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Abstract

Soil compaction caused by passage of agricultural machinery over the surface is an issue
in many agricultural soils with a high clay content. Compaction is known to modify soil
pore structure and soil hydraulic properties, but can also affect the occurrence of
preferential flow. Water flow through preferential flow pathways can facilitate transport
of fertilisers, pesticides and contaminants to groundwater, creating harmful
environmental problems. In two complementary studies, this thesis examined soil
hydraulic properties and preferential water flow on soil cores sampled in the field and
quantified flow patterns in situ at two sites approximately 300 m apart in central Sweden.
One year after compaction of field plots, X-ray computed tomography (CT) imaging was
used to visualise and quantify soil pore structures in soil columns taken from the subsoil
(30-50 cm depth). Degree of preferential water flow and transport were derived from
non-reactive tracer breakthrough curves. Dye tracing experiments were performed in the
field and different soil mechanical and hydraulic properties were measured to help
explain the dye patterns.

Contrasting effects of wheel traffic were observed at the two neighbouring sites. Thus,
even quite small differences in initial soil and site conditions can significantly influence
the extent to which applied compaction stresses affect the connectivity of structural pore
space in soil and, consequently, water flow patterns. These results contradict previous
findings of an increase in preferential flow following soil compaction. This discrepancy
in results was analysed with the help of a conceptual model, which suggested that
preferential flow is greatest at some intermediate level of compaction at which macropore
continuity is still maintained, despite reductions in macroporosity. The model also
illustrated how compaction, and subsequent recovery from compaction, might affect
susceptibility to preferential flow and surface runoff. To prevent subsoil compaction, it
is important to consider soil conditions at the time of trafficking, which can significantly
influence the effect of compaction on soil pore connectivity and associated water flow.

Keywords: Subsoil compaction, air permeability, breakthrough curve, CT-imaging,
penetration resistance, saturated hydraulic conductivity, dye tracing, macroporosity, soil
pore structure, water flow
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1 Introduction

1.1 Soil compaction

Soil compaction in a strict sense is the process by which bulk density increases
and soil porosity decreases. Compaction may be caused by passage of
agricultural machinery over the field and typically not only reduces pore volume,
but also modifies pore connectivity and continuity and pore size distribution
(Servadio et al., 2001). Previous studies suggest that compaction reduces the
saturated and near-saturated hydraulic conductivity of soil (Arvidsson, 1997,
Schwen et al., 2011) and increases the risk of surface runoff (Lipiec & Hatano,
2003). Compaction may also increase the probability of preferential flow in any
remaining macropores (Kulli et al., 2003) or those that regenerate after
compaction (Jarvis, 2007). This can facilitate transport of fertilisers, pesticides
and pollutants to receiving water bodies and groundwater resources.

There is a difference between topsoil and subsoil compaction. Topsoil
compaction refers to compaction within tillage depth (0-0.3 m) and is caused
primarily by pressure applied to the soil surface. Freeze-thaw and wetting-drying
cycles can help reverse topsoil compaction. The effects of topsoil compaction
may also be partly reversed by mouldboard ploughing (Arvidsson & Hakansson,
1996), whereas the effects of subsoil compaction may be more persistent (Etana
& Hékansson, 1994). Due to its persistence, subsoil compaction is a major
concern for agricultural soils. Some field operations, such as deep subsoiling,
can alleviate subsoil compaction, but the result is not always worth the costs
(Chamen et al., 2015). Therefore, efforts should be made to minimise soil
compaction due to its harmful effects on soil pores, and subsequent negative
consequences for plant root growth and enhanced runoff and leaching of
fertilisers and pesticides to groundwater (Kim et al., 2010).
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1.2 Macropores and preferential flow

Macropores are large, continuous structural pores in soil and include shrinkage
cracks, tillage fractures, root channels and soil fauna burrows. It has been
suggested that pores larger than about 0.3-0.5 mm diameter, which are
equivalent (assuming cylindrical pore shape) to pores that empty at water
pressures of -10 to -6 cm, can be classified as macropores (Jarvis, 2007). They
are important because they largely govern transport functions. Preferential flow
refers to non-equilibrium flow where water and solutes move rapidly through
the macropores and only interact with the soil matrix to a limited extent. Because
of rapid water movement, preferential flow can lead to faster solute transport
and affect groundwater quality by fertiliser and pesticide leaching (Vanclooster
et al., 1995; Goulding et al., 2000).

In general, two conditions must be met for macropores to contribute to
preferential flow. First, the macropore must be partly or completely filled with
water and, second, the macropore must extend continuously over a significant
portion of the porous medium (Hendrickx et al., 2001). A common example of
preferential flow at pore scale is flow through earthworm burrows or root
channels when a section of the soil matrix reaches saturation or at least is close
to saturation. Water and chemicals can bypass the topsoil by travelling in such
channels, and pollutants and pesticides can potentially contaminate shallow
groundwater resources.

Although preferential flow is typically associated with flow through
macropores, it can also occur at other scales, referred to as Darcian scale and
areal scale (Hendrickx et al., 2001). At the Darcian scale, preferential flow may
occur in homogeneous soils with no pronounced macropore structure, e.g. in
soils where coarse-textured layers are overlain by less permeable layers or in
soils with water-repellent zones. At the areal scale, surface depressions and
discontinuous layers with lower or higher permeability can cause preferential
flow. In this thesis work, the focus was on preferential flow at the pore to profile
scale, i.e. predominantly preferential flow through macropores.

1.3 Methods to quantify the occurrence of preferential flow

Preferential flow is difficult to measure and quantify. One important reason for
the limited progress to date in quantification of preferential flow is the difficulty
in quantifying important pore system characteristics that control water flow and
solute transport. Thus, evidence of preferential flow is often indirectly inferred
from unexpectedly early water and chemical breakthrough or from unexpectedly
deep water and chemical migration in soil. Today, there are many methods
available to quantify macropore networks in soil, each with their own advantages
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and disadvantages (Allaire et al., 2009). Dye tracer experiments and X-ray
computed tomography (CT) techniques are the most commonly used approaches
to characterise preferential flow through macropores. Dye tracer experiments
provide qualitative pictures to illustrate the flow pathways in soil (Alaoui &
Goetz, 2008) and dye tracing is generally a reliable technique for visualisation,
identification and quantification of water flow pathways in structured soils
(Janssen & Lennartz, 2008). Direct evidence of the presence of preferential flow
can be obtained from dye tracer patterns (Hendrickx & Flury, 2001). However,
dye tracer tests only provide information in two dimensions. They are also
relatively work-intensive, requiring excavation of soil pits and preparation of
soil profile walls.

In contrast, X-ray CT imaging is an effective non-destructive scanning
method that can visualise and quantify soil pore structures in three dimensions
(Kim et al., 2010; Lamandé¢ et al., 2013; Larsbo et al., 2014). A CT image is a
three-dimensional image of the inside of an object constructed from a large series
of two-dimensional X-ray images taken around a single axis of rotation. Petrovic
et al. (1982) were the first to apply CT imaging in soil science, with the aim of
determining soil bulk density. Since their work, the use of CT imaging in soil
science studies has increased greatly. The results have considerably improved
understanding of how soil structure and pore connectivity influence water
movement, particularly in soils where preferential flow is prevalent (Mooney,
2002). Computed tomography imaging can also be a very useful approach in
studies targeting characterisation of soil pore modification after compaction
(Pires, 2011). However, while CT imaging techniques have great potential, they
also have severe drawbacks in terms of accessibility, resolution and artefacts
(Mooney, 2002). For example, CT imaging is restricted to analysis of “isolated”
soil cores, whereas dye tracing allows investigation of water flow within a whole
soil profile (Wildenschild & Sheppard, 2013). Thus, sample size is one
limitation of the technique. Therefore, in this thesis, both CT images and dye
tracing patterns were used to gain a better understanding of the flow and
transport properties in soil after compaction.

The degree of preferential flow can also be quantified in intact soil columns
in breakthrough curve (BTC) experiments. In this method, a solution containing
the chemical of interest is applied to one end of the soil column and its
concentration is measured in the effluent at the other end of the column, under
steady water flow. The relationship between the relative solute concentration in
the effluent and time elapsed or amount of water passing through the soil column
is called the breakthrough curve. The shape of the breakthrough curve is then
analysed to study the function of the pore system in the transport process. From
the shape of breakthrough curves, useful information such as the 5% arrival time
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(to.0s), i.e. the time, relative to the average arrival time, for 5% of the applied
tracer mass to arrive at the bottom of the sample, can be obtained. The to.0s value
obtained can be used to deduce the presence of preferential flow (Koestel ef al.,
2011). It has been identified as a robust indicator of preferential transport, with
smaller toos5 values indicating stronger preferential flow (Ghafoor et al., 2013;
Knudby & Carrera, 2005; Koestel ef al., 2011, 2012). In a study carried out on
733 tracer BTC experiments by Koestel et al. (2012), it was suggested that to.os
>(0.5 indicates absence of preferential flow, while values <0.22 indicate strong
preferential flow.

1.4 Compaction effects on the pore system and preferential flow

It is generally suggested that compaction results in a massive soil structure,
through homogenisation of the pore system and creation of smaller pores
(Servadio et al., 2001). The pore fractions most affected by compaction include
macropores or coarse mesopores (Alaoui et al., 2011; Cassaro et al., 2011),
which are vitally important for soil aeration and water transport. For example,
Lipiec and Hékansson (2000) found that an increase in the number of vehicle-
passes from zero to eight decreased macroporosity from 13.4% to 5.6%.
Compaction not only modifies the pore volume, but also alters the connectivity
and continuity of pores (Alaoui et al., 2011). Changes in the characteristics and
geometry of structural pore networks following compaction can significantly
influence the risk of rapid preferential solute transport in soil macropores
(Hendrickx & Flury, 2001; Jarvis, 2007). As compaction mainly disrupts or
destroys the larger pores in soil, it can be expected to reduce the strength of
preferential flow, e.g. Heitman et al. (2007) observed slower breakthrough of
non-reactive solute in compacted plots. On the other hand, some studies report
strong preferential flow following compaction in macropores remaining after
compaction, or macropores regenerated later due to physical or biological
processes (Alaoui & Goetz, 2008; Kulli et al., 2003).
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2 Thesis work

The aim of this thesis was to determine the effects of compaction on soil
hydraulic properties and identify how this affects preferential flow in soil. To
achieve this objective, two complementary studies (Papers I and II) were carried
out at the same two experimental sites. Paper I focused on soil hydraulic
properties and preferential water flow in soil columns sampled in the field, while
Paper II involved in situ quantification of flow patterns. Both studies combined
field and laboratory data from the same sites, to gain a better understanding of
compaction effects on preferential flow.

2.1 Paper I: Compaction effects on preferential flow

Paper I examined the effects of compaction on preferential water flow in soil
columns (20 c¢m in diameter, 20 cm height) taken from the subsoil (30-50 cm
depth). X-ray computed tomography (CT) imaging was used to visualise and
quantify soil pore structures in the soil columns. The degree of preferential water
flow (5% arrival time, toos) was calculated from non-reactive tracer
breakthrough curves. Saturated hydraulic conductivity (Ks) and air permeability
(Ka) at field moisture content were also measured. The soil macroporosity values
derived from CT images were then related to air permeability, 5% arrival time
and saturated hydraulic conductivity, to get a better understanding of pore
system functioning. The hypothesis tested in Paper [ was that soil compaction
increases the presence of preferential flow.

2.2 Paper Il: Compaction effects on flow patterns

In Paper 11, the aim was to quantify the effects of compaction on water flow
patterns at the soil profile scale. Because of the interaction between the natural
recovery processes and induced compaction, quantifying soil compaction effects
on water flow patterns is challenging, This complexity means that the impacts
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of compaction on water flow patterns in agricultural soils are still poorly
understood. One year after establishing the compaction treatment, dye tracing
experiments were performed and a range of soil mechanical and hydraulic
properties (i.e. penetration resistance, bulk density, macroporosity and
mesoporosity) were measured, to help explain the dye patterns.
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3 Materials and Methods

The same field experiments were used in Paper I and Paper 11, and therefore the
site description and experimental design are identical for both papers.

3.1 Site description and experimental design

The compaction experiments were carried out at two field sites (Upper and
Lower, approximately 300 m apart) on a well-structured clay soil (45-54% clay)
close to Uppsala in central Sweden. The groundwater level at the sites is
regulated by a nearby stream and is approximately 50 cm higher at the Upper
site than at the Lower site. Detailed information about the two sites can be found
in Papers I and II. Some basic properties of the soils at the sites are presented in
Table 1.

Table 1. Soil texture and organic matter content of soils from the Upper and Lower experimental
sites used in Papers I and 11

Site Sampling Particle size distribution (%) Organic matter
depth content (%)
Clay Silt Sand
(<0.002 mm) (0.002-0.06 mm) (0.06-2 mm)
Upper 15 cm 473 31.5 21.2 3.5
30 cm 46.5 32 21.5 1.3
50 cm 46.5 353 18.2 0.3
Lower 15 cm 50 30 20 3
30 cm 50.5 32.5 17 0.3
50 cm 53.8 32.5 13.7 0
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Two randomised complete block trials were designed, with two treatments
(compacted and control), four blocks of two plots at each site and plot size 9 m
x 20 m (Figure 1).

Block I-IV *AB*BA*AB*AB* A: compacted

B: control

I II LI IV
. T— TR o ;
|/n//| B | B |/A//| A | B |/A//] B |
2m |////] | [//7717177] /777 |
|/1//71 2 | 3 |/4//|/5//| 6 |/7//] 8 |

e R s R s v

Figure 1. Randomized block design used at both the Upper and Lower sites, with four blocks (1-4)
and two treatments (A, B) in eight plots (1-8).

The compaction treatment was performed by four passes with a three-axle
dumper truck (Bell B25D 6x6) with 5.8, 5.4 and 4.6 Mg wheel load on the first,
second and third axle and 420 kPa tyre inflation pressure (tyre size: 23.5R25)
(Figure 2). After compaction, both sites were mouldboard ploughed to a depth
of approximately 20 cm. An oat crop was grown at both sites, with seedbed
preparation and sowing in spring and harvest at the end of August.

Figure 2. Experimental compaction treatment involving four passes with a 5-ton wheel load dumper
truck.
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One year after the compaction treatment, soil column/core sampling and field
measurements were carried out, at a time when the soil was slightly wetter than
field capacity.

3.2 Sampling

32 large soil columns (20 cm height, 20 cm diameter), were extracted from the
30-50 c¢m soil layer in compacted and control plots at the Upper and Lower sites
(two per plot). After sampling, the soil columns were tightly closed at both ends
to avoid evaporation and were stored at 1 °C to prevent earthworm activity until
measurements. Before starting the laboratory measurements, the tops and
bottoms of the soil columns were carefully trimmed with the point of knife to
reveal undisturbed soil. These soil columns were used for CT imaging, solute
breakthrough experiments and hydraulic conductivity measurements in Paper 1.

For measurements in Paper 1I, in September 288 small soil cores (5 cm
height, 7.2 cm diameter) were extracted from three depths (10, 30 and 50 cm) in
compacted and control plots at the two sites (Figure 3).

Figure 3. Sampling of small soil cores (5 cm height, 7.2 cm diameter) in field plots.

On arrival at the laboratory sampling, the soil cores were gradually saturated
from the base. Half of the soil cores (n=144) were used for measurements of
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saturated hydraulic conductivity and the other half for water retention and bulk
density measurements.

3.3 Computed tomography (CT) imaging (Paper I)

A medical CT scanner with pore resolution 1.2 mm diameter was used to
produce CT images of the soil columns (Figure 4). Detailed information about
the method and image analyses can be found in Paper 1.

,.&5’ g‘lb"‘: 5

Figure 4. (Left) Use of a medical computed tomography (CT) scanner to visualise the pore system
in soil columns and (right) example of a CT image. Photo by Mathieu Lamandé.

Macroporosity, connected porosity and total number of individual macropore
clusters (no. of pores) were calculated from the CT images.

3.4 Solute breakthrough curve (BTC) (Paper I)

Solute breakthrough experiments on large soil columns from the Upper site were
carried out in a laboratory irrigation chamber (constant rate, 5 mm h'!'). Because
of very low hydraulic conductivity at the Lower site, the solute breakthrough
experiment on those soil columns was carried out under ponding conditions
(Figure 5). The electrical conductivity of the effluent was logged at 1-minute
intervals using electrical conductivity meters, to provide breakthrough curves
(BTCs). From these BTCs, the relative 5%-arrival time toos (-), was derived.
Detailed information about the method and analyses can be found in Paper I.
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Figure 5. Equipment used for breakthrough experiments under ponding conditions on soil columns
from the Lower site (Paper I).

3.5 Saturated hydraulic conductivity (Ks) (Paper 1)

The saturated hydraulic conductivity, K, of each column was measured using
the falling-head method according to Jury et al. (1991), with an initial ponding
height at the soil surface of 20 cm (Figure 6). Saturated hydraulic conductivity
for the large columns was then calculated as:
Ks = (L ) In b0+ L

5T "Gy r
where L is cylinder height (20 cm), b0 is initial water level (20 cm) and b1 is
water level at time ¢1.
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b0 = 20cm

o
e

b0 — b1
t0 —t1

g(outflow) =

Figure 6. Schematic diagram of the falling head test used for measuring saturated hydraulic
conductivity (Ks) on soil columns (Paper I).

3.6 Air permeability (Ka) (Paper I)

Air permeability (K,) of the soil columns at field water content was measured
using the method developed by Iversen et al. (2001). The volumetric air flow
rate through the soil columns was recorded and the air permeability was then
calculated from Darcy’s law (Figure 7).

Air permeability is defined as the rate of airflow passing perpendicularly
through a known area under a prescribed air pressure differential between the
two surfaces of a material. It is calculated as:

__GuxXuXLs
pXgxXAgXh

a
where K, is air permeability (um?), q,, is air flow, p is viscosity of air, g is

acceleration due to gravity, p is density of water, L, is sample height (in this case
20 cm), A, is sample area and h is manometer reading (in this case 5 hPa).
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Figure 7. Air permeability measurement at the Department of Agroecology, Aarhus University
(Paper I).

3.7 Bulk density and saturated hydraulic conductivity in small
soil cores (Paper II)

Bulk density and saturated hydraulic conductivity (Ks) were measured on small
soil cores (5 cm height, 7.2 cm diameter) taken from three depths (10, 30 and 50
cm) in all plots (1-8) at both sites (Upper, Lower). More details about the
methods can be found in Paper II.

3.8 Water retention (Paper II)

Water retention was measured on small soil cores (5 cm height, 7.2 cm diameter)
using the sand-box method (Eijkelkamp, model 102 08.01). From the water
contents measured at saturation and at tensions of 10, 50 and 100 hPa, the
volume of macropores (equivalent pore diameter >0.3 mm), large mesopores
(0.3-0.06 mm) and small mesopores (0.06-0.03 mm) was obtained. Finally, the
samples were oven-dried, and bulk density and volumetric water content at each
tension step were calculated. More details about the methods can be found in
Paper 11.

23



3.9 Penetration resistance in the field (Paper II)

Soil penetration resistance was measured in the field using a hand-held
Eijkelkamp penetrologger with a cone with 1 cm? base area and 60° apex angle.
Measurements were made to 50 cm depth at 15 randomly selected locations per
plot. A soil penetrometer measures the soil resistance to penetration, expressed
as the force per unit cross-sectional area of the cone base (Bengough et al.,
2001). The penetrometer is a useful tool for quickly evaluating the presence of
compacted layers in the field (Minasny, 2012).

3.10 Dye tracing test in the field (Paper II)

For the dye tracing test, a 1 m? area in each plot was first irrigated with 20 L of
water using a watering can. After 24 hours, 30 L of Brilliant Blue solution (4 g
L-1) were applied. Three vertical soil profiles in each plot were then excavated
to a depth of 150 cm, and the profile walls were carefully prepared with knives
(see Figure 8 and Figure 9).

g ol t RN | d ]

Figure 8. Excavation of dye tracing profiles during the dye tracing tests at the field sites.
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Figure 9. Preparing profile walls for photographing dye pathways during the dye tracing test.

The plots were then photographed under both sunny and cloudy conditions,
to provide different dye tracing images (see Figure 10 and Figure 11). At the
Upper site, photographs taken from the soil surface down to 100 cm were
analysed, whereas at the Lower site photographs taken from the soil surface
down to only 70 cm depth were analysed, because of differences in groundwater
levels at the two sites.
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Figure 10. Example of dye tracing images taken under (left) sunny and (right) cloudy conditions.

Upper Site Lower Site

s

I -

|

Sunny * — Sunny

8 8 23 8 8 & 8 8

S Y |

Cloudy Cloudy

& 8 3 8 8 &8 8 8

O ) N O O O il |

8

Figure 11. Examples of dye tracing images used for analysis of flow patterns at (left) the Upper
site and (right) the Lower site under (top row) sunny and (bottom row) cloudy conditions.

Fraction of profile area dyed and number of stained flow paths were derived
after image processing and calculation in Matlab. Full details of image
processing and calculations can be found in Paper II.

3.11 Statistical analysis

All statistical analyses were performed using the JMP-10/JMP pro-11 software.
Significant differences between means were determined by Student’s t-test, with
p-values less than 0.05 considered statistically significant. Log-transformed of
K, and K, values were used in all statistical analyses, since the measured data
covered more than two orders of magnitude and were not normally
distributed. More details about the statistical analyses can be found in Papers I
and II.
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4 Results and Discussion

This chapter presents selected results and discusses the main findings from
Papers I and II. For a complete description of the results, see the relevant sections
in Papers I and I1.

4.1 Compaction effects on soil pore structure and transport
properties

A summary of pore structure characteristics and transport properties (Ka, K and
to.05) at the two sites is presented in Table 2. The table shows only data for 30
cm depth, because the compaction effects were most pronounced at this depth.
Results from other depths studied and comparisons between these can be found
in Paper II.

As can be seen in Table 2, macroporosity at the Lower site was in general
smaller than at the Upper site. The compaction treatment caused a significant
decrease (from 4.0% to 1%; p=0.03) in large mesopores (0.3-0.06 mm) at the
Upper site. There was also a tendency for smaller percentages of pores >0.03
mm, large macropores >1.2 mm, small macropores >0.3 mm and number of
pores (No.) in the compacted treatment compared with the control at the Upper
site, although these differences were not significant. In contrast, only the number
of pores decreased significantly at the Lower site (from 448.6 to 302.8; p=0.04)
after compaction.

Compaction was found to significantly decrease both K and K, at the Lower
site, which is consistent with the decrease in the number of larger pores (Table
2). The 5% arrival time (to.05) was significantly higher in compacted plots than
in control plots at the Lower site, suggesting less preferential flow transport after
compaction at that site. At the Upper site, there was a tendency for lower K¢ and
Ka and higher toos in compacted plots, although these effects were not
statistically significant. Higher values for toos after compaction were also
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observed at the Upper site, suggesting that compaction decreased preferential
flow/transport at both sites, but with much a stronger impact at the Lower site.

The differences between the two sites in their response to the applied
compaction may be related to different pore volumes, as original
macroporosity/mesoporosity was smaller at the Lower site than at the Upper site.
Considering also the fact that the groundwater level was about 50 cm deeper at
the Upper site than the Lower site, this suggests that the soil at the Upper site
under grass ley (compared with cereal stubble at the Lower site) was drier at the
time of compaction and probably more resistant to compaction.

Table 2. Summary of pore size distribution, air permeability (K.), saturated hydraulic conductivity
(Ks), bulk density (Bd) and 5% arrival time (to.0s) for soil at 30 cm depth at the Upper and Lower
site. *p<0.05 (p-values calculated using log-transformed values for Ka and Ks)

Site Parameters Sample Control Compacted p-value
size'

Upper Porosity >0.03 mm S 8.0% 4.0% 0.07
Large macropores >1.2 mm L 0.46%  0.35% 0.28
Small macropores 0.3 mm S 4.0% 2.0% 0.3
Large mesopores (0.3-0.06 mm) S 4.0% 1.0% 0.003*
Small mesopores (0.06-0.03 mm) S 1.0% 0.9% 0.1
No. of pores >1.2 mm L 642.3 518.7 0.37
Bd (g cm ) S 1.31 1.38 0.09
Ka (um?) L 335 21.0 0.14+
Ks (cm h™) L 37.7 32.0 0.28+
t0.05 (-) L 0.14 0.16 0.66
Porosity >0.03 mm S 1.0% 1.0% 0.82

Lower Large macroporosity >1.2 mm L 0.16%  0.09% 0.10
Small macroporosity >0.3 mm S 0.1% 0% 0.52
Large mesopores (0.3-0.06 mm) S 1.0% 1.0% 0.84
Small mesopores (0.06-0.03 mm) S 0.3% 0.8% 0.04*
No. of pores >1.2 mm L 448.6 302.8 0.004*
Bd (g cm ) S 1.37 1.46 0.08
Ka (um?) L 12.1 4.0 0.02%*
Ks (cm h™) L 10.9 0.09 0.05%*
to.05 (-) L 0.13 0.25 0.02*

TL: Measurements on soil columns (20 cm height and 20 cm diameter) taken at 30-50 cm depth.

S: Measurements on small cores (5 cm height, 7.2 cm diameter) at 30 cm depth.
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4.2 Relationship between soil pore structure and transport
properties

Saturated hydraulic conductivity and air permeability were significantly

correlated at both sites (Figure 12), as could be expected from a theoretical

perspective (Ghanbarian et al., 2014).

25 0 Upper site-control
1 Upper site-compacted
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« Lower site-compacted
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=
£ 057
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¥m 0‘0_
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2 -0.5 log K, (Upper site) = -0.04+1.09xlog K,; R* =0.82; p=0.03
log K, (Lower site) = -1.36+1.26xlog K,; R2=0.30; p=0.0001
-1.07
%
-1.51
_2-0 T T T T
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Figure 12. Relationship between air permeability (Ka) and saturated hydraulic conductivity (Ks) in
soil from control and compacted plots at the Upper and Lower sites.

Saturated hydraulic conductivity was significantly correlated with large
macropores >1.2 mm and decreased rapidly as the imaged macroporosity
decreased from 0.3% towards zero, especially at Lower site (Figure 13). This
means that water flow was strongly limited when the porosity was less than
0.3%. The correlation between K and connected porosity >1.2 mm is shown in
Figure 14.
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Figure 13. Relationship between saturated hydraulic conductivity (Ks) and percentage of
macropores >1.2 mm determined from computed tomography (CT) images of large soil columns
taken from control and compacted plots at the Upper and Lower sites..
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Figure 14. Relationship between saturated hydraulic conductivity (Ks) and percentage of connected

pores determined from computed tomography (CT) images of large soil columns taken from control
and compacted plots at the Upper and Lower sites.
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The wide variation in K (from 0.06 to 34 cm hr'!) observed in the large soil
columns showed no association with connected porosity determined from CT
images (Figure 14). Macroporosity in these columns varied from 0.18% to 0.5%
(see Tables 2 and 3 in Paper I). It can be suggested that variation in K in these
columns depended on connected porosity below the image resolution of X-ray
CT (1.2 mm).

Data on K and porosity larger >0.03 mm measured on small soil cores (see
Paper II for details) at both sites and all depths were used to check this
suggestion. As shown in Figure 15, there was a linear relationship between logKs
and the volume of pores >0.03 mm in diameter. Comparing Figure 14 and Figure
15 suggests that transport functions were mostly governed by pores between
0.03-1.2 mm in diameter at both sites. This is an interesting finding, which may
suggest that these pores (0.03-1.2 mm) are those most active in preferential
flow/transport in this structured clay soil.

25
2.0 A Upper site-control
A Upper site-compacted
157 o Lower site-control
e Lower site-compacted
~ 107
H]
g 05
3
% 0.0
S
-0.57
-1.07
-157 L] Log Ks (cm hr!) = - 0.61+ 13.96* porosity (> 0.03 mm in diameter)
|
-20 T . - : T -

0.00 0.05 0.10 0.15 0.20
Porosity> 0.03 mm (m? m3)

Figure 15. Saturated hydraulic conductivity (Ks) as a function of fraction of pores larger than 0.03
mm (corresponding to macropores, large mesopores and small mesopores) in soil from control and
compacted plots at the Upper and Lower sites.

4.3 Compaction effects on preferential flow

The 5% arrival times for control plots at both sites were relatively small (0.14 at
Upper site and 0.13 at Lower site), which according to Koestel et al. (2012)
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indicates strong preferential flow. At the Lower site, compaction caused
significant increases in toos (to 0.25), which means that compaction limited the
strength of preferential flow at that site (Table 2). At the Upper site, no
significant effect of compaction on preferential flow was found, although to.os
values were generally larger in the compacted treatment than control (mean 0.16
vs 0.14) (Table 2).

An inverse relationship between to.0s and macroporosity was found at the
Lower site, whereas no trend was obvious at the Upper site (Figure 16). Loss of
macroporosity due to compaction at the Lower site may have decreased
preferential flow by reducing macropore continuity (Jarvis, 2007). This effect
was apparent as the connected porosity was greater in control plots than in
compacted plots at the Lower site (see Table 2 in Paper I). It can be therefore
concluded that the effect of compaction on preferential flow may be attributed
partly to a reduction in the volume and continuity of macropores smaller than
1.2 mm in diameter, which was the resolution of the CT scanner used in the
present work.

0.50 0 Upper site-control
o 1 Upper site-compacted
045 i
o Lower site-control
0.40- . Lower site-compacted
[
035
~ 030
8 0.25-
o ; p=0.09
* 0201
0.15
0.104
0.05
0.00-— T T r T

0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
Macroporosity (%)

Figure 16. Relationship between 5% arrival time (to.0s) and macroporosity in soil from control and
compacted plots at the Upper and Lower sites. The high to.0s value for a control plot at the Upper
site (square orange icon) was considered an outlier caused by an earthworm channel passing
through the entire column, which resulted in rapid throughflow.

These results contradict those reported by Katuwal et al. (2015), who found

a significant positive correlation between t.0s and macroporosity derived from
CT images with similar image resolution as in this thesis. The samples analysed
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in that study were taken from an agricultural field in Denmark with low (14.7-
18.2%) clay content, whereas the samples analysed in this thesis had a much
higher (45-54%) clay content. All samples analysed by Katuwal et al. (2015)
had macroporosity greater than ~0.4%, while the columns studied in this thesis
had much smaller values (see Tables 2 and 3 in Paper I). Larsbo et al. (2014)
also found a higher degree of preferential flow (i.e. smaller to.0s values) in topsoil
samples with lower CT image macroporosity and saturated hydraulic
conductivity. In marked contrast to the narrow range of macroporosity (~0.1-
0.5%) observed for soil columns in this thesis, macroporosity values in the soils
studied by Larsbo et al. (2014) were higher and showed greater variation (range
~3 to 10%). Taken together, these findings suggest that, as hypothesised by
Jarvis (2007), moderate compaction should increase the strength of preferential
flow as macroporosity decreases but a few continuous macropores remain. As
compaction becomes more severe, a critical point is reached at which pore
continuity limits preferential flow. At this point, the saturated hydraulic
conductivity of the soil may become so small that surface runoff may occur,
depending on the surface boundary conditions in the field.

4.4 Dye patterns and penetration resistance one year after
compaction

At both sites, penetration resistance increased markedly below 25 cm depth,
indicating the presence of a compacted layer at this depth, even in the control
treatment (Figure 17). The compaction treatment applied resulted in
significantly higher penetration resistance (compared with the control) at 5-10
cm depth (p=0.04), 10-15 cm depth (p=0.052) and 15-20 cm depth (p=0.05) at
the Lower site (Figure 17, right). In contrast, at the Upper site, penetration
resistance was not significantly affected by compaction of the topsoil. The
compacted plots at the Upper site tended to have higher penetrometer resistance
in the subsoil (40-50 cm depth) (Figure 17, left), but these differences were not
statistically significant (p=0.09 at 40-45 cm; p=0.08 at 45-50 cm).
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Figure 17. Penetration resistance patterns in soil at (left) the Upper site and (right) the Lower site
before compaction (blue) and after compaction (green).

The results from the penetration resistance and dye tracing tests in the field
suggest the presence of a compacted layer at about 20-30 cm depth at both sites
(compare Figure 18 and Figure 17). The presence of this compacted layer was
obvious at the Lower site from dye tracing, where the dyed area was mostly
concentrated above 30 cm depth.
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Figure 18. (a) Fraction of the soil profile dyed and (b) number of stained flow paths in control and
compacted field soil at (left) the Upper site and (right) the Lower site.
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Compaction led to a smaller dyed area (Figure 18a, left) and a smaller number
of flow paths (Figure 18b, left) in the whole soil profile at the Upper site. At the
Lower site, compaction resulted in a clear increase in the dyed area at 5-25 cm
depth, with very little dyed area observed below 25 cm depth in both compacted
and control plots at that site (Figure 18a, right). At the Lower site, ponding at
the soil surface was observed during the dye tracing experiments, especially in
the compacted plots, which supports the conclusion that water transport was
limited due to the presence of a compacted layer (25 cm depth) characterised by
greater penetration resistance. However, the ponding conditions at the Lower
site did not induce any noticeable preferential transport of the dye solution deep
into the subsoil (Figure 19). This observation is consistent with our earlier
findings for large columns (30-50 cm depth) taken at the Lower site, where
almost no continuous macroporosity was found based on CT images
(Mossadeghi-Bjorklund et al., 2016). However, the findings for the Lower site
partly contradict those of Kulli ez al. (2003), who reported larger dyed area in
the subsoil because of compaction. They suggested that a decrease in
permeability of the topsoil, caused by compaction, led to local ponding and
enhanced preferential flow through remaining continuous macropores into the
subsoil. Bogner et al. (2013) also found larger dyed area in the plough layer (25-
30 cm depth) and concluded that flow transport above the plough layer was
partly disconnected from the subsoil because of macropore disruption by tillage.
However, in their study, preferential flow along cracks occurred in both
compacted and control plots and the disconnected macropores below the plough
layer still functioned as preferential flow paths (Bogner ef al., 2013). This was
not observed at the Lower site in this thesis, probably because there were not
enough continuous macropores that could support preferential flow in the
subsoil (Jarvis et al., 2016, 2017).
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Figure 19. Examples of the effect of compaction on tracer dye flow pattern in soil in two treatment
blocks at (top row) the Upper site and (bottom row) the Lower site.

An illustrative explanation of how compaction influenced flow transport at
Upper site and Lower site is presented in Figure 20. As can be seen from the
diagram, there was a clear decrease in preferential flow below the compacted
layer (plough pan) in compacted plots, especially at the Lower site. This
observation is consistent with our previous results for large soil columns
(Mossadeghi-Bjorklund et al., 2016), where compaction resulted in significantly
higher to.05 (less preferential flow).
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Figure 20. Illustration based on dye tracing images (Figure 18) of how compaction influenced flow
paths in uncompacted and compacted soil at the Upper and Lower sites.

This reasoning is summarised in the conceptual model presented in Figure
21, which illustrates how preferential flow and surface runoff may be affected
by compaction and natural regeneration of soil structural macropores (e.g. due
to cracking or earthworm activity) following compaction. According to the
model, moderate compaction may induce stronger preferential flow due to a
decrease in near-saturated hydraulic conductivity and an increase in the size of
the largest conducting pores (compared curve B with curve A in Figure 21).
More severe compaction may result in an increased risk of surface runoff and
weaker preferential flow, since the size of the largest pores in the soil is
dramatically decreased (curve C in Figure 21). Larger soil macropores such as
cracks and earthworm channels may subsequently regenerate, while the recovery
of smaller pores affected by compaction is a slower process. This may lead to
very strong preferential flow (curve D in Figure 21).
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5 Conclusions

Significant effects of compaction on structural pore space (macroporosity) were
found at 25-30 cm depth (compacted layer), with pronounced limitation of flow
and transport below this depth. Both soils were ploughed after the compaction
treatment, so the presence of a compacted layer indicates that ploughing did not
remove the negative effects of compaction at 25-30 cm depth. Such subsoil
compaction is an issue in many agricultural soils with a high clay content as it
can lead to flood generation and runoff, a serious problem for farmers. This
thesis showed that even quite small differences in initial soil and site conditions
may significantly influence the extent to which applied compaction stresses
affect the connectivity of structural pore space in soil and, consequently, water
flow. To prevent subsoil compaction, it is important to consider soil conditions
at the time of trafficking.

The neighbouring sites studied in this thesis had strong preferential flow in
control plots. Water flow through preferential flow pathways can facilitate
transport of fertilisers, pesticides, and contaminants to groundwater, causing
harmful environmental problems. Since groundwater is used as drinking water,
leaching of contaminants to groundwater may also affect human health.

Based on the results, a conceptual model was developed. It suggests that
preferential flow is strongest at some intermediate level of compaction, at which
macropore continuity is still maintained despite reductions in macroporosity. It
also illustrates how compaction and subsequent recovery from compaction may
affect soil susceptibility to preferential flow and surface runoff.
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