content and physical properties in five Swedish soils. Soil
& Tillage Research, 52, 129-139.

Fageria, N.K. (2014). Nitrogen harvest index and its association with crop yields.
Journal of Plant Nutrition, 37, 795-810.

FAO (2018). The future of food and agriculture — Alternative pathways to 2050.
Rome. 224 pp.

Foley, J.A., DeFries, R., Asner, G.P., Barford, C., Bonan, G., Carpenter, S.R.,
Chapin, F.S., Coe, M.T., Daily, G.C. & Gibbs, H.K. (2005). Global
consequences of land use. Science, 309, 570-574.

Foley, J.A., Ramankutty, N., Brauman, K.A., Cassidy, E.S., Gerber, J.S., Johnston,
M., Mueller, N.D., O’Connell, C., Ray, D.K. & West, P.C. (2011).
Solutions for a cultivated planet. Nature, 478, 337-342.

Fontaine, S., Barot, S., Barré, P., Bdioui, N., Mary, B. & Rumpel, C. (2007). Stability
of organic carbon in deep soil layers controlled by fresh carbon supply.
Nature, 450, 277-280.

Francis, G.S., Haynes, R.J., Sparling, G.P., Ross, D.J. & Williams, P.H. (1992).
Nitrogen mineralization, nitrate leaching and crop growth following
cultivation of a temporary leguminous pasture in autumn and winter.
Fertilizer Research, 33, 59-70.

Franzluebbers, A.J. (2002). Water infiltration and soil structure related to organic
matter and its stratification with depth. Soil & Tillage Research, 66, 197-
205.

Frelih-Larsen, A., Hinzmann, M. & Ittner, S. (2018). The ‘Invisible’Subsoil: An
Exploratory View of Societal Acceptance of Subsoil Management in
Germany. Sustainability, 10, 1-19.

FussR. (2019). gasfluxes: Greenhouse Gas Flux Calculation from Chamber
Measurements. R package  version 0.4-2.  https:/CRAN.R-
project.org/package=gasfluxes.

Ghadim, A.A., Kingwell, R. & Pannell, D. (1991). An economic evaluation of deep
tillage to reduce soil compaction on crop-livestock farms in Western
Australia. Agricultural System, 37,291-307.

Gill, J.S., Sale, P.W.G. & Tang, C. (2008). Amelioration of dense sodic subsoil using
organic amendments increases wheat yield more than using gypsum in a
high rainfall zone of southern Australia. Field Crops Research, 107, 265-
275.

72



Grassini, P., Eskridge, K.M. & Cassman, K.G. (2013). Distinguishing between yield
advances and yield plateaus in historical crop production trends. Nature
Communications, 4, 1-11.

Green, R.E., Cornell, S.J., Scharlemann, J.P. & Balmford, A. (2005). Farming and
the fate of wild nature. Science, 307, 550-555.

Guppy, C.N., Menzies, N., Moody, P.W. & Blamey, F. (2005). Competitive sorption
reactions between phosphorus and organic matter in soil: a review. Soil
Research, 43, 189-202.

Gustafsson, J.P., Mwamila, L.B. & Kergoat, K. (2012). The pH dependence of
phosphate sorption and desorption in Swedish agricultural soils. Geoderma,
189, 304-311.

Hamza, M.A. & Anderson, W.K. (2005). Soil compaction in cropping systems : A
review of the nature, causes and possible solutions. Soil & Tillage
Research, 82, 121-145.

Harper, SH.T. & Lynch, J.M. (1981). The kinetics of straw decomposition in
relation to its potential to produce the phytotoxin acid. Journal of Soil
Science, 627-637.

Hay, R.K.M. (1995). Harvest index : A review of its use in plant breeding and crop
physiology. Annals of Applied Biology, 126, 197-216.

Haynes, R. (1982). Effects of liming on phosphate availability in acid soils- A
critical review. Plant and Soil, 68, 289-308.

Haynes, R.J. & Naidu, R. (1998). Influence of lime, fertilizer and manure
applications on soil organic matter content and soil physical conditions: a
review. Nutrient Cycling in Agroecosystems, 51, 123-137.

Heinrich, G. & Gobiet, A. (2012). The future of dry and wet spells in Europe: a
comprehensive study based on the ENSEMBLES regional climate models.
International Journal of Climatology, 32, 1951-1970.

Hiel, M.-P., Chélin, M., Parvin, N., Barbieux, S., Degrune, F., Lemtiri, A., Colinet,
G., Degré, A., Bodson, B. & Garré, S. (2016). Crop residue management in
arable cropping systems under a temperate climate. Part 2: Soil physical
properties and crop production. A review. Biotechnology, Agronomy,
Society and Environment, 20, 245-256.

Holford, 1., Doyle, A. & Leckie, C. (1992). Nitrogen response characteristics of
wheat protein in relation to yield responses and their interactions with
phosphorus. Australian Journal of Agricultural Research, 43, 969-986.

Holland, J., Bennett, A., Newton, A., White, P., McKenzie, B., George, T., Pakeman,
R., Bailey, J., Fornara, D. & Hayes, R. (2018). Liming impacts on soils,
crops and biodiversity in the UK: a review. Science of the Total
Environment, 610, 316-332.

Hakansson, 1. (2005). Machinery-induced compaction of arable soils : incidence,
consequences, counter-measures, Swedish University of Agricultural
Sciences Rep. No. 0348-0976.

73



Hakansson, 1., Grath, T. & Olsen, H. (1996). Influence of machinery traffic in
Swedish farm fields on penetration resistance in the subsoil. Swedish
Journal of Agricultural Research. 26, 181-187

Hakansson, I. & Lipiec, J. (2000). A review of the usefulness of relative bulk density
values in studies of soil structure and compaction. Soil & Tillage Research,
53, 71-85.

Hakansson, I. & Reeder, R.C. (1994). Subsoil compaction by vehicles with high axle
load—extent, persistence and crop response. Soil & Tillage Research, 29,
277-304.

Hakansson, 1., Voorhees, W.B. & Riley, H. (1988). Vehicle and wheel factors
influencing soil compaction and crop response in different traffic regimes.
Soil & Tillage Research, 11, 239-282.

ISO (2013). ISO 15923-1:2013 Water quality — Determination of selected
parameters by discrete analysis systems —Part 1: Ammonium, nitrate,
nitrite, chloride, orthophosphate, sulfate and silicate with photometric
detection. Retrieved from https://www.iso.org/standard/55559.html.

Jakobs, I., Schmittmann, O., Athmann, M., Kautz, T. & Lammers, P.S. (2019).
Cereal Response to Deep Tillage and Incorporated Organic Fertilizer.
Agronomy, 9, article n0:296.

Jakobs, I., Schmittmann, O. & Schulze Lammers, P. (2017). Short-term effects of
in-row subsoiling and simultanecous admixing of organic material on
growth of spring barley (H. vulgare). Soil Use Management, 33, 620-630.

Jenkyn, J.F., Christian, D.G., Bacon, E.T.G., Gutteridge, R.J. & Todd, A.D. (2001).
Effects of incorporating different amounts of straw on growth, diseases and
yield of consecutive crops of winter wheat grown on contrasting soil types.
Journal of Agricultural Science, 136, 1-14.

Johnson, B., Erickson, A. & Voorhees, W. (1989). Physical conditions of a lake plain
soil as affected by deep tillage and wheel traffic. Soil Science Society of
America Journal, 53, 1545-1551.

Jun, N., Jian-Min, Z., Huo-Yan, W., Xiao-Qin, C. & Chang-Wen, D. (2007). Effect
of long-term rice straw return on soil glomalin, carbon and nitrogen.
Pedosphere, 17, 295-302.

Kautz, T., Amelung, W., Ewert, F., Gaiser, T., Horn, R., Jahn, R., Javaux, M.,
Kemna, A., Kuzyakov, Y., Munch, J.C., Patzold, S., Peth, S., Scherer,
H.W., Schloter, M., Schneider, H., Vanderborght, J., Vetterlein, D., Walter,
A., Wiesenberg, G.L.B. & Kopke, U. (2013). Nutrient acquisition from
arable subsoils in temperate climates: A review. Soil Biology and
Biochemistry, 57, 1003-1022.

Keller, T. & Arvidsson, J. (2006). Prevention of traffic-induced subsoil compaction
in Sweden: Experiences from wheeling experiments. Archives of
Agronomy and Soil Science, 52, 207-222.

74



Keller, T. & Hékansson, 1. (2010). Estimation of reference bulk density from soil
particle size distribution and soil organic matter content. Geoderma, 154,
398-4006.

Khalilian, A., Hood, C., Palmer, J., Gamer, T. & Bathke, G. (1991). Soil compaction
and crop response to wheat/soybean interseeding. Transactions of the
American Society of Agricultural Engineers,34, 2299-2303.

Khalilian, A., Williamson, R., Sullivan, M., Mueller, J. & Wolak, F. (2002). Injected
and broadcast application of composted municipal solid waste in cotton.
Applied Engineering in Agriculture, 18, 17-22.

Khan, F., Tahir, A. & Yule, I. (2001). Intrinsic implication of different tillage
practices on soil penetration resistance and crop growth. International
Journal of Agriculture and Biology, 1, 23-26.

Kirchmann, H., Schén, M., Bérjesson, G., Hamnér, K. & Kaitterer, T. (2013).
Properties of soils in the Swedish long-term fertility experiments: VII.
Changes in topsoil and upper subsoil at Orja and Fors after 50 years of
nitrogen fertilization and manure application. Acta Agriculturae
Scandinavica B- Soil & Plant Science 63, 25-36.

Kuhwald, M., Hamer, W.B., Brunotte, J. & Duttmann, R. (2020). Soil Penetration
Resistance after One-Time Inversion Tillage: A Spatio-Temporal Analysis
at the Field Scale. Land, 9, article no: 482.

Kuzyakov, Y., Friedel, J. & Stahr, K. (2000). Review of mechanisms and
quantification of priming effects. Soil Biology and Biochemistry, 32, 1485-
1498.

Kitterer, T., Bolinder, M.A., Andrén, O., Kirchmann, H. & Menichetti, L. (2011).
Roots contribute more to refractory soil organic matter than above-ground
crop residues, as revealed by a long-term field experiment. Agriculture,
Ecosystems & Environment, 141, 184-192.

Ladha, J., Dawe, D., Pathak, H., Padre, A., Yadav, R., Singh, B., Singh, Y., Singh,
Y., Singh, P. & Kundu, A. (2003). How extensive are yield declines in long-
term rice—wheat experiments in Asia? Field Crops Research, 81, 159-180.

Larney, F. & Fortune, R. (1986). Recompaction effects of mouldboard ploughing
and seedbed cultivations on four deep loosened soils. Soil & Tillage
Research, 8, 77-87.

Larson, W., EYNARD, A., Hadas, A. & Lipiec, J. (1994). Control and avoidance of
soil compaction in practice. In: Soane, B.D. & Ouwerkerk, C.v. (eds) Soil
Compaction in Crop Production. Amsterdam Elsevier 597-625.

Leskiw, L. & Zeleke, T. (2009). Subsoil injection of concentrated organic pellets: a
new technique for subsoil compaction mitigation. RemTech
Proceedings.[Online] Available: http://www. esaa-events.
com/remtech/2009/pdf/09-Leskiw-paper. pdf [2011 May 18].

75



Leskiw, L.A., Welsh, C.M. & Zeleke, T.B. (2012). Effect of subsoiling and injection
of pelletized organic matter on soil quality and productivity. Canadian
Journal of Soil Science, 92, 269-276.

Lin, M. & Huybers, P. (2012). Reckoning wheat yield trends. Environmental
Research Letters, 7, 024016.

Lipiec, J., Medvedev, V., Birkas, M., Dumitru, E., Lyndina, T., Rousseva, S. &
FulajtAfA, E. (2003). Effect of soil compaction on root growth and crop
yield in Central and Eastern Europe. International Agrophysics, 17, 61-69.

Lorenz, K. & Lal, R. (2005). The depth distribution of soil organic carbon in relation
to land use and management and the potential of carbon sequestration in
subsoil horizons. Advance Agronomy, 88, 35-66.

Lynch, J., Marschner, P. & Rengel, Z. (2012). Effect of internal and external factors
on root growth and development. In: In: Marschner, P. (ed.) Marschner's
mineral nutrition of higher plants. Elsevier. 331-346.

Lynch, J.P. & Wojciechowski, T. (2015). Opportunities and challenges in the
subsoil: pathways to deeper rooted crops. Journal of Experimental Botany,
66, 2199-2210.

Lohnis, F. (1926). Nitrogen availability of green manures. Soil Science, 22, 253-
290.

Machet, J. & Mary, B. (1989). Impact of agricultural practises on residual N in soil
and nitrate losses, In J.C. Germon (Eds.), Management system to reduce
impact of nitrates (pp. 126—146). London and New York :Elsevier.

Malhi, S.S., Nyborg, M., Solberg, E.D., McConkey, B., Dyck, M. & Puurveen, D.
(2011). Long-term straw management and N fertilizer rate effects on
quantity and quality of organic C and N and some chemical properties in
two contrasting soils in Western Canada. Biology and Fertility of Soils, 47,
785-800.

Mallela, J., Quintus, H.V. & Smith, K. (2004). Consideration of lime-stabilized
layers in mechanistic-empirical pavement design. Arlington, Virginia,
USA. The National Lime Association.

Masle, J. & Passioura, J. (1987). The effect of soil strength on the growth of young
wheat plants. Functional Plant Biology, 14, 643-656.

Meissner, R., Seeger, J. & Rupp, H. (1998). Measuring environmental impacts of
land use changes on water quality with lysimeters. In: Fiihr, F., J, HR., R,
P.J. & O., N.J. (eds),The lysimeter concept: Environmental Behavior of
Pesticides. Washington, DC. American Chemical Society.163-176.

Morachan, Y., Moldenhauer, W. & Larson, W. (1972). Effects of Increasing
Amounts of Organic Residues on Continuous Corn: I. Yields and Soil
Physical Properties 1. Agronomy Journal, 64, 199-203.

Mulumba, L.N. & Lal, R. (2008). Mulching effects on selected soil physical
properties. Soil & Tillage Research, 98, 106-111.

76



Muneer, M. & Oades, J. (1989). The role of Ca-organic interactions in soil aggregate
stability. II. Field studies with 14C-labeled straw, CaCO3 and CaSO4.2.
H20. Soil Research, 27, 401-409.

Munkholm, L.J., Schjenning, P. & Riiegg, K. (2005). Mitigation of subsoil
recompaction by light traffic and on-land ploughing-I. Soil response. Soil
& Tillage Research, 1, 149-158.

Murphy, P. (2007). Lime and cow slurry application temporarily increases organic
phosphorus mobility in an acid soil. European Journal of Soil Science, 58,
794-801.

Naderi-Boldaji, M., Weisskopf, P., Stettler, M. & Keller, T. (2016). Predicting the
relative density from on-the-go horizontal penetrometer measurements at
some arable top soils in Northern Switzerland. Soil & Tillage Research,
159, 23-32.

Nicholson, F., Kindred, D., Bhogal, A., Roques, S., Kerley, J., Twining, S. & Ellis,
S. (2014). Straw incorporation review Research Review No. §1.1-74

Nicholson, F.A., Chambers, B.J., Mills, A.R. & Strachan, P.J. (1997). Effects of
repeated straw incorporation on crop fertilizer nitrogen requirements, soil
mineral nitrogen and nitrate leaching losses. Soil Use Management, 13,
136-142.

Oades, J. & Waters, A. (1991). Aggregate hierarchy in soils. Soil Research, 29, 815-
828.

Oussible, M., Crookston, R. & Larson, W. (1992). Subsurface compaction reduces
the root and shoot growth and grain yield of wheat. Agronomy Journal, 84,
34-38.

Paul, E., Follett, R., Leavitt, S., Halvorson, A., Peterson, G. & Lyon, D. (1997).
Radiocarbon dating for determination of soil organic matter pool sizes and
dynamics. Soil Science Society of America Journal 61, 1058-1067.

Peigné, J., Vian, J.-F., Cannavacciuolo, M., Lefevre, V., Gautronneau, Y. & Boizard,
H. (2013). Assessment of soil structure in the transition layer between
topsoil and subsoil using the profil cultural method. Soil Tillage &
Research, 127, 13-25.

Peries, R. (2013). Subsoil manuring: an innovative approach to addressing subsoil
problems targeting higher water use efficiency in Southern Australia. (St,
Inverleigh VIC: Southern Farming Systems).

Persson, L. & Bergstrom, L. (1991). Drilling Method for Collection of Undisturbed
Soil Monoliths. Soil Science. Society America Journal, 55, 285-287.

Pojasok, T. & Kay, B. (1990). Assessment of a combination of wet sieving and
turbidimetry to characterize the structural stability of moist aggregates.
Canadian Journal of Soil Science, 70, 33-42.

Power, A.G. (2010). Ecosystem services and agriculture: tradeoffs and synergies.
Philosophical Transactions of the Royal Society B, 365, 2959-2971.

77



Powlson, D.S., Glendining, M.J., Coleman, K. & Whitmore, A.P. (2011).
Implications for soil properties of removing cereal straw: results from long-
term studies. Agronomy Journal, 103, 279-287.

Powlson, D.S., Jenkinson, D.S., Pruden, G. & Johnston, A.E. (1985). The effect of
straw incorporation on the uptake of nitrogen by winter wheat. Journal of
the Science of Food and Agriculture, 36, 26-30.

Raper, R. (2005). Subsoiling. In: Hillel, D. (ed.) Encyclopedia of Soils in the
Environment. Oxford, United Kingdom: Elsevier Ltd. 69-75.

Raper, R.L. & Bergtold, J.S. (2007). In-row subsoiling: A review and suggestions
for reducing cost of this conservation tillage operation. Applied
Engineering in Agriculture, 23, 463-471.

Raper, R.L., Schwab, E.B., Balkcom, K.S., Burmester, C.H. & Reeves, D.W. (2005).
Effect of annual, biennial, and triennial in-row subsoiling on soil
compaction and cotton yield in southeastern US silt loam soils. Applied
Engineering in Agriculture, 21, 337-343.

Ray, D.K., Mueller, N.D., West, P.C. & Foley, J.A. (2013). Yield trends are
insufficient to double global crop production by 2050. PloS One, 8, 66428.

Ray, D.K., Ramankutty, N., Mueller, N.D., West, P.C. & Foley, J.A. (2012). Recent
patterns of crop yield growth and stagnation. Nature Communication, 3,
1293.

RCoreTeam (2020). R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. URL
https://www.R-project.org/.

Rengasamy, P., Chittleborough, D. & Helyar, K. (2003). Root-zone constraints and
plant-based solutions for dryland salinity. Plant Soil, 257, 249-260.

Rumpel, C. (2014). Opportunities and threats of deep soil organic matter storage.
Carbon Management, 5, 115-117.

Rumpel, C. & Kogel-Knabner, I. (2011). Deep soil organic matter—a key but poorly
understood component of terrestrial C cycle. Plant Soil, 338, 143-158.

Sainju, U.M. (2017). Determination of nitrogen balance in agroecosystems.
MethodsX, 4, 199-208

Sale, P. & Malcolm, B. (2015). Amending sodic soils using sub-soil manure:
economic analysis of crop trials in the high rainfall zone of Victoria.
Australian Farm Business Management Journal, 12, 22-31.

Sale, P.W., Gill, J.S., Peries, R.R. & Tang, C. (2019). Crop responses to subsoil
manuring. [. Results in south-western Victoria from 2009 to 2012. Crop and
Pasture Science, 70, 44-54.

Salome, C., Nunan, N., Pouteau, V., Lerch, T.Z. & Chenu, C. (2010). Carbon
dynamics in topsoil and in subsoil may be controlled by different regulatory
mechanisms. Global Change Biology, 16, 416-426.

78



Schjenning, P., Christensen, B.T. & Carstensen, B. (1994). Physical and chemical
properties of a sandy loam receiving animal manure, mineral fertilizer or
no fertilizer for 90 years. European journal of Soil Science, 45, 257-268.

Schjenning, P., vanden Akker, J.J.H., Keller, T., Greve, M.H., Lamandé, M.,
Simojoki, A., Stettler, M., Arvidsson, J. & Breuning-Madsen, H. (2015).
Soil compaction. In: Soil in Europe — threats, functions and ecosystem
services (eds J.T. Stolte, M. Tesfai & L. @ygarden), pp. 80— 93. Bioforsk,
Norway. (9279540181).

Schmidhuber, J. (2010). FAO’s long-term outlook for global agriculture—challenges,
trends and drivers.

Schneider, F. & Don, A. (2019). Root-restricting layers in German agricultural soils.
Part I: extent and cause. Plant and Soil, 442, 433-451.

Schneider, F., Don, A., Hennings, 1., Schmittmann, O. & Seidel, S.J. (2017). The
effect of deep tillage on crop yield—What do we really know? Soil & Tillage
Research, 174, 193-204.

Schulte-Karring, H. & Haubold-Rosar, M. (1993). Subsoiling and deep fertilizing
with new technique as a measure of soil conservation in agriculture,
viniculture and forestry. Soil Technology, 6, 225-237.

Silgram, M. & Chambers, B.J. (2002). Effects of long-term straw management and
fertilizer nitrogen additions on soil nitrogen supply and crop yields at two
sites in eastern England. The Journal of Agricultural Science, 139, 115-127.

Singh, Y., Singh, B. & Timsina, J. (2005). Crop residue management for nutrient
cycling and improving soil productivity in rice-based cropping systems in
the tropics. Advances in Agronomy, 85, 269-407.

Six, J., Bossuyt, H., Degryze, S. & Denef, K. (2004). A history of research on the
link between (micro) aggregates, soil biota, and soil organic matter
dynamics. Soil & Tillage Research, 79, 7-31.

Sizmur, T., Martin, E., Wagner, K., Parmentier, E., Watts, C. & Whitmore, A.P.
(2017). Milled cereal straw accelerates earthworm (Lumbricus terrestris)
growth more than selected organic amendments. Applied Soil Ecology,
113, 166-177.

Soane, B. (1990). The role of organic matter in soil compactibility: A review of some
practical aspects. Soil & Tillage Research, 16, 179-201.

Soane, B.D. & Ouwerkerk, C.V. (1994). Soil compaction problems in world
agriculture. In: Soane, B. & Ouwerkerk, C.v. (eds) Soil compaction in crop
production. Amsterdam: Elsevier. 1-21.

Sosa-Hernandez, M.A., Leitheit, E.F., Ingraffia, R. & Rillig, M.C. (2019). Subsoil
Arbuscular Mycorrhizal Fungi for Sustainability and Climate-Smart
Agriculture: A Solution Right Under Our Feet? Frontiers in Microbiology,
10, article no:744.

79



Spinoni, J., Vogt, J.V., Naumann, G., Barbosa, P. & Dosio, A. (2018). Will drought
events become more frequent and severe in Europe? International Journal
of Climatology, 38, 1718-1736.

Summerell, B. & Burgess, L. (1989). Decomposition and chemical composition of
cereal straw. Soil Biology and Biochemistry, 21, 551-559.

Tilman, D., Balzer, C., Hill, J. & Befort, B.L. (2011). Global food demand and the
sustainable intensification of agriculture. Proceedings of the National
Academy of Sciences, 108, 20260-20264.

Tisdall, J. & Oades, J.M. (1982). Organic matter and water-stable aggregates in soils.
Journal of Soil Science, 33, 141-163.

Troeh, F. & Thompson, L. (1993). Soils and soil fertility. Oxford University Press,
Oxford.

Turner, S., Mikutta, R., Meyer-Stiive, S., Guggenberger, G., Schaarschmidt, F.,
Lazar, C.S., Dohrmann, R. & Schippers, A. (2017). Microbial community
dynamics in soil depth profiles over 120,000 years of ecosystem
development. Frontiers in Microbiology, 8, article no: 874.

Twomlow, S., Parkinson, R. & Reid, 1. (1994). Temporal changes in soil physical
conditions after deep loosening of a silty clay loam in SW England. Soil &
Tillage Research, 31, 37-47.

Ulén, B. & Etana, A. (2014). Phosphorus leaching from clay soils can be
counteracted by structure liming. Acta Agriculturae Scandinavica, Section
B—Soil & Plant Science, 64, 425-433.

Van den Akker, J.J. & Hoogland, T. (2011). Comparison of risk assessment methods
to determine the subsoil compaction risk of agricultural soils in The
Netherlands. Soil & Tillage Research, 114, 146-154.

Van Donk, S., Martin, D.L., Irmak, S., Melvin, S.R., Petersen, J. & Davison, D.
(2010). Crop residue cover effects on evaporation, soil water content, and
yield of deficit-irrigated corn in west-central Nebraska. Transactions of the
American Society of Agricultural and Biological Engineers, 53, 1787-
1797.

Varsa, E., Chong, S., Abolaji, J., Farquhar, D. & Olsen, F. (1997). Effect of deep
tillage on soil physical characteristics and corn (Zea mays L.) root growth
and production. Soil & Tillage Research, 43, 219-228.

Voorhees, W., Johnson, J., Randall, G. & Nelson, W. (1989). Corn growth and yield
as affected by surface and subsoil compaction. Agronomy Journal, 81, 294-
303.

Yoder, R.E. (1936). A direct method of aggregate analysis of soils and a study of the
physical nature of erosion losses. Agronomy Journal, 28, 337-351.

You, S.-J., Yin, Y. & Allen, H.E. (1999). Partitioning of organic matter in soils:
effects of pH and water/soil ratio. Science of the Total Environment, 227,
155-160.

80



Zadoks, J.C., Chang, T.T. & Konzak, C.F. (1974). A decimal code for the growth
stages of cereals. Weed Research, 14, 415-421.

Zhang, W., Li, S., Xu, Y., Wang, Y., Liu, X., Peng, C. & Wang, J. (2020). Residue
incorporation enhances the effect of subsoiling on soil structure and
increases SOC accumulation. Journal of Soils and Sediments, 20, 3537-
3547.

Zhang, Y., Wang, R., Wang, S., Wang, H., Xu, Z., Jia, G., Wang, X. & Li, J. (2017).
Effects of different sub-soiling frequencies incorporated into no-tillage
systems on soil properties and crop yield in dryland wheat-maize rotation
system. Field Crops Research, 209, 151-158.

Zhao, B., Ma, B.-L., Hu, Y. & Liu, J. (2020). Source—Sink Adjustment: A
Mechanistic Understanding of the Timing and Severity of Drought Stress
on Photosynthesis and Grain Yields of Two Contrasting Oat (Avena sativa
L.) Genotypes. Journal of Plant Growth Regulation, 1-14.

81






Popular science summary

Can improving subsoil conditions enhance crop yield or
water quality?

The subsoil, i.e. the layer below ploughing depth (often at about 25 cm in
Sweden), can store large amounts of water and plant nutrients. For example,
the subsoil can supply 10 to 65% of the nutrients used by crops. Enabling
crop roots to access these subsoil resources, especially water, will be
important under future climate change when droughts are predicted to
become more frequent. However, subsoil compaction or development of a
dense plough pan following years of tillage can prevent crop roots from
accessing water and nutrients stored in the subsoil.

Topsoil structure is easy to manage by tillage, but there are no easy
technical solutions to improve the subsoil. Machines with long mechanical
tines can be used to improve the subsoil, but the effects often do not last long.
Mechanical loosening is also expensive and the high costs are not covered
by benefits in terms of higher crop yield. Combining mechanical subsoil
loosening with addition of straw, lucerne pellet, compost, or lime could give
longer-lasting improvements in subsoil structure, thereby increasing plant-
available water content and crop nutrient supply, which would result in
higher crop yield.

This thesis evaluated the effects of subsoil management options on crop
yield, soil properties and the environment in field and lysimeter experiments
at Séby, Uppsala. Laboratory incubations of soil from Kungséngen, Uppsala,
were also performed, to evaluate the effect of adding lime on dissolved
reactive phosphorus and in stabilising the soil structure.

The results showed that subsoil loosening combined with straw injection
at 25-34 cm depth increased the amount of organic carbon in the soil and
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reduced the density of soil, with the effects lasting for at least three years in
the field. Visual observations in the field showed that there were more
earthworms and biopores in the soil along the straw injection lines. Soil clods
in treated plots were more easily fragmented by hand and earthworm casts
were common. However, there was no great increase in crop yield.

Experiments on extracted soil columns (lysimeters) showed that subsoil
loosening combined with straw addition at 25-40 cm depth reduced short-
term nitrogen losses via drainage water by about 62%, thus lowering the
environmental impact in terms of water quality. Addition of lime materials
to the subsoil improved soil structural stability. These promising results
should be further tested and evaluated in long-term field experiments.

Subsoil constraints are numerous and variable and so far not easy to
resolve. Future research may focus on developing technical solutions and
management options that can complement each other in a holistic approach
to address multiple subsoil problems at once.
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Popularvetenskaplig sammanfattning

Kan forbattrade forhallanden i alven 6ka avkastningen
eller forbattra vattenkvaliteten?

Alven, som i en &kerjord ar skiktet under plojningsdjupet (ofta cirka 25 cm i
Sverige), lagrar stora méngder vatten och vaxtniaringsimnen. Alven kan till
exempel bidra med 10 till 65% av grodans néringsbehov. Att mojliggora for
grodans rotter att fa tillgang till alvens resurser, i synnerhet till vatten,
kommer att bli dn viktigare i framtida klimatforandringar nér torrperioder
forvantas bli mer frekventa. Packning av alven, eller utvecklandet av en
kompakt plogsula efter langvarig plojning, kan forhindra rotterna att fa
tillgang till vatten- och néringsforraden i alven.

God struktur i matjorden ar relativt enkelt att astadkomma med hjélp av
jordbearbetning, men det finns inte nidgon enkel teknisk losning for att
forbattra alvens struktur. Redskap med ldnga bearbetande pinnar (mekanisk
alvluckring) kan anvéndas for att forbdttra alven, men effekten av denna typ
av atgird ér ofta kortvarig. Mekanisk alvluckring ér dessutom forknippad
med hoga kostnader som oftast inte kompenseras av en hogre skord. En
kombination av mekanisk alvluckring och tillsats av halm, lusern, pellets,
kompost eller kalk kan ddremot antas forbéttra forhdllandena i alven mer
langsiktigt. Genom att forbdttra jordens aggregering och struktur och
dérigenom o©ka innehéllet av vixttillgdngligt vatten och forbittra
néringsforsorjningen for grodorna har denna atgérd potential att bidra till en
hogre skord.

Denna avhandling utvédrderade effekterna av olika atgérder i alven med
avseende pa skord, markegenskaper och miljopéaverkan i faltforsok pa Séby
utanfor Uppsala samt 1 lysimeterforsok. Inkubationsexperiment i
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laboratorium med jord fran Kungsédngen, Uppsala utfordes for att utvirdera
effekten av kalktillforsel pd halter av vattenldsligt reaktivt fosfor och
stabilisering av markstrukturen.

Resultaten visade att mekanisk alvluckring i kombination med tillforsel
av halm pé 25 till 34 cm djup 6kade markens innehéll av organiskt kol och
minskade markens densitet, med effekter som blev bestdende i minst tre ar
under faltméssiga forhallanden. Observationer i filt visade att det fanns fler
daggmaskar och maskgéngar i jorden léngs med strdckningen dar
halminblandning utforts. Jordaggregaten var ocksd ldttare att sonderdela
efter behandling med halm och spdr av daggmaskar var vanligt
forekommande. Tillforsel av halm ledde emellertid inte till ndgon stor
skordedkning.

Experiment genomforda péd prover fran jordkolonner (lysimetrar) visade
att mekanisk alvluckring kombinerat med halmtillforsel vid 25-40 cm djup
reducerade kvéveforlusterna via dréneringsvatten med ungefér 62% pa kort
sikt och bidrog darmed till en minskning av miljopéverkan med avseende pa
vattenkvalitet. Tillforsel av kalk till alven resulterade i en stabilare
markstruktur. Dessa lovande resultat behover utvédrderas vidare i
langliggande faltforsok.

Begridnsningarna 1 alven kan vara ménga och varierande och ar an sé
lange utmanande att l6sa. Framtida forskning bor fokusera pa utvecklandet
av tekniska losningar och atgérdsalternativ som kan komplettera varandra
och som didrmed kan ta ett helhetsgrepp for att adressera flera problem med
alven samtidigt.

86



Acknowledgments

Praise be to GOD

I'wish to thank Holger Kirchmann, my principal supervisor, who allowed me
to do my PhD at the Swedish University of Agricultural Sciences. His way
of managing projects, providing scientific freedom with responsibility,
helped me explore the best possible options during my studies. Being an
efficient and inspiring scientist, his competent guidance and support
throughout the study were pivotal. He was so flexible in arranging a
discussion platform with generous time allocation. I enjoyed his open-door
mentality and sharp critique. Discussions with him were very enlightening
and had ‘the power of unlocking the hidden.” His guidance provided a
breathing space and an environment that encouraged critical thinking, and he
has the ability to force one to focus. Holger was not only my principal
supervisor; he was also my driver and assistant in soil and plant sampling in
the field.

I am indebted to Thomas Kitterer, my co-supervisor, for his crucial role
throughout the research work. I am very grateful for his critical reflection,
input and encouragement. He was always available when his input was
needed and he replied promptly. Thank you so much, Thomas, for the
unwavering support you provided, sometimes even to the extent of giving up
your leisure time. I am also thankful to my other co-supervisor, Thomas
Keller, for his input, guidance and important discussion on soil
mechanics/physics. His guidance in soil mechanics provided valuable input
for this thesis. My thanks also go to the external supervisor senior scientist
(DSc) Lars Juhl Munkholm from Aarhus University, who introduced me to
the subject of soil management during my MSc studies. I am grateful for his
input during different work stages and his follow-up, valuable comments and
constructive criticism.

My thanks go to my informal supervisor, Ararso Etana, for all of the
helpful discussions on soil sampling and soil physical property

87



measurements, as well as help in the field. On behalf of my family, I would
also like to express my gratitude to him and his family for their enthusiasm
and affection for us. I am thankful to Lars Bergstrom for his advice on the
lysimeter experimental setup and nutrient and leachate data management.

I am indebted to Ambjorn Eriksson, Ana Maria Mingot Soriano, Annika
Hansson, Cecilia Bandh, Elin Ljunggren, Farid Jan and Jan Fiedler for help
with soil and plant analyses in the laboratory. Thanks to Helena Linefur, the
late Goran Johansson for assisting during lysimeter collection, Maria
Blomberg for technical issues in the lysimeter station, Mary McAfee for
meticulous English editing and prompt response, Elisabeth Lewan for
answering PhD programme-related questions, Masud for help in the field and
taking care of my incubation experiment while I was on holiday, Anke
Herrmann for allowing me to use her climate chamber and for the help during
the completion of this thesis, especially by facilitating the procedures for the
PhD defence, Tino Colombi for reading and commenting on the thesis, and
Ozias Hounkpatin (always positive) for important discussions on science and
social life, reading, and commenting on parts of this thesis. I am indebted to
the thesis evaluation committee in the department, Anna Martensson,
Magnus Simonsson and Mats Larsbo, for their critical comment and
suggestions.

Thanks also to Asa Brorsson, Josefine Agrell, Martina Camitz Trowald,
and Sara Wassén for their help with administrative issues, Ragnar Persson,
and Oskar Andersson for solving computer problems. I thank past and
present fellow Ph.D. students Asa Lov, Benjamin Grossweiler, Getachew
Gemtesa, Jumpei Fukumasu, Lukas Hallberg, Marius Tuyishime, and
Matthew Riddle and staffs in the department Karin Hamnér and Katharina
Meurer for the fruitful discussions we had on science and other related issues.
Thanks to my friends Setegn Worku, Fantaw Yimer and Yohannes Ewenetu
for the friendly discussion that we had on science, social life and for the help
in different ways.

[ am thankful to Katrin Rychel for being a good office mate and providing
an excellent working atmosphere. Thank you for always asking me how my
family and I feel and for allowing me to bother you all along the way. Thank
you for your patience and positive response when I asked questions. Your
cooperation and positivity and the discussions we had were valuable and
rewarding.

88



I remain grateful to my friend Girma Bedada and his family Hiwot, Soli
and Eala for their support and encouragement in various ways. The support
and care you provided to Meseret during childbirth and when Hlina was
admitted to the hospital are unforgettable in our life. Girma, the ideas we
exchanged through our dialogue about the thesis, development work and
overall common interests have been more stimulating and encouraging. A
page cannot accommodate the list and words fail to express my deepest
thanks to you and your family; so I had better to say in Amharic 'Lib
Yimerik'.

I want to express my earnest thanks to my family and relatives for
supporting me spiritually and morally throughout my PhD studies and in life
in general. My mother Tiblet Ayele, I owe you my heartfelt gratitude for your
kindness and unrivaled love; Wossen, Aklilu, Zelalem, Solomon, Abeselom,
Aemro, Tsehaye, Hiwot and Meseret, thank you all for your encouragement,
prayers and moral support. [ also want to thank Assefu Eshetie, Sisay,
Adamu, Netsanet, Zemenay, Solomon Menil, Debaka and Bizuye for the
encouragement and moral support.

I am incredibly thankful for my beautiful better half Meseret Menil; [ am
fortunate to have you in my life. You have been right beside me since 1996.
Your motivation, encouragement and support have been the driving energy
in my everyday daily life and academic career, which helped me pursue my
education and reach this level. Without you, such an achievement would
have been inconceivable. Tsion, my eldest daughter, is my friend and
advisor. Tsion, thank you for everything you have done and for assisting me
with soil and plant sampling, despite the fact that you did not enjoy working
with soil. My son Yohannis, thank you for soil and plant sampling in the
field. My beautiful little daughters Hlina and Rama, you are an endless
source of inspiration and a reason to live. It is just a matter of being fortunate
to have such a reason to live. I wish you all a happy and prosperous future.

My spiritual fathers Aba Seregela, Aba WoldeAmanuel, Aba
WoldeMikeal, Aba Zemikeal and Aba Zerabiruk are all acknowledged for
their words of wisdom and prayer support. Above all, I must express my
special gratitude to the Almighty GOD for providing me with the endurance
to study for all these years and everything of merit is due to his goodwill.
UAg® 1€ NATRPAR ATF NETI9A TCLTD ATIAEF NAATR +4 /0P:

ONNAT ARTHANAC =

89



AcTtA UNIVERSITATIS AGRICULTURAE SUECIAE

DocTtorar THESIS NO. 2021:43

This thesis evaluates the effect of subsoil improvement on soil properties, crop
performance and environmental impact. Combining loosening with straw incorporation
into subsoil affects soil properties and water quality positively, but crop yield was not
significantly affected and remains a barrier to treatment adoption, requiring further
testing. Addition of lime into the subsoil could be seen as an option for managing

subsoil in which results could be further tested in field experimentation for future use.

Gizachew Tarekegn Getahun received his graduate education at the Department
of Soil Environment, SLU, Uppsala. He holds a degree of MSc in Agro-Environmental
Management from Aarhus University and MSc in Sustainable Forest Management

from SLU, Alnarp and Copenhagen University.

Acta Universitatis Agriculturae Sueciae presents doctoral theses from the Swedish

University of Agricultural Sciences (SLU).

SLU generates knowledge for the sustainable use of biological natural resources.
Research, education, extension, as well as environmental monitoring and assessment

are used to achieve this goal.

Online publication of thesis summary: http://pub.epsilon.slu.se/

ISSN 1652-6880
ISBN (print version) 978-91-7760-764-9
ISBN (electronic version) 978-91-7760-765-6





