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Abstract

Agriculture affects the soil’s capability for water infiltration and storage. In the present thesis the
agricultural impacts in terms of subsurface compaction and different tillage techniques on the
soil hydraulic properties and the underlying pore characteristics were analyzed. In-situ tension
infiltrometer measurements were used to quantify changes in the near-saturated hydraulic
conductivity, the water-conducting porosity, and inversely estimated parameters of the van
Genuchten/Mualem (VGM) water retention model. In the first part of this thesis, infiltration
measurements in differently compacted subsoil treatments of a silt loam soil in Lincoln/New
Zealand were used to characterize the effects on the soil’s porosity and its associated water-
conducting properties. A high susceptibility to the applied compaction was found, as the
saturated hydraulic conductivity of the heavy compacted soil was 81% less than that of the
loosened soil. This soil property may be used as a proxy for compaction-induced changes in
hydraulic characteristics. Increasing compaction decreased the number of hydraulically effective
macropores, reduced the flow-weighted mean pore radius, and the ayg parameter of the VGM
model. In the second part, the impact of different tillage techniques — conventional (CT), reduced
(RT), and no-tillage (NT) — and their temporal dynamics on another silt loam soil in
Raasdorf/Austria were captured using repeated tension infiltrometer measurements. The results
show that the near-saturated hydraulic conductivity was in the order CT > RT > NT, with larger
treatment-induced differences in the mesopore range. The VGM model parameter ayg was in
the order CT < RT < NT, with high temporal variations under CT and RT. NT resulted in the
greatest water-conducting pore radii. The results give indirect evidence that NT leads to a
greater connectivity and smaller tortuosity of macropores, and to a better temporal stability.
Variations in mesopore-related quantities could be explained sufficiently by an interaction of
tillage and time. In the third part, the inversely estimated hydraulic parameters were used to
parameterize a soil water simulation for two consecutive seasons. Simulated water dynamics of
the near-surface soil with constant and time-variable hydraulic parameters were compared to
measured water contents. The use of time-variable hydraulic parameters significantly improved
simulation performance for all treatments, resulting in average relative errors below 13 %. The
study demonstrates the applicability of inversely estimated hydraulic properties for soil water
simulations. The simulated water balance indicated that RT and NT result in a better near-
surface water storage than CT. This may increase water efficiency, especially under dryer climatic
conditions.

Key words: soil hydraulic properties, hydraulic conductivity, pore-size distribution, tension
infiltrometer, compaction, tillage, temporal variability
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Kurzfassung

Landwirtschaftliche Nutzungen beeinflussen die Fahigkeit von Béden, Wasser zu infiltrieren und
zu speichern. In der vorliegenden Doktorarbeit wurden Bewirtschaftungseinfliisse im Sinne von
Unterbodenverdichtung und unterschiedlicher Bodenbearbeitungstechniken auf die
hydraulischen Bodeneigenschaften und die zugrunde liegende Porencharakteristik untersucht.
In-situ Messungen mittels Tensionsinfiltrometer wurden durchgefiihrt, um Veranderungen der
hydraulischen Leitfahigkeit, des wasserleitenden Porenraumes und von invers bestimmten
Parametern des van Genuchten/Mualem (VGM) Retentionsmodells zu quantifizieren. Im ersten
Teil der Arbeit wurden Infiltrationsmessungen in unterschiedlich stark verdichteten Varianten
eines schluffigen Lehmbodens in Lincoln/Neuseeland verwendet, um den Einfluss auf die
Porositat und die Wasserleitfahigkeit zu charakterisieren. Es wurde eine hohe Anfalligkeit fur die
aufgebrachte Verdichtung festgestellt, wobei die gesattigte hydraulische Leitfahigkeit der
starksten Verdichtungsstufe um 81% geringer als im gelockerten Unterboden war. Die gesattigte
hydraulische Leitfdhigkeit kénnte als Proxy fiir Anderungen der hydraulischen Eigenschaften
durch Bodenverdichtung verwendet werden. Zunehmende Verdichtung fiihrte zum Abnehmen
der Anzahl hydraulisch wirksamer Makroporen, des flussgewichteten Porenradius’ und des ayg-
Parameters des VGM Modells. Im zweiten Teil der Arbeit wurde der Einfluss unterschiedlicher
Bodenbearbeitung — konventionell (CT), reduziert (RT) und bearbeitungslos (NT) — und dessen
zeitliche Dynamik auf einen schluffigen Lehmboden in Raasdorf/Niederésterreich durch
wiederholte Messungen mittels Tensionsinfiltrometer erfasst. Die Ergebnisse zeigen, dass die
nah-gesdattigte hydraulische Leitfahigkeit in der Reihenfolge CT > RT > NT war, wobei grof3ere
Unterschiede zwischen den Varianten im Bereich der Mesoporen auftraten. Der VGM Parameter
aye war in der Reihenfolge CT < RT < NT, wobei bei CT und RT eine starke zeitliche Variabilitat
festgestellt wurde. NT flihrte zu den groRten wasserleitenden Porenradien. Die Ergebnisse geben
einen indirekten Hinweis darauf, dass NT zu einer besseren Konnektivitdit und geringeren
Tortuositat der Makropren sowie zu einer hoheren zeitlichen Stabilitat fihrt. Die Variabilitat im
Mesoporenbereich konnte hinreichend durch eine Kombination aus Bodenbearbeitung und Zeit
erklart werden. Im dritten Teil wurden die invers bestimmten hydraulischen Parameter
verwendet, um eine Simulation des Bodenwasserhaushaltes fiir zwei Jahre zu parametrisieren.
Simulationen des oberflaichennahen Wasserhaushaltes mit konstanten und zeitlich variablen
hydraulischen Parametern wurden mit gemessenen Wassergehalten verglichen. Die
Verwendung zeitlich variabler Parameter verbesserte die Performance der Simulation signifikant,
wobei der durchschnittliche relative Fehler unter 13% lag. Die Untersuchungen zeigen, dass
invers bestimmte hydraulische Parameter fir Simulationen des Bodenwasserhaushaltes
verwendet werden kdnnen. Die Simulation des Bodenwasserhaushaltes deutet an, dass RT und
NT im Gegensatz zu CT zu einer erhohten Wasserspeicherung im Oberboden fithren. Damit wird
die Wassereffizienz besonders unter trockeneren Klimabedingungen gesteigert.

Schliisselwérter: hydraulische Bodeneigenschaften, hydraulische Leitfahigkeit, PorengrofRen-
verteilung, Tensionsinfiltrometer, Bodenverdichtung, Bodenbearbeitung, zeitliche Variabilitat
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1. Introduction

The movement and storage of water and solutes in soils is of fundamental importance to
answer recent questions in agricultural water management and for the assessment of
cultivation practices. As agriculture has to face increasing water shortages and soil
degradation in many areas worldwide, there is a need for assessing the impact of different
landuse changes and agricultural practices on the hydraulic properties, the pore network,
and the water balance of soils. In particular, the effect of different tillage techniques and
management-induced subsoil compaction on the soil hydraulic properties are of interest, not
only in fundamental research but also for stakeholders and farmers. It has been reported
that soil tillage and management affect the hydraulic properties with consequences for the
storage and movement of water, nutrients and pollutants, and for plant growth (Strudley et
al., 2008). Many studies have demonstrated that soil tillage and compaction alter the soil
pore-size distribution and the hydraulic properties (Mubarak et al., 2009; Or et al., 2000; Xu
and Mermoud, 2003).

For the assessment of agricultural impacts on the movement and storage of water in the soil,
numerical simulations can be a helpful tool. However, the hydraulic properties, i.e. the soil
water retention function 6(h) and the hydraulic conductivity function K(h), have to be
properly known. Generally, one main challenge in the assessment of management-induced
impacts on these properties is the high natural spatial and temporal variability, particularly
in the near-saturated range where soil structure essentially influences water flow
characteristics (Daraghmeh et al., 2008; Or et al., 2000). As classical methods to derive the
soil hydraulic properties from steel core samples cover only a small soil volume and its
variability, adequate measurements techniques should be applied. Moreover, most of the
management-induced changes are expected to occur in the structural soil pores. This part of
the soil’s porosity can be captured best by using field measurements (Angulo-Jaramillo et al.,
2000; Hu et al.,, 2009; Yoon et al.,, 2007). To determine the hydraulic properties of
agricultural soils directly in the field, tension infiltrometry has become a commonly used
method (Angulo-Jaramillo et al., 1997; Messing and Jarvis, 1993; Reynolds et al., 1995). This
method is the basis of the following thesis. It allows not only to determine the saturated and
near-saturated hydraulic conductivity, but also to derive the pore-size distribution that
contributes to the water infiltration and conductance. By applying an inverse parameter
estimation, tension infiltrometer measurements can be also used to derive the parameters
of a soil water retenion and conductivity model, such as the van Genuchten/Mualem model
(van Genuchten, 1980).

The results of the present thesis might contribute to a better understanding of
management-induced changes of soil hydraulic properties with respect to the temporal
dynamics and its implications for the agricultural practice — having the aim to prevent soil
degradation and optimize water efficiency.
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2.

Hypotheses and objectives

This thesis follows the motivation to contribute research results to the scientific and

agricultural community with the objective of a good agricultural practice. The following main

hypotheses were assumed:

Subsurface compaction alters the soil’s capability for water infiltration, with the
major impact on fast-draining macropores.

Increasing soil compaction results in a decrease in the near-saturated hydraulic
conductivity.

Different tillage techniques might result in different pore size distributions and thus
soil hydraulic properties.

Soil hydraulic properties vary with time as a result of both different soil cultivation
techniques and environmental controlling factors.

The impact of soil compaction and tillage on the soil hydraulic properties can be
captured using tension infiltrometer measurements.

Soil water simulations can be improved by accounting for temporal changes of the
soil hydraulic properties.

The hypotheses resulted in the following main research objectives:

3.

Assessing the impact of subsoil compaction on the near-saturated hydraulic
conductivity and the water-conducting porosity.

Assessing the impact of different tillage techniques and their subsequent temporal
dynamics on the near-saturated hydraulic conductivity and derived soil hydraulic
properties.

Implementation of time-variable soil hydraulic properties in a soil water simulation.
Assessing the feasibility of inversely estimated hydraulic parameters in soil water
simulations.

Structure of the study

This doctoral thesis consists of three independent chapters. In chapter 5, the impact of

subsoil compaction on the hydraulic properties and the water-conducting porosity is

discussed. Field measurements for this study were conducted on a silt loam soil in Lincoln,

New Zealand. In chapter 6, the impact of different tillage practices on the hydraulic

properties and the water-conducting porosity is analyzed with respect to its temporal

dynamic. Over a period of two consecutive years, repeated infiltration measurements were

conducted on a silt loam soil in Raasdorf, Austria. This data was further analyzed and used to

parameterize a soil water simulation that accounts for time-variable hydraulic properties.

This study is presented in chapter 7.
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4, Dissemination

Since this is a cumulative doctoral thesis, the central parts of this study were subject to
scientific publications in peer-reviewed journals (listed in the Science Citation Index by
Thomson Reuters, NY). Prior submission for publication, the results were presented and
discussed on international scientific conferences. Details are listed in Tables 4-1 and 4-2.

Table 4-1. List of scientific publications in journals that are listed in the Science Citation Index (SCl).

Chapter of Impactfactor .
this study SCl-Journal (2009) Title
Soil Science Society of Hydraulic Properties and the Water-Conducting
5 America Journal 2.18 Porosity as Affected by Subsurface Compaction

using Tension Infiltrometers®

] ) Temporal dynamics of soil hydraulic properties
6 Soil & Tillage Research 2.88 and the water-conducting porosity under
different tillage

Time-variable soil hydraulic properties in near-
surface soil water simulations for different
tillage methods®

Agricultural Water 202
Management '

Table 4-2. List of presentations on international scientific conferences.

Chapter of Date & . .
this study Conference City Title and type of presentation
European Geosciences May 2-7, 2010 Using Tension Infiltrometry to Assess the Effect
5 Union - General Vienna, Austria  Of Subsoil Compaction on Soil Hydraulic
Assembly 2010 Properties (oral)
European Geosciences May 2-7, 2010 Assessing Tillage Effects on Soil Hydraulic
6 Union - General Vienna, Austria Prpperties yia Inv_erse Parameter Estimation
Assembly 2010 using Tension Infiltrometry (Poster)
7 19th World Congress of Aug 1-6,2010  The Effect of Time-Variable Soil Hydraulic

Soil Science Brishane, Australia  Properties in Soil Water Simulations (Poster)

! Schwen, A., Hernandez-Ramirez, G., Lawrence-Smith, E.J., Sinton, S.M., Carrick, S., Clothier, B.E., Buchan, G.D.,
and Loiskandl, W., 2011. Soil Sci. Soc. Am. J. 75(3), 822-831.

2 Schwen, A., Bodner, G., Scholl, P., Buchan, G.D., and Loiskandl, W., 2011. Soil & Tillage Research 113(2), 89-98.
3 Schwen, A., Bodner, and Loiskandl, W., 2011. Agricultural Water Management (in press, doi:
10.1016/j.agwat.2011.07.020).
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5. Hydraulic Properties and the Water-Conducting Porosity as
Affected by Subsurface Compaction using Tension
Infiltrometers*

Abstract

Changes in soil physical properties due to compaction are a major concern in agricultural
production and modeling of soil water movement and plant growth. The objectives of this
study were to measure water infiltration under different compaction levels and to
characterize the effects of compaction on the soil’s porosity and its associated water
conducting properties. On a silt loam soil, relative to a control four levels of subsurface
compaction were induced: loosening, light, medium and heavy compaction. Infiltration
characteristics were measured in-situ using tension infiltrometers. Near-saturated
conductivities were calculated using Wooding’s equation and further analyzed to derive the
hydraulically effective macro- and mesoporosities and the flow-weighted mean pore radii.
The data were also used for parametrization of the van Genuchten/Mualem model by
inverse parameter estimation. A high susceptibility to the applied compaction was found, as
the saturated hydraulic conductivity of the heavy compacted soil was 81% less than that of
the loosened soil. This soil property may be used as a proxy for compaction-induced changes
in hydraulic characteristics. Increasing compaction also decreased the number of
hydraulically effective macropores, reduced the flow-weighted mean pore radius, and the
avg parameter of the van Genuchten/Mualem model. Our findings give an indirect evidence
for two main effects of the applied compaction. Firstly, the reduced saturated hydraulic
conductivity might be due to distortion of structural flow paths, reducing the connectivity
and hydraulic effectiveness of many macropores. Secondly, compaction rearranged the pore
space, resulting in more water-conducting mesopores.

4 Schwen, A., Hernandez-Ramirez, G., Lawrence-Smith, E.J., Sinton, S.M., Carrick, S., Clothier, B.E., Buchan, G.D.,
and Loiskandl, W., 2011. Soil Sci. Soc. Am. J. 75(3), 822-831.
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5.1 Introduction

Globally, compaction is a major cause of soil degradation that is mainly associated with
agricultural practices or forest harvesting. Soil compaction alters the soil’s structure by
crushing aggregates or combining them into larger units and by decreasing the number of
coarser pores and reducing water and air permeability (Batey, 2009; Batey and McKenzie,
2006). In humid areas, soil compaction might increase the risk of surface runoff and erosion
due to a decreased rainwater infiltration (Lipiec and Hatano, 2003). Soil structural
degradation and the formation of tillage pans under cultivated cropping are effects that
have been widely reported (Shepherd et al., 2001; Hamilton-Manns et al., 2002; Sparling and
Schipper, 2004). Fine-textured soils are especially susceptible to compaction (Hewitt and
Shepherd, 1997; Gebhardt et al., 2009). Consequently, crop growth, yield and quality may be
impaired by reductions in rooting depth, and reduced water and nutrient uptake (Batey and
McKenzie, 2006).

Therefore, changes in the soil physical properties due to compaction are growing in
importance in agricultural production and research. Soil compaction, through its effects on
permeability and water retention, might also affect important input parameters used in
predictive crop growth models (e.g. Allen et al., 1998). For instance, reduced porosity could
diminish the water content at field capacity and therefore reduce the plant available water
capacity (Batey, 2009). Also, the saturated hydraulic conductivity, K; could decrease due to a
reduction in the number of large and fast-draining pores (macropores). Most of the decrease
in water retention and conductance is expected to occur at hydraulic pressure heads close to
zero due to a reduction in different groups of macropores (Gebhardt et al., 2009).

Many studies have assessed the impact of soil compaction on hydraulic properties using
small soil core samples in the laboratory (e.g. Richard et al., 2001; Startsev and McNabb,
2001; Lipiec and Hatano, 2003; Gebhardt et al., 2009; Reintam et al., 2009). However,
Startsev and McNabb (2001) noted that compaction-induced changes in soil water retention
and pore-size distribution are still not well documented. The effects of tillage-induced
compaction on soil hydraulic properties have also not been examined; existing reports focus
only on soil surface compaction induced by wheel traffic. Thus, there is a need for in-situ
measurements of cultivation pan-induced changes of the hydraulic characteristics.
Angulo-Jaramillo et al. (2000) noted that, especially in structured macroporous soils, field
methods to evaluate hydraulic properties are preferable to laboratory methods. To quantify
the macroporosity and determine the near-saturated hydraulic properties of soils directly in
the field, tension infiltrometers have become a commonly used method (Angulo-Jaramillo et
al., 2000; Ramos et al., 2006; Moret and Arrue, 2007). With this device, water infiltration
rates at certain adjustable supply pressure heads are measured. The data can be used to
obtain the hydraulic conductivity function using Wooding’s analytical equation (Wooding,
1968; Reynolds and Elrick, 1991). Subsequently, estimates of the near-saturated hydraulic
conductivities can be further analysed in terms of the amount of hydraulically effective
macro- and mesopores (Watson and Luxmoore, 1986; Bodhinayake et al., 2004), as well as
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to estimate the flow-weighted mean pore radii (Reynolds et al., 1995; Moret and Arrue,
2007) or to estimate inversely the parameters of a soil-water retention model (Sim(inek et
al., 1998). Previous studies have compared the inverse parameter estimation from tension
infiltrometer data with retention data obtained from laboratory measurements, and the
method has been found to be sound (Angulo-Jaramillo et al., 2000; Schwarz and Evett, 2002;
Ramos et al., 2006; Yoon et al., 2007; Daraghmeh et al., 2008).

Our main hypothesis was that subsurface compaction alters the soil’s capability for water
infiltration, with the major impact being on the infiltration through fast-draining
macropores. We expected a decrease in the near-saturated hydraulic conductivity, which
could be measured best using the tension infiltrometer technique. Hence, the objective of
the study was to assess the impact of subsoil compaction on the near-saturated hydraulic
conductivity and the water-conducting porosity. /n-situ infiltration measurements were
obtained on the surface and the variously compacted subsurface of a silt loam soil.
Subsequently, the infiltration data was used to estimate the hydraulic conductivity
properties, derive changes in the water-conducting pore sizes, and determine the retention
characteristics using inverse parameter estimation.

5.2 Materials and Methods
5.2.1 Experimental Site

Field measurements were obtained in an arable field north of Lincoln, Canterbury, New
Zealand (43°64'S 172°50'E), with a Templeton silt loam over gravels, classified as a Dystric
Ustochrept in the US Soil Taxonomy (Soil Survey Staff, 2010). The particle size analysis
resulted in 0.23 kg kg™ sand, 0.52 kg kg" silt, and 0.25 kg kg™" clay. The soil’s organic carbon
content, determined using the method of Nelson and Sommers (1982), was 27 g kg’1 in a
depth of 0.05 m and 24 g kg™ in a depth of 0.30 m.

Treatments were imposed during October 2009. In all treatments, the uppermost 0.15-
0.20 m of soil was removed prior to treatment application and replaced afterwards using a
digger with a 7.5 m reach. At all stages, care was taken to ensure the digger’s caterpillar
tracks did not enter the plot measurement area. The subsoil was either left untreated (U) or
cultivated with a tyne implement to 0.1 m (loosened, L), or compacted using a heavy roller
(10 Mg roller, total length 5.6 m, drum width 2.1 m) with three different intensities of
compaction (C1: One pass with heavy roller, ‘light compaction’; C2: 8 passes with heavy
roller, ‘medium compaction’; C3: 8 passes with the roller set to vibration, ‘heavy
compaction’). This type of compaction was applied to simulate a laterally homogeneous,
dense tillage-pan formation at a depth where it typically occurs (Hamilton-Manns et al.,
2002; Capowiez et al.,, 2009). It is acknowledged that this roller method for inducing
compaction may not have the same physical effect on the subsoil as regular soil cultivation
where compaction of the subsoil would be induced by moldboard plowing or using power
harrows.
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The five treatments were arranged in a latin square design with five replicates (Figure 5-1).
Each plot was 20m long and 3 m wide. Plots within a replicate were 0.5 m apart and
replicates were 17 m apart. The field was sown with barley (Hordeum vulgare L.) on
November 5™, 2009. To quantify the applied compaction, penetration resistance (PR) was
measured within 0 to 0.40 m depth using a cone penetrometer (1.28 cm cone diameter, 30°
cone angle; Field Scout SC-900, Spectrum Technologies, Inc., Plainfield, IL) on December 7th,
20009.
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Figure 5-1. Plots of the subsurface compaction trial arranged in a latin square and locations of the infiltration
measurements. Within each measured plot, three replicate measurements were conducted. The treatments
were: U: untreated subsoil, L: loosened subsoil, C1: light compaction, C2: medium compaction, C3: heavy
compaction. The hatched areas were restricted for other samplings within the research project.

5.2.2 Tension Infiltration Measurements

Infiltration was measured during February 2010, at crop maturity. The measurements were
performed using three tension infiltrometers (Soil Measurement Systems Inc., Tucson, AZ) of
the design described by Ankeny et al. (1988). The infiltrometer disc had a diameter of 0.20 m
and was separate from the supply and tension control tubes. Before each measurement, the
soil surface was prepared by carefully removing mulch and any above-ground plant material.
For the subsurface measurements, the topsoil was excavated to a depth of 0.15-0.20 m,
according to the actual depth of the compacted soil layer. The soil surface for infiltration was
carefully leveled using a trowel. We placed a nylon mesh on the smoothed soil to protect
any macropores and used a 2 mm layer of uniform glass beads between the disc and the soil
to ensure an adequate hydraulic contact (Reynolds and Zebchuk, 1996). The supply pressure
heads were -12, -9, -6, -3, -1, and 0 cm. The first two pressure heads were maintained for
approximately 60 min, the following two for about 40 min, and the last pressure heads were
applied for about 10-20 min. Preliminary tests found these durations to be sufficient to
achieve steady-state infiltration. The water level in the water supply tube was measured
using a pressure transducer (Casey and Derby, 2002). The transducers of three infiltrometers
were connected to a CR 10X data logger (Campbell Scientific Ltd., Logan, UT), and readings
were recorded at intervals of 30 s.
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For the four subsurface compaction treatments and the control, infiltration measurements
were made on three of the five field replicates, as the remaining plots were restricted for
other samplings within the research project (Figure 5-1). Within each plot, three replicate
measures were conducted (n =9 per treatment). Soil surface measurements were not done
on a treatment basis; we randomly selected five experimental plots across all assessed
treatments and replicates, with three replicate measures in each plot (n = 15, Figure 5-1).
The large number of replicate measurements was made to account for the high spatial
variability of field-saturated water flow parameters (Warrick and Nielsen, 1980).

Before each set of infiltration measurements, disturbed soil samples were taken with steel
cores (diameter: 100 mm, height: 50 mm) in the vicinity of the measurement location in
order to obtain the initial water content gravimetrically. Immediately after each infiltration
measurement, another core sample was collected directly below the infiltration disc at a
shallow depth to quantify the final water content and the bulk density gravimetrically.

5.2.3 Wooding’s Equation

We used the procedure described by Reynolds and Elrick (1991) and Ankeny et al. (1991) to
determine the saturated and near-saturated hydraulic conductivity K(h). The variably
saturated water flow equation can be analytically approximated for infiltration from a
circular source with a constant pressure head at the soil surface and with the unsaturated
hydraulic conductivity described by the exponential model of Gardner (1958):

K(h)= K, exp(ag;h) [5.1]

where h is the pressure head [L], K(h) is the unsaturated hydraulic conductivity [L T at
pressure head h, K is the saturated hydraulic conductivity [L T, and ag, is the sorptive
number. The analytical approximation derived by Wooding (1968) is given by:

q<h)=(ﬂr;+‘i}K<h>

Ay (5.2]

where g is the steady-state infiltration rate [L> T™], and rq is the radius of the disc [L]. Since
the solution of Wooding has two unknown variables, K(ho) and aga, two steady-state fluxes
at different tensions are required. Reynolds and Elrick (1991) derived the unsaturated
hydraulic conductivity in the middle of an interval between two applied pressure heads, h;
and h;,1, assuming ag, to be constant over this interval. If it is also assumed that Eq. [5.1] and
[5.2] can be applied piecewise, then:

In@/d). §_4

Ogaiistia) = ; wyn=1
a(i+l/2) hi_hm_

[5.3]
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where n is the number of supply pressure heads applied. Using Eq. [5.2] gives:

qi/qi+1 H 1 n—l

Kiyz = T
2 T [4/721'd aGa(i+1/2)J

[5.4]

Ks can be calculated from Eq. [5.1] using known values of hi.1/2, Kis1/2 and 0ig(is1/2) as follows:

K — Ki+1/2
eXp(aGa(iu/Z)hiu/z) [5.5]

5.2.4 Hydraulically Effective Porosities and Flow-Weighted Mean Pore Radius

The difference between the infiltration rates at two pressure heads, gnm [L T™, can be used
to estimate the hydraulically effective macro- or mesoporosity of a soil (Buczko et al., 2006).
As the method of Watson & Luxmoore (1986) is reported to overestimate the porosities
(Bodhinayake et al., 2004; Buczko et al., 2006), we used the more recent approach of
Bodhinayake et al. (2004). From the pressure head h the equivalent pore radius r [L] can be
calculated using the equation of capillarity (Vomocil, 1965):

_20c0sy [5.6]
pylh|

Here, o is the surface tension of water [M T, p the density of water [M L3, y the contact
angle between the water-air interface and the solid phase, and g=9.81ms™ is the
acceleration due to gravity [L T*]. We set 0 =0.0713 N m™* at 15 °C and assumed y to be 0°.
We note that y was not determined and might differ distinctly from 0°. Woche et al. (2005)
analyzed the dependence between the contact angle and the soil’s texture and observed
small contact angles of 0—20° for silt loam soils. Moreover, y strongly depends on the water
content and probably approached 0° after a sufficient time of infiltration (Buczko et al.,
2006). We used the pore classification of Luxmoore (1981), where macropores have a
pressure head range h=-3 cm and mesopores -300 to -3 cm. Applying Eq. [5.6], these
pressure heads correspond to pore radii of r > 0.5 mm for macropores and 5 x 10> mm < r <
0.5 mm for mesopores. The hydraulically active porosity 8, [L* L] can be calculated from
the hydraulic conductivity in the pressure head interval corresponding to the two pore radii
a and b (Bodhinayake et al., 2004):

h(b)
0. (a,b)= 2719 | dK(0)zgn
o’ dh

h() [5.7]
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Here, n is the dynamic viscosity of water [M L™t 77, taken here as 0.00115 Pa's for 15 °C.
Integration of Eqg. [5.7] was done numerically using the inversely parametrized van
Genuchten/Mualem model (van Genuchten, 1980) (referred to as VGM) for the mesopore
range, and model-independent using cubic-splines for the macropore range. Porosities were
calculated as sums of macro- and mesopores and also quasi-continuous over a large
pressure-head range following the approach of Carey et al. (2007).

The flow-weighted mean pore radius Ry [L] is an index that represents an effective
equivalent mean pore radius that is conducting water at a certain supply pressure head, and
has been used to characterize temporal and tillage-induced changes in water-conducting
macropores (Philip, 1985; Sauer et al., 1990; Messing and Jarvis, 1993; Reynolds et al., 1995;
Moret and Arrue, 2007). Following Reynolds et al. (1995), Rq is defined by:

oK,

Ro=— 0
PIM, [5.8]

Here, Mo [L*> T™] is the matric flux potential of a soil, measured over the pore water pressure
head range, where macropores are considered to be water-conducting, and can be
calculated by:

Mo::fKGﬁdh [5.9]

We integrated the K(h) relationship numerically using cubic splines over the pressure head
range of the infiltration measurements. The density of Ry pores, No [number of pores L_z],
can be estimated using the Poiseuille’s law relationship:

_ 8uK,

Mo R
PR [5.10]

Applying Eq. [5.6], we also calculated the maximum equivalent pore radius Rnayx, that can be
water-conducting at a given supply pressure head (Reynolds et al., 1995; Moret and Arrue,
2007).

5.2.5 Inverse Parameter Estimation and Calculation of Treatment Means

The inverse analysis of tension infiltrometer data requires a numerical solution of the
following modified Richards’ equation for radially symmetric Darcy flow (Warrick, 1992):

00 10 oh 0 oh) oK
—=——|KK—=|+—=| K— |+ —
ot ror or) oz\ oz 0z [5.11]
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Here, O is the volumetric water content [L3 L'3], t the time [T], r is the radial coordinate [L]
and z is the vertical coordinate [L], being positive upward with z =0 on the soil surface. The
initial and boundary conditions were defined as proposed by Simdnek et al. (1998). To
describe the unsaturated soil hydraulic properties, we used the VGM model that was
inversely fitted to the infiltration data. The soil water retention Sc(h) and hydraulic
conductivity K(8) are given by (van Genuchten, 1980):

s, (h)= o(h)-6, _ 1
HS _er (:|.-|-|CZVG|'1|n)w [5.12]

[1 -S'" ]2 [5.13]

Here, S. is the effective water content [-],8, and O denote the residual and saturated water
contents, respectively [L3 L_3], | is a pore-connectivity parameter [-], and avg [L"l], nand m
(=1-1/n) are empirical parameters.

We formulated the objective function that is minimized during the parameter estimation
using the cumulative infiltration data in combination with the K(h) values calculated by
Wooding’s equation, and the observed water content at the end of the infiltration
experiment 6, assuming that this water content corresponds to the final supply pressure
head. Minimization of the objective function was accomplished using the Levenberg-
Marquardt nonlinear minimization method (Marquardt, 1963), as provided by the program
HYDRUS 2D/3D (SimGnek et al., 2006). For the numerical solution of Eq. [5.11], a quasi-
three-dimensional (axisymmetric) model geometry was choosen as described by SimGnek et
al. (1998).

Initial values for the fitting parameters were derived from the soil’'s texture using the
pedotransfer function Rosetta (Schaap et al., 2001; input parameters: soil texture and bulk
density). To reduce the number of unknown variables, / was set to a constant value of 0.5
(Ramos et al., 2006), and 8, was fixed to 0.065 m> m~, as predicted from the pedotransfer
analysis of the soil’s texture (Lazarovitch et al., 2007), for all parameter estimations. As there
is no unique solution, when K; and ayg are estimated simultaneously (Schwarz and Evett,
2002), Ks was set to the value obtained by Wooding’s equation (Lazarovitch et al., 2007;
Yoon et al., 2007). The remaining parameters 8, ayg, and n were inversely estimated.

As the water retention and conductivity relationships are highly nonlinear (Vereecken et al.,
2007), representative mean parameters for each compaction treatment were derived using
the scaling approach. From all replicate measurements per treatment, 6(h) data derived
from the inverse parameter estimation and the K(h) data obtained by Wooding’s equation
were used. Following the approach of Schwarzel et al. (2010) and Vereecken et al. (2007), a
conventional scaling procedure was applied in which scaling factors were estimated by

11



Andreas Schwen: Agricultural impacts on soil hydraulic properties: Measurements and simulations

minimizing the residual sum of square differences between the data and the scaled K(h) and
B(h) reference curves.

5.2.6 Statistical Analysis

A one-way analysis of variance (ANOVA) was used to test for statistical significance of
differences among means of the measured or calculated quantities. The Kolmogorov-
Smirnov test was applied to determine if replicates of measured quantities within a
treatment were normally distributed or lognormally distributed. In ANOVA, log-transformed
values were used where necessary. The coefficient of variation (CV) was calculated using the
method of moments for normally distributed data and the maximum likelihood method for
lognormally distributed data (Warrick and Nielsen, 1980; Parkin et al., 1988).

5.3 Results and Discussion
5.3.1 Soil Compaction and Infiltration Measurements

The applied subsurface compaction resulted in a slight statistically significant (P < 0.05)
increase of the bulk density p, and the penetration resistance PR between the treatments L,
C1, C2, and C3. However, both quantities showed hardly any differences between
treatments L and C1.

During all of our infiltration measurements, steady-state infiltration was reached shortly
after the supply pressure heads were applied. This suggests a sufficient duration of the first
applied pressure head (Schwartz and Evett, 2002). For all treatments, the cumulative
infiltration increased markedly at supply pressures of h>-3 cm, and this is attributed to
activation of soil macropores that have a much greater conductivity than the pores in the
soil’s matrix. Since the used tension infiltrometer disc is a laterally unconfined device,
infiltration rates at h=0cm could not be measured properly due to leakage, and were
excluded from the data analysis. Thus, for Wooding’s analysis we extrapolated from the prior
infiltration data by assuming logarithmic scales for both pressure heads and infiltration rates
(Buczko et al., 2006). While tension infiltrometers have become a commonly accepted
method for measuring the hydraulic properties of topsoils (e.g. assessment of different
tillage methods), few studies have used this device in subsoils (e.g. Schwartz and Evett,
2002; Garg et al.,, 2009). The moderate variability in infiltration measurements across
replicates in our study confirms the value of the tension infiltrometer for determining the
characteristics of excavated and compacted subsoils.

12
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5.3.2 Near-Saturated Hydraulic Conductivity

To assess the impact of subsoil compaction on the near-saturated hydraulic conductivity, we
analyzed the inferred K(h) values and their variability. Geometric mean values for K(h) are
given in Table 5-1. The saturated conductivity Ks (h = 0) showed a strong decrease by one
order of magnitude due to the applied soil compaction. The geometric mean values
decreased by 81.2% between the treatments L and C3, with 2.06x 103 cm s,
1.45x 1073 cm st 1.38 x 103 cm s and 0.39 x 1073 cm s7* for treatments L, C1, C2, and C3,
respectively. The mean value for the untreated soil was 1.09 x 102 cm s, However, only
the difference in the K value of the heaviest compaction C3 was statistically significant at
P < 0.05. With more negative pressure heads, differences between the treatment means of
K(h) receded and were not statistically different. These findings are in agreement with other
studies that analyzed the impact of compaction on soils with loamy texture (Startsev and
McNabb, 2001; Richard et al., 2001). The K(h) values of the surface soil were approximately
twice the corresponding value of the untreated subsoil, and agreed very well with results of
Schwarzel et al. (2010) and Jarvis and Messing (1995). We found only a weak relationship
between the K, values and the corresponding values of pp (R* = 0.49) or PR (R* = 0.52) (Table
5-2). Gebhardt et al. (2009) reported the same finding regarding the bulk density for sandy
soils. Since measurements of bulk density contain no information regarding pore geometry
and continuity, we agree with Sparling and Schipper (2004) that bulk density cannot be used
as a proxy, on its own, for the effects of subsoil compaction. As K; can be measured easily
with many field- and laboratory methods, we propose this quantity to be used as a better
proxy for soil compaction in terms of the hydraulical impact.

5.3.3 Hydraulically Effective Porosity

The hydraulically effective macroporosity correlates to the pressure head range that could
be measured completely by the tension infiltrometer. Therefore, this quantity could be
calculated model-independent using cubic splines to describe the K(h) relationship. As the
correlating pressure-head range of mesopores (h = -300 to -3 cm) exceeds the lower limit of
the tension infiltrometer measurements (h = -12 cm), this quantity could not be calculated
using cubic splines, but only by using a model describing the K(h) relationship. To assess the
models, we compared the macroporosities derived by the use of cubic splines to the K(h)
models of Gardner (1958) and the VGM model. We found good agreement between the
model-independent values and the values using the VGM model with the parameters
derived from the inverse parameter estimation. Thus, we used the VGM K(h) relationship to
calculate the hydraulically effective mesoporosities.
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Table 5-1. Unsaturated hydraulic conductivity K(h) as obtained from Wooding’s equation of the tension
infiltrometer measurements. Geometric mean values per treatment are shown. The coefficient of variation
(CV) of the lognormally-distributed values was calculated using the maximum likelihood method (Parkin et
al., 1988).

h=-12 cm h=-10.5cm h=-7.5cm h=-45cm h=-2cm h=-0.5cm
Treatment

cmstx10°

Surface soil 1.33n.s. 2.03ns. 6.00* T 16.33° 58.38° 128.16°
) (25.3) (26.2) (17.9) (14.4) (24.0) (21.0)
Untreated 0.82ns. 1.36 n.s. 3.20° 7.16° 23.40%° 31.06°
(L) (44.6) (33.4) (17.1) (34.5) (58.6) (27.7)
Loosened 122 ns. 1.92ns. 2.00° 7.26°¢ 27.07° 74.90°°

(L) 17.7) (21.1) (33.9) (24.8) (39.6) (46.7)

b c b b

Light compaction 0.91ns. 1.29ns. 4.19 5.45 19.87 59.25
(C1) (21.9) (18.7) (16.5) (19.5) (30.4) (37.9)
Med. compaction 1.05 n.s. 1.83ns. 3.12° 6.34° 19.00° 71.37%°
(€2) (29.3) (18.0) (15.7) (25.6) (24.7) (19.9)
Heavy Compaction 0.94 n.s. 1.48 n.s. 240b 3.63¢ 966b 2190b
(C3) (13.2) (14.2) (41.9) (30.2) (22.3) (25.7)

t Different letters indicate significant differences among treatments (P < 0.05)
T Values in parenthesis denote the coefficient of variation, CV (%)
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Figure 5-2. Hydraulically effective macroporosity (left) and mesoporosity (right) according to the method of
Bodhinayake et al. (2004) using the pore classification of Luxmoore (1981) with r > 0.5 mm for macropores
and 5x 10> mm <r<0.5 mm for mesopores. S: surface soil, U: untreated subsoil, L: loosened subsoil, C1:
light compaction, C2: medium compaction, C3: heavy compaction. Boxes denote the 25" and 75" percentile
positions, the line inside the box shows the median value. The whiskers denote the 10" and 90™ percentiles,
the circles denote outliers, and different letters indicate significant differences among treatments (P < 0.05).
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The sums of hydraulically effective macropores showed a decrease with increasing subsoil
compaction in the geometric mean values with 1.30 x 107, 1.10x 107, 1.28 x 10, and
0.49 x 10° m® m™3 for the treatments L, C1, C2, and C3, respectively (Figure 5-2). However,
only the decrease in the heaviest compaction treatment C3 was statistically significant (P <
0.05) and resulted in a reduction of 82 % compared to the L treatment. These results are in
the same range as those reported by other studies (Table 5 in Buczko et al.,, 2004). By
contrast, there was a slight, statistically not significant increase in hydraulically effective
mesopores with increasing soil compaction with 2.26 x 10, 2.56 x 10, 3.63 x 10, and
3.78x 10° m®* m for the treatments L, C1, C2, and C3, respectively. Compared to the
porosities of the subsoil, the surface soil contained a greater proportion of hydraulically
effective mesopores.

The change in porosities can be better understood when the quantity of a particular water-
conducting pore-size is calculated continuously over the whole pressure-head range (Figure
5-3a). Compared to the untreated control (U), the loosening of the subsoil (L) resulted in an
decreased quantity of water-conducting mesopores, with a peak water-conducting porosity
in the macropore range at r,=1.33 mm. With increasing soil compaction the water-
conducting porosity shifted towards smaller pore radii. Although the maximum water-
conducting porosity for the treatment C1 also peaked at r, = 1.33 mm, the trend towards
smaller pore radii becomes evident when the number of water-conducting pores N, is
analyzed (Figure 5-3b). With increasing compaction, the number of smaller pores increased
and the maximum N, value of water-conducting pores is then found in the mesopore range.
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Figure 5-3. Water-conducting porosity 0,, (a) and number of hydraulically effective pores N,, (b) for different
pore radii r,. The vertical dashed line separates the macropores from the mesopores. U: untreated subsoil, L:
loosened subsoil, C1: light compaction, C2: medium compaction, C3: heavy compaction. Surface soil data are
not shown.

The decrease of hydraulically effective macropores with increasing compaction was
supported by an statistically significant (P < 0.05) increase in the mean bulk density (Table 5-
2). However, as macroporosity is only a small part of the total porosity, the decrease in
hydraulically effective macropores might not be explained by a loss in total macroporosity.
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To investigate further, we calculated the flow-weighted mean pore radius Ry as an
alternative method for characterizing the pore-size distribution in terms of its hydraulic
behavior. This approach showed that the mean pore radius conducting water at a certain
supply pressure head during the tension infiltration experiment decreased with increasing
soil compaction (Figure 5-4a). The maximum equivalent pore radius, Rmax, and Rg were
approximately equal at h £ -9 cm. For the more saturated conditions, there were increasing
differences between Rnax and Rg. As stated by Reynolds et al. (1995), Ro, compared to
storage-based Ry, better reflects the effects of pore restrictions, such as entrapped air
bubbles or small unwetted zones. As the differences between Rnax and Rp increased with
increasing soil compaction, we can infer that soil compaction resulted in a reduction of the
pore connectivity, leaving a certain fraction of the macropores disconnected from the water-
conducting pores. The largest Rg value that becomes water conducting at h =0 decreased
with increasing soil compaction with 0.85, 0.68, 0.62, and 0.30 mm for the treatments L, C1,
C2, and C3, respectively (Figure 5-4b). This observation supports the trend towards smaller
water-conducting pore radii (Figure 5-3). The decrease in Ry was largest for the C3
treatment. Compared to the other treatments, the Ny vs. Ro relationship is highly skewed
(Figure 5-4b), with the maximum Ny in the vicinity of Rp=0.16 mm. This shows that the
application of a vibrating roller caused greater soil compaction and distortion of the pore
space, thereby leaving hardly any undamaged macropores. As there was only a small
increase in p, and PR between treatments C2 and C3 (Table 5-2), only the infiltration
measurements revealed the strong reduction of fast-draining macropores in the C3
treatment.

(b) l Macropores L]

Ry (mm)

# -
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Figure 5-4. a: Flow-weighted mean pore radius R, versus pressure head h in the range of the tension
infiltrometer measurements. R..., denotes the maximum equivalent pore radius. b: Number of flow-
weighted mean pores N, versus flow-weighted mean pore radius R,. The vertical dashed line separates the
macropores from the mesopores. U: untreated subsoil, L: loosened subsoil, C1: light compaction, C2: medium
compaction, C3: heavy compaction. Surface soil data are not shown.

The analysis of the water-conducting porosity and the flow-weighted mean pore radius give
evidence that increasing compaction might have resulted in two main effects. Firstly, the
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distortion of structural flow paths such as earthworm burrows and root channels might have
reduced the connectivity and hydraulic effectiveness of many macropores through the so-
called bottleneck effect. Secondly, as a fraction of these pores remains disconnected and
hydraulically inactive, the compaction had probably induced a rearrangement of the pore
space, resulting in an increase in hydraulically effective mesopores. These hypotheses agree
with those in other studies (Richard et al., 2001; Gebhardt et al., 2009). However, we note
that changes in the soil’s pore structure have not been measured directly but have been
derived from the infiltration measurements indirectly.

The Kolmogorov-Smirnov test revealed that replications of K(h) and 6,, were lognormally
distributed, showing the inherently high natural spatial variability of pore characteristics.
These findings are in agreement with those in other studies (Parkin et al., 1988; Mesquita et
al., 2002; Buczko et al., 2006). Thus, the variabilities of these quantities are discussed in
terms of the CV of the log-transformed values. Variability in 8, and K; within the treatments
was largest in the untreated subsoil and generally larger in the macropore range (Table 5-1,
Figure 5-2). These findings agree with results of other authors who reported decreasing CV
with increasing negative pressure heads (Watson and Luxmoore, 1986; Carey et al., 2007).
However, our calculated CVs, with a maximum of 117 % for K, of the U treatment and most
smaller than 30 %, were quite low compared to published ranges for mineral soils (Warrick
and Nielsen, 1980; Watson and Luxmoore, 1986; Reynolds et al., 2000). The higher CV near
saturation might be attributed to a high natural spatial variability in the presence or absence
of water-conducting macropores and preferential flow paths. The variability was smaller
where the subsoil was artificially altered, either loosened or compacted. The lower
variability in the loosened treatment may be attributed to a homogenisation of the soil
structure by tillage. This hypothesis is supported by an increase in macropore abundance
(Figure 5-2), indicating that mechanical loosening created a finer structure with a more
spatially linked macropore network. The applied compaction also decreased the variability
due to distortion of macropores and the re-packing of aggregates.

These changes in the spatial variability also suggest that the natural distribution of
macropores in the untreated soil is on a coarser scale than the dimensions of the
infiltrometer disc can cater for. In this sense, the subsoil treatments that were applied may
have reduced the characteristic length of variation of the macropore network (Jarvis and
Messing, 1995), resulting in a size that better matches the size of the disc.

The infiltration experiments were carried out during February 2010, and they reveal the
state of compaction that remained after the barley vegetative growth period. The impact
can be expected to be even larger shortly after the compaction was imposed. Especially,
biological activities such as root growth and earthworm burrows could have altered the
initial levels of compaction. Recently, Capowiez et al. (2009) studied the distribution of
earthworm activity in compacted soils. They observed that earthworms play a significant
role in the regeneration of compacted soils. The species Lumbricus terrestris is known to
cross the plough pan in vertical burrows that can remain as hydraulically effective
macropores. This biological induced regeneration of the applied compaction and its

temporal dynamic could not be covered by our measurements. We recommend that future
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investigations focus on temporal changes in soil hydraulic properties following soil
compaction, with a series of infiltration measurements following the application of the
compaction and throughout the growing season.

Table 5-2. Physical properties within the compacted soil layer and results of the infiltration measurements
for different steps of subsoil compaction. The results of Wooding’s equation are the saturated hydraulic
conductivity K; and the sorptive number ag,. The inverse parameter estimation gave the water content at
saturation J; and the shape parameters of the VGM model ayg and n.

Surface soil Untreated Loosened nght_ Medlum Heavy
Treatment compactlon compactlon compactlon
() ) (L) (C1) (C2) (C3)
Po 1.01%t 1.25" 1.24° 1.24° 1.32¢ 1.34°
gcem® 4.0 1 (5.6) (3.2) (4.0 (10.6) (4.5)
PR n.d. 1.80%° 1.61° 1.69° 2.29° 2.35°
MPa
Wooding's analysis
Ks 261.0 109.5%b¢ 205.7° 144.7° 138.4° 38.6°
x10°cms™ (27.0) (117.2) (59.8) (60.2) (23.2) (39.4)
Aca 66.7%° 51.4%0 84.8° 74.22 66.1%° 41.3°
m™ (15.1) 97.1) (32.9) (52.8) (44.5) (66.1)
Inverse parameter estimation
0, 0.349% 0.320?° 0.339° 0.297° 0.292° 0.285°
m*m (15.2) 9.7) (6.8) (12.8) (15.1) (12.3)
ave 18.5%° 19.32P 25.42 20.8%° 17.3°¢ 8.6°
m™ (6.4) (31.2) (15.8) (21.1) (7.9) (12.5)
n 1.646° 1.426° 1.492P 1.501%° 1.464%° 1.478*P
- (16.6) 11.2) (9.5) (12.5) (4.8) (24.4)

t Different letters indicate significant differences among treatments (P < 0.05)

T Values in parenthesis denote the coefficient of variation, CV (%)

5.3.4 Inverse Parameter Estimation

Our inverse parameter estimation allowed the determination of the VGM model parameters
for all infiltration experiments. Representative mean values were derived for each treatment
(Table 5-2). We note that the infiltration measurements were done starting at relatively high
initial water contents of 0.15-0.22 m®> m™. This resulted in a quite small range between the
initial and final water content of the infiltration measurements, which might not allow a
reliable estimation of the VGM parameters. However, the VGM model is a closed-form set of
equations, where the retention curve and the unsaturated conductivity curve are described
by the same parameters (Eqg. [5.12] and [5.13]; van Genuchten, 1980). Since the K(h) values
obtained by Wooding’s equation were included in the objective function during the inverse
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parameter estimation, a good description of the conductivity relationship and thus also of
the VGM parameters was enabled.

The applied subsoil compaction resulted in a reduction in 6;. However, only the L treatment
was statistically significant (P < 0.05). As the total porosity of the analyzed soil was in the
order of 0.48 m*m™ (data not shown), our values for B; were considerably lower. As
reported by Sim(inek et al. (1998), the water content at saturation 6; is governed by the final
water content ©; and is typically 5-10 % lower when measured under field-wetted conditions
than obtained by laboratory methods, where a soil sample gets fully saturated in a water
bath, resulting in less entrapped air in soil pores.

To evaluate the performance of the inverse parameter estimation, the shape parameters of
the VGM model were compared with values derived from the pedotransfer function Rosetta
(Schaap et al., 2001; input parameters: soil texture and bulk density). The observed n value
from the surface measurement (1.64) was in the range as expected for sandy loam soils,
whereas the values of the subsurface measurements (1.43-1.50) were in the range of a silty
loam soil, (1.43 reported by Jarvis and Messing, 1995). The estimated ayg values (9-25 m™)
were slightly larger than expected for silt loam soils (7 m™ using Rosetta), and agreed better
with values for silty clay soils (21-24 m™ using Rosetta). However, as the inversely fitted ayg
values were in the same order of magnitude as expected from the soil’s texture, the applied
inverse parameter estimation approach gave reliable results. These findings agree with other
studies that compared inversely estimated retention data with water release experiments
(Schwarz and Evett, 2002; Ramos et al., 2006; Yoon et al., 2007). However, in structured soils
values of ays and n can vary between the macropore- and mesopore-range. Jarvis and
Messing (1995) reported an inverse relationship for these parameters between the
macropore-range and the soil’s matrix. Thus, we acknowledge that extrapolation of
hydraulical parameters measured in the near-saturated range should be made carefully and
not too far beyond the measured range.

Our results indicate, that ayg was affected by the subsoil compaction, as the representative
mean values decreased statistically significant (P<0.05) from 25.4 m™ to 8.6 m™* between
the treatments L and C3. As we found no statistically significant differences between the
subsurface treatments, we conclude that n was hardly affected by the applied compaction
(Table 5-2). However, we acknowledge that the inverse parameter estimation of n shows
only weak sensitivity to the near-saturated infiltration measurements (Deurer, 2000).

5.4 Conclusion

Our study reveals the applicability of tension infiltrometers to determine the hydraulic
properties and quantify changes in the water-conducting macro- and mesoporosity in
differentially compacted subsoils. The in-situ application of different levels of subsurface
compaction affected the hydraulic properties, reducing Ks and the hydraulically effective
macroporosity 8,, as well as the flow-weighted mean pore radius Rg and the ayg parameter
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of the VGM model. As a result, we suggest the easy-measurable K value to be used as a
proxy for the hydraulical impact of soil compaction.

We conclude that the analyzed silt loam soil is highly susceptible to subsurface compaction
in terms of a loss in fast-draining macropores and the continuity of the pore network. The
results suggest that parts of the water-conducting macropores seem to be transformed into
conducting mesopores in response to the applied compaction. These findings may be
explained by distortion and reduction of the connectivity of the macropore network due to
the applied compaction. The reduced water infiltration may increase water logging, surface
runoff and soil erosion during heavy precipitation events. The applied soil compaction may
also negatively affect biological activities in the soil and the gas exchange between the
subsoil and the atmosphere. As a consequence for crop growth and soil water modeling
purposes, we suggest accounting for a reduced K; in compacted subsurface layers.
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6. Temporal dynamics of soil hydraulic properties and the water-
conducting porosity under different tillage’

Abstract

Soil hydraulic properties are subject to temporal changes as a response to both tillage and
natural impact factors. As the temporal and spatial variability might exceed cultivation-induced
differences, there is a need to better differentiate between those influence factors. Thus, the
objective of the present study was to assess the impact of different tillage techniques —
conventional (CT), reduced (RT), and no-tillage (NT) — on the soil hydraulic properties and their
temporal dynamics. On a silt loam soil, tension infiltrometer measurements were obtained
frequently over two consecutive years. The data was analyzed in terms of the near-saturated
hydraulic conductivity, inversely estimated parameters of the van Genuchten/Mualem (VGM)
model, and the water-conducting porosity. Our results show that the near-saturated hydraulic
conductivity was in the order CT > RT > NT, with larger treatment-induced differences where
water flow is dominated by mesopores. The VGM model parameter ayg was in the order CT < RT
< NT, with high temporal variations under CT and RT, whereas the parameter n was hardly
affected. NT resulted in the greatest water-conducting pore radii, whereas no distinct
differences were observed between CT and RT. The results give indirect evidence that NT leads
to greater connectivity and smaller tortuosity of macropores, possibly due to a better
established soil structure and biological activity. NT also resulted in a better temporal stability of
both the pore network and the hydraulic properties, but showed the highest spatial variability of
macropores. We suggest that the hydraulically effective pores decreased after tillage in response
to rainfall during winter, and gradually increased in spring and summer induced by biological
activity, root development and wetting / drying cycles. A multivariate ANOVA revealed that
variations in mesopore-related quantities could be explained sufficiently by an interaction of
tillage and time. By contrast, due to high spatial variability, macropore-related quantities could
not be explained by those influence factors. The study reveals the importance of the temporal
dynamics for both hydraulic properties and the water-conducting porosity.

> Schwen, A,, Bodner, G., Scholl, P., Buchan, G.D., and Loiskandl, W., 2011. Soil & Tillage Research 113(2), 89-98.
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6.1 Introduction

Soil cultivation practices affect soil hydraulic properties and processes dynamically in space and
time with consequences for the storage and movement of water, nutrients and pollutants, and
for plant growth (Strudley et al., 2008). For given climatic conditions and a particular soil-plant
system, both the tillage practice and irrigation system can alter the soil structure (Messing and
Jarvis, 1993). Thus, understanding the temporal and management-induced changes that soil
hydraulic properties undergo is important for sound land management and for modeling
nutrient or contaminant transport (Angulo-Jaramillo et al., 1997; Hu et al., 2009; Yoon et al.,
2007).
The impact of different cultivation techniques on soil hydraulic properties has been frequently
studied in recent decades (Ndiaye et al., 2007; Sauer et al., 1990; Strudley et al., 2008). However
the literature clearly shows that the impact of different tillage pratices on soil hydraulic
properties is not consistent across locations, soils, and experiment designs (Moret and Arrue,
2007a; Strudley et al., 2008). Moreover, most publications document averaged comparisons
between different tillage practices and do not take into account the spatial and temporal
dynamics (Angulo-Jaramillo et al., 1997; Strudley et al., 2008). Only few published studies
address both the temporal and management-induced changes in soil hydraulic properties
(Alletto and Coquet, 2009; Angulo-Jaramillo et al., 1997; Bormann and Klaassen, 2008; Cameira
et al.,, 2003; Daraghmeh et al.,, 2008; Messing and Jarvis, 1993; Moret and Arrue, 2007a).
However it was recently published that temporal variability of soil hydraulic properties can
exceed differences induced by crops, tillage, or land use (Alletto and Coquet, 2009; Bodner et al.,
2008; Hu et al.,, 2009; Zhou et al.,, 2008). Although the importance of this variability was
demonstrated, it still has not been well studied, and changes in the underlying water-conducting
porosity have not yet been referred to in published studies (Hu et al., 2009; Mubarak et al.,
2009).
In general, water flow in structured soils is mainly conducted by macropores and larger
mesopores even though they constitute only a small fraction of the total porosity (Moret and
Arrue, 2007a; Mubarak et al., 2009; Reynolds et al., 1995; Sauer et al., 1990). As the main impact
of different tillage techniques on soil hydraulic properties is expected to occur in the structural
pores, due to changes in different groups of macro- and mesopores, field methods are
preferable to laboratory methods (Angulo-Jaramillo et al., 2000; Hu et al., 2009; Yoon et al.,
2007). To determine the near-saturated hydraulic properties of agricultural soils directly in the
field, tension infiltrometry has become a commonly used method (Angulo-Jaramillo et al., 1997;
Messing and Jarvis, 1993; Reynolds et al., 1995). The measurement of infiltration rates at pre-set
supply pressure heads can be used to obtain the hydraulic conductivity function using Wooding’s
analytical equation (Reynolds and Elrick, 1991; Wooding, 1968). Subsequently, estimates of the
hydraulic conductivity can be further analysed to obtain the amount of hydraulically effective
macro- and mesopores (Bodhinayake et al., 2004; Watson and Luxmoore, 1986), to estimate the
flow-weighted mean pore radius (Moret and Arrue, 2007b; Reynolds et al., 1995), or to estimate
inversely the parameters of a soil-water retention model (Simfinek and van Genuchten, 1996;
Simtnek and van Genuchten, 1997).
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Our main hypothesis of this research was that soil hydraulic properties and water-conducting
porosities vary with time as a result of both different soil cultivation techniques and
environmental controlling factors. The objective of this study was to assess the impact of
different tillage techniques and their subsequent temporal dynamics on the near-saturated
hydraulic conductivity and derived soil hydraulic properties. The dynamics is then analyzed in
terms of underlying changes in the water-conducting porosity.
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Figure 6-1. Climatic conditions, soil cultivation and times of measurements: 10-d average air temperature T (grey
line); cumulative precipitation N, (black continous line); 10-year mean cumulative precipitation (dotted line).
Also shown are times of infiltration measurements (diamonds), soil tillage (triangles), and the crop growing
periods.

6.2 Materials and Methods
6.2.1 Experimental Site

Measurements were obtained on an arable field near Raasdorf, Lower Austria (48°14'N 16°35'E).
The site has a semi-arid (pannonic) climate with annual average precipitation of 546 mm, and
temperature of 9.8 °C, and a mean relative humidity of 75 %. Weather data were recorded at the
site since 1998 by an automated weather station (Adcon Telemetry GmbH, Austria) (Figure 6-1).
A field trial was established in 1997 to assess the following soil cultivation techniques: 1)
Conventional tillage (CT) with moldboard ploughing and seedbed preparation using a harrow
prior crop seeding; 2) Reduced tillage (RT) with a chisel plough to 10cm for seedbed
preparation; and 3) No-tillage (NT) using direct seeding technique. The three treatments were
arranged in a randomized complete block design with three replicate plots, each of length 40 m
and width 24 m.

The soil can be classified as Chernozem in the WRB (IUSS, 2007) or as Typic Vermudoll in the US
Soil Taxonomy (Soil Survey Staff, 2010). Particle size analysis gave 0.27 kg kg™* sand, 0.54 kg kg™
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silt, and 0.19 kg kg™* clay, classified as silt loam according to the FAO classification (FAO, 1990).
The organic carbon content, determined using the method of Nelson and Sommers (1982), was
24 gkg™ in the topsoil. In both years, the site was cropped with winter wheat (Triticum
aestivum) in mid October (Figure 6-1).

6.2.2 Tension Infiltrometer Measurements

Infiltration measurements were made ten times between August 2008 and June 2010 (Figure 6-
1), using three tension infiltrometers (Soil Measurement Systems Inc., Tucson, AZ) of the design
described by Ankeny et al. (1988). The infiltrometer disc (diameter 0.20 m) was separate from
the supply and tension control tubes. Before each measurement, the soil surface was prepared
by carefully removing mulch and any above-ground plant material. We placed a nylon mesh on
the smoothed soil to protect any macropores and used a 2 mm layer of quartz sand (diameter:
0.08-0.2 mm) between disc and soil to ensure good hydraulic contact. The supply pressure heads
were -10, -4, -1, and 0 cm: the first two were maintained for approximately 50-60 min, and the
last two for about 10-20 min. Preliminary tests found these durations to be sufficient to achieve
steady-state infiltration. The water level in the water supply tube was observed visually at
intervals of 20s during the first 5 min after application of a supply pressure, and then in
increasing intervals of 2-10 min. For each treatment, three replicate infiltration measurements
were carried out. All experiments were conducted in the non-trafficked interrow area of a plot.

Before each infiltration measurement, soil samples were taken with steel cores near the
measurement location to obtain the initial water content 6; [L3 L'3]. Immediately after each
measurement, another core sample was collected directly below the infiltration disc to quantify
the final water content 6¢ [L* L™*], bulk density p, [M L™%], and total porosity ¢ [L? L] (Table 6-1).

6.2.3 Data Analysis Procedure

All infiltration experiments were analyzed by the following procedure. First, the near-saturated
hydraulic conductivity vs. pressure head relationship K(h) [L T™] was derived from each single
experiment using the analytical approach of Wooding (1968). Afterwards, these K(h) data,
together with the cumulative infiltration data and the 65, were used to inversely parametrize the
van Genuchten/Mualem soil water retention model (van Genuchten, 1980; referred to as VGM
model). Representative means of parameters for each treatment at each time of measurement
were derived by scaling. The data was further analyzed in terms of the water conducting porosity
and flow-weighted mean pore radius.
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6.2.4 Near-Saturated Hydraulic Conductivity

We used the procedure described by Reynolds and Elrick (1991) and Ankeny et al. (1991) to
determine K(h). The variably saturated water flow equation can be analytically approximated for
infiltration from a circular source with a constant pressure head at the soil surface, and with K(h)
described by Gardner’s exponential model (1958):

K(h)= K, exp(ae,h) [6.1]

Here h is the pressure head [L], K; is the saturated hydraulic conductivity [L T_l], and ag, is the
sorptive number. The analytical approximation derived by Wooding (1968) is:

q<h>=(m;+ﬂ]r<<h>

Ay (6.2]

where g is the steady-state infiltration rate [>T, and rq is the radius of the disc [L]. Since
Wooding’s solution has two unknown variables, K(hg) and ag,, two steady-state fluxes at
different tensions are required. Reynolds and Elrick (1991) among others derived K(h) in the
middle of an interval between two applied pressure heads h; and h;.;, assuming ag, to be
constant over this interval. Assuming that Eq. [6.1] and [6.2] can be applied piecewise, then

In i / i+1/ . H
AGa(i+1/2) :%, 1=1..,n-1
i i+1 [63]

where n is the number of applied supply tensions. Using Eq. [6.2] gives:

qi/qi+l H 1 n—l

Ky = T
i+1/2 1+ l4/7z1’d aGa(m/z)J

[6.4]

Ks can be calculated from Eq. [6.1] using known values of hi.1/2, Kis1/2 and 0ga(i+1/2) @s follows:

K — Ki+l/2
exp(aGa(i+12)hi+1/2) (6.5]

6.2.5 Inverse Estimation of Soil Hydraulic Parameters

The inverse analysis of tension infiltrometer data requires numerical solution of the following
modified Richards’ equation for radially symmetric Darcian flow (Warrick, 1992):
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89 10 oh 0 oh) oK
IK—|+—| K— |[+—
ot ror or oz oz oz [6.6]

Here 0 is the volumetric water content [L> L], t the time [T], r is the radial coordinate [L] and z is
the vertical coordinate [L], being positive upward with z =0 on the soil surface. The initial and
boundary conditions were defined as proposed by Siminek et al. (1998). To describe the
unsaturated soil hydraulic properties, we used the VGM model. The soil water retention Se(h)
and hydraulic conductivity K(B) functions are given by:

_oh)-6, _ 1
95 _er (:I_-I—|av(3h|n)-n [6.7]

b _gum ]Z 68

Here S. is the effective water content [-], 8, and 6, denote the residual and saturated water

contents, respectively IL*L73), lis a pore-connectivity parameter [-], and ayg LY, nand m(=1-
1/n) are empirical parameters.

We formulated the objective function (OF) that is minimized during parameter estimation by
combining the cumulative infiltration data, the K(h) values calculated by Wooding’s analysis, and
B¢. OF minimization was accomplished using the Levenberg-Marquardt nonlinear minimization
method (Marquardt, 1963), as provided by the program HYDRUS 2D/3D (Sim(inek et al., 2006).
For numerical solution of Eq. [6.6], a quasi-3D (axisymmetric) model geometry was chosen, as
described by Sim(nek et al. (1998).

Initial values for the parameters were derived from the soil’s texture using the Rosetta
pedotransfer package Rosetta (Schaap et al.,, 2001; input parameters: soil texture and py). To
reduce the amount of unknown variables, for all parameter estimations / was set constant at 0.5
(Ramos et al., 2006), and 6, was fixed at 0.065 m®> m™3, as predicted by Rosetta (Lazarovitch et al.,
2007). K; was set to the value obtained by Wooding’s analysis (Lazarovitch et al., 2007; Yoon et
al., 2007). The remaining parameters 6, ayg, and n were inversely estimated.

As the B(h) and K(h) relationships are highly nonlinear (Vereecken et al., 2007), representative
mean parameters for each cultivation treatment were derived using the scaling approach. For
each replicate measurement, data derived from the inverse parameter estimation and the data
obtained by Wooding’s equation were used. Following the approach of Schwarzel et al. (2010)
and Vereecken et al. (2007), a conventional scaling procedure was applied in which scaling
factors were estimated by minimizing the residual sum of square differences between the data
and the scaled K(h) and 6(h) reference curves.
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6.2.6 Description of Water-Conducting Porosities

The difference between the infiltration rates at two pressure heads, g [L T'l], can be used to
estimate the hydraulically effective porosity (Bodhinayake et al., 2004; Buczko et al., 2006;
Watson and Luxmoore, 1986). As the method of Watson & Luxmoore (1986) is reported to
overestimate the porosities (Bodhinayake et al., 2004; Buczko et al., 2006), we used the more
recent approach of Bodhinayake et al. (2004). For a given h the capillary equation gives the
equivalent pore radius r [L] (Vomocil, 1965):

pa|h| [6.9]

Here, o is the surface tension of water [M T?], p the density of water [M L™], y the contact angle
between the water-air interface and the solid phase, and g =9.81 m s 2 [LT %]. We set ¢ = 0.0713
N m™ at 15 °C and assumed y to be 0° (Buczko et al., 2006; Schwen et al., 2011). We used the
pore classification of Luxmoore (1981), where macropores have a pressure head range h > -3 cm
and mesopores —300 to -3 cm. Applying Eq. [6.9], these correspond to pore radii of r > 0.5 mm
for macropores and 5 x 10> mm < r < 0.5 mm for mesopores. The hydraulically active porosity
e(a,b) [L> L] can be calculated from the hydraulic conductivity in the pressure head interval
corresponding to the two pore radii a and b (Bodhinayake et al., 2004):

o)
o(a,b)= 219 | dK(0) 2y

2

[6.10]

Here, n is the dynamic viscosity of water [M L™ T™%], taken here as 0.00115 Pa s for 15 °C. Eq.
[6.10] was integrated numerically using the inversely parameterized VGM model. Porosities
were calculated as sum for macro- and mesopores (Emacro aNd Emeso)-

The flow-weighted mean pore radius Rg [L] is an index that represents an effective equivalent
mean pore radius that is conducting water at a certain supply pressure head, and has been used
to characterize temporal and tillage-induced changes in water-conducting macropores (Messing
and Jarvis, 1993; Reynolds et al., 1995; Sauer et al., 1990). Following Reynolds et al. (1995), it is
defined by:

O-KO
R, =
PIM 6.11]

Here, Mo [L*> T™] is the matric flux potential of a soil, measured over the pore water pressure
head range, where pores are considered to be water-conducting, and can be calculated by:

M, = [K(h)dh 6.12]
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The density of Rg pores, Ng [number of pores L], can be estimated using Poiseuille’s law:

8uK
PITR, [6.13]

Applying Eqg. [6.9], we also calculated the maximum equivalent pore radius Rna.x, that can be
water-conducting at a given h (Moret and Arrue, 2007b; Reynolds et al., 1995).

6.2.7 Statistics

A one-way analysis of variance (ANOVA) was used to test for statistical significance of differences
among means of all quantities. The Kolmogorov-Smirnov test was applied to determine if
replicates of measured quantities within a treatment were normally or lognormally distributed.
In ANOVA, log-transformed values were used where necessary. The coefficient of variation (CV)
was calculated using the method of moments for normally distributed data and the maximum
likelihood method for lognormally distributed data (Parkin et al., 1988; Warrick and Nielsen,
1980).

To differentiate between temporal and management-induced impacts on the measured
guantities, a multivariate ANOVA within the General Linear Model procedure was performed.
Homogeneity of variance was assumed.
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6.3 Results and Discussion
6.3.1 Soil Physical Properties

Two consecutive years were evaluated showing slight differences in weather conditions (Figure
6-1). The annual precipitation between August 2008 and July 2009 was 547 mm and slightly
higher between August 2009 and July 2010 (559 mm). Remarkably, there was hardly any
precipitation during April and May 2009. In response to weather variations, 8; showed significant
differences between the sample times (Figure 6-1, Table 6-1). However, only rarely significant
(p <0.05) differences were measured between the treatments, with the greatest moisture
contents in the NT treatment.

The measured py, values were significantly (p < 0.05) higher under NT for most measured dates,
with no significant differences between RT and CT (Table 6-1). The overall mean values were
1.34, 1.32, and 1.44 g cm™ for treatments CT, RT, and NT, respectively. Correspondingly, ¢ was
very similar for CT and RT, but significantly (p < 0.05) smaller for NT, with overall means of 0.50,
0.50, and 0.46 m> m~, respectively. The greater p, and smaller ¢ under NT is likely due to
natural compaction, as soil in this treatment has not been artificially loosened by tillage for 12
years (Moret and Arrue, 2007a; Soracco et al., 2010; Strudley et al., 2008). The temporal
variation of these quantities was small, as the CVs of the overall mean values for p, and ¢ were
in the same range as the CVs at the different sampling times (Table 6-1).

6.3.2 Infiltration Measurements and Near-Saturated Hydraulic Conductivity

Infiltration was measured ten times between August 2008 and June 2010 (dates shown in Figure
6-2). Since the used tension infiltrometer disc is a laterally unconfined device, infiltration rates at
h=0cm could not be measured properly due to leakage, and were excluded from the data
analysis. Thus, for the calculation of K, (h = 0) we extrapolated from the prior infiltration data by
assuming logarithmic scales for both h and g (Buczko et al., 2006).

To assess the spatial and temporal variability and the impact of soil cultivation, we analyzed the
inferred K(h) values (Figure 2a). The Kolmogorov-Smirnov test revealed that replications of K(h)
were lognormally distributed, showing the inherently high natural spatial variability (Buczko et
al., 2006; Mesquita et al., 2002; Parkin et al., 1988; Schwen et al.,, 2011). Therefore, the
variability is discussed in terms of the CV of log-transformed values. For most sampling dates
K(h) was was in the order CT > RT > NT (Figure 2a), which agrees with findings of Moret and
Arrue (2007a). The strongest treatment-induced differences occurred in October 2008, whereas
no significant differences between the treatments over the whole range of h were observed in
June 2010. However, differences of K(h) between treatments were not the same over the range
of applied h. Close to field-saturated conditions (h=-0.5 and 0cm), differences in the
conductivities were small and hardly significant (p <0.05). With more negative h, greater
differences between the treatments occurred. At h=-10 cm, the measured K(h) values were
greatest for CT, smaller for RT, and significantly smaller for NT during all measurements
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(p <0.05). This finding agrees with Hu et al. (2009), who reported larger treatment-induced
differences at more negative h.

(a) Aug. 24, 2008 Oct. 23, 2008 Dec. 3, 2008 Apr. 1, 2009 May 286, 2009

log K(h) (cm s)

IlIII.I.I.I.l 1111

(a) Jul. 21, 2009 Oct. 28, 2009 Dec. 2, 2009 Apr. 8, 2010 Jun. 24, 2010

log K(h) (cm s)

S B o T S s T T T 1 T
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10

Figure 6-2. (a) Near-saturated hydraulic conductivity K(h) as a function of the supply pressure head h.
Representative mean values in the h range of the infiltration measurements for the treatments CT (conventional
tillage), RT (reduced tillage), and NT (no-tillage) at each time of measurement are shown. Different letters
indicate significant differences among treatments (p < 0.05). The lower (b) part of the graphs denotes the
coefficient of variation (CV) among replicate measurements within treatments.

For most treatments and measurement times, the spatial variability, expressed by the CV of
replicate measurements, was smallest at h =-10 cm and increased towards saturation (Figure 6-
2b). This agrees with other studies that reported larger variability in the soil’s structural part
than in the textural part (Carey et al., 2007; Schaap and Leij, 2000; Schwen et al., 2011; Watson
and Luxmoore, 1986). For most measurements, the CVs were smaller than 100 % and thus quite
low compared to published ranges for mineral soils (Reynolds et al., 2000; Warrick and Nielsen,
1980; Watson and Luxmoore, 1986). There was no systematic difference between the CVs of the
treatments. However, the greatest CVs were observed under NT close to saturation (h =-0.5 and
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0 cm; October 2008, May 2009, December 2009, and April 2010 in Figure 2b). The high CVs might
be explained by the presence or absence of large macropores (e.g. earthworm burrows).
Following findings of Jarvis and Messing (1995), their natural distribution is on a coarser scale
than the dimensions of the infiltrometer disc. The characteristic length of variation was smaller
in the cultivated treatments RT and CT, resulting in a size that better matches the size of the disc.

6.3.3 Soil Hydraulic Properties

Inverse parametrization of the VGM model from near-saturated tension infiltrometer
measurements has frequently been used (Ramos et al., 2006; Schwartz and Evett, 2002; Sim@nek
et al., 1998). However, in structured soils ayg and n can vary depending on the part of the
retention curve where they are determined (structural or textural part). For instance, Jarvis and
Messing (1995) reported an inverse relationship for these parameters between the macropore
range and the soil's matrix porosity range. Thus, extrapolation of hydraulical parameters
measured in the near-saturated range should be made carefully and not too far beyond the
measured range (Schwen et al., 2011). Also, the inverse estimation of n shows only weak
sensitivity to the variation in near-saturated infiltration (Deurer, 2000). To evaluate the
performance of the inverse parameter estimation the resulting parameters were compared with
values from the Rosetta pedotransfer package (Schaap et al., 2001) using the soil texture and py
as input parameters.

B; (Table 6-2) agreed with predictions (0.41 m>m3), but was considerably smaller than the
corresponding ¢ value (Table 6-1). It is reported that 6 is typically 5-10 % lower when measured
under field-wetted conditions, due to air entrapment during infiltration (Simdnek et al., 1998). n
ranged between 1.27 and 1.96 with most values around 1.50 and agreed with predictions (1.63).
avs ranged between 6.7 and 42.1 m™* with most values larger than expected for silt loam soils (7
m™). However, this quantity was highly skewed and lognormally distributed. Since the estimated
values were of the same order of magnitude, the inverse parameter estimation gave reliable
results. These findings agree with other studies that published inversely estimated hydraulic
properties (Ramos et al., 2006; Schwartz and Evett, 2002; Schwen et al., 2011; Yoon et al., 2007).
Differences in 6; between treatments were hardly significant (p < 0.05). For a given date, the CV
of the measurements was of the same order for all treatments, indicating no difference in the
spatial variability. However, as the CVs of the overall mean values were considerably larger than
at the single measurement dates, a temporal variability is indicated for all treatments. 6, was
hardly correlated with the corresponding ¢ values (regression slope: 0.16, R* = 0.07), but was
correlated well with 6, (Table 6-1; regression slope: 1.08, R?=0.45). This emphasizes the
importance of the initial soil moisture content for temporal variation of 6.
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Figure 6-3. Correlation between hydraulic conductivity at h=-10 cm (K,,) and at saturation (K;) versus initial
volumetric moisture content 0; for the treatments CT (a and b), RT (c and d), and NT (e and f). A more negative
regression slope indicates a higher sensitivity of the hydraulic conductivity to temporal changes in soil moisture
(Zhou et al., 2008).

K(h) may also be influenced by 6;. Zhou et al. (2008) reported a negative K(h) vs. 8; relationship
for soils under different land use. Thus, we analyzed this correlation for h = -10 and 0 cm (Figure
6-3). As no correlation was found for K; (h = 0) for all treatments (R* < 0.02), we suggest that the
saturated hydraulic conductivity — representing infiltration mainly through macropores — was not
affected by 6; and its temporal changes. By contrast, K1 showed a quite strong correlation for CT
(R? = 0.30) and RT (R? = 0.31), whereas only weak correlation was found for NT (R* = 0.09). Thus,
infiltration at h=-10 cm — where mainly mesopores are water-conducting — was sensitive to
changes in 8; for CT and RT, whereas it was temporally stable for NT.
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Figure 6-4. a) Number of flow-weighted mean pores N, versus flow-weighted mean pore radius R,. The shaded
areas denote the range of macropores (> 0.5 mm), the white area the range of large mesopores. b) Flow-weighted
mean pore radius R, versus pressure head h in the range of the tension infiltrometer measurements. The dashed
line denotes the maximum equivalent pore radius R.,. Ro and N, were calculated using the approach of Reynolds
et al. (1995). Representative mean curves for the treatments at each time of measurement are shown.

It is acknowledged that any impact of 8; on the determination of ayg and n could be minimized,
as the inverse parameter estimation accounted for 6; and 6;. The n values hardly showed
significant (p < 0.1) differences between treatments and only small temporal dynamic. By
contrast, ayg showed significant (p < 0.1) differences between treatments with overall means for
CT, RT, and NT of 27.3, 32.9, and 42.1m*, respectively. This order was found at most
measurement dates. However, ayg also showed a considerable temporal dynamic, as indicated
by the high CVs of the overall treatment means (Table 6-2). This dynamic was smallest for NT,
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indicating the relatively greater temporal stability of the hydraulic properties under this
cultivation technique. To understand the temporal and management-induced dynamic of ayg,
changes in the water-conducting porosity need to be taken into account.

6.3.4 Water-Conducting Pore Characteristics

The derived conductivities were analyzed in terms of the water-conducting porosity (Figure 6-4),
giving an indirect indicator of changes in the soil’s pore structure. Generally, Ry indicates that
with increasing h, larger pores become water-conducting (Reynolds et al., 1995). This increase
was largest for NT at most measurement times. NT also resulted in the greatest Ry values over
the measured range of h, whereas no distinct difference could be observed between CT and RT.
This agrees with Moret and Arrue (2007a).

Compared to the maximum equivalent pore radius Rmax, Ro Wwas smaller for most measurements.
As stated by Reynolds et al. (1995), Ry, compared to storage-based R, better reflects the
effects of pore restrictions, such as entrapped air bubbles or small unwetted zones. Thus,
differences between Rmax and R indicate a reduction of the pore connectivity, leaving a certain
fraction of porespace disconnected from the water-conducting pores. This difference was largest
close to saturation, where flow is controlled by macropores. The connectivity was larger in the
mespore range, agreeing with findings of Ehlers et al. (1995). The smallest difference over the
measured pressure head range was observed for NT, followed by RT for most measurements.
This indicates a good connectivity of the pores in the non-tilled soil, possibly due to good soil
structure, a well established biological activity (e.g. earthworm burrows), and the presence of
root channels. Recently, the relationship between K and €nacro Was also used as an indicator of
the pore connectivity and tortuosity (Bodhinayake and Si, 2004; Luo et al., 2010). The regression
slope between these quantities was much greater for NT (172.57) than for CT (57.99) and RT
(56.50; Figure 6-5). This supports the assumption that the pores in the non-tilled soil were less
tortuous and more effective in conducting water than in tilled soil. However, we acknowledge
that observations of the pore connectivity and tortuosity were derived indirectly from the
infiltration experiments and not measured directly (e.g. by tomographical image analysis).

The low Rg values for CT in October 2009 and 2010 indicate that the pore-space connectivity was
artificially disturbed due to previous ploughing. In May 2009, low R, values were measured for
all treatments. This might be due to large unwetted zones and entrapped air, as the infiltration
was measured after a long period without precipitation resulting in relatively low soil moisture
(6iwas 0.13, 0.14, and 0.21 m> m™ for CT, RT, and NT, respectively, Table 6-1).

The largest Ry that becomes water conducting at h=0 (referred to as Romax) at most
measurement times was found under NT (Figure 6-4a). Here, the largest water-conducting pore
size was in the macropore-range (> 0.5 mm) with Rgmax values of 1.33 and 1.18 mm in December
2008 and October 2009, respectively, and an overall mean of 0.79 mm. These pores dominate
water infiltration under near-saturated conditions in this treatment, although Ny was small
(Messing and Jarvis, 1993; Moret and Arrue, 2007a).
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Figure 6-5. Relationship between the natural logarithm of the saturated hydraulic conductivity K; and the water-
conducting macroporosity €y.cr0- Linear regressions were fitted to the treatment means of all measurement
times. Larger slopes indicate a greater connectivity and smaller tortuosity of the water-conducting macropores
(Luo et al., 2010).

RT gave a slightly smaller overall mean of Rgmax (0.62 mm), but showed the single largest Rg max
value (1.73 mm) in December 2009. Under CT, the flow-weighted pores had the smallest radii
and were in the mesopore-range at most measurement times (overall mean of Ry max: 0.42 mm).
Generally, smaller Rq values were compensated by a relatively greater number of these pore
sizes (Np, Figure 6-4a). Thus, for CT flow occurred in the smallest pore-size range, but with the
greatest amount of these pores. This finding is supported by the hydraulically effective porosities
€ (Figure 6-6). Over the whole analyzed time series, treatment means of €50 Were in the order
CT > RT > NT. As the differences were significant (p < 0.05) at most measured dates, differences
in Emacro among treatments where not systematically and hardly significant (p < 0.05).
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Figure 6-6. Temporal dynamics of hydraulically effective meso- (a) and macropores (b) € according to the method
of Bodhinayake et al. (2004) using the pore classification of Luxmoore (1981) with r > 0.5 mm for macropores and
5x 10> mm <r< 0.5 mm for mesopores. Representative mean values for the tillage treatments (CT, RT and NT)
are shown. Different letters indicate significant differences among treatments (p < 0.05).
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Table 6-3. Analysis of variance of soil hydraulic properties. The effects of soil tillage and measurement time on the
hydraulic conductivity at saturation (K;) and at h = -10 cm (K,,), the parameters of the van Genuchten/Mualem
retention model (ayg and n), and on the sums of water-conducting meso- and macropores (€50 and £nmacro) are
listed.

Tillage Time Tillage * Time
MS? p° MS p MS p

Ks(cm s 1.65 0.08* 6.27  <0.01%** 0.71 0.35
Ky (cm s™) 21.44  <0.01*** 5.69 <0.01*** 0.47 <0.01***
ave (M™) 0.96 0.03** 0.67 0.02** 0.30 0.35
n(-) 0.19 0.05** 0.12 0.05** 0.12 0.03**
Emeso (M° M) 13.02  <0.01*** 463  <0.01%** 1.09  <0.01%**
Emacro (M® M) 3.78 0.01** 759  <0.01%** 1.04 0.19

2 MS is the mean square of the effect.
P Values of pare indicated using three significance levels (*** p<0.01, ** p<0.05, * p<0.1).

6.3.5 Temporal vs. Management-Induced Dynamics of Hydraulic Properties

To differentiate between the impact of soil tillage and time of measurement, a multivariate
ANOVA was applied (Table 6-3). A highly significant effect (p < 0.01) of tillage was found for Ky
and gmeso, With mean squares of the effect (MS) of 21.44 and 13.02, respectively. Both quantities
describe water-conductance in the mesopores. Quantities related to water-conductance through
macropores were less influenced by tillage, with a MS of 1.65 and 3.78 for K, and &nacro,
respectively. The variability in water flow through macropores was more impacted by the
measurement time. The interaction of both had a highly significant effect (p < 0.01) on Ky and
Emeso, DUt not on K; and &macro. Thus, the variability of flow through mesopores could be
explained sufficiently by an interaction of tillage and measurement time, whereas the flow
through macropores could not. As discussed above, a high spatial variability was inherent in the
abundance of macropores, which might exceed the impact of soil tillage and time. The high
natural spatial variability might also explain most of the variability of ayg and n.

The importance of time was also found in other studies (Alletto and Coquet, 2009; Bodner et al.,
2008; Bormann and Klaassen, 2008; Hu et al., 2009). In both observed years, the hydraulically
effective pores (Emacro aNd €meso) Strongly decreased after tillage during the winter periods, which
might be a response to rainfall-induced pore sealing (Cameira et al., 2003; Mubarak et al., 2009;
Figure 6-1 and 6-6). The decrease is followed by a gradually increase in spring and summer,
possibly induced by biological activity, root development, and wetting / drying cycles, as
proposed by Mubarak et al. (2009). This temporal dynamic should be considered when modeling
soil water flow. Future investigations should focus on the parameterization of soil water models
that account for temporal (e.g. post-tillage or seasonal) changes in the hydraulic properties and
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their underlying pore size development (e.g. Leij et al., 2002; Or et al., 2000; Schwarzel et al.,
2010).

6.4 Conclusion

We analyzed tension infiltrometer measurements over two consecutive years with respect to the
hydraulic properties and the underlying water-conducting porosity. Our results revealed that
hydraulic properties change dynamically in response to both tillage and natural controlling
factors. Despite small temporal variations, NT resulted in the greatest values of 6; and p,, which
might be due to natural compaction. K(h) values were in the order CT > RT > NT, with the largest
differences at h=-10 cm, where water flow is dominated by mesopores. A high spatial and
temporal variability in the abundance of macropores was found under NT. Inverse estimation of
the VGM model parameters showed only small temporal or tillage-induced changes for n,
whereas ays was in the order CT < RT < NT, with high temporal variations under CT and RT.
Regarding the water-conducting porosity, NT resulted in the greatest Ry values, whereas no
distinct differences were observed between CT and RT. Smaller pore radii under RT and CT were
compensated by a higher proportion of these pores. The results give indirect evidence that NT
leads to a higher connectivity and smaller tortuosity of macropores, which might be due to a
better established soil structure and biological activity. NT also resulted in a better temporal
stability of both the pore network and the hydraulic properties.

A multivariate ANOVA revealed that variations in the mesopore-related quantities Kip and €meso
could be explained by an interaction of tillage and time. By contrast, due to a high spatial
variability, macropore-related quantities (Ks and &macro) could not be explained by those influence
factors. The results give evidence that temporal changes of hydraulic properties (avs, Ks) should
be considered when modeling soil water flow.
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7. Time-variable soil hydraulic properties in near-surface soil water
simulations for different tillage methods®

Abstract

Simulating near-surface soil water dynamics is challenging since this soil compartment is
temporally highly dynamic as response to climate and crop growth. For accurate simulations the
soil hydraulic properties have to be proberly known. Although there is evidence that these
properties are subject to temporal changes, they are set constant over time in most simulations
studys. The objective of this study was to improve near-surface soil water simulations by
accounting for time-variable hydraulic properties. Repeated tension infiltrometer measurements
over two consecutive seasons were used to inversely estimate the hydraulic properties of a silt
loam soil under different tillage — conventional (CT), reduced (RT), and no-tillage (NT). Simulated
water dynamics with constant and time-variable hydraulic parameters were compared to
observed data in terms of the soil water content and water storage in the near-surface soil
profile (0-30cm). The measurements indicate a considerable temporal variability in the
saturated hydraulic conductivity, the field-saturated water content and the parameter a of the
van Genuchten/Mualem model. Temporal variability was largest for CT and RT, whereas under
NT, replicates of measured water contents and hydraulic properties showed a considerable large
spatial variability. Simulations with time-constant hydraulic parameters led to underestimations
of soil water dynamics in winter and early spring and overestimations during late spring and
summer. The use of time-variable hydraulic parameters significantly improved simulation
performance for all treatments, resulting in average relative errors below 13 %. Since simulation
results agreed with observed water dynamics in two seasons, the applicability of inversely
estimated hydraulic properties for soil water simulations is demonstrated. Thus, simulations that
address applied questions in agricultural water management may be improved by using time-
variable hydraulic parameters. The simulated water balance indicated that RT and NT result in
better water storage than CT and therefore may increase water efficiency under water-limited
climatic conditions.

6 Schwen, A., Bodner, and Loiskandl, W., 2011. Agricultural Water Management (in press, doi:
10.1016/j.agwat.2011.07.020).
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7.1 Introduction

For many applied questions in the fields of crop production and agronomy, soil water dynamics
are of fundamental importance. Modeling can be a valuable tool to optimize its management
(Roger-Estrade et al. 2009). Such soil water modeling requires an accurate description of soil
hydraulic properties, i.e. the soil water retention function 6(h) and the hydraulic conductivity
function K(h). Generally, these constitutive functions are assumed to be unchanged over time in
most simulation studies. However, there is extensive empirical evidence that soil hydraulic
properties are subject to temporal changes particularly in the near-saturated range where soil
structure essentially influences water flow characteristics (Daraghmeh et al., 2008; Or et al.,
2000). Especially, the structure of soil top layers is subject to changes during time, caused by
wetting / drying cycles, biological activity, and agricultural operations (Leij et al., 2002; Mubarak
et al., 2009). Soil tillage and management affect the hydraulic properties with consequences for
the storage and movement of water, nutrients and pollutants, and for plant growth (Strudley et
al., 2008). There is evidence, that soil tillage changes the soil pore-size distribution and the
saturated hydraulic conductivity Ks (Mubarak et al., 2009; Or et al.,, 2000; Xu and Mermoud,
2003). The temporal variability of hydraulic properties can even exceed differences induced by
crops, tillage, or land use (Alletto and Coquet, 2009; Bodner et al., 2008; Bormann and Klaassen,
2008; Hu et al., 2009; Schwen et al., 2011a; Zhou et al., 2008).
Compared to deeper soil layers, soil moisture close to the surface (0-30 cm) is subject to rapid
changes as response to rainfall, infiltration, evaporation, and root water-uptake. Despite its
importance for the supply of water and nutrients for crops, simulation of this highly dynamic soil
compartment is difficult and requires adequate sets of hydraulic parameters (Sim(inek et al.,
2003). For modeling nutrient or contaminant transport and for the assessment of different
tillage methods, soil water simulations should be introduced that account for time-variable
hydraulic properties (Mubarak et al., 2009; Or et al., 2000). However, only few studies have
adressed this task. For instance, Or et al. (2000) introduced a model that describes temporal
changes of the soil retention properties after tillage based on the pore-size distribution.
Recently, Schwarzel et al. (2011) used the model to describe landuse-induced changes of the
retention properties. However, the model has not been applied to a more complex time series of
measured hydraulic parameters. Another approach was presented by Xu and Mermoud (2003),
who used a time-dependent empirical decay function for K in soil water simulations.
To capture temporal variations in the soil hydraulic properties, suitable measurement methods
have to be applied. As most of the temporal changes are expected to occur in the structural
pores, due to changes in different groups of macro- and mesopores, field methods are
preferable to laboratory methods (Angulo-Jaramillo et al., 2000; Hu et al., 2009; Yoon et al.,
2007). To determine the near-saturated hydraulic properties of agricultural soils directly in the
field, tension infiltrometry has become a commonly used method (Angulo-Jaramillo et al., 1997;
Messing and Jarvis, 1993; Reynolds et al., 1995). The measurement of infiltration rates at pre-set
supply pressure heads can be used to obtain the K(h) function using Wooding’s analytical
equation (Reynolds and Elrick, 1991; Wooding, 1968) and to estimate inversely the parameters
of a soil-water retention model (Angulo-Jaramillo et al., 2000; Schwartz and Evett, 2002;
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SimGnek and van Genuchten, 1997; Simiinek and van Genuchten, 1996). Although many authors
have shown the reliability of inversely estimated retention parameters by comparison with
direct measurement techniques, hardly any study assessed the applicability of the derived
parameters in soil water simulations.

The main hypothesis underlying the presented study was that soil water simulations can be
improved by accounting for temporal changes of near-surface soil hydraulic properties. Thus, the
objectives of this study were 1) to capture temporal changes of soil hydraulic properties by
repeated tension infiltrometer measurements, 2) to implement time-variable soil hydraulic
properties in a soil water simulation. This study also aims to assess the feasibility of inversely
estimated hydraulic parameters in soil water simulations. In the present paper, the effect of
temporally changing hydraulic parameters in soil water simulation was tested and evaluated
against measured data for different tillage methods. The simulation was used to assess the
water efficiency of the different tillage methods afterwards.

7.2 Materials and Methods

7.2.1 Experimental Site

Measurements were obtained on an arable field near Raasdorf, Lower Austria (48°14'N 16°35'E).
Climatic data were recorded at the site since 1998 by an automated weather station (Adcon
Telemetry GmbH, Austria) (Figure 7-1). On the basis of the climatic data, the reference
evapotranspiration ETy was calculated using the Penman-Monteith equation. The site has a
mean annual precipitation R of 546 mm, a mean temperature of 9.8 °C, a mean relative humidity
of 75 %, and an annual reference evapotranspiration ETy of 912 mm. The aridity index according
to Middleton and Thomas (1992) is 0.60. Thus, the climate can be classified as dry subhumid
(Middleton and Thomas, 1992) or as Cfb (maritime temperate climate with uniform precipitation
distribution) according to Koppen (McKnight and Hess, 2000).

A field trial was established in 1997 to assess the following soil cultivation techniques: 1)
Conventional tillage (CT) with moldboard ploughing and seedbed preparation using a harrow
prior crop seeding; 2) Reduced tillage (RT) with a chisel plough to 10 cm for seedbed
preparation; and 3) No-tillage (NT) using direct seeding technique. The three treatments were
arranged in a randomized complete block design with three replicate plots.

The soil can be classified as Chernozem in the WRB (IUSS, 2007) or as Typic Vermudoll in the US
Soil Taxonomy (Soil Survey Staff, 2010). The humous A-horizon (0-30 cm) is followed by a AC-
horizon (30-60 cm) over the mature silty sediments (C-horizon, >60 cm). Due to particle size
analysis (Table 7-1) the texture throughout the profile can be classified as silt loam according to
the FAO classification (FAO, 1990). The organic carbon content was 24 g kg_1 in the topsoil. In the
two seasons analyzed for this study (2008/09 and 2009/10) the site was cropped with winter
wheat (Triticum aestivum L.) in mid October and harvested in mid July of the following year
(Figure 7-1).
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Soil water content in the field was continuously measured over two consecutive seasons using
capacitance moisture sensors (C-Probe, Adcon Telemetry GmbH, Austria). For each treatment,
three replicate probes were installed in depths of 10, 20, 40, 60, and 90 cm. The measurement
interval was 15 min, and data was avaraged to daily values. For the comparison with simulation
results in this study, only data of the shallow probes (10, 20, and 40 cm) were considered. The
probes were installed after seeding in November and removed from the field prior harvest in July
in both analyzed seasons. The water storage in the soil profile to a depth of 0.30 m S was derived
from the water content measurement.
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Figure 7-1. Soil water regime, climatic conditions, and times of measurements: Volumetric water content 6,
measured in 10 cm depth for the different tillage treatments (mean of three replicate sensors), air temperature T
(grey line); rainfall R (peaks), and times of infiltration measurements (diamonds), soil tillage (triangle), and crop
growing period. The grey areas indicate frost periods.

7.2.2 Sampling and Infiltration Measurements

Infiltration measurements used for this study were made nine times starting directly before crop
seeding in October 2008 until shortly before harvest in July 2010, using three tension
infiltrometers (Soil Measurement Systems Inc., Tucson, AZ) of the design described by Ankeny et
al. (1988). The infiltrometer disc (diameter 0.20 m) was separate from the supply and tension
control tubes. Before each measurement, the soil surface was prepared by carefully removing
mulch and any above-ground plant material. We placed a nylon mesh on the smoothed soil to
protect any macropores and used a 2 mm layer of quartz sand (diameter: 0.08-0.2 mm) between
disc and soil to ensure good hydraulic contact. The supply pressure heads were -10, -4, -1, and
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0 cm: the first two were maintained for approximately 50-60 min, and the last two for about 10-
20 min. Preliminary tests found these durations to be sufficient to achieve steady-state
infiltration. The water level in the water supply tube was observed visually at intervals of 20 s
during the first 5 min after application of a supply pressure, and then in increasing intervals of 2-
10 min. For each treatment, three replicate infiltration measurements were carried out. All
experiments were conducted in the non-trafficked interrow area of a plot.

Before each infiltration measurement, soil samples were taken with steel cores near the
measurement location to obtain the initial water content 6; [L* L. Immediately after each
measurement, another core sample was collected directly below the infiltration disc to quantify
the final water content ¢ [L* L], bulk density pp [M L], and total porosity ¢ L7

One soil profile per treatment was excavated and sampled with soil cores in depths of 5 cm, 40
cm, and 70 cm with three replicates during July 2009. The hydraulic properties of the subsoil
layers were determined using pressure plate extractors (Soil Moisture Inc., USA) at h=0.2, 0.5,
1.0, 2.0 and 3.0 bar. The RETC code (van Genuchten et al., 1991) was used to fit the parameters
of the van Genuchten/Mualem model (referred to as VGM, van Genuchten, 1980; Table 7-1).

Table 7-1. Physical soil properties and hydraulic parameters at the experimental site. Texture (content of sand,
silt and clay), bulk density p,, saturated water content 6,, saturated hydraulic conductivity K;, and the VGM model
parameters ay and n are listed.

Depth Tillage Sand Silt Clay Po s Ks ave n
cm kg kg™t gem?® m®m? md? m?

0-30 0.27 0.54 0.20 1.38 0.48

30-60 CT 0.35 0.47 0.18 1.27 0.52 0.40 6.77 1.168
60-90 0.31 0.57 0.12 1.36 0.49 0.31 1.15 1571
0-30 0.27 0.54 0.20 1.38 0.48

30-60 RT 0.35 0.47 0.18 1.23 0.54 0.30 5.57 1.234
60-90 0.31 0.57 0.12 1.38 0.48 0.31 1.55 1.452
0-30 0.27 0.54 0.20 142 0.47

30-60 NT 0.35 0.47 0.18 1.27 0.52 0.30 12.34 1.169
60-90 0.31 0.57 0.12 1.39 0.48 0.31 1.40 1.575

7.2.3 Near-Saturated Hydraulic Conductivity

We used the procedure described by Reynolds and Elrick (1991) and Ankeny et al. (1991) to
determine K(h) from the infiltration measurements. The variably saturated water flow equation
can be analytically approximated for infiltration from a circular source with a constant pressure
head at the soil surface, and with K(h) described by Gardner’s exponential model (1958):
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K(h) =K, exp(ag,h) [7.1]

Here h is the pressure head [L], K; is the saturated hydraulic conductivity [L T_l], and ag, is the
sorptive number. The analytical approximation derived by Wooding (1968) is:

q<h>=[m;+4i}<<h)

aGa [72]

where g is the steady-state infiltration rate [L3 T, and rq is the radius of the disc [L]. Since
Wooding’s solution has two unknown variables, K(ho) and ag,, two steady-state fluxes at
different tensions are required. Reynolds and Elrick (1991) among others derived K(h) in the
middle of an interval between two applied pressure heads h; and hi:1, assuming ag, to be
constant over this interval. Assuming that Eq. [7.1] and [7.2] can be applied piecewise, then

In6/8s). g 0

Aga(ii2) = )
hi - hi+1 [73]
where n is the number of applied supply tensions. Using Eq. [7.2] gives:
PO VL T R Y S |
1+ l4/7frdaea(i+1/2)J [7.4]
Ks can be calculated from Eq. [7.1] using known values of hi.1/2, Kix1/2 and 0ga(i+1/2) as follows:
K — Ki+1/2
exp(aGa(i+12)hi+1/2) [7.5]

7.2.4 Inverse Estimation of Soil Hydraulic Parameters

The inverse analysis of tension infiltrometer data requires numerical solution of the following
modified Richards’ equation for radially symmetric Darcian flow (Warrick, 1992):

00 10 ohy of(,oh) oK
—=——|rK— |+ —| K— |+—
ot ror or) oI\ oz 0z [7.6]

Here 6 is the volumetric water content [L* L], t the time [T], r is the radial coordinate [L] and z is
the vertical coordinate [L], being positive upward with z=0 on the soil surface. The initial and
boundary conditions were defined as proposed by Simlnek et al. (1998). To describe the
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unsaturated soil hydraulic properties, we used the VGM model. The soil water retention Sc(h)
and hydraulic conductivity K(8) functions are given by:

0.0, (1+|a,veh|“)“ [7.7]

h -S;'" ]Z [7.8]

Here S. is the effective water content [-], 8, and 6, denote the residual and saturated water
contents, respectively IL*L73), lis a pore-connectivity parameter [-], and ayg LY, nand m(=1-
1/n) are empirical parameters.

We formulated the objective function (OF) that is minimized during parameter estimation by
combining the cumulative infiltration data, the K(h) values calculated by Wooding’s analysis, and
B¢. OF minimization was accomplished using the Levenberg-Marquardt nonlinear minimization
method (Marquardt, 1963), as provided by the program HYDRUS 2D/3D (Sim(inek et al., 2006).
For numerical solution of Eq. [7.6], a quasi-3D (axisymmetric) model geometry was chosen, as
described by Simnek et al. (1998).

Initial values for the parameters were derived from the soil’s texture using the Rosetta
pedotransfer package Rosetta (Schaap et al., 2001; input parameters: soil texture and py). To
reduce the amount of unknown variables, for all parameter estimations / was set constant at 0.5
(Ramos et al., 2006), and 6, was fixed at 0.065 m*> m~, as predicted by Rosetta (Lazarovitch et al.,
2007). K; was set to the value obtained by Wooding’s analysis (Lazarovitch et al., 2007; Schwen
et al.,, 2011b; Yoon et al.,, 2007). The remaining parameters 6s, ayvs, and n were inversely
estimated.

As the 6(h) and K(h) relationships are highly nonlinear (Vereecken et al., 2007), representative
mean parameters for each cultivation treatment were derived using the scaling approach. For
each replicate measurement, data derived from the inverse parameter estimation and the data
obtained by Wooding’s equation were used. Following the approach of Schwarzel et al. (2010)
and Vereecken et al. (2007), a conventional scaling procedure was applied in which scaling
factors were estimated by minimizing the residual sum of square differences between the data
and the scaled K(h) and 6(h) reference curves. Representative means were calculated for every
measurement time and as an overall treatment mean (Table 7-2).

7.2.5 Simulation Model

The vertical 1D Richards’ equation was solved numerically using the Earth Science Modul within
Comsol Multiphysics (Comsol AB). According to the observed soil horizons for the different
tillage treatments, the geometry was devided into three layers: the surface soil (A-horizon) was
between 0 and 0.15 m for RT and NT, and 0 - 0.30 m for CT, the AC-horizon down to 0.60 m, and

the subsoil (C-horizon) from 0.60 m to 1.00 m.
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Potential evaporation E,.: and transpiration T, were derived using the FAO 56 dual crop
coefficient method (Allen et al., 1998). We used tabulated values for the crop coefficient K (K
ini = 0.4, Kcmig = 1.15, Kceng = 0.25, Allen et al., 1998) and observed crop development stages. We
acknowledge that we did not calculate Epot and Tpot treatment-specific but assumed them to be
the same for the different tillage treatments.

R and E,o, the latter reduced by a h-dependent reduction function, were applied as upper
boundary condition (Bodner et al., 2007). Tyot Was implemented via a sink term using a growth
function, a linear decreasing root distribution function (Prasad, 1988) and a h-dependent
reduction function according to Feddes et al. (2001) and Wu et al. (1999). We acknowledge that
EToot was assumed to be the same for the different tillage treatments. Since the groundwater
table was well below 10 m throughout the observation period, the lower boundary was defined
by an unit gradient condition.

Soil water dynamics were simulated with a daily temporal discretization for the wheat growing
seasons (Oct. 2008 — July 2009 and Oct. 2009 — July 2010; Figure 7-1). Simulations were made
with constant and time variable VGM parameters (ayg, Ks, and 6;) of the upper soil layer for all
tillage methods (Table 7-2). The measured parameter values were connected using cubic splines
to allow a continous description. Since the temporal variability was expected to be negligible in
the lower soil horizons, the hydraulic parameters were set constant (Table 7-1).

To get a comparison between observed and predicted values, O; and P;,, the average relative
error (ARE) was calculated as follows (Popova and Pereira, 2011):

_13([o A
ARE_WZ[T]

= ! [7.9]
Here, N is the number of observations. For further comparison between O; and P;, regressions of
the form P; = slope x O; + intercept were performed (Moret et al., 2007) and the determination
coefficient R* was calculated. Root mean square errors (RMSE) were also calculated by (Ji et al.,
2009; Popova and Pereira, 2011):

RMSE {%ZT:(H -0, )ZTZ

[7.10]
To account for the spatial variability of the observed values, O; used in the differences was

defined as mean (O;) + standard deviation. After validation, the model was used to calculate the
water balance for the near-surface soil layer for the analyzed tillage treatments.
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7.3 Results and Discussion
7.3.1 Climatic conditions and Soil Water Content

For the present study two consecutive wheat growing seasons were analyzed. R between
October 15, 2008 and July 13, 2009 was 398 mm, which is in line with the long-term average.
Remarkably, there was hardly any rain during April and May 2009 (Figure 7-1). Between October
15, 2009 and July 12, 2010, the rainfall was 395 mm. Potential evapotranspiration Etys in the
seasons 2008/09 and 2009/10 was 366 and 332 mm, respectively, which can be divided into Eyot
(117 and 101 mm), and Tyot (249 and 231 mm). In the growing seasons 2008/09 and 2009/10 the
climatic water balance resulted in a surplus of 32 mm and 63 mm, respectively.

In response to climatic conditions and crop growth, the soil water content varied over time
(Figure 7-1). With high water contents in winter and early spring and dryer periods between
April and June 2009 the first analyzed year shows a broad variety of soil moisture conditions.
Since there was sufficient rainfall in spring 2010, the soil moisture in the season 2009/10 was
more balanced. During frost periods in winter, the shallow sensors did not give meaningful
values that had to be excluded from further analysis (Figure 7-1). Only small differences in the
near-surface water content occurred between treatments CT and RT, whereas NT resulted in
significant higher soil moisture contents. This agrees with findings of Moret et al. (2007) and
Moreno et al. (1997). However, as Moreno et al. (1997) found increasing treatment-induced
differences with decreasing soil moisture, our results indicate larger differences at greater soil
moisture and receded differences during dryer conditions (spring 2009 and summer 2010).

The variability within a treatment indicated by the replicate probes was considerable high
(Figure 7-2). Since technical problems with the moisture sensors could be ruled out due to
careful data processing, this variablility might be attributed to the natural spatial variability in
the hydraulic properties (Schwen et al., 2011a). As the variability was smallest for CT and slightly
larger for RT, it reflects the effect of spatial homogenization of repeated tillage operations.
Contrarily, considerable differences among the replicate sensors under NT indicate a high spatial
variability, especially in the season 2008/09. Under NT, the variability was much smaller in the
season 2009/10 than in 2008/09. This may be explained by the fact that the probes were
removed before harvest in July and reinstalled at slightly different positions after seeding in
October 2009.
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Figure 7-2. Simulated vs. measured volumetric soil water content 0 in a depth of 10 cm (upper plots) and water
storage S in the near-surface soil profile (0-30 cm; lower plots). 8 and S (mean * standard deviation) were
measured using three replicate sensors per treatment in depths of 10, 20, and 40 cm (grey areas). The gaps in
winter are due to frost periods (Figure 7-1). The results of simulations using constant and time-variable hydraulic
properties are shown for the tillage treatments CT (a), RT (b), and NT (c).
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7.3.2 Temporal Dynamics of Soil Hydraulic Properties

The temporal variability of soil hydraulic properties and its underlying water-conducting porosity
at the experimental site has been discussed in detail by Schwen et al. (2011a; chapter 6 of this
thesis). In both analyzed seasons, K; and 6 under CT and RT strongly decreased after tillage
during winter (Table 7-2, Figure 7-1), which might be due to rainfall-induced pore sealing and
settling (Cameira et al., 2003; Mubarak et al., 2009; Xu and Mermoud, 2003). The decrease is
followed by a gradually increase in spring and summer, possibly induced by biological activity,
root development, and wetting / drying cycles, as proposed by Mubarak et al. (2009). Beside
considerable higher K values in October 2009 and June 2010, NT showed only small temporal
variability and no systematic dynamic. The high K values in the non-tilled soil may be due to the
existence of preferential flow paths (earthworm burrows), as reported by Moreno et al. (1997).
Regarding the VGM model parameters, n showed only small temporal dynamic for all
treatments. However, ays showed a considerable temporal dynamic (Table 7-2). This dynamic
was smallest for NT, indicating the relatively greater temporal stability of the hydraulic
properties under this treatment (Schwen et al.,, 2011a). We found no systematic trend that
reasonably explains the temporal dynamic of ayg for both analyzed seasons. Possibly, this
indicates that temporal dynamics of the VGM parameters are quite complex, even for the tilled
treatments (CT, RT). Therefore, we did not apply a pore-size evolution model (e.g. Or et al.,
2000), but used cubic splines to continuously describe the hydraulic parameters.

7.3.3 Performance of Near-Surface Water Simulations

The present study focusses on the simulation of water movement and storage in the highly
dynamic near-surface soil compartment (0-30 cm). Therefore, in the following only results for
the uppermost soil layer are discussed. However we acknowledge that we found a good
agreement between measured and simulated soil water contents in the deeper soil layers for all
simulations. For quality assessment of the simulations, we compared simulated and measured
values of 819 and S using Eq. [7.9] and [7.10]. Overall, the simulations resulted in soil water
dynamics that agreed with the measured range for all treatments (Figure 7-2). Since the
hydraulic parameters that were used in the topsoil were estimated inversely from tension
infiltrometer measurements, this demonstrates the general applicability of this method for soil
water simulations.

However, the degree of agreement between simulated and measured soil water dynamics
differed among the tillage treatments and between simulations with temporally constant and
variable hydraulic parameters (Figure 7-3, Table 7-3). We observed that simulations with time-
constant sets of hydraulic parameters tend to underestimate 8.9 and S in winter and spring
(November 2008 — March 2009 and November 2009 — April 2010), whereas they resulted in
overestimations during late spring and summer (June and July 2009 and 2010). Contrarily,
application of time-variable hydraulic parameters significantly increased the agreement of both
010 and S for all tillage treatments in both seasons. This was also reported by Xu and Mermoud
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(2003). Compared to simulations with constant parameters, values of ARE for 6 and S
approximately halved and the RSME for S was reduced by up to 93 % (Table 7-3). RSME values of
810 for CT, RT, and NT were 0.042, 0.062, and 0.074 m> m~, respectively (Table 7-3), and thus in
the same range as reported by Moret et al. (2007). As the ARE values for 8,9 and S were below
13 %, the simulation results were satisfactory (Ji et al., 2009).

Within simulations with time-variable hydraulic parameters, the best agreement with ARE and
RSME values for 649 of 0.09 and 0.042 m3 m'3, respectively, (Table 7-3) and a correlation of
R? = 0.81 (Figure 7-3) was found for CT, followed by NT (ARE = 0.09, R? = 0.78). Simulations for RT
resulted in slightly larger differences and showed the weakest correlation (R® for 810 =0.65,
Figure 7-3). For all treatments, the agreement was better in the season 2008/09 than in 2009/10.
These results show that the accuracy of simulations of the near-surface soil water dynamics can
be improved substantially by applying time-variable hydraulic parameters. The presented
approach might help to improve the quality of soil water simulations, not only for the
assessment of different tillage methods, but also for other applied questions in agricultural
water management. As this study focussed on the comparison of temporally constant versus
variable hydraulic parameters, we used the same values of E,o: and Tyt in all simulations. The
accuracy in predicting the near-surface water dynamics in terms of different tillage methods
might be further improved when treatment-dependent values for crop transpiration (rooting
depth, leaf area index) are used (Xu and Mermoud, 2003).

To capture temporal and management-induced dynamics in the near-surface soil hydraulic
properties, adequate and expeditious methods have to be applied. As demonstrated by this
study, repeated tension infiltrometer measurements followed by the described data analysis
procedure can meet this requirement. However, to derive physically-based descriptions of the
complex temporal and management-induced dynamics of soil hydraulic properties, more
research is necessary. We suggest that future research should focus on measurements at
different temporal scales that might be correlated to underlying changes in the soil’s structure.
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Figure 7-3. Correlation of simulated vs. measured soil volumetric water content 0 in 10 cm depth. Results for
simulations using constant (a, c, e) and time-variable hydraulic parameters (b, d, f) for each treatment are shown.
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Table 7-3. Performance of the soil water simulation. Average relative errors ARE (Eq. 7.9) and root mean square
errors RSME (Eq. 7.10) are listed for the volumetric water content in 10 cm depth, 0,,, and the water storage S in
the near-surface soil profile (0-30 cm). Results for simulations with constant and time-variable hydraulic
parameters are shown for all tillage treatments.

010 S (0-30 cm)
Tillage Season ARE (-) RSME (m® m?) ARE (-) RSME (mm)
const. var. const. var. const. var. const. var.
c 2008/2009 0.11 0.07 0.037 0.035 0.05 0.01 5.4 2.1
T
2009/2010 0.32 0.11 0.080 0.049 0.16 0.02 14.3 2.8
Overall 0.21 0.09 0.062 0.042 0.11 0.01 10.7 25
2008/2009 0.13 0.08 0.065 0.072 0.09 0.03 10.0 4.0
RT
2009/2010 0.31 0.13 0.077 0.045 0.25 0.08 23.9 9.5
Overall 0.21 0.10 0.072 0.062 0.17 0.05 18.1 7.2
2008/2009 0.15 0.07 0.060 0.073 0.02 0.001 2.7 0.2
NT
2009/2010 0.35 0.12 0.101 0.073 0.20 0.03 22.3 3.9
Overall 0.24 0.09 0.083 0.074 0.10 0.01 15.6 2.7

7.3.4 Water Balance Simulation

Applying the simulation with time-variable hydraulic parameters, the water balance of the soil
profile was calculated for the different tillage treatments and both analyzed seasons (Table 4).
To assess tillage-induced differences in the soil water storage S, the difference between the time
of crop planting (mid October) and harvest (mid July) was calculated.There were considerable
differences between the treatments in the change of stored water and percolation losses,
whereas there were hardly any differences in E, and T, CT resulted in the smallest increase in
water storage in both seasons. This is mainly due to a high percolation below 100 cm and a
slightly higher evaporation. The water storage in the soil profile at seeding in October 2009 was
much smaller than in the previous year. This may be due to the dry climatic conditions in spring
2009, that have not been compensated at the time of seeding. In the growing season 2009/10,
the replenishment of water stored in the soil profile is much more effective under treatments RT
(AS =59 mm) and NT (AS =53 mm) than under CT (AS = 39 mm). The latter treatment shows a
much higher loss due to percolation (37 mm). The result suggests that RT and NT lead to an
increased water storage and a smaller loss of water due to percolation, especially under dryer
initial soil conditions. These cultivation practices may increase water efficiency by keeping it in
the part of the soil that can be reached by plant roots. This finding agrees with Xu and Mermoud
(2003) and Moreno et al. (1997), who reported that tillage-induced differences may become
more evident under dryer climatic conditions. Thus, reduced or no-tillage practices may be used
to mitigate draught stress under dry subhumid or semi-arid climatic conditions.
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Table 7-4. Water balance for the two simulated wheat growing seasons. Rainfall R (measured), actual evaporation
(E.ct), actual transpiration (T,), actual evapotranspiration (ET,.), the water storage in the soil profile S at crop
plant and harvest and its change throughout the growing season AS, and the percolation below 100 cm P are
listed for the analyzed tillage treatments.

Tillage Season R Eact Tact ETact S Plant S Harvest AS P
mm
2008/2009 398.0 113.0 232.3 345.3 178.9 207.3 284 24.3
T 2009/2010 395.4 93.1 226.9 320.0 156.6 195.3 38.7 36.7
2008/2009 398.0 111.8 229.1 3409 168.7 203.7 35.0 220
RT 2009/2010 3954 92.2 226.6 318.8 151.5 210.5 59.0 17.6
2008/2009 398.0 108.5 233.0 3415 170.8 204.9 341 224
NT 2009/2010 395.4 935 228.0 3215 167.2 220.2 53.0 20.9

7.4 Conclusion

The present study reveals the applicability of repeated tension infiltrometer measurements to
capture temporal and tillage-induced changes in soil hydraulic properties. As classical
simulations of the soil water use temporally constant hydraulic parameters, we used a Richards’
equation water simulation that enables the flexible definition of these important control
quantities. Simulated water content and storage in the near-surface soil compartments under
different tillage treatments were compared to measured data. The performance of the
simulation could be improved significantly using time-variable hydraulic parameters, regardless
the tillage. By giving meaningful results, our simulations demonstrate the applicability of
inversely estimated hydraulic parameters for soil water simulations. The simulated water
balance indicated that RT and NT may increase water storage in the soil, especially under dryer
climatic conditions.
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8. Final conclusion

In the present thesis, the impacts of subsurface compaction and different tillage techniques on
the soil hydraulic properties and the water-conducting pore characteristics were assessed. The
application of different levels of subsurface compaction affected the hydraulic properties,
reducing Ks, 8., Ro, and ayg. A high susceptibility of the analyzed silt loam soil to the applied
compaction was found, since K; of the heavy compacted soil was 81% less than that of the
loosened soil. As response to increasing compaction, the main water conductance was shifted
from macropores into mesopores. This might be due to a distortion and reduction of the
connectivity of the macropore-network. As a result, the easy-measurable K, value may be used
as a proxy for the hydraulical impact of soil compaction. As a consequence for crop growth and
soil water modeling purposes, a reduced K; in compacted subsurface layers should be
incorporated.

Infiltration measurements under different tillage treatments revealed that soil hydraulic
properties change dynamically over time as a response to both tillage and natural controlling
factors. The near-saturated hydraulic conductivity K(h) was in the order CT > RT > NT, with the
largest differences where water flow is dominated by mesopores. The inverse parameter
estimation of the VGM model revealed, that ays was in the order CT < RT < NT, with high
temporal variations under CT and RT. Under NT, a high spatial variability of the macropore
network dominates water flow. This treatment is temporally more stable and resulted in the
best connectivity of the water-conducting pores. Smaller pore radii under RT and CT were
compensated by a higher proportion of these pores. Variations in mesopore-related quantities
could be explained by an interaction of tillage and time, whereas due to a high spatial variability,
macropore-related quantities could not.

The results of chapter 5 and 6 show that soil hydraulic properties were altered differently by
subsurface compaction and different tillage methods. As the applied subsurface compaction had
a strong impact on the hydraulic conductivity, tillage-induced differences were smaller and
overlain by temporal dynamics. The results indicate that tension infiltrometer measurements
can be used to quantify tillage- and compaction-induced changes in the soil hydraulic properties
and underlying pore characteristics. Thus, agricultural impacts on soil hydraulic properties and its
spatial and temporal variability can be captured by this measurement technique and the applied
subsequent data analysis. However, there is a need for a better differentiation between
treatment-induced and natural spatial variability in soil hydraulic properties. Future
investigations may use different field trial layouts to enable a geostatistical interpretation of
measurements.

Another outcome of this thesis is that parameters of the VGM model that were inversely
estimated from tension infiltrometer measurements could be used for soil water simulations.
Simulations of the near-surface soil water dynamics were improved significantly using time-
variable hydraulic properties. The soil water balance simulation for the different analyzed tillage
techniques revealed that RT and NT may increase water storage in the near-surface soil,
especially under dryer climatic conditions.

66



Andreas Schwen: Agricultural impacts on soil hydraulic properties: Measurements and simulations

0. References

Angulo-Jaramillo, R., Vandervaere, J.P., Roulier, S., Thony, J.L., Gaudet, J.P., and M. Vauclin, 2000.
Field measurement of soil surface hydraulic properties by disc and ring infiltrometers - A review
and recent developments. Soil & Tillage Research 55, 1-29.

Angulo-Jaramillo, R., Moreno, F., Clothier, B.E., Thony, J.L., Vachaud, G., Fernandez-Boy, E., and
Cayuela, J.A., 1997. Seasonal variation of hydraulic properties of soils measured using a tension
disk infiltrometer. Soil Sci. Soc. Am. J. 61, 27-32.

Daraghmeh, O.A., Jensen, J.R., and Petersen, C.T., 2008. Near-Saturated Hydraulic Properties in
the Surface Layer of a Sandy Loam Soil under Conventional and Reduced Tillage. Soil Sci. Soc.
Am. ). 72,1728-1737.

Hu, W., Shao, M.G., Wang, Q.J., Fan, J., and Horton, R., 2009. Temporal changes of soil hydraulic
properties under different land uses. Geoderma 149, 355-366.

Messing, I., and Jarvis, N.J., 1993. Temporal variation in the hydraulic conductivity of a tilled clay
soil as measured by tension infiltrometers. Journal of Soil Science 44, 11-24.

Mubarak, 1., Mailhol, J.C., Angulo-Jaramillo, R., Ruelle, P., Boivin, P., and Khaledian, M., 2009.
Temporal variability in soil hydraulic properties under drip irrigation. Geoderma 150, 158-165.
Or, D., Leij, F.J., Snyder, V., and Ghezzehei, T.A., 2000. Stochastic model for posttillage soil pore
space evolution. Water Resources Research 36(7), 1641-1652.

Reynolds, W.D., Gregorich, E.G., and Curnoe, W.E., 1995. Characterization of water transmission
properties in tilled and untilled soil using tension infiltrometers. Soil & Tillage Research 33, 117-
131.

Strudley, M.W., Green, T.R., and Ascough, J.C., 2008. Tillage effects on soil hydraulic properties
in space and time: State of the science. Soil & Tillage Research 99, 4-48.

van Genuchten, M.T., 1980. A closed-form equation for predicting the hydraulic conductivity of
unsaturated soils. Soil Sci. Soc. Am. J. 44, 892-898.

Xu, D. and A. Mermoud, 2003. Modeling the soil water balance based on time-dependent
hydraulic conductivity under different tillage practices. Agricultural Water Management 63, 139-
151.

Yoon, Y., Kim, J.G., and Hyun, S., 2007. Estimating soil water retention in a selected range of soil
pores using tension disc infiltrometer data. Soil & Tillage Research 97, 107-116.

67



Andreas Schwen: Agricultural impacts on soil hydraulic properties: Measurements and simulations

10. Index of tables
Table 4-1. List of scientific publications in journals that are listed in the Science Citation Index

Table 4-2. List of presentations on international scientific conferences.......c.ccceeccvvvieeeeiirennnneen, 3
Table 5-1. Unsaturated hydraulic conductivity K(h) as obtained from Wooding’s equation

of the tension infiltrometer MeasuUremMENTS........ccoivciiiiiiciie e 14
Table 5-2. Physical properties within the compacted soil layer and results of the infiltration

measurements for different steps of subsoil compaction .......cccoeecviiiieeeiiiccciiiiee e, 18
Table 6-1. Bulk density py, total porosity ¢ and volumetric water content prior the

INFIEration MEASUIEMENT B ..cccoveeeieieeie et e e e e e et e s e e e e eeenes 32
Table 6-2. Results of the inverse estimation of the van Genuchten/Mualem soil water

FELENTION MOTEI ...t s e st e e s bae e sbeeesabaeeans 36
Table 6-3. Analysis of variance of soil hydraulic properties......cccccoeccciiiieiee e, 41
Table 7-1. Physical soil properties and hydraulic parameters at the experimental site .............. 51
Table 7-2. Hydraulic parameters of the near-surface soil as derived from tension

iNfiltrometer MEASUIEMENTS .....coceeiiei e e e e e saaeeeeeaes 56
Table 7-3. Performance of the soil water sSimulation .........cccccevviiiniiiiiiienee e 61
Table 7-4. Water balance for the two simulated wheat growing seasons........c.ccccccvvveeeeeeccnnnee. 62

68



Andreas Schwen: Agricultural impacts on soil hydraulic properties: Measurements and simulations

11. Index of figures

Figure 5-1. Plots of the subsurface compaction trial arranged in a latin square and locations

of the infiltration MEASUrEMENTS ... e e e e e e 7
Figure 5-2. Hydraulically effective macroporosity and mesoporosity.......cccccevvcuveeeiriieeeiniieeennne 14
Figure 5-3. Water-conducting porosity 6,, and number of hydraulically effective pores N,

for different POre radii M ..o e e e e e e e e e e e e e anrreeeeeeees 15
Figure 5-4. Flow-weighted mean pore radius Rg versus pressure head h and number of

flow-weighted mean pores Ny versus flow-weighted mean pore radius Ry ....cccceveeeeeennnns 16
Figure 6-1. Climatic conditions, soil cultivation and times of measurements...........ccccccevevveeenne 26

Figure 6-2. Near-saturated hydraulic conductivity K(h) as a function of the supply pressure

Figure 6-3. Correlation between hydraulic conductivity at h = -10 cm (K1) and at

saturation (Ks) versus initial volumetric moisture content B;........cccccovvurvveeeeiiiiiiiiieeennneen, 37
Figure 6-4. Number of flow-weighted mean pores Ng versus flow-weighted mean pore

(= [0 LU L 21, PO 38
Figure 6-5. Relationship between the natural logarithm of the saturated hydraulic

conductivity Ks and the water-conducting MacropOroSity Emacro «eeeeeeeeerrrreereeeeeeieiirrrereeeeens 40
Figure 6-6. Temporal dynamics of hydraulically effective meso- and macropores.......ccc.c........ 40
Figure 7-1. Soil water regime, climatic conditions, and times of measurements........................ 50
Figure 7-2. Simulated vs. measured volumetric soil water content 0 in a depth of 10 cm

and water storage S in the near-surface soil Profile .......cccoooevvveeeiiiieiicci e, 57
Figure 7-3. Correlation of simulated vs. measured soil volumetric water content O................... 60

69



Andreas Schwen: Agricultural impacts on soil hydraulic properties: Measurements and simulations

12. Curriculum Vitae

Andreas Schwen

Diplom Earth Scientist (Dipl.-Geow.)

Adress

eMail
Nationality
Date and place of birth

Education and Qualification

since 04/2009

10/2002 - 01/2008

1998 - 2001

Working Experiences

since 02/2009

09/2008 — 02/2009

03/2006 — 09/2008

02/2007 — 08/2008

11/2004 - 02/2006

06/2001 - 03/2002

Pazmanitengasse 13

1020 Vienna, Austria
andreasschwen@gmx.de

German

June 16, 1981 in Bremerhaven, Germany

Doctoral studies “Natural Resources and Applied Life Sciences” at the
University of Natural Resources and Life Sciences Vienna (BOKU), Austria

Studies of Earth Sciences at the Leibniz University of Hannover (D);
Degree: Diplom Earth Scientist (grade: ,very good”)

Diploma thesis at the Institute of Soil Science: “Determination of gas
diffusion coefficients of nitrous oxide in a sandy soil”

Grammar School “Gymnasium Wesermiinde”, Bremerhaven (D)

University Assistant at the Institute of Hydraulics and Rural Water
Management, University of Natural Resources and Life Sciences Vienna
(BOKU), Austria

Assistant at the Institute of Applied Geology, University of Natural
Resources and Life Sciences Vienna (BOKU), Austria

Trainee position at the hydrogeological consultants Rogge & Co. —
Hydrogeologie — GmbH, Garbsen (D)

Student assistant at the Institute of Soil Science, Leibniz University of
Hannover (D)

Student assistant at the consultants GTU Ingenieurgesellschaft mbH,
Hannover (D), department of construction ground and environmental

geotechnics

Alternative service at Arbeiter-Samariter-Bund, Bremerhaven (D)

70



Andreas Schwen: Agricultural impacts on soil hydraulic properties: Measurements and simulations

International Research Experiences

03-06/2011
09/2010

01-03/2010
02 —03/2005

Research visit at the Department of Plant and Soil Sciences, University of
Kentucky, Lexington, KY, USA. Financial support due to a grant of the
Austrian Research Community (“International Communication”).

Participant of the College on Soil Physics: Soil Physical Properties and
Processes under Climate Change. Held at the International Centre for
Theoretical Physics, Trieste, Italy.

Research visit at the Soil & Physical Sciences Department, Lincoln
University, Christchurch, New Zealand. Financial support due to a grant of
the Academic-Social Working Group Austria (ASAG).

Internship at the Laboratorio de Analisis Fisicos y Quimicos del Ambiente
at the Universidad Nacional Autonoma de México (UNAM), Mexico.

Lectures and Teaching Experiences

since 2010

since 2009

¢ Simulation in Vadose Zone Environment (with HYDRUS 2D/3D)
¢ Filtering function of the soil - solute transport in an experiment and
computer simulation (with HYDRUS 1D)

¢ Supplementary Visual Aids on Soil Physics
e Practical Field Works in Soil Physics

Languages and Computer Literacy

German (first language)
English (business fluent)
Spanish (basics)

ArcGlIS, Surfer, Processing Modflow, Hydrus 2D/3D, Comsol Multiphysics,
Turbo Pascal, Visual C#, Matlab, SPSS, R

Memberships and Administration Experiences

since 2010

since 2010

since 2009

since 2009

2006 — 2007

Member of the advisory board for international relations at BOKU
University

Member of the Austrian Soil Science Society
Member of the Soil Science Society of America
Member of the German Soil Science Society

Student member of the appointment commission for a professorship of
soil chemistry at the Leibniz University of Hannover (D)

71



Andreas Schwen: Agricultural impacts on soil hydraulic properties: Measurements and simulations

13. List of publications

Scientific Publications in Peer-Reviewed Journals

Schwen, A., G. Bodner, and W. Loiskandl 2011. Time-variable soil hydraulic properties in near-surface soil
water simulations for different tillage methods. Agricultural Water Management (in press, doi:
10.1016/j.agwat.2011.07.020).

Schwen, A., G. Bodner, P. Scholl, G.D. Buchan, and W. Loiskandl 2011. Temporal dynamics of soil
hydraulic properties and the water-conducting porosity under different tillage. Soil & Tillage Research
113(2): 89-98.

Schwen, A., J. Béttcher, C. von der Heide, T. Fandré, M. Deurer, and W.H.M. Duijnisveld 2011. A modified
method for the in-situ measurement of soil gas diffusivity. Soil Sci. Soc. Am. J. 75(3): 813-821.

Schwen, A., G. Hernandez-Ramirez, E.J. Lawrence-Smith, S.M. Sinton, S. Carrick, B.E. Clothier, G.D.
Buchan, and W. Loiskandl 2011. Hydraulic Properties and the Water-Conducting Porosity as Affected by
Subsurface Compaction Using Tension Infiltrometry. Soil Sci. Soc. Am. J. 75(3): 822-831.

Bottcher, J., D. Weymann, R. Well, C. von der Heide, A. Schwen, H. Flesser, and W.H.M. Duijnisveld 2011.
Emission of groundwater-derived nitrous oxide into the atmosphere: model simulations based on a °N
field experiment. Europ. J. Soil Sci. 62: 216-225.

Schwen, A., G. Hernandez-Ramirez, G.D. Buchan, and S. Carrick 2010. Measuring the impacts of subsoil
compaction on hydraulic conductivity using tension infiltrometry. Hort Research: WISPAS - A Newsletter
about Water in the Soil-Plant-Atmosphere System, Palmerston North, New Zealand, 105, 4-7; ISSN 1176-
2292.

72



Andreas Schwen: Agricultural impacts on soil hydraulic properties: Measurements and simulations

Published Contributions to Scientific Conferences

Schwen, A., G. Bodner, and W. Loiskandl 2010. The Effect of Time-Variable Soil Hydraulic Properties in
Soil Water Simulations. In: International Union of Soil Sciences, Proceedings of the 19th World Congress
of Soil Science (Poster). 19th World Congress of Soil Science, Brisbane, Australia, Aug 1-6.

Schwen, A. and W. Loiskandl 2010. Assessment of Soil-Amendment Mixtures for Subsurface Drip
Irrigation Systems. In: International Union of Soil Sciences, Proceedings of the 19th World Congress of Soil
Sciences (Poster). 19th World Congress of Soil Science, Brisbane, Australia, Aug 1-6.

Bodner, G., P. Scholl, A. Schwen, W. Loiskandl, and H.-P. Kaul 2010. Using the CropSyst model to analyse
the importance of hydraulic property changes vs. crop residue effects on the soil water content under
different tillage systems. In: Proc. XI ESA Congress (Poster). Agro2010, Montpellier, France, Aug 29 — Sep
3.

Schwen, A., S. Carrick and G.D. Buchan 2010. Using Tension Infiltrometry to Assess the Effect of Subsoil
Compaction on Soil Hydraulic Properties. In: European Geoscience Union, Geophysical Research Abstracts
Vol. 12 (oral). European Geosciences Union - General Assembly 2010, Vienna, Austria, 2-7. May.

Schwen, A., G. Bodner, and W. Loiskandl 2010. Assessing Tillage Effects on Soil Hydraulic Properties via
Inverse Parameter Estimation using Tension Infiltrometry. In: European Geoscience Union, Geophysical
Research Abstracts Vol. 12 (Poster). European Geosciences Union - General Assembly 2010, Vienna,
Austria, 2-7. May.

Schwen, A., G. Bodner, and W. Loiskandl 2009. Assessment of Soil-Amendment Mixtures for Subsurface
Drip Irrigation Systems. In: University of Hohenheim (Eds.), Proceedings of the First ELLS Scientific Student
Conference (Poster). ELLS Scientific Student Conference, Stuttgart-Hohenheim, Nov 5-6.

Schwen, A., G. Bodner, and W. Loiskandl 2009. Modeling Soil Water Dynamics with Time-Variable Soil
Hydraulic Properties. In: Institute of Hydrology SAS (Eds.), Proceedings of the 17th International Poster
Day (Poster). 17th International Poster Day, Bratislava, Slovakia, Nov 12.

Schwen, A., et al. 2008. Measurement and analysis of N,O and SF¢ diffusion coefficients in soils as a

function of the spatial scale. In: Blum, W.H., Gerzabek, M.H., Vodrazka, M. (Eds.), Eurosoil 2008 Book of
Abstracts; ISBN 978-3-902382-0 (Poster). Eurosoil 2008, Vienna, Aug 25-29.

73




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




